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Abstract 
Human genetic variation can be leveraged to understand the subtleties of how 

common variants with small effect sizes can alter cellular phenotypes and ultimately 

affect susceptibility to pathogenic disease. By combining GWAS of different phenotypic 

scales and basic cell biology, we can answer how a particular SNP affects a disease. This 

body of work elucidates the biological mechanism of how a SNP in VAC14, which 

encodes a human scaffolding protein involved in phosphoinositide metabolism, alters 

susceptibility to Typhoid Fever and other pathogens. 

Using Hi-HOST (High-throughput Human in vitro Susceptibility Testing), a 

GWAS platform for cellular host-pathogen traits, we discovered that the ‘A’ allele of 

rs8060947 was associated with decreased VAC14 protein expression and increased 

Salmonella Typhi invasion. We experimentally confirmed the phenotype using RNAi to 

transiently decrease VAC14 protein expression in LCLs and Helas and saw increased 

Salmonella Typhi invasion. Further studies, using genetic and pharmacological 

manipulations were able to determine how VAC14 affects Salmonella Typhi invasion. 

CRISPR knockout VAC14 cells had a robust increase in invasion, and had increased 

cholesterol accumulation in the cell. Salmonella preferentially docks to cholesterol on the 

host plasma membrane as one of the first steps involved in invasion. Thus, increasing 
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cholesterol at the plasma membrane increased the number of docked bacteria and 

ultimately caused higher invasion percentages. 

To confirm the relevance of cholesterol and Salmonella Typhi beyond cell culture, 

we infected the swim bladder of Zebrafish with S. Typhi. Fish were pretreated with 

Ezetimibe, an FDA approved cholesterol-reducing drug, and then subsequently infected 

with S. Typhi. Fish treated with Ezetimibe, had decreased cholesterol staining by filipin, 

and had increased survival from S. Typhi infections. Additionally, because of the 

optically transparent nature of the zebrafish embryo we were able to image the fish 

24hrs after infection and show that ezetimibe treated fish had higher bacterial clearance.  

In addition to the fish studies, a collaboration with Dr. Sarah Dunstan 

(University of Melbourne) was able to retrospectively determine that VAC14 had an 

effect on human susceptibility to typhoid fever. The ‘A’ allele for SNP rs8060947, which 

we showed had decreased VAC14 protein expression and increased S. Typhi invasion in 

cell culture, was found to be more common in people with typhoid fever, suggesting the 

‘A’ allele increases human susceptibility to this disease. All together, we have shown 

that decreased VAC14 expression causes an increase in cellular cholesterol, leading to an 

increase in docking and invasion of Salmonella and ultimately increasing your chances of 

acquiring typhoid fever. 
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The central role of cholesterol in entry of multiple pathogens led us to 

hypothesize that natural variation or experimental manipulation of VAC14 expression 

could play a role in pathogens beyond Salmonella. Here we show that its effects extend 

beyond bacteria to parasites. With cholesterol regulating entry of Plasmodium into 

hepatocytes, we hypothesized that increasing the amount of cellular cholesterol in 

hepatocytes will increase Plasmodium entry. These ideas are being tested in collaboration 

with Maria Toro and Dr. Emily Derbyshire (Duke University). However, unpublished 

human genetic data already support the idea that VAC14 regulates susceptibility to 

malaria infection. The same SNP associated with Salmonella invasion (rs8060947) is 

associated with malaria risk in African populations (Gavin Band and the MalariaGEN 

Consortium, personal communication). 

VAC14 may also affect pathogen entry through its role in regulation of 

endosomal trafficking. VAC14 forms a complex with the FIG4 phosphatase and PIKfyve 

kinase to modulate endosomal trafficking through the metabolism of PtdIns(3,5)P2. 

Recently, FIG4 and PIKfyve were found to be necessary for Ebola entry in a somatic cell 

genetic screen. Using our VAC14 CRISPR knockout cells we determined that cells 

mutated for VAC14 had a similar phenotype. Ebola virus-like-particle (VLP) entry 

decreased dramatically in cells lacking VAC14. While we discovered that VAC14 affects 

cellular cholesterol, its main reported function is to regulate endosomal trafficking. We 
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hypothesize that lack of VAC14 interferes with proper endosomal maturation and thus 

prevents the Ebola VLP from reaching its intracellular receptor NPC1 and exiting into 

the cytoplasm. 

The common allele (A) that alters VAC14 expression is associated with decreased 

protein synthesis, and increased susceptibility to both Salmonella and Malaria infection. 

On the other hand, decreased VAC14 expression inhibits proper endolysosomal 

trafficking, inhibiting Ebola infection. These two mechanisms of affecting different 

infectious diseases may provide opposing forces in an example of balancing selection.  
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1. Introduction  
Infectious diseases come about from a complex interaction between a host and a 

pathogen. In order for a pathogen to successfully infect and spread, it needs to 

encounter and penetrate the right organism, invade through engaging the proper host 

cell receptors and uptake mechanisms, deliver toxins or other virulence proteins, and 

evade the host immune response just to a name a few obstacles. At the same time, the 

host has a myriad of defenses from basic innate immune recognition to a full blown 

adaptive immune system to help defend against a pathogen establishing an infection.   

There is an extensive amount of knowledge on the pathogenesis of bacteria, 

viruses and parasites, but our understanding of how humans evade pathogenic disease 

is limited. This body of work aims (1) to establish the advantage for doing nested GWAS 

that uncover new cell biology beyond just associations between SNPs and disease, (2) to 

understand how a basic host cellular process can affect human susceptibility to 

Salmonella infection based on our discovery of a human susceptibility allele in the gene 

VAC14 and (3) explore the implications of VAC14 on other pathogens. 

1.1 Human Genetic Variation and its role in Disease 

It is obvious that our global population is inherently different, many of these 

differences dictated by the genetic makeup of each individual. Not only do these genetic 

differences affect our appearances but they also affect our susceptibility to infectious 
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diseases [reviewed in (Newport and Finan, 2011)]. The genetic effect on susceptibility to 

diseases is dictated by the level of penetrance and the allelic frequency. An allele with a 

high level of penetrance will have a high genetic effect, and an allele with a high allelic 

frequency is more commonly found in human populations. These two identifiers sit on a 

spectrum and the combination of these two spectrums leads to extensive variation on 

how genetics can affect disease [Figure 1] (Bush and Moore, 2012). 

 

Figure 1: Genetics and Disease (Bush and Moore, 2012) 
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Previous research looking at the link between genetics and disease had identified 

rare genetic variants that had a very large effect size; these were characteristic of simple 

monogenic diseases. A family-based linkage approach was used to discover the gene 

responsible for cystic fibrosis. Due to the high level of penetrance of mutations in the 

Cystic Fibrosis Transmembrane Receptor (CFTR) people with a mutation in both alleles 

were affected by the disease (Cutting, 2015).  While there was a huge advancement in 

the discovery of the genes involved in simple monogenic diseases, the majority of 

human diseases fall under complex multigenic diseases, which are less well understood.  

With the discovery that specific genes could be responsible for causing disease, 

scientists starting searching for the genetic markers responsible for diseases that affect a 

large proportion of the population. Unfortunately, the same techniques used to find rare 

genetic markers proved to be unsuccessful. With this arose the hypothesis of common 

disease/common variant. These complex diseases are caused by a combination of 

multiple genes, each conferring its unique effect size. Since each gene in complex 

diseases has a moderate effect size, traditional family based genetic studies were 

severely underpowered and a shift to population-based studies was required. In 2004 

with improved sequencing capabilities and the collaboration of hundreds of scientists 

genome wide association studies (GWAS) came to existence (Uitterlinden, 2016). GWAS 

search the genome for single nucleotide polymorphisms (SNPs) associated with a 
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particular disease. A SNP associated with disease either is itself associated with a 

functional effect on a gene or other functional genetic element in the general vicinity or 

tags through linkage-disequilibrium the true functional variant(s). Prioritization of SNPs 

using expression quantitative trait locus (eQTLs) helps narrow down the SNPs by 

looking at associations between SNPs and expression data that could lead to phenotypic 

differences. Thus from GWAS and eQTL analysis one can glean the association of 

different potential genes with disease. 

GWAS in infectious diseases are done by genotyping individuals in both case 

and control groups to determine which SNPs are specifically associated with the disease. 

While this method can uncover SNPs associated with disease, a limitation of the system 

is the uncertainty that the specific SNP discovered is the actual casual variant. Due to 

SNPs being in linkage disequilibrium with each other, the associated SNP might be close 

by to the causal SNP but isn’t necessarily the one responsible for the disease phenotype 

(Korte and Farlow, 2013). For this matter, a method to validate candidate genes and 

further delve into their functional mechanism is necessary to fully understand the 

biological landscape of disease. By integrating several GWAS at the disease and cellular 

trait level in combination with eQTL data we can narrow down the number of 

associated SNPs to then be molecularly confirmed and mechanistically dissected. 
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1.2 High-throughput Human In Vitro Susceptibility Testing (Hi-
HOST) 

Hi-HOST aims to bridge the gap in traditional GWAS by discovering the 

biological mechanism of how a SNP affects disease. Our basic assumptions are 1) that a 

SNP affects a gene’s protein expression or alters its sequence to affect activity and 2) 

these protein-level changes have downstream effects on host cellular processes that are 

ultimately responsible for changes in susceptibility to infection. Therefore, we perform 

cellular GWAS to complement the data from disease GWAS. This cellular GWAS 

approach has successfully shown that a SNP in TUBB6 is associated with increased 

protein expression and decreased pyroptosis with Salmonella Typhimurium (Salinas et 

al., 2014). Additionally, a SNP in APIP that leads to decreased protein expression affects 

the methionine salvage pathway and ultimately the risk of sepsis (Wang et al., 2017b).  

Figure 2: GWAS and Disease 
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Since the onset of Typhoid fever requires entry of the bacterium into the 

gastrointestinal tract we focused on Salmonella Typhi invasion as an important cellular 

phenotype that could alter the susceptibility to disease. A screen was performed looking 

at the invasion of Salmonella Typhi into hundreds of genotyped lymphoblastoid cell lines 

(LCLs). Leveraging the natural genetic diversity in different global populations 

represented in the LCLs we looked for host SNPs that were associated with either higher 

or lower Salmonella Typhi invasion. By understanding how a specific SNP affects the 

cellular process of Salmonella Typhi entry we were able to uncover new biology and 

obtain a better understanding of how a basic cellular process can lead to differences in 

susceptibilities (Alvarez et al., 2017). 

1.3 Salmonella 

Salmonella was first visualized in 1880 by Karl Eberth who was looking at 

infected Peyer’s patches and spleens of people with typhoid fever. In 1884 Georg 

Theodore Gaffky, an assistant to Robert Koch, successfully cultured the “Eberth 

bacillus”. In an attempt to complete Koch’s postulates, he infected sixty different 

animals but none of them came down with typhoid fever. This would later make sense 

as the Salmonella strain that causes typhoid fever is human host specific (Ledermann, 

2003). A different Salmonella strain was subsequently discovered in 1885 by Theobald 

Smith, a medical research scientist, working under Daniel Salmon at the United States 
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Department of Agriculture. While searching for the cause of common hog cholera they 

instead discovered “hog-cholerabacillus”. In the 1900s, French scientist Joseph Leon 

Lignieres recommended the name change of the entire swine group to “Salmonella” 

after Daniel Salmon. Even though Eberth and Gaffky had made some of the initial 

discoveries in the genus of Salmonella it was named after the American who supervised 

Theobald Smith and the hogs. 

Salmonella is part of the Enterobacteriaceae family, and is closely related to 

Escherichia. It is a gram negative, facultative anaerobe, intracellular pathogen. It is a rod-

shaped bacterium, measuring 0.7 – 1.5 µM in diameter and 2 – 5 µM long. Salmonella 

consists of two species: S. eneterica and S. bongori. These two species are made up of 

seven subspecies, all except S. enterica subspecies enterica are mainly found in cold-

blooded vertebrates. The subspecies enterica can be further divided into 1,531 serovars 

depending on their O and H lipopolysaccharide antigens (Fabrega and Vila, 2013). From 

these hundreds of serovars the one my thesis will focus on is Salmonella enterica serovar 

Typhi. 

1.3.1 Typhoid Fever 

Salmonella enterica serovar Typhi is unique as it is one of the few serovars that 

only causes disease in humans. Recent work by Galan describes typhoid toxin binds to 

sialoglycans terminating with an N-acetylneuraminic acid (Neu5Ac) which is unique to 
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humans as all other mammals have instead N-glycolylneuraminic acid (Neu5Gc) and 

propose that this is the reason why typhoid fever is human specific (Galan, 2016). 

S. Typhi is the causative agent of typhoid fever, the disease that began the search 

for the Salmonella bacterium. Historically, typhoid fever has been blamed for hundreds 

of thousands of deaths dating as far back as 430 BC. Currently the disease is endemic in 

developing countries, mainly due to the lack of adequate sanitation infrastructures. This 

is crucial as the bacteria is transmitted through fecal contaminated food and water.   

While Salmonella enterica serovar Typhimurium causes self-limiting 

gastroenteritis, Salmonella enterica serovar Typhi causes acute systemic fever. 

Presentation of symptoms is very varied between patients, there are many people who 

have no symptoms and appear to be healthy to the opposite side of the spectrum where 

someone can die from the disease. This variation in symptom presentation is of 

particular importance to our research lab since it suggests that people have varying 

susceptibilities to infectious pathogens; one source of this variability being the host’s 

genetics. 

Typhoid fever is known to predominantly cause disease in young children and 

the elderly. Patients that come down with typhoid fever might first feel fatigued and 

begin to get fevers. They might also have coughing, vomiting, headache and rapid pulse. 

Spiking temperature and rose spots are usually specific to typhoid fever and can help 
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correctly diagnose a patient. It can also lead to hepatosplenomegaly, intestinal 

hemorrhaging, bowel perforation and sometimes even death. 

Alternatively, a patient can be infected with S. Typhi and become a carrier for 

many years if left untreated. Most famously is Mary Mallon, an Irish immigrant who 

came to the United States presumably for a better life and instead died in isolation. Mary 

had the unfortunate luck of being an asymptomatic typhoid career and a cook, which at 

the time was mutually exclusive. During her life as a cook she managed to infect at least 

120 people and kill five (Marineli et al., 2013). Carriers of S. Typhi have gall bladders 

colonized with bacteria, this allows for the reintroduction of bacteria, through bile, into 

their gastrointestinal system. Carriers with cholesterol gallstones make up 80-90% of the 

chronic carriers (Adcox et al., 2016; Gonzalez-Escobedo et al., 2011). Additionally, 

chronic Salmonella infection in the gall bladder leads to higher risk of gall bladder cancer, 

a rare but highly lethal cancer (Koshiol et al., 2016). 

With the introduction of proper sanitation and antibiotics the prevalence of 

typhoid fever decreased. Unfortunately, as is common with many bacterial diseases, the 

surge of antibiotic resistance is a major threat to preventing morbidity and mortality 

from typhoid fever. According to the CDC, in the United States alone 67% of Salmonella 

Typhi infections are antibiotic resistant (CDC, 2013). A comprehensive understanding of 
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the mechanisms of Salmonella Typhi infection can provide other suitable targets to 

combat the disease. 

 

1.3.2 Invasion 

While the process of infection has several medically relevant steps that can be 

drug targeted, scientists have shown in a murine model that without adequate invasion 

the mice cannot get murine typhoid fever (Hensel et al., 1995). So for the purpose of this 

project we focused on Salmonella enterica serovar Typhi invasion. S. Typhi invades 

epithelial cells through self-induced micropinocytosis. Macropinocytosis is described as 

an actin driven endocytic uptake of bulk nonselective extracellular fluids. Normally the 

host cell’s activation of tyrosine kinases causes an increase in actin polymerization 

leading to the formation of macropinosomes. In the case of pathogens, they highjack this 

Figure 3: Salmonella a Serious Threat (CDC, 2013) 
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cellular process to successfully invade. Using a type three secretion system (T3SS) which 

is similar to a needle, the bacterium injects its effectors into the host cell. The needle 

complex is made of several different proteins that are assembled together and transverse 

the inner and outer bacterial membranes. Importantly, SipB which forms the tip of the 

needle complex, preferentially binds to cholesterol on the host plasma membrane 

(Hayward et al., 2005).   

There are several effectors that get injected into the host cell, but the most 

relevant to my project are SopE and SopB. SopE is a guanine nucleotide exchange factor 

that activate CDC42 and RAC1 to induce actin cytoskeletal rearrangement (Friebel et al., 

2001). By altering the actin cytoskeleton it can produce membrane ruffles necessary for 

bacterial entry into non-phagocytic cells. SopB complements SopE by also promoting 

cytoskeletal rearrangement and membrane ruffling through its phosphoinositide 

phosphatase activity (Roppenser et al., 2012). It is also involved in maturation of the 

Salmonella containing vacuole (SCV) and bacterial intracellular growth (Hernandez et al., 

2004). SopB intrigued us as it was a bacterial effector that modulated the 

phosphoinositides in the host cell. While the effects of SopB are well studied, the host’s 

modulation of its phosphoinositide during infection is not well known. 
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Figure 4: Salmonella Type Three Secretion System (Burkinshaw and 
Strynadka, 2014) 

 

1.4 VAC14 

VAC14 is a scaffolding protein involved in phosphoinositide metabolism. It is 

evolutionary conserved and present in all genomes from yeast to humans (Jin et al., 

2008). It was initially discovered in yeast and found to be necessary for retrograde 
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endosomal trafficking (Dove et al., 2002). VAC14 is composed of several HEAT repeats 

which form two alpha helical structures and facilitate protein-protein interactions. 

1.4.1 Protein Complex 

VAC14 forms a complex in mammalian cells with two other proteins FIG4 and 

PIKFYVE (Rudge et al., 2004). This complex can also be called ArPIKfyve (Associated 

Regulator of PIKFYVE) or the PAS complex (PIKfyve-ArPIKfyve-Sac3) in yeast. It is 

known that VAC14 will homooligomerize but how many monomers bind together is not 

yet well understood. The activity of this complex is heavily integrated and removing one 

of the proteins has broad consequences that affects the rest of the complex. This complex 

is localized to endosomes and is involved in endosomal maturation (Ikonomov et al., 

2006). 

 

 

 

 

 

 

 

 

Figure 5: Phosphoinositide Metabolism 
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1.4.1.1 FIG4 

FIG4 is a PtdIns(3,5)P2 phosphatase, it removes the 5’ phosphate to create 

PtdIns(3)P (Rudge et al., 2004). The protein stability of FIG4 is dramatically increased 

when it is bound to VAC14, otherwise it is quickly degraded (Ikonomov et al., 2010). 

Mutations in FIG4 are known to cause both Charcot-Marie-Tooth disease and is found in 

some forms of ALS (Lenk et al., 2011; Li et al., 2015). FIG4-/- mice are smaller, have 

decreased pigmentation, central and peripheral neuronal degeneration, abnormal 

tremors and die before reaching adulthood (Chow et al., 2007).  

1.4.1.2 PIKfyve 

PIKfyve is a PtdIns(3)P kinase, adding a phosphate at the 5’ location to create 

PtdIns(3,5)P2 . PIKfyve needs to be bound to FIG4 and VAC14 in order for proper kinase 

activity (Sbrissa et al., 2008). Loss of PIKfyve causes a complete depletion of 

PtdIns(3,5)P2 since it’s the only kinase that produces this specific phosphoinositide. 

PIKfyve mice knockouts are embryonic lethal from the pre-implantation stage (Zolov et 

al., 2012). In cells, knocking out PIKfyve causes an accumulation of large endosomal 

vacuoles that confirms the role of PIKfyve in endosomal trafficking (Ikonomov et al., 

2003).  
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1.4.2 Role of PtdIns(3,5)P2 

PtdIns(3,5)P2 was the last of the phosphoinositide moieties to be discovered in 

cells. It is by far the least abundant of the seven but plays a very important role in the 

cell (Hasegawa et al., 2017). PtdIns(3,5)P2 is involved in the fission and fusion of 

endomembranes necessary for the adequate trafficking of endosomes (Ikonomov et al., 

2006). It has also been implicated in retrograde transport of endosomes to the trans Golgi 

network. Studies on PtdIns(3,5)P2 have shown it is involved in autophagy in yeast, and 

necessary for human TRPML activation. But more studies are required to fully 

understand the role of PtdIns(3,5)P2 in the cell. 

1.5 Cholesterol 

Cholesterol is an essential lipid needed for both cellular structure and function 

[reviewed in (Ikonen, 2008)]. It is found in all mammalian plasma membranes giving 

cells fluid flexible membranes. Cholesterol is amphipathic, allowing it to interact with 

both polar and nonpolar substrates. It is embedded within the plasma membrane, with 

its hydroxyl head facing the outside of the membrane and its four cyclical rings within 

the membrane. It can alter the plasma membrane by promoting the formation of lipid 

rafts that bring receptors and signaling molecules in close proximity to each other 

(Simons and Ehehalt, 2002).  
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1.5.1 Cholesterol Metabolism 

In an organism, the metabolism of cholesterol is a very intricate process that can 

either involve the de novo synthesis of cholesterol or uptake from the small intestine. 

Enterocytes in the small intestine absorb cholesterol and package it into chylomicrons. 

These are then taken to the liver, which process lipids into very low density lipoproteins 

(VLDL). After leaving the liver they are converted to low density lipoproteins (LDL) and 

circulate to the rest of the body. In tissue culture, cells can also make their own 

cholesterol or uptake it from the media. Since cells can obtain cholesterol from two 

sources, they have evolved a very complex web that can sense cholesterol through 

negative feedback loops and balance these signals to ensure cholesterol homeostasis. 

(Ikonen, 2008). 

Cholesterol is not water-soluble and instead is transported throughout the body 

in small lipoproteins as cholesterol esters. Most cells contain low-density lipoprotein 

receptors (LDLR) on their plasma membrane to be able to internalize cholesterol from 

the outside. Once bound to LDLR it is internalized into the cell and trafficked through 

the endosomal pathway to be unesterified. NPC1 and NPC2 are localized in late 

endosomes and help traffic cholesterol out of the endosomes and into the cell. Recently, 

lysosomes have been found to be important in lipid transport and biogenesis through 
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the master growth regulator, mechanistic target of rapamycin complex (mTORC)1 

kinase (Thelen and Zoncu, 2017). 

When intracellular cholesterol stores run low and uptake of extracellular 

cholesterol is not enough, a cell can synthesize its own. Sensing of intracellular 

cholesterol is done by sterol regulatory element binding proteins (SREBPs). In sterol 

poor conditions, SREBPs normally found on the ER move to the Golgi complex. A series 

of proteolytic cleaving by S1P and S2P releases a fragment that serves as a 

transcriptional factor for cholesterol metabolism genes. HMG-CoA reductase, the 

enzyme responsible for the rate-limiting irreversible step forming of cholesterol 

synthesis, is upregulated by SREBPs. In cholesterol rich conditions, SREBPs are bound 

by SCAP and INSIG and prevent its translocation to the Golgi complex. An additional 

level of regulation found in cells is excess lanosterol, a cholesterol precursor, directs 

HMG-CoA reductase to be degraded. With the sensing of cholesterol so closely 

intertwined with its metabolism it’s imperative that the cell can adequately sense it for 

proper cholesterol homeostasis. 
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2. Material and Methods 

2.1 Cell Biology 

2.1.1 Cells 

HapMap LCLs (352) from CEU (Utah residents with ancestry from northern and 

western Europe) and YRI (Yoruba in Ibadan, Nigeria) HapMap populations 

(Consortium, 2005; International HapMap et al., 2010) were purchased from the Coriell 

Institute. LCLs used in cholesterol measurement were established from the Cholesterol 

and Pharmacogetics (CAP) simvastatin clinical trial as previously described (Medina et 

al., 2008). HeLa cells were purchased from ATCC. Cells were maintained at 37˚C in a 5% 

CO2 atmosphere. LCLs were grown in RPMI 1640 media (Invitrogen) supplemented 

with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin-G, and 100 

mg/ml streptomycin. HeLa cells were grown in DMEM supplemented with 10% FBS, 

1mM glutamine, 100 U/ml penicillin-G, and 100 mg/ml streptomycin.  

2.1.2 Bacterial Infection 

 S. Typhi Ty2 was tagged with an inducible GFP plasmid [pMMB67GFP 

from (Pujol and Bliska, 2003)]. prgH, sopB, sopE, and sopB; sopE deletion mutants were 

constructed with lambda red (Datsenko and Wanner, 2000)  and verified by PCR. 

Assaying LCLs and HeLa cells for Salmonellae infection was conducted as previously 

described (Ko et al., 2009). Briefly, overnight bacterial cultures were subcultured with a 

1:33 dilution and grown for 2 hr 40 min at 37˚C. For Hi-HOST screening of LCLs, 
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invasion was conducted for 1 hr at a multiplicity of infection (MOI) of 10, followed by 

addition of gentamicin (50 ug/ml) for 1 hr, and then IPTG (1.5 mM) for 75 min.  For 

HeLa cells, bacterial invasion was conducted for 30 min at an MOI of 30 (or 50 where 

indicated), followed by gentamicin (50 µg/ml) treatment for 1 hr, and IPTG (1.5 mM) for 

75 min. Cellular invasion and cell death was assessed by staining with 7-AAD (7-

aminoactinomycin D; Enzo Life Sciences) and measuring green and red fluorescence on 

a Guava Easycyte Plus flow cytometer (Millipore). To measure intracellular survival the 

infection assay was kept the same except cells were read 8 hrs post infection. After 

infecting for 30 min at MOI30, cells were incubated with gentamicin (50 µg/ml) for 6 hrs 

and 15 min, followed Host cellular processes are utilized by pathogens in order to 

properly invade and cause disease. 	

2.1.3 RNAi experiments 

LCLs (2x105 cells) were treated for three days in 500 µl of Accell media 

(Dharmacon) with either non-targeting Accell siRNA #1 or an Accell SmartPool directed 

against human vac14 (1 µM total siRNA; Dharmacon). Prior to infection, cells were 

plated at 1x105 in 100 µl RPMI complete media (without antibiotics) in 96-well plates. 

Salmonella infections were conducted as described above. Cell invasion was assessed 

after 3.5 hrs for S. Typhi. 

HeLa cells (1.5x105 cells) were treated for two days in 100 µl of DMEM media 

(Invitrogen) with either non-targeting siGENOME siRNA #5 or a siGENOME SmartPool 
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directed against human vac14 (0.33 µM total siRNA; Dharmacon). Salmonella infections 

were conducted as described above.   

2.1.4 Western blotting 

For LCLs, 1,000,000 cells were harvested after three days of culture in 30ul RIPA 

buffer, rocked at 4C for 15min and then insoluble material removed by centrifugation at 

8,000xg for 5min. Protein was transferred to a PVDF membrane using TE77x semidry 

transfer unit at 60mA for approximately 1 hour. Blots were probed O/N at 4C (antibody 

dilutions are specific to each antibody and indicated in Figure Legends), and followed 

by 1:10,000 HRP- or LI-COR IRDye-conjugated secondary for 1 hour at RT. Membranes 

were developed using ECL substrate (Pierce) with X-ray film or the LI-COR Odyssey 

Infrared Imager. X-ray film was scanned and quantified using ImageJ. IRDye westerns 

were quantified using LI-COR Odyssey Software. For measuring association of VAC14 

protein and genotype in LCLs, 22 LCLs were randomly selected to achieve several 

individuals of each genotype, though selecting more homozygous individuals (8GG, 

5AG, 9AA) as we reasoned the difference between homozygous individuals would be 

greatest. 

For HeLa cells, 300,000 cells were harvested after 48hrs of RNAi treatment and 

processed as above using LI-COR.  
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2.1.5 Generation of VAC14 CRISPR mutant cells 

Targeting vectors for the mutation of VAC14 were constructed following the 

protocol described in (Ran et al., 2013). pSpCas9(BB)-2A-Puro gRNAs were selected 

from (Wang et al., 2014). Sequence confirmed constructs were transfected into HeLa cells 

using the Fugene6 transfection reagent (Promega) according manufacturer’s 

instructions. Cells were selected using puromycin at 1 ug/mL and subsequently split 

into 96 well plates to grow individual clones. To confirm that some cells had been 

mutated by the CRISPR constructs, a SURVEYOR assay (Transgenomic) was performed 

on the cells after selection to detect heteroduplexes that result from successful targeting. 

Clone 364C displayed increased invasion that could be complemented by VAC14 

plasmid expression. DNA was extracted from 364C by Quickextract (Epicentre), the 

region was PCR amplified with Herculase II DNA polymerase (Agilent Technologies), 

and cloned into Zero-Blunt TOPP PCR Cloning kit (Invitrogen). Plasmid was 

transformed into One Shot Top10 Competent E. coli and 6 individual colonies were 

chosen for sequencing. Three clones had a 1bp insertion and three clones had a 158 bp 

insertion, both resulting in a premature stop codon early in the VAC14 ORF.  

2.1.6 HeLa transfection experiments 

HeLa cells were plated at 1.5x105 cells in 96 well plates and transfected using 

Lipofectamine3000 according to manufacturer’s instructions (ThermoFisher). Plasmids 

used included human VAC14mycDDK (Origene clone #RC214195) and VAC14-gfp. BglI
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and XhoI were used to move VAC14-mycDDK into the BglII and SalI sites of pEGFP-N3 

(Clontech). 

For assessing inhibition of Salmonellae invasion, each well contained 100 ng of 

plasmid 0.2 µL p3000 and 0.1 µL of Lipofectamine3000. At 24 hrs cells were imaged to 

determine rescue of vacuolated phenotype by scoring 100 cells for either “vacuoles” or 

“no vacuoles.” At 48 hrs the invasion assay was performed. Expression levels were 

assessed by western blot for human vac14 (1:500, SAB4200074, Sigma).  

2.1.7 Docking Assay 

Bacterial docking assay was performed by infecting both WT HeLa and vac14-/- 

cells with (IPTG-induced) S. Typhi at MOI50 for 1 hr. Cells were washed twice with PBS, 

fixed with 3% PFA at RT for 30 min, washed twice again and blocked with 5% NDS. 

Cells were treated with Rabbit anti-Salmonella (MA183451, Fisher) 1:500 dilution O/N at 

4oC. Secondary antibody used was Donkey anti-Rabbit 568 for 1 hr at RT, and 20 min 

Hoechst dye. Cells were washed, mounted and imaged. 10 images were taken per well 

at 40x. Nuclear staining was quantified using FIJI (threshold, particle analysis), green 

and red stained bacteria were counted manually.  

2.1.8 Cholesterol quantification and modulation 

Filipin staining was quantified using the BD FACSCanto II from the Duke Flow 

Cytometry Shared Resource. Both WT HeLa and vac14-/- were trypsinized and fixed with 

3% PFA for 30 min at RT. They were then stained with 0.05 mg/mL Filipin diluted in
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PBS (Sigma F9765) for 2 hrs at RT. 10,000 cells were counted and the mean 

intensity was used to determine the relative amount of cholesterol in the cells. Imaging 

flow cytometry was performed on 1 million cells/sample, washed with PBS, fixed with 

3.7% PFA for 20 min at RT and either stained with Wheat Germ Agglutinin Alexa Fluor 

680 (Thermo) for 10 min, 0.05 mg/mL Filipin (Sigma) for 2 hrs or both stains and ran 

through the Imagestream X Flowcytometer (Amnis Corp). Analysis was performed 

using the ISX software to determine co-localization and intensity of WGA and Filipin at 

the plasma membrane. Expression levels of genes that regulate cholesterol synthesis 

(HMGCR) and uptake (LDLR) were determined by TaqMan qPCR assays (Thermo) on a 

StepOnePlus Real-Time PCR machine (Thermo). 

Cholesterol depletion was performed by pretreating the cells with Methyl-β-

cyclodextrin (Sigma) at indicated concentrations for 1 hr. After treatment, cell media was 

changed and cells were subsequently infected with S. Typhi. Cholesterol repletion in 

cells was done by pretreating cells with Water Soluble Cholesterol (Sigma) at indicated 

concentrations for 1 hr, changing media and infecting with S. Typhi.  

For the CAP LCLs, free cholesterol was quantified using the Amplex Red 

Cholesterol Assay Kit (Thermo Fisher Scientific) in 17 batches of ≤12 LCLs per batch and 

normalized to total cellular protein content. rs8060947 and rs8044133 were imputed from 

Omni2.5+Exome and Cardio-Metabochip genotypes using MaCH-Admix (CAP African 
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Americans) or as previously described for the CAP European Americans (Theusch et al., 

2016).  

2.1.9 Microscopy 

HeLa cells were fixed at the indicated times with 3.7% PFA for 20 minutes at RT. 

Blocking and permeabilization were carried out for 30 minutes with 0.2% saponin, 5% 

normal donkey serum in PBS. Primary antibody staining was carried out against anti-

VAC14 (Abnova H00055697-B01P, 1:500 dilution) or anti-Salmonella (Sigma, 1:500 

dilution). Secondary antibodies conjugated to alexa fluor 568 and alexa fluor 647 

(Molecular Probes). Actin filaments were stained with Alexa Fluor 647 Phalloidin 

(Molecular Probes, 1:500 dilution). Area of ruffling around Salmonella bacteria was 

calculated using Fiji by drawing a circle around the ruffles and calculating the area. 

Cholesterol staining was performed using 0.05 mg/mL Filipin (Sigma) for 2 hours at RT. 

Imaging was done with a Zeiss 710 inverted fluorescence microscope and an EVOS 

fluorescent microscope.  

2.2 Typhoid fever association study 

DNA samples from typhoid patients (N=500) were collected as part of larger 

epidemiological or clinical studies that were undertaken in Viet Nam between 1992 and 

2002. These clinical studies which have been described previously (Chinh et al., 2000; 

House et al., 2002; Luxemburger et al., 2001; Vinh et al., 2004), took place at the Hospital 

for Tropical Diseases in Ho Chi Minh City and Dong Thap Provincial Hospital, Vietnam 
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and the samples have been previously utilized in human genetic studies (Dunstan et al, 

2014). Patients were defined as children or adults with clinical signs and symptoms of 

typhoid fever with culture confirmed S. Typhi in their blood or bone marrow. Blood 

samples for DNA extraction were collected at the time of patient recruitment to the 

clinical study and case report forms were used to record demographic and clinical 

information.  

The population control group comprised of N=496 DNA samples extracted from 

the umbilical cord blood of newborn babies born in 2003 at Hung Vuong Obstetric 

Hospital in Ho Chi Minh City, Vietnam. All patients and controls were unrelated, and 

the ethnic majority of individuals were Vietnamese Kinh (>98%) as assessed by 

questionnaire.  

Written informed consent was obtained by the treating physician from the 

patients or their parent/guardian for clinical study participation, and from the babies’ 

mother for population controls. All protocols were approved by the scientific and ethical 

committees at the Hospital for Tropical Diseases, the Dong Thap Provincial Hospital and 

the Health Services of Dong Thap Province in Vietnam. Ethical approval was also 

granted by the Oxford Tropical Research Ethics Committee, Oxford University, UK, 

Duke IRB, and the Human Research Ethics committee of the University of Melbourne. 

Blood was collected in EDTA anticoagulant and genomic DNA was extracted 

from the blood pellet using the Qiagen blood midi or maxi kits (Qiagen, Lewes, UK) or 
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the Nucleon BACC genomic DNA extraction kits (GE Healthcare, USA). DNA was 

quantified by picogreen (Molecular Probes Invitrogen, Paisley, UK). 

rs8060947 was genotyped by Taqman using a pre-designed assay kits (Applied 

Biosystems).  This was performed using a LightCycler 480 Probes Master kit on the 

LightCycler 480 real-time PCR system (Roche). 

Genotypic deviations from Hardy-Weinberg equilibrium (HWE) were assessed 

using a chi-square statistical test. Pearson’s χ2 test was performed to assess an 

association between disease phenotype, allele frequencies, and recessive genotype (AA).  

The odds ratio (OR) and 95% confidence interval were used to measure the risk of 

disease associated with a specific allele (A). 

The typhoid fever case and control samples used in this candidate gene study 

are primarily a subset of a larger Vietnamese sample set that has undergone genome 

wide genotyping (Dunstan et al, Nat Gen, 2014).  Principal-component analysis of this 

GWAS dataset found that all enteric fever cases had sufficiently matched controls 

(see Dunstan et al, Nat Gen, 2014, Supplementary Fig. 2 and 3), which provides strong 

evidence that there is no significant population stratification present in our candidate 

gene study population. 

2.3 Zebrafish infections 

Studies involving zebrafish (strain AB*) were approved by Duke IACUC and 

performed in accordance with national and institutional guidelines. Wild-type zebrafish 
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embryos (strain AB*) were injected in the swim bladder at 4 days post fertilization (dpf) 

with approximately 100 c.f.u of S. Typhi. Images were taken 24 hpi at 2x and 10x. Fish 

were scored based on bacterial localization (cleared, localized to the swim bladder, 

disseminated out of the swim bladder, or fish dead due to bacterial burden). 

Approximately 25 fish were injected per bacterial strain for each experiment. Ezetimibe 

(10uM) dissolved in DMSO was added to the fish water 24 hrs prior to S. Typhi 

injections. Filipin staining was performed on whole fixed fish at 5 dpf. Fish were initially 

fixed with 4% PFA O/N at 4C, washed with PBS 3x, and then stained with Filipin (0.05 

mg/mL) O/N at 4C and subsequently imaged. 

2.4 Statistical analysis 

Descriptive statistics, parent-offspring regression, and QQ plots were performed 

with GraphPad Prism 6 (GraphPad Software, US) and with R (Team, 2016). Genome-

wide association analysis was conducted with PLINK v1.07 (Purcell et al., 

2007).  Analysis was carried out with QFAM-parents with adaptive permutation under 

default settings. The QFAM procedures implemented in PLINK use linear regression to 

test for association while employing permutation of within- and between-family 

components separately to control for family structure (Purcell et al., 2005). Genotypes 

were from HapMap phase 3 release 2 (1,439,782 SNPs). The imputation of autosomal 

genotypes included two steps: a pre-phasing step using SHAPEIT2 (Delaneau et al., 

2013) and an imputation step using IMPUTE2 (Howie et al., 2012). After filtering out 
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imputation accuracy score (IMPUTE’s INFO) < 0.9 and minor allele frequency < 0.01, we 

obtained 17,759,517 SNPs, (6,967,393 SNPs have minor allele frequency > 0.05). QQ plots 

were plotted using quantile-quantile function in R. Regional Manhattan plot of the 

VAC14 region was made using LocusZoom (Pruim et al., 2010). P-values for eQTL 

analysis were calculated using linear regression in Graphpad Prism using unrelated 

individuals (parents only in trio data). 
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3. Human Genetic Variation in VAC14 Regulates 
Salmonella Invasion and Typhoid Fever through 
Modulation of Cholesterol 

Risk, severity, and outcome of infection depend on the interplay of pathogen 

virulence and host susceptibility. Systematic identification of genetic susceptibility to 

infection is being undertaken through genome-wide association studies (GWAS), but 

how to expeditiously move from genetic differences to functional mechanisms is 

unclear. Here, we use genetic association of molecular, cellular, and human disease traits 

and experimental validation to demonstrate that genetic variation affects expression of 

VAC14, a phosphoinositide regulating protein, to influence susceptibility to Salmonella 

Typhi infection. Decreased VAC14 expression increased plasma membrane cholesterol, 

facilitating Salmonella docking and invasion. This increased susceptibility at the cellular 

level manifests as increased susceptibility to typhoid fever in a Vietnamese population. 

Furthermore, treating zebrafish with a cholesterol-lowering agent, ezetimibe, reduced 

susceptibility to S. Typhi. Thus coupling multiple genetic association studies with 

mechanistic dissection revealed how VAC14 regulates Salmonella invasion and typhoid 

fever susceptibility and may open doors to new prophylactic/therapeutic approaches. 

3.1 Introduction 

Salmonella enterica serovar Typhi (S. Typhi), the etiologic agent of typhoid fever, 

causes approximately 20 million infections worldwide every year (Dougan and Baker, 

2014). Susceptibility, symptom presentation, and disease progression of typhoid fever 
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are variable among people. Approximately 1-5% of infected individuals become carriers 

of the disease (Bhan et al., 2005), most famously in the case of Typhoid Mary who was 

forcibly isolated to prevent further transmission (Marineli et al., 2013; Mason, 1909). 

Recently, the first genome-wide association study (GWAS) of typhoid fever identified 

one locus in the MHC region as associated with typhoid fever risk (Dunstan et al., 2014), 

but undoubtedly other typhoid susceptibility loci have yet to be discovered. 

Furthermore, while GWAS of disease can successfully identify associated genetic 

variants, mechanisms of how these SNPs affect disease are usually not apparent. 

Elucidating these mechanisms could reveal unexpected biomarkers and therapeutic 

strategies. 

As a complementary approach to GWAS of disease, GWAS of molecular and 

cellular phenotypes can help elucidate how genetic differences impact genes and cellular 

phenotypes to affect disease physiology. GWAS of gene expression quantitative trait loci 

(eQTLs; (Stranger et al., 2012; Stranger et al., 2007)) and protein QTLs (pQTLS; (Wu et 

al., 2013)) can reveal what genes are being affected by genetic variation. Recent work has 

focused on eQTLs that are induced upon immune stimulation (Fairfax et al., 2014; Lee et 

al., 2014). Our lab has developed and validated a cellular GWAS approach called Hi-

HOST (high throughput human in vitro susceptibility testing), using live pathogens as 

probes to bridge human genetic variation, host cell biology and disease (Ko et al., 2012; 

Ko et al., 2009; Ko and Urban, 2013). Using hundreds of genotyped lymphoblastoid cell 
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lines (LCLs), we previously identified SNPs that regulate caspase-1-mediated cell death 

(pyroptosis) and are associated with sepsis in humans (Ko et al., 2012; Ko et al., 2009; 

Salinas et al., 2014; Wang et al., 2017a). Here, we are the first to report a cellular GWAS 

of susceptibility to bacterial cell entry. 

We have applied the Hi-HOST approach to the phenotype of S. Typhi invasion. 

In mouse models, Salmonella mutants that do not invade efficiently have severely 

decreased virulence in oral infections (Galan, 1996; Galan and Curtiss, 1989; Watson et 

al., 1995), demonstrating the importance of this cellular phenotype to disease. Salmonella 

injects effector proteins into the host cell to induce its own uptake through 

macropinocytosis. The effectors SopB and SopE induce actin ruffling and facilitate 

macropinocytosis at the site of invasion (Ehrbar et al., 2002). SopE activates CDC42 and 

RAC1 by acting as a guanine nucleotide exchange factor (GEF) (Friebel et al., 2001). SopB 

is a phosphatidylinositol phosphatase with several functions, primarily activating Rho 

GTPases to mediate actin assembly and modulating the phosphoinositide composition 

on the Salmonella-containing vacuole (SCV) (Bakowski et al., 2010; Patel and Galan, 

2006). Thus, while phosphoinositide changes induced by Salmonella during invasion 

have been characterized, the host’s role in phosphoinositide metabolism in the context of 

invasion is still poorly understood. Furthermore, although approaches utilizing bacterial 

genetics to identify and characterize key mechanisms of virulence have been very 

successful, genome-wide association of human variation provides a complementary 
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approach than can reveal the more subtle complexities that occur when multiple 

pathways contribute to quantitative cellular traits and human disease susceptibility. 

In this study we show that natural genetic variation influencing VAC14, a gene 

encoding a scaffolding protein involved in phosphoinositide metabolism, affects 

Salmonella invasion. We determined that a SNP (rs8060947) associated with decreased 

VAC14 expression was also associated with increased Salmonella invasion. Increased 

invasion was also observed by experimentally decreasing VAC14 expression. The 

mechanism underlying this increase in invasion is due to elevated plasma membrane 

cholesterol that enhances docking of Salmonella to the host cell. Remarkably, the same 

SNP identified through Hi-HOST showed an association with increased risk of typhoid 

fever in a Vietnamese population. Finally, depleting cholesterol in zebrafish through the 

FDA-approved drug ezetimibe increased clearance of S. Typhi. This multidisciplinary 

approach to understand how human genetic variation affects a cellular trait relevant for 

disease has revealed a role for a phosphoinositide scaffolding protein in regulation of 

plasma membrane cholesterol that could be exploited to reduce risk of typhoid fever. 

3.2 Results 

S. Typhi invasion into lymphoblastoid cell lines (LCLs) requires SPI1 effectors 

and is regulated by heritable genetic variation 

As invasion of S. Typhi into LCLs had not been previously characterized, we 

determined whether the process was similar to that observed in other human cell types. 
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LCLs are immortalized B cells, and notably, B cells have been shown to be in vivo 

targets of Salmonella infection (Castro-Eguiluz et al., 2009; Rosales-Reyes et al., 2012; 

Souwer et al., 2012). To quantitatively measure Salmonella invasion into cells, we 

utilized a modified gentamicin protection assay where cell entry and early intracellular 

survival into cells was assessed with flow cytometric measurement of green fluorescent 

protein (GFP; Figure 6A). Salmonella invasion into HeLa cells has been extensively 

characterized (Giannella et al., 1973; Misselwitz et al., 2011; Mroczenski-Wildey et al., 

1989) and is known to occur through macropinocytosis (Garcia-del Portillo and Finlay, 

1994), mediated by the SPI-1 (Salmonella pathogenicity island-1) effectors sopB and 

sopE/E2 (Patel and Galan, 2006). Consistent with this, sopB and sopE are necessary for 

invasion in LCLs, as seen by the decrease in infected cells when each gene is deleted 

individually and the near complete loss of invasion when both are deleted (sopE2 is not 

present in S. Typhi Ty2) (Figure 6B in an LCL from the CEU (Utah residents with 

Northern and Western European ancestry from the CEPH collection) population. 

Similarly, deletion of prgH, encoding a component of the type three secretion system 

(TTSS) and necessary for the translocation of sopB and sopE into the host cell, also 

abrogates invasion. Furthermore, an inhibitor of macropinocytosis, amiloride (Koivusalo 

et al., 2010) also blocked the ability of S. Typhi to invade (Figure 6C).  

The similarity of S. Typhi invasion into LCLs compared to epithelial cell invasion 

prompted us to assess the feasibility of carrying out a Hi-HOST cellular GWAS screen of 
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invasion. We observed repeatable invasion measurements with the between-individual 

component of variance at approximately 68% (the remainder of the variance being intra-

individual variation for the same LCL measured on different days) (Figure 6D). Similar 

means (p=0.35 by t-test) and distributions (Figure 6E) were observed in 352 LCLs from 

two different human populations from the HapMap collection (Consortium, 2005; 

International HapMap et al., 2010), CEU and YRI (Figure 6D), indicating no evidence of 

population differentiation for this trait. Furthermore, a substantial portion of the 

variation (47%) was heritable based on parent-offspring regression of these LCL trios 

(Figure 6F). Encouraged by the high repeatability and heritability of this trait, we carried 

out genome-wide association. 

Genome-wide association was carried out on data from 352 LCLs using family-

based association analysis in PLINK (Purcell et al., 2007) on HapMap phase 3 

(International HapMap et al., 2010) genotypes with imputation based on 1000 Genomes 

phase 1 haplotypes. With this relatively modest sample size, we focused on SNPs 

associated with the expression level of nearby genes (cis-eQTLs). GWAS signals are 

enriched for cis-eQTLs (Nicolae et al., 2010), and we previously demonstrated that 

focusing on cis-eQTLs in a Hi-HOST screen of pyroptosis revealed true positive hits 

based on subsequent experimental validation and genotyping in clinical samples  
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Figure	6:	Invasion	of	S.	Typhi	in	LCLs	occurs	via	SPI-1	dependent	macropinocytosis.	
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(A)	 Schematic	of	 flow	cytometric	 assay	of	S.	Typhi	 invasion	 into	 LCLs.	 Following	1	hr	 incubation	with	S.	

Typhi,	gentamicin	was	added	to	kill	extracellular	bacteria.	IPTG	was	added	to	induce	expression	of	GFP	in	

living,	intracellular	bacteria	and	the	percentage	of	GFP+,	infected	cells	was	quantified	by	flow	cytometry.	

(B)	Invasion	of	S.	Typhi	into	LCLs	requires	the	SPI-1	type	III	secretion	system	(TTSS)	and	SPI-1	effectors.	The	

percentage	of	infected	cells	identified	by	flow	cytometry	is	dramatically	reduced	with	deletion	of	the	gene	

encoding	 the	SPI-1	TTSS	component,	prgH,	or	by	deletion	of	 the	genes	encoding	 the	 secreted	effectors	

sopE	and	sopB.		Data	are	the	mean	+/-	SEM	from	three	independent	experiments.	P-values	in	B	and	C	are	

from	t-test.	Data	are	from	LCL	7056	from	the	CEU	population.	Similar	data	were	observed	with	LCL	19203	

from	the	YRI	population	(Figure	S1).	(C)	Invasion	of	S.	Typhi	into	LCLs	is	blocked	by	amiloride,	an	inhibitor	

of	macropinocytosis.	 Cells	 were	 pretreated	 for	 30	min	 with	 1	mM	 amiloride	 prior	 to	 infection	 with	 S.	

Typhi.	Data	are	 the	mean	+/-	SEM	from	four	biological	 replicates.	 (D)	Highly	 reproducible	and	heritable	

variation	in	S.	Typhi	invasion	into	LCLs.	Mean	±standard	deviation	from	independent	measurements	from	

three	 serial	 passages	 of	 LCLs	 from	 CEU	 and	 YRI	 populations.	 Repeatability	 of	 the	 measurement	 was	

calculated	 as	 the	 inter-individual	 component	 of	 variance	 from	 ANOVA.	 Heritability	 was	 calculated	 by	

parent-offspring	regression	and	p-values	are	significance	of	non-zero	slope.	For	D,	E,	F,	and	G,	n=352	LCLs.	

(E)	Histogram	of	distribution	of	S.	Typhi	invasion	(percentage	GFP+	at	3.5	hrs)	into	LCLs.	(F)	Invasion	of	S.	

Typhi	into	LCLs	is	heritable.	Parent-offspring	regression	from	CEU	(black)	and	YRI	(grey)	trios	gives	a	slope	

of	0.47,	estimating	that	47%	of	the	variance	for	the	trait	 is	heritable.	(G)	A	Q-Q	plot	of	p-values	for	only	

cis-eQTLs	reveals	p-values	lower	than	expected	by	chance	for	p	<	0.001.	4787	cis-eQTLs	were	identified	in	

(Stranger	 et	 al.,	 2007).	 rs8060947	 in	 VAC14	 has	 the	 third	 lowest	 p-value	 in	 the	 Q-Q	 plot	 (1.4x10-4).	

Characteristics	of	the	cis-eQTLs	within	the	red	circle	are	given	in	Table	S1.	A	Q-Q	plot	of	all	SNPs	is	Figure	

S2.	(Work	was	done	by	Dennis	Ko	and	Liuyang	Wang,	panel	A	done	by	Monica	Alvarez). 
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(Ko et al., 2012). We utilized cis-eQTLs found in the same LCLs used in our Hi-HOST 

screening (Stranger et al., 2007) to limit our search space to SNPs that have a robust 

association between SNP and gene expression in the cell type used in our screen. 

 

Hi-HOST cellular GWAS reveals a SNP in VAC14 associated with S. Typhi 

invasion 

We found that cis-eQTLs deviated towards lower p-values than expected by 

chance in a quantile-quantile (QQ) plot of S. Typhi invasion (Figure 6G). Of the three cis-

eQTLs that deviated from neutrality, rs8060947, located within an intron of VAC14, was 

particularly intriguing because of the known function of VAC14. VAC14 encodes a 

phosphoinositide scaffolding protein that regulates levels of PtdIns(3,5)P2 through its 

binding partners PIKfyve and FIG4 (Alghamdi et al., 2013; Dove et al., 2002; Schulze et 

al., 2014). While the Salmonella secreted effector sopB has been demonstrated to regulate 

phosphoinositides (Hernandez et al., 2004; Mallo et al., 2008; Roppenser et al., 2012), 

how host regulation of phosphoinositides impacts invasion is poorly characterized and 

the role of human genetic variation in this process is unknown. The remaining 

manuscript focuses on the association of VAC14 with S. Typhi invasion, its mechanism 

of action, and how variation in VAC14 impacts Salmonella infection. rs8060947 is 

associated with both the expression of VAC14 and the level of S. Typhi invasion. A 

regional association plot demonstrates that rs8060947 is within the first intron of VAC14 
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and is the SNP in the region showing the strongest association with S. Typhi invasion 

(Figure 7A). Although family-based genome-wide association was conducted on both 

CEU and YRI families combined to detect this association (p = 1.4 x 10-4), we also 

observed the association when CEU and YRI were analyzed separately (Figure 7B; p = 

0.004 in CEU, p = 0.02 in YRI). In both populations, the “A” allele was associated with 

higher levels of invasion (Figure 7B), as well as with lower levels of VAC14 mRNA 

(Figure 2C; p=5.9x10-6 based on microarray data of LCLs (Stranger et al., 2007)), protein 

levels by western blot (Figure 7D; p=0.02 from 22 LCLs randomly selected with 

representation of each genotype) and protein levels by proteomics (Figure 7E; p=0.0001 

based on mass spectrometry LCL data of (Wu et al., 2013)). Thus the association of 

rs8060947 with VAC14 expression was observed with three different methods. While not 

part of our initial screen, we also tested the association of rs8060947 with VAC14 

expression and invasion in HapMap Asian LCLs (Chinese from Beijing (CHB) and 

Japanese from Tokyo (JPT)). Similar to the data from CEU and YRI, the “A” allele was 

associated with lower levels of VAC14 mRNA (p=0.002; data not shown). For invasion, 

the predicted trend of AA > AG > GG was observed but there was no significant 

association (p=0.42), not entirely surprising given the limited power from 85 Asian LCLs 

with only 1 of the GG genotype. 

The “A” allele, which is the derived allele based on the chimpanzee genome, is 

found at a higher frequency (80%) in CEU than in YRI (46%). rs8060947 shows the 
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strongest association in the region, but LD extends for ~100kb with numerous other 

SNPs showing an association—any of these SNPs could be the true causal variant(s) in 

the region regulating VAC14 expression. One plausible causal variant is rs8044133, 

which shows the fourth strongest association in the region (p = 7.6 x 10-4) and is on a 

DNA segment bound by the Serum Response Factor (SRF) transcription factor in 

ENCODE ChIP-Seq data (Consortium et al., 2012). 

 

Figure	7:	A	SNP	in	VAC14	is	associated	with	VAC14	expression	and	S.	Typhi	invasion. 

(A)	 Regional	 plot	 around	 the	 VAC14	 gene	 demonstrates	 an	 association	 of	 rs8060947	 with	 S.	 Typhi	

invasion.	SNPs	are	plotted	by	position	on	chromosome	16	and	–log(p-value)	and	color-coded	by	r2	value	

to	rs8060947	from	1000	Genomes	European	data.	rs8060947	is	located	within	the	first	intron	of	VAC14.	A	

second	 labeled	 SNP	 in	 high	 LD,	 rs8044133,	 is	 described	 in	 the	 text.	 (B)	 rs8060947	 is	 associated	 with	

susceptibility	 of	 LCLs	 to	 S.	 Typhi	 invasion.	 The	 derived	 allele	 “A”	 is	 associated	with	 increased	 levels	 of	
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invasion	in	CEU	and	YRI	populations.	For	genotypic	means,	percent	invasion	for	each	individual	has	been	

normalized	into	a	Z-score	to	minimize	a	batch	effect	due	to	measurement	of	LCLs	at	two	different	times.	

P-values	 are	 from	 family-based	 association	 analysis	 using	 QFAM-parents	 in	 PLINK.	 (C)	 rs8060947	 is	

associated	with	the	expression	of	VAC14	mRNA.	The	derived	allele	“A”	is	associated	with	lower	levels	of	

VAC14	mRNA	in	CEU	and	YRI	populations	(60	unrelated	individuals	in	each	population).	Gene	expression	

values	 for	 each	 LCL	 were	 from	 Stranger	 et	 al.	 2007	 (Stranger	 et	 al.,	 2007).	 Genotypic	means	 for	 each	

population	and	when	individuals	from	both	population	are	combined	are	given.	P-values	are	from	linear	

regression	for	C,	D,	and	E.	 (D)	rs8060947	 is	associated	with	the	expression	of	VAC14	protein	 levels.	The	

derived	 allele	 “A”	 is	 associated	 with	 lower	 VAC14	 protein.	 VAC14	 protein	 was	 quantified	 by	

immunoblotting	of	22	LCLs	with	β-tubulin	as	a	loading	control.	Intensity	of	VAC14	band	normalized	to	β-

tubulin	was	averaged	from	two	separate	scanned	blots.	(E)	Confirmation	of	association	of	rs8060947	with	

VAC14	protein.	VAC14	protein	 levels	were	obtained	from	a	mass	spectrometry	dataset	with	CEU	(n=47)	

and	YRI	(n=28)	LCLs	(Wu	et	al.,	2013).	(Work	was	done	by	Dennis	Ko	and	Liuyang	Wang).	

 

VAC14 is an inhibitor of S. Typhi invasion 

The association data demonstrated strong correlations between rs8060947 and 

VAC14 expression and between rs8060947 and S. Typhi invasion. The direction of effects 

for the different alleles led to the hypothesis that reducing VAC14 expression would 

increase S. Typhi invasion. This hypothesis was tested through both RNA interference 

and CRISPR/Cas9 knockout of the VAC14 gene. 

In LCLs, RNAi decreased VAC14 protein expression by 40% and increased S. 

Typhi invasion by 16% (Figure 8A; p=0.008). This effect was mirrored in HeLa cells 



 

41 

(Figure 8B; p=0.04). The inhibitory activity of VAC14 on invasion was confirmed using 

CRISPR knockout. Effective targeting of VAC14 was demonstrated by western blot 

(Figure 8C) and through sequencing of a characterized clone of the targeted region. 

Consistent with the phenotype of vac14-/- mouse embryonic fibroblasts (Zhang et al., 

2007), these vac14-/- mutant HeLa cells have abnormal enlarged vacuoles (Figure 8D). 

Plasmid complementation of the vacuolation phenotype demonstrated that the 

phenotype was indeed attributable to VAC14 (Figure 8D, E; p=0.01). Furthermore, the 

vac14-/- mutant HeLa cells had an even larger increase in invasion than vac14 RNAi 

(Figure 8F; p=0.005). Indeed, the relative decrease in VAC14 expression seen with 

natural variation (AA vs. GG genotype; 28% decrease) or with RNAi in LCL (40% 

decrease) or HeLa (84% decrease) or with vac14 knockout (100% decrease), was 

inversely correlated with the relative increases in S. Typhi invasion (8% AA/GG, 16% by 

RNAi in LCLs, 32% by RNAi in HeLa, and 89% by CRISPR knockout in HeLa). Thus 

decreased VAC14 expression resulted in higher levels of invasion, and the magnitude of 

the increase in invasion was larger the more VAC14 expression was diminished (Figure 

8G). 

 While RNAi and CRISPR can have off-target effects, we were able to 

complement the invasion phenotype. Transient transfection of VAC14 plasmid into WT  
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Figure 8: Loss of function studies and complementation indicate VAC14 limits  

Salmonella invasion. 
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(A)	Reduction	of	VAC14	expression	in	LCLs	by	RNAi	increases	S.	Typhi	invasion.	S.	Typhi	invasion	

percentages	 of	 LCL	 18507	 (YRI)	 treated	 with	 either	 non-targeting	 (NT)	 or	 VAC14	 siRNA	 demonstrated	

increased	 invasion	with	VAC14	depletion	 (p=0.008).	Mean	±	 SEM	of	 3	 experiments.	Quantification	of	 3	

western	 blots	 of	 VAC14	 knockdown	 showed	 40%	 reduction	 in	 VAC14	 protein	 levels	 (p=0.01).	 (B)	

Reduction	of	VAC14	expression	in	HeLa	by	RNAi	increased	S.	Typhi	invasion.	S.	Typhi	invasion	percentages	

for	 HeLa	 cells	 treated	 with	 either	 NT	 or	 VAC14	 siRNA	 (p=0.02).	Mean	 ±	 SEM	 from	 4	 experiments.	 (C)	

Representative	western	blot	of	VAC14	protein	demonstrated	endogenous	protein	 levels	 (WT),	 effective	

RNAi	 (siRNA	 VAC14),	 CRISPR	 knockout	 (vac14-/-),	 and	 plasmid	 overexpression	 (pVAC14)	 in	 HeLa	 cells.	

Protein	 extract	 from	 each	 lane	 was	 collected	 from	 300,000	 cells	 and	 α-tubulin	 was	 used	 as	 a	 loading	

control.	Table	shows	mean	±	SEM	of	three	western	blots.	(D)	vac14-/-	HeLa	cells	contain	enlarged	vacuoles	

and	transfection	of	pVAC14	rescued	the	vacuolated	phenotype.	Asterisks	in	phase	image	denote	cells	that	

are	transiently	transfected	with	pVAC14-GFP.	(E)	Quantified	(n=100)	vacuole-containing	vac14-/-	HeLa	cells	

transfected	 with	 pVAC14-GFP	 demonstrated	 complementation	 (p=0.001).	 (F)	 Complete	 loss	 of	 VAC14	

protein	 expression	 in	 HeLa	 by	 CRISPR/Cas9	 mutation	 increased	 S.	 Typhi	 invasion.	 S.	 Typhi	 invasion	

percentages	demonstrated	 increased	 invasion	 in	vac14-/-	compared	to	WT	cells	 (p=0.005).	Mean	±	SEM	

from	 4	 experiments.	 (G)	 Increase	 in	 Salmonella	 invasion	 is	 inversely	 correlated	 with	 VAC14	 depletion	

(p=0.05,	r=-0.88).	 Invasion	percentage	 increases	and	VAC14	protein	percentage	depletion	are	calculated	

relative	to	Salmonella	invasion	with	the	GG	allele	in	LCLs,	NT	siRNA	control,	or	wildtype	HeLa	cell	control.	

(H)	Transient	transfection	of	pVAC14	in	vac14-/-	cells	complements	invasion	phenotype	(p=0.02).	Mean	±	

SEM	from	5	experiments.	All	p-values	are	calculated	from	paired	t-test.	(All	work	done	by	Monica	Alvarez	

with	the	exception	of	panel	A	which	was	done	by	Dennis	Ko).	

 

Hela cells had no effect while VAC14 plasmid transfection into vac14-/- mutant 

cells reduced invasion towards WT levels (Figure 8H; p=0.02). A lack of effect for 
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overexpression of VAC14 in the presence of endogenous VAC14 is consistent with 

VAC14 being part of a protein complex, where overexpression of single components 

have been observed to have no phenotype in yeast (Gary et al. 1998). Thus, using RNAi, 

CRISPR knockout, and complementation we have demonstrated that VAC14 negatively 

regulates S. Typhi invasion. 

 

VAC14 inhibits invasion at the step of SPI-1 TTSS docking to the plasma 

membrane 

We systematically determined which step in invasion (docking, membrane 

ruffling, or early intracellular survival) was being affected by VAC14 (Figure 9A). 

Increased S. Typhi invasion could be due to greater docking of the bacteria to the host 

cell plasma membrane. Adhesion to host cells by bacterial flagellin and LPS is reversible, 

but once a bacterium has injected its TTSS into a host cell, it is docked and attached 

firmly to the plasma membrane (Misselwitz et al., 2011). Selective staining of 

intracellular vs. extracellular bacteria were used to compare levels of invasion vs. 

docking (Figure 9B). The ΔprgH bacterial mutant, lacking the needle complex, exhibited 

very low invasion and docking in both WT and vac14-/- cells. The ΔsopBΔsopE double 

mutant, lacking the effectors necessary to induce macropinocytosis, could effectively 

dock but had dramatically reduced invasion. Importantly, WT and ΔsopBΔsopE bacteria 
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demonstrated higher levels of docking in vac14-/- mutant cells, indicating that the 

increase in invasion could be explained by an increase in this early step.  

In contrast, there were no gross defects of the vac14-/- mutant in the area of the 

plasma membrane ruffles engulfing the bacteria (Figure 9C). Furthermore, no increase in 

intracellular survival was detected by median fluorescence of GFP Salmonella. (Figure 

9D). Therefore, our data demonstrate VAC14 regulates the level of S. Typhi invasion at 

the early step of docking to the host cell plasma membrane.  

 

VAC14 inhibits docking by reducing the cholesterol content of the plasma 

membrane 

A role for VAC14 in plasma membrane attachment was unexpected, as VAC14 

and the signaling lipids it regulates are cytosolic. We hypothesized that VAC14-

mediated effects on phosphoinositide localization/abundance could alter abundance of 

plasma membrane constituents regulating docking. Specifically, attachment of the SPI-1 

TTSS is partially mediated by direct binding of sipB to plasma membrane cholesterol 

(Hayward et al., 2005). Therefore, we compared cholesterol localization and levels in 

wild type vs. vac14-/- mutant cells by staining with the fluorescent cholesterol-binding 

molecule filipin (Cadigan et al., 1990; Ko et al., 2003). Disruption of vac14 increased 

cellular cholesterol content measured by both flow cytometry and microscopy (Figure 

10A; p=0.009). Transfection of VAC14 plasmid decreased cholesterol in vac14-/- cells but 
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had no effect on WT cells (Figure 10B), mirroring the effect on S. Typhi invasion (see 

Figure 8H). 

 

Figure 9: Loss of VAC14 enhances S. Typhi docking. 

(A)	 Schematic	 of	 cellular	 processes	 where	 VAC14	 could	 affect	 Salmonella	 invasion.	 Phosphoinositides	

(orange	hexagons)	are	known	to	be	involved	in	macropinocytosis	and	SCV	maturation.	(B)	Loss	of	VAC14	
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increases	S.	Typhi	docking.	WT	and	vac14-/-	HeLa	cells	were	infected	with	three	different	S.	Typhi	bacterial	

strains	 (WT,	ΔprgH,	and	a	ΔsopB;ΔsopE	double	mutant).	Cells	were	 infected	with	 fluorescently	green	S.	

Typhi	for	1hr,	washed,	and	fixed.	External,	adhered	bacteria	were	stained	with	anti-Salmonella	LPS	(red).	

Bacteria	were	counted	as	either	green	only	 (internalized)	or	green	and	 red	 (adhered).	Cell	 counts	were	

obtained	by	counting	DAPI	stained	nuclei.	(C)	Loss	of	VAC14	has	no	effect	on	membrane	ruffling.	WT	and	

vac14-/-	cells	were	infected	with	fluorescently	labeled	S.	Typhi	(pseudocolored	red)	for	15	min	at	MOI50,	

washed,	 fixed,	stained	with	Phalloidin-647	(pseudocolored	green)	 for	20	min,	and	 imaged.	Area	of	actin	

ruffle	was	measured	using	FIJI	(Humphreys	et	al.,	2012);	no	difference	was	detected	(p=0.749).	(D)	Loss	of	

VAC14	 does	 not	 increase	 S.	 Typhi	 intracellular	 survival.	 Early	 intracellular	 survival	 was	 measured	 by	

quantifying	median	fluorescence	of	each	cell	8	hrs	post	 invasion.	As	GFP	fluorescence	is	 induced	75	min	

prior	 to	measurement	 but	 after	 a	 1	 hr	 gentamicin	 treatment	 the	 green	 fluorescence	 represents	 living	

intracellular	bacteria.	Therefore,	higher	median	 fluorescence	reflects	an	 increased	number	of	 living	GFP	

fluorescent	bacteria	 inside	each	cell.	A	slightly	significant	decrease	was	detected	(p=0.04)	and	therefore	

cannot	account	for	the	increase	in	invasion.	In	each	panel,	mean	±	SEM	for	3	independent	experiments	or	

a	minimum	of	 100	 imaged	 cells	 is	 shown.	 P	 value	 is	 calculated	 from	a	 paired	 t-test.	 (All	work	 done	by	

Monica	Alvarez).	

 

The increased cholesterol localized to the plasma membrane based on imaging 

flow cytometry. We saw no difference in the intensity of a non-specific plasma 

membrane stain (wheat germ agglutinin; WGA; (Sewda et al., 2016)) at the plasma 

membrane, but vac14-/- cells had significantly higher filipin intensity when intracellular 

fluorescence in images was masked (Figure 10C). 
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The increase in plasma membrane cholesterol was accompanied by increased 

expression of genes involved in both cholesterol uptake and synthesis. Quantitative PCR 

of LDL receptor showed a 40% increase and HMG-CoA Reductase, the rate limiting 

enzyme in cholesterol synthesis (Endo, 1992), showed a 125% increase (Figure 10D). 

Therefore, vac14-/- cells have elevated plasma membrane cholesterol and increased 

expression of genes regulating uptake and synthesis. 

To determine whether cellular cholesterol levels were also associated with 

natural variation influencing VAC14, we utilized LCLs from the CAP (Cholesterol and 

Pharmacogenetics (CAP)) simvastatin clinical trial. In 49 LCLs from African American 

participants, rs8060947 showed a trend towards significance in the predicted direction: 

the A allele was associated with higher free cholesterol (p=0.08). rs8044133, a SNP in 

high linkage disequilibrium with rs8060947 (r2=0.74 in CEU; r2=0.94 in YRI) that 

demonstrated an association with S. Typhi invasion nearly as strong as rs8060947 (see 

Figure 7A), was weakly associated with free cholesterol levels (p=0.028; Figure 10E). No 

association was noted in 98 European American LCLs (data not shown), however due to 

the reduced minor allele frequency of this SNP in Europeans, only 2 LCLs homozygous 

for the minor allele were present in the dataset and therefore power was limited. Thus, 

elevated cholesterol was observed not only in the vac14-/- cells but also with natural 

genetic variation that reduces VAC14 levels, though the association was only observed 

in the African American LCLs. 
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To confirm the role of cholesterol in S. Typhi invasion, we depleted cholesterol at 

the plasma membrane using methyl-β-cyclodextrin (MβCD), a compound that 

sequesters cholesterol (Ilangumaran and Hoessli, 1998; Mahammad and Parmryd, 2015). 

Increasing doses of MβCD in WT cells caused a decrease in invasion, consistent with S. 

Typhi binding to cholesterol to facilitate invasion. vac14-/- cells were modestly resistant 

to the effects of MβCD. The EC50 increased from 4.0 to 5.9 (Figure 10F; p=0.02), 

consistent with an overabundance of cholesterol requiring a higher dose of MβCD to see 

an effect on invasion. Furthermore, exogenous cholesterol increased S. Typhi invasion 

and at higher doses resulted in equivalent levels of invasion between WT and vac14-/- 

cells (Figure 10G). The vac14-/- cells appear to have already reached very close to a 

maximal level of invasion that is minimally enhanced with exogenous cholesterol. Based 

on the elevated plasma membrane cholesterol in the vac14-/- cells and the dependence of 

S. Typhi docking on plasma membrane cholesterol, we conclude that VAC14 inhibits S. 

Typhi invasion by modulating cholesterol at the plasma membrane. 

 

VAC14 is associated with susceptibility to typhoid fever in people 

While our cellular studies demonstrated that rs8060947 is associated with S. 

Typhi invasion into cells and that VAC14 inhibits invasion through regulation of cellular 

cholesterol, we turned to human genotyping to assess the relevance of VAC14 to the risk 

of typhoid fever. We genotyped rs8060947 and compared the allele frequencies in 496 
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typhoid fever cases and 500 population controls. rs8060947 was in Hardy-Weinberg 

Equilibrium in controls (p=0.97). Table 1 shows that rs8060947 was associated with 

typhoid fever in this Vietnamese cohort. Remarkably, people who carry the rs8060947 

“A” allele, which results in more invasion in Hi-HOST, had increased susceptibility to 
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Figure 10: Loss of VAC14 increases cholesterol at the plasma membrane. 
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(A)	vac14-/-	cells	have	increased	total	cholesterol.	WT	and	vac14-/-	cells	were	fixed	and	stained	with	filipin	

and	fluorescence	was	measured	by	flow	cytometry	(p=0.009).	Fluorescent	microscopy	of	WT	and	vac14-/-	

also	show	increased	filipin	staining	in	the	vac14-/-	cells.	Mean	±	SEM	from	3	independent	experiments.	(B)	

Transient	 transfection	 of	 pVAC14	 partially	 rescues	 cholesterol	 phenotype.	 Decreased	 filipin	 staining	 by	

flow	cytometry	was	measured	in	vac14-/-	cells	transfected	with	pVAC14,	while	no	difference	was	detected	

in	 transfected	WT	cells	 (p=0.004).	Mean	±	SEM	from	4	 independent	experiments.	 (C)	vac14-/-	 cells	have	

increased	cholesterol	at	the	plasma	membrane.	Imaging	flow	cytometry	was	used	to	image	and	measure	

WGA	 (cell	membrane	 stain)	 and	 filipin	 in	WT	 and	vac14-/-	 cells.	No	 difference	 is	 seen	 in	WGA	 staining,	

while	filipin	staining	at	the	plasma	membrane	is	significantly	 increased	in	vac14-/-	cells	(p=0.02).	Mean	±	

SEM	from	3	 independent	experiments.	 (D)	Expression	of	LDL	Receptor	and	HMG-Co-A	Reductase	mRNA	

are	increased	in	vac14-/-	cells.	qPCR	analysis	of	LDLR	and	HMGCR	was	done	on	WT	and	vac14-/-	cells	using	

18S	 rRNA	 to	 normalize.	 Mean	 ±	 SEM	 from	 3	 independent	 experiments	 for	 LDLR	 and	 4	 independent	

experiments	 for	 HMGCR.	 (E)	 rs8044133	 is	 associated	 with	 free	 cholesterol	 levels	 in	 48	 CAP	 African	

American	LCLs	(p=0.028).	Cellular	free	cholesterol	was	measured	using	the	Amplex	Red	Cholesterol	Assay	

Kit	and	rs8044133	genotypes	were	imputed.	One	heterozygous	outlier	was	removed	based	on	Grubbs	test	

(p<0.01).	One-tailed	p-values	are	from	linear	regression.	African	American	data	without	outlier	removed	

(p=0.05)	 and	 European	 American	 data	 (p=0.47)	 are	 in	 Figure	 S5.	 (F)	 Cholesterol	 depletion	 with	MβCD	

reduces	 S.	 Typhi	 invasion.	 EC50	 was	 significantly	 higher	 in	 the	 vac14
-/-	 cells	 compared	 to	 WT	 (p=0.02)	

indicating	greater	amounts	of	MβCD	are	needed	to	overcome	the	higher	cellular	cholesterol	 in	vac14-/-	

cells.	 Mean	 ±	 SEM	 from	 9	 independent	 experiments.	 (G)	 Repletion	 of	 cholesterol	 increases	 S.	 Typhi	

invasion.	Exogenous	cholesterol	 increases	 invasion	 in	WT	cells	 to	 levels	 similar	 to	vac14-/-	 cells.	Mean	±	

SEM	from	4	independent	experiments.	P	value	is	calculated	from	a	paired	t-test.	(All	work	done	by	Monica	

Alvarez	with	exception	of	E	which	was	done	by	Marissa	Medina	and	her	lab).	
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Table 1: Association of rs8060947 with Typhoid Fever 
(Work	done	by	Sarah	Dunstan	and	her	lab)	

  
Alleles 

 
Genotypes 

 

 Allelic 
(G vs A) 

Recessive 
(GG+GA vs. 

AA) 
 G A GG GA AA p-valuea OR (95%CI)b OR (95%CI)c 

Control (496) 166 (17%) 826 (83%) 14 (2.8%) 138 (27.8%) 344 (69.4%) 0.01 1.38 (1.08- 3.60 (1.18- 
Typhoid (500) 127 (13%) 873 (87%) 4 (0.8%) 119 (23.8%) 377 (75.4%) 1.77) 11.02) 

 

typhoid fever (p=0.01; allelic OR=1.38; recessive OR=3.60). Although the effect of 

rs8060947 is not as large as, for example, the protection afforded by the sickle cell allele 

against malaria (OR=10 (Ackerman et al., 2005)), the effect is comparable to other 

infectious disease susceptibility loci, such as ABO and malaria (Band et al., 2013; 

Timmann et al., 2012). 

 

Pharmacologic reduction of cholesterol is protective against S. Typhi in 

zebrafish 

To experimentally assess the importance of cholesterol modulation during 

Salmonella infection in vivo, we developed a zebrafish S. Typhi infection model. 

Previous work has described zebrafish as a useful model to study pathogenesis, 

transmission and vaccine efficacy of Salmonella Typhimurium (Howlader et al., 2016; 

van der Sar et al., 2003) but infection models using S. Typhi, a human-specific pathogen, 

had not been previously reported. The zebrafish larva is optically transparent and 

contains canonically organized epithelial surfaces and a functional innate immune 
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system by 48 hours post-fertilization. To assess the invasion phenotype in whole 

animals, we made use of a previously developed epithelial infection model using the 

zebrafish swim bladder, an organ with a well-defined and visually accessible epithelial 

layer (Gratacap et al., 2013).  A SPI-1 mutant (ΔprgH) was used to demonstrate the 

relevance of this model for studying invasion and infection outcomes. Survival curves 

demonstrated improved survival of animals infected with ΔprgH compared to WT 

(Figure 11A; p=0.01). Appreciating that zebrafish larvae are optically transparent, we 

imaged the swim bladders 24 hrs post infection to better assess the infection process. 

Infections were categorized as cleared, localized, disseminated, and dead (Figure 11B). 

Swim bladder infections with the ΔprgH mutant bacterial strain were more effectively 

cleared than WT infections (Figure 11C; p=0.03). 

 We hypothesized that pharmacologic reduction of cholesterol could 

reduce the amount of invasion during S. Typhi infection. Therefore, we treated the fish 

with ezetimibe, a drug that has been demonstrated to reduce cholesterol levels in 

zebrafish larvae (Baek et al., 2012; Clifton et al., 2010). Ezetimibe did not cause any 

morphological abnormalities in the fish, even at higher doses, and had no effect on 

bacterial growth (Figure 11D). Filipin staining of whole fish embryos showed a 

significant decrease in fluorescence consistent with ezetimibe inhibiting cholesterol 

transport (Figure 11E). Ezetimibe-treated fish showed both improved survival (Figure 
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11F; p=0.03) and increased bacterial clearance compared to DMSO treated fish (Figure 

6G; p=0.009). 

 

Figure	11:	Ezetimibe	is	protective	in	a	zebrafish	model	of	S.	Typhi	infection.	
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(A)	 Fish	 infected	with	S.	 Typhi	prgH	 had	 increased	 survival	 compared	 to	WT	S.	 Typhi	 (p=0.01).	 Survival	

curve	was	carried	out	for	5	days,	fish	were	checked	once	a	day.	(B)	Zebrafish	were	scored	24	hrs	post	S.	

Typhi	 infection	 to	 be	 cleared	 (no	 bacteria), localized	 (bacteria	 only	 in	 the	 swim	bladder),	 disseminated	

(bacteria	 found	outside	the	swim	bladder)	or	dead	(fish	dead	due	to	bacterial	burden).	Swim	bladder	 is	

denoted	by	red	circle,	bacteria	are	denoted	by	the	red	arrows.	(C)	Fish	infected	with	S.	Typhi	prgH	mutant	

had	 increased	clearance	of	bacteria	at	24	hrs	(p=0.03).	 (D)	Ezetimibe	had	no	effect	on	S.	Typhi	bacterial	

growth.	Bacteria	were	diluted	from	an	overnight	stock	and	grown	with	DMSO	or	10µM	Ezetimibe.	OD600	

were	taken	every	30	min	for	3.5	hrs.	Data	points	are	the	mean	from	2	separate	experiments.	(E)	Ezetimibe	

decreased	filipin	staining	in	fish.	24	hrs	pretreatment	with	10	µM	ezetimibe	reduced	filipin	(0.05mg/mL)	

staining	(p=0.003)	in	zebrafish.	N=20	fish	from	two	separate	experiments;	p-value	from	unpaired	t	test.	(F)	

Fish	pretreated	with	Ezetimibe	had	increased	survival	from	S.	Typhi	infection	compared	to	DMSO	controls	

(p=0.03).	 (G)	Ezetimibe	treatment	 increased	bacterial	clearance	 in	fish.	24	hrs	pretreatment	with	10	µM	

ezetimibe	 increased	percentage	of	 fish	 that	 cleared	 the	bacteria	 24	hrs	 post	 infection	 from	8%	 to	 30%	

(p=0.009).	 Infection	 data	 for	 each	 survival	 curve	 and	 clearance	 comparisons	 are	 from	 3	 independent	

experiments	with	a	minimum	of	n=60	fish.	P	value	from	survival	curves	are	from	Mantel-Cox	test;	p-values	

for	other	comparisons	are	 from	unpaired	 t	 test.	 (Monica	Alvarez	did	all	 the	work	 in	 this	panel	with	 the	

assistance	and	advice	of	Eric	Walton,	Colleen	McClean,	Stefan	Oehlers	and	David	Tobin). 

 

3.3 Discussion 

Through a multi-disciplinary approach we have discovered that modulation of 

plasma membrane cholesterol, through natural genetic variation in VAC14 or 

pharmacological manipulation, decreases risk of S. Typhi infection. While cellular 

GWAS with Hi-HOST identified the association of the SNP in VAC14 with Salmonella 
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invasion, association studies of different phenotypic scales (molecular, cellular, and 

organismal) were necessary to fully delineate the chain of causality leading from SNP to 

typhoid fever. Furthermore, mechanistic studies were necessary to uncover the 

unexpected role of VAC14 in limiting bacterial docking through cholesterol regulation at 

the host cell plasma membrane. Previous work has demonstrated a role for cholesterol 

metabolism and localization in bacterial invasion and survival (Catron et al., 2004; 

Hayward et al., 2005; Lai et al., 2008; Nawabi et al., 2008). This study provides host 

genetic evidence supporting this role and leads to the hypothesis that repurposing FDA-

approved cholesterol-lowering drugs, such as ezetimibe, could have potential 

prophylactic or therapeutic use against typhoid fever. 

This study provides the first evidence for a role for VAC14 in cholesterol 

metabolism. Previous work has emphasized the role of VAC14 in late endosomal 

trafficking based on localization of VAC14 and its binding partners to late endosomes 

(Jin et al., 2008; Sbrissa et al., 2004). Additionally, the inhibition of the VAC14 complex 

causes large endosomal vacuoles to form, and VAC14 has been reported to physically 

interact with regulators of the endolysosomal pathway including Rab proteins 

(Ikonomov et al., 2006; Schulze et al., 2014). As LDL-derived cholesteryl esters are 

delivered to late endosomes for hydrolysis before being trafficked to subsequent cellular 

sites including the plasma membrane (Ikonen, 2008), it is perhaps not surprising that 

VAC14 and the phosphoinositide it regulates, PtdIns(3,5)P2, could play an important 
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role in cellular cholesterol trafficking and homeostasis. Deletion of VAC14 increased 

intracellular cholesterol levels, including at the plasma membrane. We speculate that the 

effect size of common genetic variation influencing VAC14 and Salmonella invasion is 

constrained by the crucial role of plasma membrane cholesterol in cellular functions that 

operate within an optimal range (Goluszko and Nowicki, 2005). Nevertheless, our 

findings in cells, zebrafish, and humans demonstrate that moderate changes in cellular 

host-pathogen phenotypes can significantly alter infectious disease risk and severity. 

Future studies will be necessary to determine the exact mechanism by which 

VAC14 is altering cholesterol. Determining localization of PtdIns(3,5)P2 in wild-type and 

VAC14-/- cells will be important, and a PtdIns(3,5)P2 fluorescent probe has been described 

(Li et al., 2013). However, recent work calls into question the specificity of this probe 

(Hammond et al., 2015) and therefore new tools will likely be required before 

PtdIns(3,5)P2 localization can be accurately assessed. Recently, a key mechanism of non-

vesicular lipid trafficking has been demonstrated to involve sterol binding proteins 

facilitating counter-current exchange of cholesterol and phospholipids at membrane 

contact sites (MCS) (Helle et al., 2013; Henne, 2016). This has been most extensively 

characterized for OshP4 mediating exchange of PtdIns(4)P and cholesterol between the 

ER and the Golgi (de Saint-Jean et al., 2011; Du et al., 2015). We speculate a similar 

mechanism may be at work to regulate plasma membrane cholesterol levels. Indeed, our 

data with increased expression levels of LDLR and HMG-CoA reductase could support 
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a model where impaired trafficking from the PM to ER leads to a depletion of ER 

cholesterol and upregulation of SREBP2 targets despite high total cholesterol levels. 

While our studies provide the first demonstration of the role of VAC14 in 

infectious disease, most studies on VAC14 have focused on its role in neurodegenerative 

disorders (Lenk et al., 2011; Zhang et al., 2007). Neurons appear highly sensitive to loss 

of vac14 as seen by the lethal neurodegeneration of the CNS and PNS seen in vac14-/- 

mice. Additionally, recessive mutations of VAC14 in humans also lead to progressive 

neurodegeneration (Lenk et al., 2016). Recently, it was also found that the VAC14 

protein complex binds to Amyloid Precursor Protein (APP), a protein essential to the 

development of Alzheimer’s disease (Balklava et al., 2015; Currinn et al., 2016; Currinn 

and Wassmer, 2016). There have been several studies on the link between cholesterol 

and Alzheimer’s disease (Casserly and Topol, 2004; Di Paolo and Kim, 2011; Puglielli et 

al., 2003) and even trials of cholesterol-reducing drugs as potential therapeutics for 

patients with the disease (Mangialasche et al., 2010; Schneider et al., 2014). Our 

elucidation of the functional links between VAC14, cholesterol, and disease could 

inform not only our understanding of Salmonella infection but also neurodegenerative 

disease. For example, the clinical presentation of Charcot-Marie Tooth type 1 caused by 

mutation in the phosphatase FIG4 can be quite variable, onset can range from childhood 

to late adulthood, and severity can vary from loss of mobility to death (Lenk et al., 2011). 

As VAC14 stabilizes the FIG4 protein from degradation, we hypothesize the genotype of 
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rs8060947 and subsequent levels of VAC14 could help determine the severity of this 

disease. 

While vaccines for S. Typhi exist, they are only moderately effective (55-60%; 

(Sur et al., 2009)), have limited protection duration and are not suitable in young 

children, the population most at risk. Therefore the current vaccines are not widely 

deployed to populations in need. The new generation of conjugate vaccines for typhoid 

fever becoming available is showing considerably greater efficacy and applicability to 

younger children. However no effective vaccines exist against enteric fever caused by S. 

Paratyphi pathovars and unfortunately the incidence of S. Paratyphi A is increasing in 

many at risk nations (Karki et al., 2013; McGregor et al., 2013). There is therefore a need 

for further development of typhoid vaccines and our work suggests novel use of 

cholesterol-reducing drugs in combination with vaccines may potentially improve 

protection against typhoid fever. Metabolomic approaches have recently reported 

significantly higher plasma cholesterol levels in afebrile controls vs. enteric fever 

patients during infection (Nasstrom et al 2014). Although providing evidence for a role 

for cholesterol in typhoid fever, it is unclear how these levels measured during infection 

would correlate with cellular cholesterol levels prior to infection. 

Finally, it is important to note that Salmonellae are not the only pathogens that 

use cholesterol to facilitate invasion. Ebola (Hacke et al., 2015), Chlamydia (Jutras et al., 

2003), HCV (Voisset et al., 2005), and malaria (Samuel et al., 2001) are part of a growing 
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list of pathogens whose entry into cells is regulated by cholesterol. In this regard, our 

work leads to two predictions that will be important to test in future work: 1) rs8060947 

may be predictive of risk of other infectious diseases regulated by plasma membrane 

cholesterol and 2) ezetimibe might prove useful as a potential adjunctive therapy to 

prevent/treat not just typhoid fever but other infectious diseases as well. 
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4. VAC14 complex affects several pathogens 

4.2 Malaria 

4.2.1 Malaria and Plasmodium 

Malaria is an infectious hematologic disease caused by the Plasmodium parasite. It 

is found in large parts of Africa, Asia and Latin America. In 2015, there were over 200 

million cases worldwide, leading to approximately 429,000 deaths (CDC, 2017). In 

endemic regions, children under the age of 5 and fetuses of pregnant women have the 

highest morbidity and mortality. Currently the most common prevention method is use 

of insecticides to kill the mosquito vector, or use of insecticide-treated bed nets and bug 

spray to prevent being bit by infected mosquitos. Once a person has been infected with 

the Plasmodium parasite, a very successful combination known as ACT (artemisinin-

combination therapy) is given to kill the parasites. 

The plasmodium life cycle is complex and involves a series of steps in both the 

mosquito vector and the human host (reviewed in (Phillips et al., 2017)). Once the 

parasites are introduced to the host by the bite of a mosquito, the parasites travel to the 

liver. They infect hepatocytes and begin to multiply extensively. These new parasites 

then leave the liver and infect red blood cells. The initial liver infectious stage is 

asymptomatic and thus it takes several days before a person is aware they are sick. Once 

in the blood system, the cycle repeats when a new mosquito comes in to draw blood and 

takes up sexually committed gametocytes. Inside the mosquito gut the parasites sexually 
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reproduce and create a whole new set of parasite sporozoites to infect or reinfect a new 

host. 

4.2.2 VAC14, cholesterol and Malaria 

Recently it was found that the SNP (rs8060947) associated with Salmonella 

invasion and risk of typhoid fever also alters susceptibility to malaria infection in 

African populations (Gavin Band and the MalariaGEN Consortium, personal 

communication). A SNP (rs8044133) in linkage disequilibrium (LD) with our SNP 

(rs8060947) (r2=0.92) in the recessive model of disease is associated with malaria risk in 

the same direction as typhoid fever. This suggests that decreased VAC14 protein 

expression also leads to a higher chance of acquiring malaria (p=7.1e-07). In light of this 

new finding and with the prior knowledge of VAC14’s function in the cell we set out to 

determine the cellular mechanism on how the SNP alters risk to disease.    

Plasmodium’s infection cycle has an obligatory liver stage before they are able to 

continue in the host and infect red blood cells. Plasmodium falciparum and yoelii bind to 

CD81, a tetraspanin, localized on the plasma membranes of hepatocytes. Hepatocytes 

deficient for CD81 both in vitro and in vivo were found to be resistant to plasmodium 

infection. Experimental verification found that CD81 is required for the proper 

development and formation of the parasitophorous vacuole (Silvie et al., 2003). 
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Figure 12: SNP (rs8044133) is Associated with Increased Risk of Malaria 
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Continued work from the same lab later found that the organization of CD81 on 

the hepatic plasma membrane was influenced by cholesterol. Cells treated with MβCD 

caused CD81 to disappear from the plasma membrane.  As expected from the previous 

findings, when cholesterol was depleted and CD81 microdomains were disrupted they 

saw a reduction in the amount of intracellular plasmodium (Silvie et al., 2006). Given that 

decreased VAC14 protein expression causes an increase of cholesterol at the plasma 

membrane, we hypothesize that this increase in cholesterol leads to an increase in CD81 

microdomains allowing for increased entry of plasmodium parasites into hepatic cells. 

To confirm the role of VAC14 in plasmodium entry into hepatic cells we have 

established a collaboration with Maria Toro from Dr. Derbyshire’s laboratory. We are 

planning to transiently knockdown VAC14 protein expression in hepatocytes using 

siRNA and see if the cholesterol phenotype is replicated in this different cell line and if 

we can modulate plasmodium entry.  

 

4.3 Ebola 

4.3.1 Introduction 

Ebola virus (EBOV) is responsible for the ebola virus disease (EVD) that caused 

the terrible epidemic that killed over 10,000 people in 2013-2015 (WHO, 2016). It is just 

one of a class of viral hemorrhagic fevers including dengue and arenaviruses. The first 

confirmed outbreak of EVD was in 1976 in Zaire and Sudan, due to the emergence of 
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two genetically distinct EBOV. While its emergence in humans is rather recent, it’s 

believed that an unknown animal reservoir exists which has carried the virus for much 

longer.  

EVD is transmitted from human to human through inoculation into the 

bloodstream, mucous membranes, or non-intact skin by infectious body fluids or tissues. 

With the ability of EBOV to invade multiple cell types, the manifestations of disease are 

extensive: suppression and over activation of the immune system, disordered 

coagulation, and tissue damage [reviewed in (Baseler et al., 2017)]. Before supportive 

care measures were introduced, EVD had an 88% mortality rate that has now gone 

down to 40%. 

The Ebola virus is from the family of filoviridae viruses, the genus ebolavirus is 

subdivided into five species, each representing a unique virus. Each virion contains one 

single strand of negative sense RNA, coding for seven structural proteins and one non 

structural protein. Ebola virions are about 80nm in diameter but can vary in length and 

shape. VP40, a membrane associated matrix protein forms the recognizable filamentous 

structure. The outside of the virus particle is studded with glycoprotein which is 

essential for viral entry (Baseler et al., 2017). 

Ebola first attaches by binding to lectins and phosphoserine receptors on the host 

cell membrane. Macropinocytosis has been shown to be the mode of entry into the cell, 

but caveolin and clathrin-dependent endocytosis have also been observed (Rhein and 
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Maury, 2015). The virus then travels down the endosomal trafficking pathway until it 

reaches NPC1 and TPCN2 (Carette et al., 2011; Sakurai et al., 2015). Binding these two 

molecules allows the virus to exit the endosome and reach the cytosol where it can 

continue the viral process.    

The genetic screen that identified NPC1 as important for viral entry also 

identified several other host genes. FIG4 and PIKfyve were both enriched in their screen 

and suggest that the VAC14 complex is involved in Ebola entry (Carette et al., 2011). 

Confirming these results, a different lab showed that cells treated with a PIKfyve 

inhibitor inhibited viral entry (Nelson et al., 2017).  

Since Ebola virus is categorized as a BLS-4 pathogen, we have opted to use virus 

like particles (VLPs) in our experiments. These VLPs look like ebola virion particles and 

contain the glycoprotein (GP) that coats the outside of the virus. They also encode a 

beta-lactamase gene that we use as a marker to determine which cells have been infected 

(Martinez et al., 2010).  

Due to the importance of endosomal trafficking on the ability of the virus to 

establish a replicative niche we hypothesized that VAC14 regulates viral entry through 

endosomal trafficking and not increased concentrations of cellular cholesterol. We are 

testing this idea using both experimental manipulation and natural variation in VAC14. 

 

4.3.2 Results: VAC14 Mutant Cells Have Severely Reduced EBOV 
Entry 
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With FIG4 and PIKfyve being implicated as necessary for Ebola entry we tested 

whether VAC14 was also important. We infected vac14-/- cells with either Ebola VLPs or 

mock treated and measured Ebola VLP entry by flow cytometry. Mock treatment on WT 

and vac14-/- cells was indistinguishable, and showed relatively low noise for the assay. 

On the other hand, infecting vac14-/- cells with the Ebola VLPs showed a severe decrease 

(about 70%) in viral entry compared to entry into WT cells. This would suggest that 

similar to FIG4 and PIKfyve, Ebola entry is dependent on VAC14 and its function. 

 

 

 

Figure 13: VAC14 is Necessary for Ebola Entry 
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4.3.3 Discussion 

We have previously shown that VAC14 modulates cholesterol at the plasma 

membrane, which can affect Salmonella invasion. While Ebola requires NPC1, a protein 

involved in intracellular cholesterol trafficking, we believe that the effect VAC14 has on 

Ebola entry is due to its role in endosomal trafficking and not cholesterol. Cells deficient 

in VAC14 have arrested endosomal trafficking leading to the accumulation of 

endosomes in the cytoplasm and thus serves as an unfit host to enable viral replication 

and spread. To determine if the VAC14 effect is cholesterol independent we are going to 

alter cellular cholesterol concentrations using MβCD and see if that has any effect on 

viral entry. 

Additionally, we see a drastic decrease in the amount of intracellular Ebola VLPs 

at 4hrs post invasion. Assuming the decrease in viral entry is due to deficient endosomal 

trafficking we have proposed three alternative hypotheses: 

1. Less macropinocytosis (less virus enters the cell)  

2. Increased recycling of endosomes to the plasma membrane (virus enters the 

cell but is then sent back out of the cell) 

3. Increased time in early endosomes leads to xenophagy (virus is degraded by 

intracellular immune processes) 
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This line of experimentation will not only elucidate how endosomal trafficking is 

affecting Ebola viral entry but also by using the virus as a probe we can further 

understand the role of VAC14 in the cell. 

Finally, to determine if VAC14 is relevant in in vivo Ebola infections, we will 

determine if the SNP (rs8060947) associated with Salmonella invasion is also associated 

with Ebola entry. Initially, we are infecting a subset of LCLs of each genotype to see if 

there is a difference in Ebola entry. Ideally we could form a collaboration with scientists 

who have done GWAS on EVD and retrospectively determine if our SNP is associated 

with decreased risk of Ebola virus disease.  
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5. Conclusion 
 

 

1. Reduced VAC14 protein expression leads to an accumulation of cholesterol at 
the plasma membrane increasing the amount of Salmonella invasion. 

2. Decreased VAC14 protein expression is associated with increased risk for 
malaria, we hypothesize that increased cholesterol allows for increased CD81 at 
the plasma membrane promoting Plasmodium entry into hepatocytes. 

3. Decreased VAC14 protein expression interferes with proper endosomal 
trafficking prevent the Ebola virus from escaping the endosome and replicating. 

Figure 14: Summary of VAC14's Effect on Pathogen Entry 



 

72 

5.1 The benefit of using nested GWAS 

Traditional GWAS is invaluable in advancing our knowledge on common 

genetic variants that affect disease. As scientists we have been gifted an abundance of 

data on SNPs associated with a myriad of diseases. Functionally speaking, unless the 

SNP is validated to affect a known protein with enzymatic activity and we have a way to 

modulate the protein’s function, this information cannot be translated into a deeper 

understanding of pathophysiology. By uncovering the biological mechanism on how a 

SNP affects disease, we can also discover potential therapeutic targets to be able to limit 

disease. 

Using a combination of disease and cellular GWAS and eQTL data we were able 

to discover new biology on how the SNP rs8060947 alters susceptibility to typhoid fever. 

eQTL was essential in informing us that this particular SNP was associated with variable 

protein expression; where the ‘A’ allele is associated with decreased protein expression. 

Cellular GWAS was able to expand on that and show that the ‘A’ allele was associated 

with higher Salmonella Typhi invasion in cell culture. From these related but distinct 

puzzle pieces we were able to develop hypothesis driven questions to determine how 

variable VAC14 protein expression affects Salmonella invasion. The underlying biology 

affecting the invasion phenotype was a novel role of VAC14 in cholesterol metabolism. 

What started as knowledge of a SNP in VAC14, a scaffolding protein, with no known 

available therapeutic to target it evolved into the understanding that VAC14 affects 
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cholesterol, which subsequently affects invasion and susceptibility to typhoid fever. 

Several therapeutics already approved for human use modulate cholesterol levels and 

thus our studies stemming from genetic variation in VAC14 potentially medically 

relevant.  

 

5.2 Elucidating the mechanism of VAC14 and cholesterol 

VAC14’s main functional role is to modulate the metabolism of PtdIns(3,5)P2 

through the enzymatic activity of FIG4 and PIKfyve. PtdIns(3,5)P2 is implicated to serve 

as a TRPML activator (Dong et al., 2010; Feng et al., 2014), involved in autophagy 

(Schulze et al., 2014) but mainly it facilitates proper endolysosomal maturation and 

trafficking (Takasuga and Sasaki, 2013). While VAC14 could potentially affect several 

cellular pathways, modulating cholesterol metabolism has never been described before. 

Recently, U18666A, a drug that blocks intracellular cholesterol transport, was found to 

decrease the vacuolation in cells containing a mutant version of the VAC14 protein but 

these effects were attributed to the drugs role in acidification of late endosomes and 

lysosomes and not due its involvement in cholesterol metabolism (Schulze et al., 2017). 

We saw consistently that cells either lacking VAC14 or hypomorphic for PIKfyve 

had increased cellular cholesterol (see Figure 10 and Appendix A). While we are 

confident in this phenotype we are still unaware of how the VAC14 complex is causing 

the cholesterol phenotype. Two potential hypotheses are that 1) VAC14 is modulating 
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cholesterol metabolism directly 2) the cholesterol phenotype is a secondary effect to the 

deficient endolysosomal trafficking. 

A direct effect on cholesterol modulation would be a novel pathway modulated 

by the VAC14 complex. Research on non-vesicular transport of cholesterol has shown 

that membrane contact sites (MCS) serve as areas for cholesterol exchange. Osh4p assists 

in modulating cholesterol concentrations in intracellular membranes by exchanging 

cholesterol on the endoplasmic reticulum (ER) membranes for PtdIns(4)P on the trans 

golgi network membranes (Mesmin and Antonny, 2016). Osh4p is only one of a large 

class of similar proteins that are known to bind to lipids and localize to several 

intracellular membranes (Lehto et al., 2001). We speculate that there could potentially be 

a protein that facilitates the exchange of PtdIns(3)P and cholesterol, leading to the 

accumulation of cholesterol at the plasma membrane. ORP5, is implicated in being 

necessary in conjunction with NPC1 and NPC2 to remove cholesterol from endosomes 

and lysosomes (Du et al., 2011). ORP5 is also localized to the ER, but has been found to 

interact with phosphoinositides on the plasma membrane (Moser von Filseck et al., 

2015). We recently transiently knocked down ORP5 and saw an increase in Salmonella 

Typhi invasion, suggesting that ORP5 could also serve as an inhibitor of S. Typhi 

invasion (data not shown). While more experimental validation is needed to determine 

if the effect of ORP5 is through VAC14 and how it fits in with the cholesterol 



 

75 

modulation phenotype, it lends itself or a closely related member as a potential link for 

VAC14 and cholesterol. 

Alternatively, the cholesterol phenotype could be an indirect phenotype due to 

the deficient endolysosomal trafficking caused by decreased VAC14 protein expression. 

Cholesterol metabolism is closely tied to the ability of the ER to sense how much 

cholesterol is in the cell [reviewed in (Ikonen, 2008)]. Activation of sterol regulatory 

element binding proteins (SREBPs) increases transcriptions of genes involved in 

cholesterol metabolism. It is normally localized in the ER and is transported to the Golgi 

complex when sterol concentrations decrease. A negative feedback loop exists where 

cholesterol itself prevents the translocation of SREBP to the Golgi. Cells can also uptake 

cholesterol through their low-density lipoprotein receptor (LDLR) found on the plasma 

membrane. This cholesterol is endocytosed and then through NPC1 and NPC2, it is 

moved out of endosomes and into the cell. It could be surmised then that if the 

endolysosomal trafficking in the cell is impaired, the cholesterol sensing mechanisms 

would not be functioning adequately.  

We hypothesize that vac14-/- cells are unable to properly sense cholesterol 

concentrations and thus reacts as they are in sterol-poor conditions. qPCR of both HMG-

CoA Reductase and LDLR are upregulated in vac14-/- cells, suggesting the cells are 

sensing depletion of the ER pool of cholesterol, and are thus trying to uptake more 

cholesterol but are also synthesizing it (see Figure 10). Additionally, the deficient 
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endolysosomal trafficking can exacerbate the cholesterol phenotype by preventing 

proper trafficking of endocytosed material. Previous research in neurobiology showed 

that inhibition of PIKfyve in neurons caused an accumulation of GluA2 on the plasma 

membrane through both decreased endocytosis and increased recycling back to the 

plasma membrane (McCartney et al., 2014). We propose in future experiments to look at 

how deficient endolysosomal trafficking could be affecting cholesterol homeostasis by 

performing pulse chase experiments to determine where cholesterol is localized within 

vac14-/- cells and the dynamics of how it’s being taken up and processed within the cell. 

 

5.3 Genetic Variation in SNP rs8060947 

Genetic variation in the SNP rs8060947 shows a very distinct continental 

distribution. The ancestral ‘G’ allele is more prevalent in Africa (about 50/50) where as 

the rest of the global population has the derived ‘A’ allele (80/20) (Coop et al., 2009; 

Pickrell et al., 2009; Pritchard et al., 2010) (Coop et al., 2009; Pickrell et al., 2009; Pritchard 

et al., 2010). A potential explanation for the difference in allelic prevalence is that there 

was a founder’s effect, where the subset of the African population that migrated and 

colonized outside of Africa had the ‘A’ allele. Alternatively, there could be natural 

selection at play where the African population is at risk for diseases that maintain the ‘G’ 

allele at a higher frequency. We have shown that ‘A’ allele is associated with decreased 

VAC14 protein expression and increased Salmonella invasion as well as increased 
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risk for both typhoid fever and malaria. Both of these diseases are endemic in Africa and 

could lead to selection of the ‘G’ allele as it would confer a degree of protection. At the 

same time, VAC14 seems to be necessary for Ebola to successfully enter the cell to 

replicate and spread. The Ebola virus is a rather recent emerging pathogen; one could 

speculate that if the disease continues to persist in the African populations a shift in 

allelic frequency could happen depending on how much the allele confers to the risk of 
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Figure 15: Allelic Frequency of SNP rs8060947 (Coop et al., 2009; Pickrell et al., 
2009; Pritchard et al., 2010) 
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Ebola virus disease. Additionally, other factors outside of disease risk could be at play 

for such a distinct allelic frequency in Africa.   

 

5.4 Repurposing drugs to treat disease 

The gold standard for preventing disease is a successful vaccine that provides 

extensive coverage with minor side effects. One of the first vaccines that protected 

against Salmonella Typhi was discontinued due to its extensive side effects (WHO, 2003). 

Since then two more vaccines have become available, an oral vaccine and a 

subcutaneous one. The oral vaccine is recommended for children 6 years and older, is a 

set of three doses taken every two days, and is moderately effective for five years (Black 

et al., 1990). The subcutaneous vaccine can be given to children as young as two, and is 

also moderately effective for three years (Acharya et al., 1987). These vaccines are 

recommended for people traveling to endemic regions, but for their cost and moderate 

effectiveness, more research needs to be done to improve them. 

With the rise of antibiotic resistance, the need for novel therapeutics to treat 

bacterial infections becomes all the more urgent. Antibiotics that were commonly used 

to treat Salmonella Typhi infections were ampicillin, trimethoprim-sulfamethoxazole and 

chloramphenicol. All of which are now obsolete due to global spread of multi-drug 

resistant (MDR) strains. Currently, fluoroquinolones are the drug of choice to treat S. 

Typhi infections, but more and more resistant bacteria are being reported leaving 
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azithromycin and ceftriaxone as the few antibiotics still available to properly and 

efficiently treat the disease. Realistically speaking, a future where Salmonella Typhi is 

resistant to most antibiotics is not too far-fetched. This ominous future calls for the 

search of novel therapeutics to treat or prevent disease.  

Our project has uncovered that human genetic variation in VAC14 affects 

cholesterol metabolism and this effect is enough to actually alter susceptibility to 

typhoid fever. This led us to determine how modulating cholesterol using FDA-

approved drugs would affect the viability of zebrafish infected with Salmonella Typhi. 

Ezetimibe reduces cholesterol by preventing the absorption of cholesterol at the 

intestinal brush border (Sudhop et al., 2002). It has also been used in fish to prevent the 

absorption of cholesterol from the yolk sac reducing the amount of cholesterol in the 

actual fish (Clifton et al., 2010).  

Ezetimibe pretreatment of fish infected with Salmonella Typhi not only had a 

better survival outcome but were able to clear the bacteria from their swim bladders 

more efficiently. While more extensive studies are needed to confirm the role of 

ezetimibe in protecting against Salmonella Typhi infection, it serves as a great starting 

point in finding other therapeutic avenues beside conventional antibiotics. Not only is 

ezetimibe already FDA approved but it has few side effects and the generic form is very 

inexpensive making it readily available as a therapeutic. 
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We propose that ezetimibe could potentially be used as prophylaxis for people 

going to endemic regions with typhoid fever. Additionally, if we see a robust effect in 

humans ezetimibe could be given in conjunction with antibiotic therapy to boost the 

recovery rate by preventing bacteria from entering new cells and also preventing the 

establishment of a chronic carrier. While still at its infancy, ezetimibe or other cholesterol 

reducing drugs could play a large role in treatment and prevention of typhoid fever. 

Cholesterol reducing drugs as treatments and/or preventions are gaining traction 

with the increased knowledge that cholesterol is vital for establishing and promoting a 

bacterial infection. A retrospective study found that people on statins, a drug that 

inhibits cholesterol synthesis, had decreased incidence of tuberculosis (Su et al., 2017). 

Experimental validation in mice has shown that statin treatment increases the 

bactericidal activity and decreased the length of time required to have culture negative 

lungs (Dutta et al., 2016). One potential pitfall that has come up for the potential use of 

statins as therapeutics is the drug-drug interactions between statins and antibiotics. 

While more chemical studies are required, I expect that since tuberculosis requires a 

much longer treatment window this won’t be as large of an issue in treating typhoid 

fever.  
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Appendix A: PIKfyve and Salmonella Invasion 
VAC14 is a scaffolding protein involved in phosphoinositide metabolism. It 

binds to both FIG4, the phosphatase, and PIKfyve, the kinase, to modulate the 

metabolism of PtdIns(3,5)P2.  CRISPR knockout cell lines were constructed to have 

individual knockout cell lines for each protein. Unfortunately, the VAC14-/- cell line was 

the only one that showed the vacuolation phenotype consistent with the previous 

findings. The FIG4 cell lines never showed any vacuolation or invasion phenotype and 

shortly after were dropped from all experiments. We hypothesize that FIG4 null 

mutation in HeLa cells may be lethal. 

Several PIKfyve-/- CRISPR clones were assayed for their invasion phenotype, and 

they had varying amount of invasion. Clone 367V showed a slight increase in invasion 

compared to WT Hela cells. Importantly, this increased invasion was complemented 

with overexpression of full length PIKfyve and showed a reversion toward the wild-

type phenotype. Additionally, similar to the VAC14 mutant cells, PIKfyve mutant cells 

showed an increase in cholesterol concentration based on filipin staining. We sequenced 

the 367V clones to confirm that the gene was indeed mutated. Unfortunately, we 

discovered that Hela cells have 4 copies of PIKfyve, of which we were able to mutate 3 

of the 4, and thus 367V is a likely hypomorph. Subsequent clones were also sequenced 

and showed similar results; we could damage some of the alleles but never get a 

complete knockout of all copies of the gene. The discovery that most of our PIKfyve 
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clones were hypomorphic could explain why we observed increased invasion, but to a 

lesser degree than the vac14 mutant cell line. 

 

We attribute the inability to obtain a full PIKfyve knockout to its essential 

function in the cell. As mentioned before, PIKfyve knockout mice are embryonic lethal 

so it is not a surprise that we would struggle to create PIKfyve knockout cell line. RNAi 

against PIKfyve was not cytotoxic, this could suggest that cells can survive with just a 

small amount of PIKfyve. Alternatively, it could be that a complete knockout of PIKfyve 

is not necessarily cytotoxic but instead retard the ability for the cell to grow substantially 

to the point that it cannot outcompete the hypomorphic clones. 

  

 

Figure 16: PIKfyve is an Inhibitor of Salmonella Invasion 

Work	done	by	Luke	Glover	



 

83 

Bibliography 
Acharya, I.L., Lowe, C.U., Thapa, R., Gurubacharya, V.L., Shrestha, M.B., Cadoz, M., 
Schulz, D., Armand, J., Bryla, D.A., Trollfors, B., et al. (1987). Prevention of typhoid fever 
in Nepal with the Vi capsular polysaccharide of Salmonella typhi. A preliminary report. 
N Engl J Med 317, 1101-1104. 

Ackerman, H., Usen, S., Jallow, M., Sisay-Joof, F., Pinder, M., and Kwiatkowski, D.P. 
(2005). A comparison of case-control and family-based association methods: the example 
of sickle-cell and malaria. Ann Hum Genet 69, 559-565. 

Adcox, H.E., Vasicek, E.M., Dwivedi, V., Hoang, K.V., Turner, J., and Gunn, J.S. (2016). 
Salmonella Extracellular Matrix Components Influence Biofilm Formation and 
Gallbladder Colonization. Infect Immun 84, 3243-3251. 

Alghamdi, T.A., Ho, C.Y., Mrakovic, A., Taylor, D., Mao, D., and Botelho, R.J. (2013). 
Vac14 protein multimerization is a prerequisite step for Fab1 protein complex assembly 
and function. J Biol Chem 288, 9363-9372. 

Alvarez, M.I., Glover, L.C., Luo, P., Wang, L., Theusch, E., Oehlers, S.H., Walton, E.M., 
Tram, T.T.B., Kuang, Y.L., Rotter, J.I., et al. (2017). Human genetic variation in VAC14 
regulates Salmonella invasion and typhoid fever through modulation of cholesterol. 
Proc Natl Acad Sci U S A 114, E7746-E7755. 

Baek, J.S., Fang, L., Li, A.C., and Miller, Y.I. (2012). Ezetimibe and simvastatin reduce 
cholesterol levels in zebrafish larvae fed a high-cholesterol diet. Cholesterol 2012, 
564705. 

Bakowski, M.A., Braun, V., Lam, G.Y., Yeung, T., Heo, W.D., Meyer, T., Finlay, B.B., 
Grinstein, S., and Brumell, J.H. (2010). The phosphoinositide phosphatase SopB 
manipulates membrane surface charge and trafficking of the Salmonella-containing 
vacuole. Cell Host Microbe 7, 453-462. 

Balklava, Z., Niehage, C., Currinn, H., Mellor, L., Guscott, B., Poulin, G., Hoflack, B., and 
Wassmer, T. (2015). The Amyloid Precursor Protein Controls PIKfyve Function. PLoS 
One 10, e0130485. 



 

84 

Band, G., Le, Q.S., Jostins, L., Pirinen, M., Kivinen, K., Jallow, M., Sisay-Joof, F., Bojang, 
K., Pinder, M., Sirugo, G., et al. (2013). Imputation-based meta-analysis of severe malaria 
in three African populations. PLoS Genet 9, e1003509. 

Baseler, L., Chertow, D.S., Johnson, K.M., Feldmann, H., and Morens, D.M. (2017). The 
Pathogenesis of Ebola Virus Disease. Annu Rev Pathol 12, 387-418. 

Bhan, M.K., Bahl, R., and Bhatnagar, S. (2005). Typhoid and paratyphoid fever. Lancet 
366, 749-762. 

Black, R.E., Levine, M.M., Ferreccio, C., Clements, M.L., Lanata, C., Rooney, J., and 
Germanier, R. (1990). Efficacy of one or two doses of Ty21a Salmonella typhi vaccine in 
enteric-coated capsules in a controlled field trial. Chilean Typhoid Committee. Vaccine 
8, 81-84. 

Burkinshaw, B.J., and Strynadka, N.C. (2014). Assembly and structure of the T3SS. 
Biochim Biophys Acta 1843, 1649-1663. 

Bush, W.S., and Moore, J.H. (2012). Chapter 11: Genome-wide association studies. PLoS 
Comput Biol 8, e1002822. 

Cadigan, K.M., Spillane, D.M., and Chang, T.Y. (1990). Isolation and characterization of 
Chinese hamster ovary cell mutants defective in intracellular low density lipoprotein-
cholesterol trafficking. J Cell Biol 110, 295-308. 

Carette, J.E., Raaben, M., Wong, A.C., Herbert, A.S., Obernosterer, G., Mulherkar, N., 
Kuehne, A.I., Kranzusch, P.J., Griffin, A.M., Ruthel, G., et al. (2011). Ebola virus entry 
requires the cholesterol transporter Niemann-Pick C1. Nature 477, 340-343. 

Casserly, I., and Topol, E. (2004). Convergence of atherosclerosis and Alzheimer's 
disease: inflammation, cholesterol, and misfolded proteins. Lancet 363, 1139-1146. 

Castro-Eguiluz, D., Pelayo, R., Rosales-Garcia, V., Rosales-Reyes, R., Alpuche-Aranda, 
C., and Ortiz-Navarrete, V. (2009). B cell precursors are targets for Salmonella infection. 
Microb Pathog 47, 52-56. 

Catron, D.M., Lange, Y., Borensztajn, J., Sylvester, M.D., Jones, B.D., and Haldar, K. 
(2004). Salmonella enterica serovar Typhimurium requires nonsterol precursors of the 



 

85 

cholesterol biosynthetic pathway for intracellular proliferation. Infect Immun 72, 1036-
1042. 

Chinh, N.T., Parry, C.M., Ly, N.T., Ha, H.D., Thong, M.X., Diep, T.S., Wain, J., White, 
N.J., and Farrar, J.J. (2000). A randomized controlled comparison of azithromycin and 
ofloxacin for treatment of multidrug-resistant or nalidixic acid-resistant enteric fever. 
Antimicrobial agents and chemotherapy 44, 1855-1859. 

Chow, C.Y., Zhang, Y., Dowling, J.J., Jin, N., Adamska, M., Shiga, K., Szigeti, K., Shy, 
M.E., Li, J., Zhang, X., et al. (2007). Mutation of FIG4 causes neurodegeneration in the 
pale tremor mouse and patients with CMT4J. Nature 448, 68-72. 

Clifton, J.D., Lucumi, E., Myers, M.C., Napper, A., Hama, K., Farber, S.A., Smith, A.B., 
3rd, Huryn, D.M., Diamond, S.L., and Pack, M. (2010). Identification of novel inhibitors 
of dietary lipid absorption using zebrafish. PLoS One 5, e12386. 

Consortium, E.P., Dunham, I., Kundaje, A., Aldred, S.F., Collins, P.J., Davis, C.A., Doyle, 
F., Epstein, C.B., Frietze, S., Harrow, J., et al. (2012). An integrated encyclopedia of DNA 
elements in the human genome. Nature 489, 57-74. 

Consortium, I.H. (2005). A haplotype map of the human genome. Nature 437, 1299-1320. 

Coop, G., Pickrell, J.K., Novembre, J., Kudaravalli, S., Li, J., Absher, D., Myers, R.M., 
Cavalli-Sforza, L.L., Feldman, M.W., and Pritchard, J.K. (2009). The role of geography in 
human adaptation. PLoS Genet 5, e1000500. 

Currinn, H., Guscott, B., Balklava, Z., Rothnie, A., and Wassmer, T. (2016). APP controls 
the formation of PI(3,5)P(2) vesicles through its binding of the PIKfyve complex. Cellular 
and molecular life sciences : CMLS 73, 393-408. 

Currinn, H., and Wassmer, T. (2016). The amyloid precursor protein (APP) binds the 
PIKfyve complex and modulates its function. Biochemical Society transactions 44, 185-
190. 

Cutting, G.R. (2015). Cystic fibrosis genetics: from molecular understanding to clinical 
application. Nat Rev Genet 16, 45-56. 



 

86 

Datsenko, K.A., and Wanner, B.L. (2000). One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 97, 6640-6645. 

de Saint-Jean, M., Delfosse, V., Douguet, D., Chicanne, G., Payrastre, B., Bourguet, W., 
Antonny, B., and Drin, G. (2011). Osh4p exchanges sterols for phosphatidylinositol 4-
phosphate between lipid bilayers. J Cell Biol 195, 965-978. 

Delaneau, O., Zagury, J.F., and Marchini, J. (2013). Improved whole-chromosome 
phasing for disease and population genetic studies. Nature methods 10, 5-6. 

Di Paolo, G., and Kim, T.W. (2011). Linking lipids to Alzheimer's disease: cholesterol 
and beyond. Nat Rev Neurosci 12, 284-296. 

Dong, X.P., Shen, D., Wang, X., Dawson, T., Li, X., Zhang, Q., Cheng, X., Zhang, Y., 
Weisman, L.S., Delling, M., et al. (2010). PI(3,5)P(2) controls membrane trafficking by 
direct activation of mucolipin Ca(2+) release channels in the endolysosome. Nat 
Commun 1, 38. 

Dougan, G., and Baker, S. (2014). Salmonella enterica serovar Typhi and the 
pathogenesis of typhoid fever. Annual review of microbiology 68, 317-336. 

Dove, S.K., McEwen, R.K., Mayes, A., Hughes, D.C., Beggs, J.D., and Michell, R.H. 
(2002). Vac14 controls PtdIns(3,5)P(2) synthesis and Fab1-dependent protein trafficking 
to the multivesicular body. Curr Biol 12, 885-893. 

Du, X., Brown, A.J., and Yang, H. (2015). Novel mechanisms of intracellular cholesterol 
transport: oxysterol-binding proteins and membrane contact sites. Current opinion in 
cell biology 35, 37-42. 

Du, X., Kumar, J., Ferguson, C., Schulz, T.A., Ong, Y.S., Hong, W., Prinz, W.A., Parton, 
R.G., Brown, A.J., and Yang, H. (2011). A role for oxysterol-binding protein-related 
protein 5 in endosomal cholesterol trafficking. J Cell Biol 192, 121-135. 

Dunstan, S.J., Hue, N.T., Han, B., Li, Z., Tram, T.T., Sim, K.S., Parry, C.M., Chinh, N.T., 
Vinh, H., Lan, N.P., et al. (2014). Variation at HLA-DRB1 is associated with resistance to 
enteric fever. Nat Genet 46, 1333-1336. 



 

87 

Dutta, N.K., Bruiners, N., Pinn, M.L., Zimmerman, M.D., Prideaux, B., Dartois, V., 
Gennaro, M.L., and Karakousis, P.C. (2016). Statin adjunctive therapy shortens the 
duration of TB treatment in mice. J Antimicrob Chemother 71, 1570-1577. 

Ehrbar, K., Mirold, S., Friebel, A., Stender, S., and Hardt, W.D. (2002). Characterization 
of effector proteins translocated via the SPI1 type III secretion system of Salmonella 
typhimurium. Int J Med Microbiol 291, 479-485. 

Endo, A. (1992). The discovery and development of HMG-CoA reductase inhibitors. 
Journal of lipid research 33, 1569-1582. 

Fabrega, A., and Vila, J. (2013). Salmonella enterica serovar Typhimurium skills to 
succeed in the host: virulence and regulation. Clin Microbiol Rev 26, 308-341. 

Fairfax, B.P., Humburg, P., Makino, S., Naranbhai, V., Wong, D., Lau, E., Jostins, L., 
Plant, K., Andrews, R., McGee, C., et al. (2014). Innate immune activity conditions the 
effect of regulatory variants upon monocyte gene expression. Science 343, 1246949. 

Feng, X., Huang, Y., Lu, Y., Xiong, J., Wong, C.O., Yang, P., Xia, J., Chen, D., Du, G., 
Venkatachalam, K., et al. (2014). Drosophila TRPML forms PI(3,5)P2-activated cation 
channels in both endolysosomes and plasma membrane. J Biol Chem 289, 4262-4272. 

Friebel, A., Ilchmann, H., Aepfelbacher, M., Ehrbar, K., Machleidt, W., and Hardt, W.D. 
(2001). SopE and SopE2 from Salmonella typhimurium activate different sets of 
RhoGTPases of the host cell. J Biol Chem 276, 34035-34040. 

Galan, J.E. (1996). Molecular genetic bases of Salmonella entry into host cells. Molecular 
microbiology 20, 263-271. 

Galan, J.E. (2016). Typhoid toxin provides a window into typhoid fever and the biology 
of Salmonella Typhi. Proc Natl Acad Sci U S A 113, 6338-6344. 

Galan, J.E., and Curtiss, R., 3rd (1989). Cloning and molecular characterization of genes 
whose products allow Salmonella typhimurium to penetrate tissue culture cells. Proc 
Natl Acad Sci U S A 86, 6383-6387. 

Garcia-del Portillo, F., and Finlay, B.B. (1994). Salmonella invasion of nonphagocytic 
cells induces formation of macropinosomes in the host cell. Infect Immun 62, 4641-4645. 



 

88 

Giannella, R.A., Washington, O., Gemski, P., and Formal, S.B. (1973). Invasion of HeLa 
cells by Salmonella typhimurium: a model for study of invasiveness of Salmonella. The 
Journal of infectious diseases 128, 69-75. 

Goluszko, P., and Nowicki, B. (2005). Membrane cholesterol: a crucial molecule affecting 
interactions of microbial pathogens with mammalian cells. Infect Immun 73, 7791-7796. 

Gonzalez-Escobedo, G., Marshall, J.M., and Gunn, J.S. (2011). Chronic and acute 
infection of the gall bladder by Salmonella Typhi: understanding the carrier state. Nat 
Rev Microbiol 9, 9-14. 

Gratacap, R.L., Rawls, J.F., and Wheeler, R.T. (2013). Mucosal candidiasis elicits NF-
kappaB activation, proinflammatory gene expression and localized neutrophilia in 
zebrafish. Dis Model Mech 6, 1260-1270. 

Hacke, M., Bjorkholm, P., Hellwig, A., Himmels, P., Ruiz de Almodovar, C., Brugger, B., 
Wieland, F., and Ernst, A.M. (2015). Inhibition of Ebola virus glycoprotein-mediated 
cytotoxicity by targeting its transmembrane domain and cholesterol. Nature 
communications 6, 7688. 

Hammond, G.R., Takasuga, S., Sasaki, T., and Balla, T. (2015). The ML1Nx2 
Phosphatidylinositol 3,5-Bisphosphate Probe Shows Poor Selectivity in Cells. PLoS One 
10, e0139957. 

Hasegawa, J., Strunk, B.S., and Weisman, L.S. (2017). PI5P and PI(3,5)P2: Minor, but 
Essential Phosphoinositides. Cell Struct Funct 42, 49-60. 

Hayward, R.D., Cain, R.J., McGhie, E.J., Phillips, N., Garner, M.J., and Koronakis, V. 
(2005). Cholesterol binding by the bacterial type III translocon is essential for virulence 
effector delivery into mammalian cells. Molecular microbiology 56, 590-603. 

Helle, S.C., Kanfer, G., Kolar, K., Lang, A., Michel, A.H., and Kornmann, B. (2013). 
Organization and function of membrane contact sites. Biochimica et biophysica acta 
1833, 2526-2541. 

Henne, W.M. (2016). Organelle remodeling at membrane contact sites. J Struct Biol 196, 
15-19. 



 

89 

Hensel, M., Shea, J.E., Gleeson, C., Jones, M.D., Dalton, E., and Holden, D.W. (1995). 
Simultaneous identification of bacterial virulence genes by negative selection. Science 
269, 400-403. 

Hernandez, L.D., Hueffer, K., Wenk, M.R., and Galan, J.E. (2004). Salmonella modulates 
vesicular traffic by altering phosphoinositide metabolism. Science 304, 1805-1807. 

House, D., Chinh, N.T., Hien, T.T., Parry, C.P., Ly, N.T., Diep, T.S., Wain, J., Dunstan, S., 
White, N.J., Dougan, G., et al. (2002). Cytokine release by lipopolysaccharide-stimulated 
whole blood from patients with typhoid fever. The Journal of infectious diseases 186, 
240-245. 

Howie, B., Fuchsberger, C., Stephens, M., Marchini, J., and Abecasis, G.R. (2012). Fast 
and accurate genotype imputation in genome-wide association studies through pre-
phasing. Nat Genet 44, 955-959. 

Howlader, D.R., Sinha, R., Nag, D., Majumder, N., Mukherjee, P., Bhaumik, U., Maiti, S., 
Withey, J.H., and Koley, H. (2016). Zebrafish as a novel model for non-typhoidal 
Salmonella pathogenesis, transmission and vaccine efficacy. Vaccine 34, 5099-5106. 

Humphreys, D., Davidson, A., Hume, P.J., and Koronakis, V. (2012). Salmonella 
virulence effector SopE and Host GEF ARNO cooperate to recruit and activate WAVE to 
trigger bacterial invasion. Cell Host Microbe 11, 129-139. 

Ikonen, E. (2008). Cellular cholesterol trafficking and compartmentalization. Nat Rev 
Mol Cell Biol 9, 125-138. 

Ikonomov, O.C., Sbrissa, D., Fligger, J., Delvecchio, K., and Shisheva, A. (2010). 
ArPIKfyve regulates Sac3 protein abundance and turnover: disruption of the mechanism 
by Sac3I41T mutation causing Charcot-Marie-Tooth 4J disorder. J Biol Chem 285, 26760-
26764. 

Ikonomov, O.C., Sbrissa, D., Foti, M., Carpentier, J.L., and Shisheva, A. (2003). PIKfyve 
controls fluid phase endocytosis but not recycling/degradation of endocytosed receptors 
or sorting of procathepsin D by regulating multivesicular body morphogenesis. Mol Biol 
Cell 14, 4581-4591. 



 

90 

Ikonomov, O.C., Sbrissa, D., and Shisheva, A. (2006). Localized PtdIns 3,5-P2 synthesis 
to regulate early endosome dynamics and fusion. Am J Physiol Cell Physiol 291, C393-
404. 

Ilangumaran, S., and Hoessli, D.C. (1998). Effects of cholesterol depletion by 
cyclodextrin on the sphingolipid microdomains of the plasma membrane. The 
Biochemical journal 335 ( Pt 2), 433-440. 

International HapMap, C., Altshuler, D.M., Gibbs, R.A., Peltonen, L., Altshuler, D.M., 
Gibbs, R.A., Peltonen, L., Dermitzakis, E., Schaffner, S.F., Yu, F., et al. (2010). Integrating 
common and rare genetic variation in diverse human populations. Nature 467, 52-58. 

Jin, N., Chow, C.Y., Liu, L., Zolov, S.N., Bronson, R., Davisson, M., Petersen, J.L., Zhang, 
Y., Park, S., Duex, J.E., et al. (2008). VAC14 nucleates a protein complex essential for the 
acute interconversion of PI3P and PI(3,5)P(2) in yeast and mouse. EMBO J 27, 3221-3234. 

Jutras, I., Abrami, L., and Dautry-Varsat, A. (2003). Entry of the lymphogranuloma 
venereum strain of Chlamydia trachomatis into host cells involves cholesterol-rich 
membrane domains. Infect Immun 71, 260-266. 

Karki, S., Shakya, P., Cheng, A.C., Dumre, S.P., and Leder, K. (2013). Trends of etiology 
and drug resistance in enteric fever in the last two decades in Nepal: a systematic review 
and meta-analysis. Clinical infectious diseases : an official publication of the Infectious 
Diseases Society of America 57, e167-176. 

Ko, D.C., Binkley, J., Sidow, A., and Scott, M.P. (2003). The integrity of a cholesterol-
binding pocket in Niemann-Pick C2 protein is necessary to control lysosome cholesterol 
levels. Proc Natl Acad Sci U S A 100, 2518-2525. 

Ko, D.C., Gamazon, E.R., Shukla, K.P., Pfuetzner, R.A., Whittington, D., Holden, T.D., 
Brittnacher, M.J., Fong, C., Radey, M., Ogohara, C., et al. (2012). Functional genetic 
screen of human diversity reveals that a methionine salvage enzyme regulates 
inflammatory cell death. Proc Natl Acad Sci U S A 109, E2343-2352. 

Ko, D.C., Shukla, K.P., Fong, C., Wasnick, M., Brittnacher, M.J., Wurfel, M.M., Holden, 
T.D., O'Keefe, G.E., Van Yserloo, B., Akey, J.M., et al. (2009). A genome-wide in vitro 
bacterial-infection screen reveals human variation in the host response associated with 
inflammatory disease. Am J Hum Genet 85, 214-227. 



 

91 

Ko, D.C., and Urban, T.J. (2013). Understanding Human Variation in Infectious Disease 
Susceptibility through Clinical and Cellular GWAS. PLoS Pathog 9, e1003424. 

Koivusalo, M., Welch, C., Hayashi, H., Scott, C.C., Kim, M., Alexander, T., Touret, N., 
Hahn, K.M., and Grinstein, S. (2010). Amiloride inhibits macropinocytosis by lowering 
submembranous pH and preventing Rac1 and Cdc42 signaling. J Cell Biol 188, 547-563. 

Korte, A., and Farlow, A. (2013). The advantages and limitations of trait analysis with 
GWAS: a review. Plant Methods 9, 29. 

Koshiol, J., Wozniak, A., Cook, P., Adaniel, C., Acevedo, J., Azocar, L., Hsing, A.W., Roa, 
J.C., Pasetti, M.F., Miquel, J.F., et al. (2016). Salmonella enterica serovar Typhi and 
gallbladder cancer: a case-control study and meta-analysis. Cancer Med 5, 3310-3235. 

Lai, C.H., Chang, Y.C., Du, S.Y., Wang, H.J., Kuo, C.H., Fang, S.H., Fu, H.W., Lin, H.H., 
Chiang, A.S., and Wang, W.C. (2008). Cholesterol depletion reduces Helicobacter pylori 
CagA translocation and CagA-induced responses in AGS cells. Infect Immun 76, 3293-
3303. 

Lee, M.N., Ye, C., Villani, A.C., Raj, T., Li, W., Eisenhaure, T.M., Imboywa, S.H., 
Chipendo, P.I., Ran, F.A., Slowikowski, K., et al. (2014). Common genetic variants 
modulate pathogen-sensing responses in human dendritic cells. Science 343, 1246980. 

Lehto, M., Laitinen, S., Chinetti, G., Johansson, M., Ehnholm, C., Staels, B., Ikonen, E., 
and Olkkonen, V.M. (2001). The OSBP-related protein family in humans. J Lipid Res 42, 
1203-1213. 

Lenk, G.M., Ferguson, C.J., Chow, C.Y., Jin, N., Jones, J.M., Grant, A.E., Zolov, S.N., 
Winters, J.J., Giger, R.J., Dowling, J.J., et al. (2011). Pathogenic mechanism of the FIG4 
mutation responsible for Charcot-Marie-Tooth disease CMT4J. PLoS Genet 7, e1002104. 

Lenk, G.M., Szymanska, K., Debska-Vielhaber, G., Rydzanicz, M., Walczak, A., 
Bekiesinska-Figatowska, M., Vielhaber, S., Hallmann, K., Stawinski, P., Buehring, S., et 
al. (2016). Biallelic Mutations of VAC14 in Pediatric-Onset Neurological Disease. Am J 
Hum Genet 99, 188-194. 

Li, X., Wang, X., Zhang, X., Zhao, M., Tsang, W.L., Zhang, Y., Yau, R.G., Weisman, L.S., 
and Xu, H. (2013). Genetically encoded fluorescent probe to visualize intracellular 



 

92 

phosphatidylinositol 3,5-bisphosphate localization and dynamics. Proc Natl Acad Sci U 
S A 110, 21165-21170. 

Li, Y., Balasubramanian, U., Cohen, D., Zhang, P.W., Mosmiller, E., Sattler, R., 
Maragakis, N.J., and Rothstein, J.D. (2015). A comprehensive library of familial human 
amyotrophic lateral sclerosis induced pluripotent stem cells. PLoS One 10, e0118266. 

Luxemburger, C., Chau, M.C., Mai, N.L., Wain, J., Tran, T.H., Simpson, J.A., Le, H.K., 
Nguyen, T.T., White, N.J., and Farrar, J.J. (2001). Risk factors for typhoid fever in the 
Mekong delta, southern Viet Nam: a case-control study. Trans R Soc Trop Med Hyg 95, 
19-23. 

Mahammad, S., and Parmryd, I. (2015). Cholesterol depletion using methyl-beta-
cyclodextrin. Methods in molecular biology 1232, 91-102. 

Mallo, G.V., Espina, M., Smith, A.C., Terebiznik, M.R., Aleman, A., Finlay, B.B., Rameh, 
L.E., Grinstein, S., and Brumell, J.H. (2008). SopB promotes phosphatidylinositol 3-
phosphate formation on Salmonella vacuoles by recruiting Rab5 and Vps34. J Cell Biol 
182, 741-752. 

Mangialasche, F., Solomon, A., Winblad, B., Mecocci, P., and Kivipelto, M. (2010). 
Alzheimer's disease: clinical trials and drug development. Lancet Neurol 9, 702-716. 

Marineli, F., Tsoucalas, G., Karamanou, M., and Androutsos, G. (2013). Mary Mallon 
(1869-1938) and the history of typhoid fever. Ann Gastroenterol 26, 132-134. 

Martinez, O., Johnson, J., Manicassamy, B., Rong, L., Olinger, G.G., Hensley, L.E., and 
Basler, C.F. (2010). Zaire Ebola virus entry into human dendritic cells is insensitive to 
cathepsin L inhibition. Cell Microbiol 12, 148-157. 

Mason, W.P. (1909). "Typhoid Mary". Science 30, 117-118. 

McCartney, A.J., Zolov, S.N., Kauffman, E.J., Zhang, Y., Strunk, B.S., Weisman, L.S., and 
Sutton, M.A. (2014). Activity-dependent PI(3,5)P2 synthesis controls AMPA receptor 
trafficking during synaptic depression. Proc Natl Acad Sci U S A 111, E4896-4905. 

McGregor, A.C., Waddington, C.S., and Pollard, A.J. (2013). Prospects for prevention of 
Salmonella infection in children through vaccination. Curr Opin Infect Dis 26, 254-262. 



 

93 

Medina, M.W., Gao, F., Ruan, W., Rotter, J.I., and Krauss, R.M. (2008). Alternative 
splicing of 3-hydroxy-3-methylglutaryl coenzyme A reductase is associated with plasma 
low-density lipoprotein cholesterol response to simvastatin. Circulation 118, 355-362. 

Mesmin, B., and Antonny, B. (2016). The counterflow transport of sterols and PI4P. 
Biochim Biophys Acta 1861, 940-951. 

Misselwitz, B., Kreibich, S.K., Rout, S., Stecher, B., Periaswamy, B., and Hardt, W.D. 
(2011). Salmonella enterica serovar Typhimurium binds to HeLa cells via Fim-mediated 
reversible adhesion and irreversible type three secretion system 1-mediated docking. 
Infect Immun 79, 330-341. 

Moser von Filseck, J., Copic, A., Delfosse, V., Vanni, S., Jackson, C.L., Bourguet, W., and 
Drin, G. (2015). INTRACELLULAR TRANSPORT. Phosphatidylserine transport by 
ORP/Osh proteins is driven by phosphatidylinositol 4-phosphate. Science 349, 432-436. 

Mroczenski-Wildey, M.J., Di Fabio, J.L., and Cabello, F.C. (1989). Invasion and lysis of 
HeLa cell monolayers by Salmonella typhi: the role of lipopolysaccharide. Microb 
Pathog 6, 143-152. 

Nawabi, P., Catron, D.M., and Haldar, K. (2008). Esterification of cholesterol by a type III 
secretion effector during intracellular Salmonella infection. Molecular microbiology 68, 
173-185. 

Nelson, E.A., Dyall, J., Hoenen, T., Barnes, A.B., Zhou, H., Liang, J.Y., Michelotti, J., 
Dewey, W.H., DeWald, L.E., Bennett, R.S., et al. (2017). The phosphatidylinositol-3-
phosphate 5-kinase inhibitor apilimod blocks filoviral entry and infection. PLoS Negl 
Trop Dis 11, e0005540. 

Newport, M.J., and Finan, C. (2011). Genome-wide association studies and susceptibility 
to infectious diseases. Brief Funct Genomics 10, 98-107. 

Nicolae, D.L., Gamazon, E., Zhang, W., Duan, S., Dolan, M.E., and Cox, N.J. (2010). 
Trait-associated SNPs are more likely to be eQTLs: annotation to enhance discovery 
from GWAS. PLoS Genet 6, e1000888. 

Patel, J.C., and Galan, J.E. (2006). Differential activation and function of Rho GTPases 
during Salmonella-host cell interactions. J Cell Biol 175, 453-463. 



 

94 

Phillips, M.A., Burrows, J.N., Manyando, C., van Huijsduijnen, R.H., Van Voorhis, W.C., 
and Wells, T.N.C. (2017). Malaria. Nat Rev Dis Primers 3, 17050. 

Pickrell, J.K., Coop, G., Novembre, J., Kudaravalli, S., Li, J.Z., Absher, D., Srinivasan, 
B.S., Barsh, G.S., Myers, R.M., Feldman, M.W., et al. (2009). Signals of recent positive 
selection in a worldwide sample of human populations. Genome Res 19, 826-837. 

Pritchard, J.K., Pickrell, J.K., and Coop, G. (2010). The genetics of human adaptation: 
hard sweeps, soft sweeps, and polygenic adaptation. Curr Biol 20, R208-215. 

Pruim, R.J., Welch, R.P., Sanna, S., Teslovich, T.M., Chines, P.S., Gliedt, T.P., Boehnke, 
M., Abecasis, G.R., and Willer, C.J. (2010). LocusZoom: regional visualization of 
genome-wide association scan results. Bioinformatics 26, 2336-2337. 

Puglielli, L., Tanzi, R.E., and Kovacs, D.M. (2003). Alzheimer's disease: the cholesterol 
connection. Nat Neurosci 6, 345-351. 

Pujol, C., and Bliska, J.B. (2003). The ability to replicate in macrophages is conserved 
between Yersinia pestis and Yersinia pseudotuberculosis. Infect Immun 71, 5892-5899. 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A., Bender, D., Maller, J., 
Sklar, P., de Bakker, P.I., Daly, M.J., et al. (2007). PLINK: a tool set for whole-genome 
association and population-based linkage analyses. Am J Hum Genet 81, 559-575. 

Purcell, S., Sham, P., and Daly, M.J. (2005). Parental phenotypes in family-based 
association analysis. Am J Hum Genet 76, 249-259. 

Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., and Zhang, F. (2013). Genome 
engineering using the CRISPR-Cas9 system. Nature protocols 8, 2281-2308. 

Rhein, B.A., and Maury, W.J. (2015). Ebola virus entry into host cells: identifying 
therapeutic strategies. Curr Clin Microbiol Rep 2, 115-124. 

Roppenser, B., Grinstein, S., and Brumell, J.H. (2012). Modulation of host 
phosphoinositide metabolism during Salmonella invasion by the type III secreted 
effector SopB. Methods Cell Biol 108, 173-186. 



 

95 

Rosales-Reyes, R., Perez-Lopez, A., Sanchez-Gomez, C., Hernandez-Mote, R.R., Castro-
Eguiluz, D., Ortiz-Navarrete, V., and Alpuche-Aranda, C.M. (2012). Salmonella infects B 
cells by macropinocytosis and formation of spacious phagosomes but does not induce 
pyroptosis in favor of its survival. Microb Pathog 52, 367-374. 

Rudge, S.A., Anderson, D.M., and Emr, S.D. (2004). Vacuole size control: regulation of 
PtdIns(3,5)P2 levels by the vacuole-associated Vac14-Fig4 complex, a PtdIns(3,5)P2-
specific phosphatase. Mol Biol Cell 15, 24-36. 

Sakurai, Y., Kolokoltsov, A.A., Chen, C.C., Tidwell, M.W., Bauta, W.E., Klugbauer, N., 
Grimm, C., Wahl-Schott, C., Biel, M., and Davey, R.A. (2015). Ebola virus. Two-pore 
channels control Ebola virus host cell entry and are drug targets for disease treatment. 
Science 347, 995-998. 

Salinas, R.E., Ogohara, C., Thomas, M.I., Shukla, K.P., Miller, S.I., and Ko, D.C. (2014). A 
cellular genome-wide association study reveals human variation in microtubule stability 
and a role in inflammatory cell death. Mol Biol Cell 25, 76-86. 

Samuel, B.U., Mohandas, N., Harrison, T., McManus, H., Rosse, W., Reid, M., and 
Haldar, K. (2001). The role of cholesterol and glycosylphosphatidylinositol-anchored 
proteins of erythrocyte rafts in regulating raft protein content and malarial infection. J 
Biol Chem 276, 29319-29329. 

Sbrissa, D., Ikonomov, O.C., Fenner, H., and Shisheva, A. (2008). ArPIKfyve homomeric 
and heteromeric interactions scaffold PIKfyve and Sac3 in a complex to promote 
PIKfyve activity and functionality. J Mol Biol 384, 766-779. 

Sbrissa, D., Ikonomov, O.C., Strakova, J., Dondapati, R., Mlak, K., Deeb, R., Silver, R., 
and Shisheva, A. (2004). A mammalian ortholog of Saccharomyces cerevisiae Vac14 that 
associates with and up-regulates PIKfyve phosphoinositide 5-kinase activity. Mol Cell 
Biol 24, 10437-10447. 

Schneider, L.S., Mangialasche, F., Andreasen, N., Feldman, H., Giacobini, E., Jones, R., 
Mantua, V., Mecocci, P., Pani, L., Winblad, B., et al. (2014). Clinical trials and late-stage 
drug development for Alzheimer's disease: an appraisal from 1984 to 2014. J Intern Med 
275, 251-283. 



 

96 

Schulze, U., Vollenbroker, B., Braun, D.A., Van Le, T., Granado, D., Kremerskothen, J., 
Franzel, B., Klosowski, R., Barth, J., Fufezan, C., et al. (2014). The Vac14-interaction 
network is linked to regulators of the endolysosomal and autophagic pathway. Mol Cell 
Proteomics 13, 1397-1411. 

Schulze, U., Vollenbroker, B., Kuhnl, A., Granado, D., Bayraktar, S., Rescher, U., 
Pavenstadt, H., and Weide, T. (2017). Cellular vacuolization caused by overexpression of 
the PIKfyve-binding deficient Vac14L156R is rescued by starvation and inhibition of 
vacuolar-ATPase. Biochim Biophys Acta 1864, 749-759. 

Sewda, K., Coppola, D., Enkemann, S., Yue, B., Kim, J., Lopez, A.S., Wojtkowiak, J.W., 
Stark, V.E., Morse, B., Shibata, D., et al. (2016). Cell-surface markers for colon adenoma 
and adenocarcinoma. Oncotarget 7, 17773-17789. 

Silvie, O., Charrin, S., Billard, M., Franetich, J.F., Clark, K.L., van Gemert, G.J., 
Sauerwein, R.W., Dautry, F., Boucheix, C., Mazier, D., et al. (2006). Cholesterol 
contributes to the organization of tetraspanin-enriched microdomains and to CD81-
dependent infection by malaria sporozoites. J Cell Sci 119, 1992-2002. 

Silvie, O., Rubinstein, E., Franetich, J.F., Prenant, M., Belnoue, E., Renia, L., Hannoun, L., 
Eling, W., Levy, S., Boucheix, C., et al. (2003). Hepatocyte CD81 is required for 
Plasmodium falciparum and Plasmodium yoelii sporozoite infectivity. Nat Med 9, 93-96. 

Simons, K., and Ehehalt, R. (2002). Cholesterol, lipid rafts, and disease. J Clin Invest 110, 
597-603. 

Souwer, Y., Griekspoor, A., de Wit, J., Martinoli, C., Zagato, E., Janssen, H., Jorritsma, T., 
Bar-Ephraim, Y.E., Rescigno, M., Neefjes, J., et al. (2012). Selective infection of antigen-
specific B lymphocytes by Salmonella mediates bacterial survival and systemic 
spreading of infection. PLoS One 7, e50667. 

Stranger, B.E., Montgomery, S.B., Dimas, A.S., Parts, L., Stegle, O., Ingle, C.E., Sekowska, 
M., Smith, G.D., Evans, D., Gutierrez-Arcelus, M., et al. (2012). Patterns of cis regulatory 
variation in diverse human populations. PLoS Genet 8, e1002639. 

Stranger, B.E., Nica, A.C., Forrest, M.S., Dimas, A., Bird, C.P., Beazley, C., Ingle, C.E., 
Dunning, M., Flicek, P., Koller, D., et al. (2007). Population genomics of human gene 
expression. Nat Genet 39, 1217-1224. 



 

97 

Su, V.Y., Su, W.J., Yen, Y.F., Pan, S.W., Chuang, P.H., Feng, J.Y., Chou, K.T., Yang, K.Y., 
Lee, Y.C., and Chen, T.J. (2017). Statin Use Is Associated With a Lower Risk of TB. Chest 
152, 598-606. 

Sudhop, T., Lutjohann, D., Kodal, A., Igel, M., Tribble, D.L., Shah, S., Perevozskaya, I., 
and von Bergmann, K. (2002). Inhibition of intestinal cholesterol absorption by ezetimibe 
in humans. Circulation 106, 1943-1948. 

Sur, D., Ochiai, R.L., Bhattacharya, S.K., Ganguly, N.K., Ali, M., Manna, B., Dutta, S., 
Donner, A., Kanungo, S., Park, J.K., et al. (2009). A cluster-randomized effectiveness trial 
of Vi typhoid vaccine in India. N Engl J Med 361, 335-344. 

Takasuga, S., and Sasaki, T. (2013). Phosphatidylinositol-3,5-bisphosphate: metabolism 
and physiological functions. J Biochem 154, 211-218. 

Team, R.C. (2016). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL: http://www.r-project.org/. 

Thelen, A.M., and Zoncu, R. (2017). Emerging Roles for the Lysosome in Lipid 
Metabolism. Trends Cell Biol. 

Theusch, E., Kim, K., Stevens, K., Smith, J.D., Chen, Y.I., Rotter, J.I., Nickerson, D.A., and 
Medina, M.W. (2016). Statin-induced expression change of INSIG1 in lymphoblastoid 
cell lines correlates with plasma triglyceride statin response in a sex-specific manner. 
Pharmacogenomics J. 

Timmann, C., Thye, T., Vens, M., Evans, J., May, J., Ehmen, C., Sievertsen, J., Muntau, B., 
Ruge, G., Loag, W., et al. (2012). Genome-wide association study indicates two novel 
resistance loci for severe malaria. Nature 489, 443-446. 

Uitterlinden, A.G. (2016). An Introduction to Genome-Wide Association Studies: GWAS 
for Dummies. Semin Reprod Med 34, 196-204. 

van der Sar, A.M., Musters, R.J., van Eeden, F.J., Appelmelk, B.J., Vandenbroucke-
Grauls, C.M., and Bitter, W. (2003). Zebrafish embryos as a model host for the real time 
analysis of Salmonella typhimurium infections. Cellular microbiology 5, 601-611. 



 

98 

Vinh, H., Parry, C.M., Hanh, V.T., Chinh, M.T., House, D., Tham, C.T., Thao, N.T., Diep, 
T.S., Wain, J., Day, N.P., et al. (2004). Double blind comparison of ibuprofen and 
paracetamol for adjunctive treatment of uncomplicated typhoid fever. Pediatr Infect Dis 
J 23, 226-230. 

Voisset, C., Callens, N., Blanchard, E., Op De Beeck, A., Dubuisson, J., and Vu-Dac, N. 
(2005). High density lipoproteins facilitate hepatitis C virus entry through the scavenger 
receptor class B type I. J Biol Chem 280, 7793-7799. 

Wang, L., Ko, E.R., Gilchrist, J.J., Pittman, K.J., Rautanen, A., Pirinen, M., Thompson, 
J.W., Dubois, L.G., Langley, R.G., Jaslow, S.L., et al. (2017a). Human genetic and 
metabolite variation reveal methylthioadenosine is a prognostic biomarker and 
inflammatory regulator in sepsis. Science Advances 3, e1602096. 

Wang, L., Ko, E.R., Gilchrist, J.J., Pittman, K.J., Rautanen, A., Pirinen, M., Thompson, 
J.W., Dubois, L.G., Langley, R.J., Jaslow, S.L., et al. (2017b). Human genetic and 
metabolite variation reveals that methylthioadenosine is a prognostic biomarker and an 
inflammatory regulator in sepsis. Sci Adv 3, e1602096. 

Wang, T., Wei, J.J., Sabatini, D.M., and Lander, E.S. (2014). Genetic screens in human 
cells using the CRISPR-Cas9 system. Science 343, 80-84. 

Watson, P.R., Paulin, S.M., Bland, A.P., Jones, P.W., and Wallis, T.S. (1995). 
Characterization of intestinal invasion by Salmonella typhimurium and Salmonella 
dublin and effect of a mutation in the invH gene. Infect Immun 63, 2743-2754. 

Wu, L., Candille, S.I., Choi, Y., Xie, D., Jiang, L., Li-Pook-Than, J., Tang, H., and Snyder, 
M. (2013). Variation and genetic control of protein abundance in humans. Nature 499, 
79-82. 

Zhang, Y., Zolov, S.N., Chow, C.Y., Slutsky, S.G., Richardson, S.C., Piper, R.C., Yang, B., 
Nau, J.J., Westrick, R.J., Morrison, S.J., et al. (2007). Loss of Vac14, a regulator of the 
signaling lipid phosphatidylinositol 3,5-bisphosphate, results in neurodegeneration in 
mice. Proc Natl Acad Sci U S A 104, 17518-17523. 

Zolov, S.N., Bridges, D., Zhang, Y., Lee, W.W., Riehle, E., Verma, R., Lenk, G.M., 
Converso-Baran, K., Weide, T., Albin, R.L., et al. (2012). In vivo, Pikfyve generates 



 

99 

PI(3,5)P2, which serves as both a signaling lipid and the major precursor for PI5P. Proc 
Natl Acad Sci U S A 109, 17472-17477. 

 

 

 



 

100 

Biography 
Monica Isabel Alvarez (nee Thomas) was born in Chapulhuacan, Hidalgo, 

Mexico on March 23, 1990. She moved to Miami, Florida shortly after where she lived 

with her mother, Columba Garcia, and father, Michael Thomas. Monica attended the 

University of Central Florida, graduating in the Spring of 2012 with a B.S. degree in 

Biomedical Sciences. While in undergrad she was a McNair Scholar and had the 

opportunity to spend a summer doing research at University of Pennsylvania in Dr. 

Susan Ross’ laboratory. After college, Monica moved to Durham, North Carolina where 

she started her PhD at Duke University in the Cellular and Molecular Biology umbrella 

program. Monica was awarded the National Science Foundation Graduate Research 

Fellowship during her first year at Duke University. She later joined Dr. Dennis Ko’s lab 

and was his first graduate student. During her graduate school career, Monica 

participated in the Medical Scholars Program of Infectious Diseases where she had the 

opportunity to shadow doctors and learn about the medical field from a research 

scientist perspective. Monica won the ASM Minority Travel Award and was able to 

travel to Boston to present her work at the ASM conference in 2016. She also presented 

her work at the Mid Atlantic Microbial Pathogenesis Meeting in 2016. Monica’s first 

first-authored publication, “Human Genetic Variation in VAC14 regulates Salmonella 

invasion and Typhoid Fever through Modulation of Cholesterol” was published in 

PNAS in 2017. 


