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Daniel Poston 

The Rockefeller University 2022 
 

 In the world around us, viruses surround and vastly outnumber us. Indeed, there are 

roughly 1 sextillion—or one thousand million million million—times as many viral particles as 

humans on earth (1). While most of these viruses do not cause disease in humans, those that do 

present a grave and increasing threat to human health. Fundamental studies in host-viral 

interactions are thus critical to further our understanding of the parameters of viral infection and 

elucidate potential new treatments. Since, as obligate intracellular parasites, viruses rely on host 

resources at every step of the viral lifecycle, in-depth knowledge of how viruses hijack human 

proteins, and how cells have evolved defense mechanisms to prevent this, can reveal insights 

with potential therapeutic relevance. 

 In my graduate work, I employed a variety of approaches—targeted mutagenesis and loss 

of function studies, genome-scale CRISPR screens, and focused CRISPR screens—to gain 

mechanistic insight of host-viral interactions, focusing on the human immunodeficiency virus 

type 1 (HIV-1) and the human coronaviruses (HCoVs). I begin this thesis by providing an 

overview of the viral lifecycle and highlighting the potential utility of targeting each step in the 

viral lifecycle for therapeutic purposes, exemplified by current FDA-approved therapies. I 

continue by examining the utility of each of three major methodologies I utilized in my thesis for 

uncovering new insights with potential significance for designing novel antiviral approaches. 

Next, I recount the mechanistic insights gained by studies performed in my thesis work using 



these approaches. Finally, I conclude by discussing potential therapeutic relevance of the insights 

uncovered by this thesis work. 
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CHAPTER 1. Introduction. 

1.1 Disease due to viral infection is a significant and increasing threat to global health 

Emerging viral diseases pose a dire and increasing threat to global health (2). Of these 

emerging infections, a majority result from zoonotic transmission, in which the infectious agent 

passes from animals to humans (3). Indeed, in the past century alone, several diverse emerging 

viral pathogens—Ebola virus, HIV-1, HIV-2, influenza A virus, MERS-Coronavirus (CoV), 

SARS-CoV, SARS-CoV-2, and Zika virus—have caused significant morbidity and mortality (4). 

Moreover, climate change and globalization are further increasing the risk and frequency of 

zoonotic viral transmission, indicating that the threat of viral outbreaks with epidemic/pandemic 

potential will likely only increase over time (5). Yet, while there are more than 220 viruses 

currently known to infect humans, only 10 have FDA-approved antiviral drugs (6). There is thus 

an urgent need to expand the arsenal of antiviral treatment strategies, not only to reduce the 

current burden of viral disease, but to also prepare for the next pandemic. Of particular interest 

are novel drugs targeting conserved virological processes, which could provide broad spectrum 

activity(7). This would not only allow for the development of drugs combating current viral 

disease, but also expand the toolbox of safe and effective treatments that could be immediately 

available for future viral threats—something that is currently desperately needed. Below, I 

highlight how basic virological studies probing host-viral interactions have the potential to 

elucidate vulnerabilities in the virus that could be exploited therapeutically. I focus on the human 

coronaviruses (CoVs), which includes SARS-CoV-2, the causative agent of coronavirus disease 

19 (COVID-19), and the human immunodeficiency virus type 1 (HIV-1), the causative agent of 

acquired immunodeficiency syndrome (AIDS). These two viruses have given rise to two of the 

deadliest viral outbreaks in human history, causing more than 6.4 million and 40.1 million 
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deaths, respectively (8, 9). They thus constitute a rich model system for studying host-viral 

interactions with the long-term goal of alleviating human disease and suffering, which was 

ultimately the reason I focused on these viruses in particular for my thesis. I begin by reviewing 

the major steps of viral lifecycle, with an emphasis on conserved processes, and conclude with 

an overview of the diverse methodologies I employed in this thesis to probe host-viral 

interactions and elucidate vulnerabilities in the viral lifecycle that could potentially serve as 

inspiration for novel antiviral therapies. 

1.2 Key principles of the viral lifecycle as inspiration for novel antiviral approaches 

As obligate intracellular parasites, viruses rely on cellular resources and host proteins at 

every step of the viral replication cycle (10). In the absence of a suitable host, a virus is simply 

an inanimate collection of protein-coated genetic material, with or without a lipid bilayer (11). 

However, upon encountering a host cell that is susceptible and permissive to viral infection, the 

virus hijacks the normal biology of the cell, transforming the cell into a virus-producing factory, 

generating progeny that are then free to initiate this process in new host cells. This process, while 

the instigating cause of the cytotoxicity and morbidity/mortality of viral disease, also highlights 

vulnerabilities that could be exploited therapeutically (12). That is, interventions aimed at either 

disrupting the interaction between virus and critical cellular cofactors or modulating the cellular 

environment to become inhospitable to viral infection have the potential to impair viral infection.  

1.2.1 Steps of the viral lifecycle 

Generally, the viral lifecycle can be broadly categorized into five main steps: 1) 

attachment, 2) entry, 3) viral gene expression/genomic replication, 4) assembly, and 5) release 

(13). Although there is considerable variation, depending on the viral family or subtype, in the 

exact mechanisms carried out at each step (see Figure 1.1 and Figure 1.2 for differences between 
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the HIV-1 and HCoV lifecycles) these basic steps are universal for all viruses. Regardless of 

whether the virus is a RNA or DNA virus, enveloped or not, for productive infection all viruses 

must attach to and enter the cell, replicate the viral genome, and produce viral proteins which 

assemble and egress from the infected cell to initiate the process of infection in a new cell (14). 

Thus, interventions aimed at disrupting these key processes have the potential to be potently and 

broadly antiviral.   

1.2.1.1 Attachment 

The first step of the viral lifecycle is adsorption of the viral particle onto the cell surface 

via interaction of glycoproteins on the viral surface with those on the plasma membrane (13). 

Specifically, cell surface glycosaminoglycans such as heparan sulfate are known to be crucial for 

the adsorption of multiple different viruses to cells, including the HCoVs and HIV-1 (15–18). 

Additional attachment factors reported for HIV-1 include DC-SIGN and L-SIGN (19). 

Consequently, several genome-wide loss-of-function screens performed using the human 

coronaviruses or HIV-1 have identified factors related to glycosaminoglycan biosynthesis (20–

26). That several screens performed with viruses as diverse as the HCoVs and HIV-1 have 

identified factors promoting heparan sulfate/glycosaminoglycan biosynthesis highlights the 

extraordinarily broad importance of these factors in promoting viral infection. Thus, interfering 

with this process would appear to be an attractive strategy with very broad-spectrum antiviral 

activity.  

1.2.1.2 Entry  

Concomitant with or shortly after attachment to the cell surface, binding of the viral 

glycoproteins to their cognate receptors initiates the process of viral entry into the cell (27). HIV-

1 and related primate immunodeficiency viruses enter cells following engagement of the 
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envelope glycoprotein (Env) with CD4 and either CXCR4 (-X4 tropic viruses) or CCR5 (-R5 

tropic viruses) coreceptors (28). Following receptor binding, structural rearrangements at the 

plasma membrane result in internalization of the viral particle from the extracellular to 

intracellular environment (27). Depending on the target cell, entry then occurs through either 

direct fusion of viral membrane with the plasma membrane or fusion with endosomal 

membranes following endocytosis (29–31). The HCoVs enter cells following interaction with the 

spike protein (S) of the coronavirus with the cell-surface proteinaceous receptor (ACE2 for 

SARS-CoV-2 and HCoV-NL63, DPP4 for MERS-CoV, ANPEP for HCoV-229E, and proteins 

with 9-O-acetylated sialic acids for HCoV-OC43) (16, 32–35). In addition to receptor binding, 

the spike protein of coronaviruses must be processed at two distinct cleavage sites. During 

biosynthesis, spike is cleaved into S1 and S2 domains by cellular proteases like furin, while 

during entry further processing of S2 liberates the fusion peptide that enables fusion between 

viral and host membranes (36). Depending on both cellular and viral factors, processing of S2 

and subsequent fusion can either occur at the plasma membrane by membrane-bound proteases 

such as TMPRSS2, or following endocytosis by endosomal cathepsins, which require low pH for 

activity. While wild-type coronaviruses tend to prefer cell-surface TMPRSS2, some lab-adapted 

strains as well as the Omicron variant of SARS-CoV-2 prefer endosomal cathepsins (37–41). 

As the virus-receptor interaction and subsequent internalization into the cell is an 

absolute requirement for productive infection, approaches aimed at curbing this interaction have 

received intense focus as strategies for limiting viral infection and/or disease. Indeed, the 

principal objective for many vaccination strategies is the production of neutralizing antibodies 

targeting the viral glycoprotein that mediates entry, highlighted very recently by the highly 

successful development of spike-based vaccines for the SARS-CoV-2 global pandemic (42–46). 
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Additionally, several monoclonal or polyclonal immunoglobulins targeting the viral entry 

glycoprotein or cell-surface receptor are either FDA approved or in clinical trials for a variety of 

viruses, including: Ebola virus, hepatitis B virus, hepatitis C virus, human cytomegalovirus virus, 

HIV, influenza A virus, Nipah and Hendra virus, rabies virus, respiratory syncytial virus, SARS-

CoV-2, and varicella zoster virus (47). Finally, the entry inhibitors enfuvirtide and maraviroc are 

FDA-approved to prevent HIV-1 fusion with target cells or interaction with CCR5, respectively 

(48, 49). Interfering with viral entry is thus a particularly attractive therapeutic strategy, and 

fundamental studies into the viral and cellular determinants of viral entry can be illuminating for 

novel antiviral approaches. 

1.2.1.3 Viral gene expression/genomic replication 

Following entry, the next step in the viral lifecycle is expression of viral proteins and 

replication of the viral genome (50). For retroviruses like HIV-1, this involves reverse 

transcription of the genomic viral RNA into DNA by the viral enzyme reverse transcriptase, 

followed by integration of the viral DNA into host cell chromosomes by the enzyme integrase 

(51, 52). Integrated viral DNA is then transcribed by host RNA polymerases to generate 

transcripts that are either translated into viral proteins or serve as the genomic RNA for progeny 

virions. For the HCoVs, the genomic viral RNA serves directly as a template for translation by 

host ribosomes, while a viral-encoded RNA-dependent RNA-polymerase replicates the genomic 

viral RNA (53).  

This step of the viral lifecycle has also received considerable attention as a focus for 

therapeutic intervention, and several medications targeting this step of the viral lifecycle have 

been FDA-approved for use as antivirals, most of which directly target viral polymerases (Table 

1). 
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Antiviral drug class Viruses targeted Mechanism of action Examples 
Adenosine analogs HBV, SARS-

CoV-2, EBOV 
Inhibition of nucleic acid 
synthesis by viral DNA or 
RNA polymerase 

tenofovir, adefovir, 
remdesivir 

DNA polymerase 
inhibitors 

HSV, CMV Inhibition of nucleic acid 
synthesis by viral DNA 
polymerase 

cidofovir, foscarnet 

Guanosine analogs HSV, CMV, 
HCV 

Inhibition of nucleic acid 
synthesis by viral DNA 
polymerase 

acyclovir, ganciclovir, 
valacyclovir, 
valganciclovir, ribavirin 

Integrase inhibitors HIV-1 Inhibition of viral DNA 
integration 

bictegravir, cabotegravir, 
dolutegravir, elvitegravir, 
raltegravir 

Nucleoside reverse 
transcriptase inhibitors 
(NRTIs) 

HIV-1 Competitive inhibition of 
RNA to DNA reverse 
transcription 

abacavir, didanosine, 
emtricitabine, 
lamivudine, stavudine, 
tenofovir, zidovudine 

Non-nucleoside reverse 
transcriptase inhibitors 
(NNRTIs) 

HIV-1 Noncompetitive inhibition 
of RNA to DNA reverse 
transcription 

delavirdine, doravirine, 
efavirenz, etavirine, 
nevirapine, relpivirine 

NS5A inhibitors HCV Inhibits binding of NS5A 
to viral RNA 

daclatasivir, elbasvir, 
ledipasvir, ombitasvir, 
velpatasvir 

NS5B inhibitors HCV Inhibition of viral RNA-
dependent RNA 
polymerase 

dasabuvir, sofosbuvir 

Table 1: Summary of FDA-approved medications targeting viral genome replication 

Thus, fundamental virologic studies on the molecular mechanism of viral genome 

replication and gene expression have the potential to reveal insights that could pave the way for 

the design of novel antiviral therapies.   

1.2.1.4 Assembly 

After replication of the viral genome and translation of viral proteins, these structural 

proteins and genetic material assemble into new viral particles (54). For HIV-1, these particles 

are assembled at the plasma membrane, driven by targeting of the main HIV-1 structural protein, 

Gag, to the plasma membrane (55–57). In contrast, the coronaviruses assemble at the 

endoplasmic reticulum-Golgi intermediate compartment, driven by the membrane glycoprotein 

(M) and the small envelope protein (E) (58, 59). A variety of cellular proteins and cofactors are 

thus required for proper virion assembly, such as those involved in trafficking of viral proteins to 
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the correct subcellular location as well as those required for generating the biomolecules that 

serve as cofactors to facilitate viral assembly. For example, HIV-1 assembles at the plasma 

membrane due to interactions between the matrix domain of Gag and phosphatidylinositol-4,5-

bisphoshate in the inner leaflet of the plasma membrane; after arriving at the plasma membrane, 

Gag induces the formation of lipid rafts and the cellular polyanion IP6 stimulates the assembly of 

Gag molecules into an immature lattice (57, 60). Continued basic research into the fundamentals 

of viral assembly could therefore identify novel strategies to perturb this process as potential new 

antivirals; indeed, designing inhibitors of proper HIV-1 assembly is currently an area of active 

research and clinical development (61–63).  

1.2.1.5 Release 

The final step of the viral lifecycle is release of the assembled virion from the infected 

cell (64). Following assembly at the plasma membrane, HIV-1 release is facilitated by ESCRT-

mediated membrane fission, with ESCRT machinery delivered to the site of HIV-1 assembly by 

specific interactions with the p6 domain of the Gag structural protein (56, 57). Concomitant with 

or shortly after release, proteolytic processing of Gag by HIV-1 protease leads to major structural 

rearrangements that result in the formation of mature HIV-1 particles that can initiate new rounds 

of infection. For the coronaviruses, which instead assemble at the endoplasmic reticulum-Golgi 

intermediate compartment, virions bud into the lumen of the endoplasmic reticulum and proceed 

through the Golgi and trans-Golgi network (65–69). While it has long been assumed that 

coronavirus particles are subsequently released through the secretory pathway into the 

extracellular environment, recent work suggests that b-coronaviruses egress via a lysosomal 

exocytic pathway (65, 70, 71).  
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Preventing the release of infectious virions is a potentially attractive strategy for 

inhibiting viral infection, and something that the cell has evolved as an antiviral mechanism. For 

example, the cellular protein tetherin prevents fully formed HIV-1 virions from being released 

from the plasma membrane (72, 73). However, there is currently only one class of FDA-

approved medications targeting this process—the neuraminidase inhibitors (oseltamivir, 

zanamivir, peramivir) that prevent release of Influenza (74)—highlighting a drastic need for 

additional small molecule inhibitors of this process. As highlighted above, there is a large suite 

of cellular host factors involved in virion release that could serve as targets for novel antiviral 

medications. Thus, fundamental work clarifying host and viral determinants of virion egress has 

the potential to uncover new insights that could translate to novel antiviral therapies. 

 

Figure 1.1 The HIV-1 lifecycle 
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Schematic of HIV-1 lifecycle: (1) HIV-1 attaches to a target cell through interactions with 
heparin sulfate, DC-SIGN, and/or L-SIGN. (2) HIV-1 enters target cells through interaction with 
CD4 and CCR5 or CXCR4, followed by subsequent structural rearrangements that result in 
internalization from the extracellular environment to the intracellular environment. (3) The 
genomic RNA of HIV-1 is reverse transcribed into dsDNA by reverse transcriptase. (4) HIV-1 
DNA is inserted into host chromosomes by the viral enzyme integrase. (5) Viral genes are 
transcribed from integrated provirus and translated into viral proteins, and full-length viral 
genomic RNA is transcribed and exported into the cytoplasm. (6) Viral genomic RNA and viral 
proteins assembly into progeny virions. (7) Progeny virions bud from and are released from the 
infected cell. (Reviewed in (75)) 
 

 
Figure 1.2 The coronavirus lifecycle 

Schematic of the coronaviral lifecycle. (1) HCoV attaches to target cell through interactions with 
heparin sulfate. (2) Following interaction with cellular receptor, HCoV is internalized from the 
extracellular environment to the intracellular environment. (3) Genomic viral RNA is directly 
translated into viral proteins and replicated into additional copies of genomic RNA. (4) Genomic 
RNA and viral proteins assemble into progeny virions. (5) Progeny virions are released from the 
infected cell. (Reviewed in (76)) 
 

1.3 Genetic approaches for identifying promising novel antiviral targets 

As highlighted above, fundamental studies on host-viral interactions, in particular the 

interaction between viral proteins and host factors that either facilitate or inhibit infection, can 

provide inspiration for the design of novel antiviral strategies. In my thesis, I employed diverse 
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genetic approaches, including manipulations targeting both viral and host cell genetics, to gain 

mechanistic insight into crucial factors influencing viral replication. Below, I summarize the 

rationale and considerations of each approach, considering the potential impacts of each 

approach. 

1.3.1 Insights from rational mutagenesis and loss-of-function studies 

When available, designing studies based on biochemical, structural, or molecular insights 

from prior virological studies can elucidate valuable information on the viral lifecycle that can be 

exploited therapeutically. Indeed, such rational approaches have precedence for being incredibly 

impactful. A great example is the advent of combination antiretroviral therapy (cART), one of 

the most successful examples of antiviral treatment strategies to this day. Before the 

implementation of cART, diagnosis with HIV-1 infection was virtually a death sentence (77). 

Although azidothymidine (AZT) was available, long-term clinical utility was limited by rapid 

occurrence of resistance mutations within the virus that rendered the drug ineffective (78). It 

wasn’t until inhibitors of the viral protease were created and added to the antiviral drug regimen 

that durable control of viremia was achieved (79, 80). Importantly, the first HIV-1 protease 

inhibitor to enter clinical trials, Saquinavir, was rationally designed to mimic the transition state 

of the HIV-1 protease cleavage site (81). Thus, fundamental biochemical, structural, and 

computational work on a viral protein paved the way for the development of a treatment regimen 

that has saved tens of millions of lives. 

One particularly powerful method for gaining mechanistic insight into determinants on 

viral infection is serially passaging the virus and assessing arising mutants for functional 

significance. For HIV-1, these types of studies can be quite informative due to the low fidelity of 

reverse transcriptase; while estimates of the error rate of reverse transcriptase vary widely, even 
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the most conservative estimates place the error rate for HIV-1 reverse transcriptase orders of 

magnitude higher than DNA-based microbes (82). Thus, passaging HIV-1 in vitro functionally 

generates a large library of HIV-1 mutants that can be screened for functional consequence. For 

instance, by passaging HIV-1 in the presence of a novel restriction factor, this method has been 

used to identify key viral determinants of inhibition by the antiviral proteins CPSF6, MX2, or 

TRIM56 (83–85). Additionally, passaging described mutants of HIV-1 with known replication 

defects and selecting for second-site compensatory mutations that rescue replication has 

provided important mechanistic insight, such as the significance of basic residues in 

nucleocapsid (86) and interaction with the host protein Alix (87) in facilitating HIV-1 spreading 

replication. These studies are fundamental and reveal important information with therapeutic 

potential. That is, knowledge of crucial viral residues and the functional/structural significance 

they play to either impart sensitivity to inhibition by cellular factors or facilitate efficient 

replication could enable novel targeted antiviral approaches. 

1.3.2 Insights from genome-wide CRISPR screening to identify host dependency factors 

Although hypothesis-driven work based on prior knowledge of viral biology can be 

incredibly illuminating, there are still many unknowns regarding the complete set of host factors 

influencing viral infection (88). However, recent advances in the usability of genome-scale 

CRISPR screening have prompted widespread adoption of this method to comprehensively 

identify and characterize the human proteins co-opted by viruses to facilitate infection (termed 

“dependency factors”) (89). This technique, which generally relies on the prevention of virus-

induced cytopathic effect (CPE) in cells lacking a critical cellular cofactor, has proven a 

powerful tool for probing host determinants of sensitivity to viral infection. Indeed, one of the 

most powerful features of this method is that, by unbiasedly and comprehensively assessing 
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every gene in the human genome, the investigator is not limited to studying what is already 

known about the virus. In addition to providing valuable insight on the host determinants of viral 

infection, such information also has potential therapeutic relevance, as pharmacologically 

antagonizing viral infection by disrupting the interaction between virus and critical cellular 

cofactors could prove a useful strategy for novel antiviral drugs. Indeed, multiple FDA-approved 

antiviral medications function by targeting host processes, such as: the CCR5-antagonist 

Maraviroc, the IMPDH inhibitor ribavirin, and the TLR7 agonist Imiquimod, which are 

approved for use in HIV-1, hepatitis c virus, and human papillomavirus infection, respectively 

(reviewed in (90)). A particularly compelling advantage of this approach is that multiple 

different viral families rely on similar host processes for infection, and thus therapies targeting 

such processes have the potential to be broadly antiviral. 

Recently, the public health emergency caused by the SARS-CoV-2 global pandemic 

prompted a concerted effort by biomedical scientists to better characterize the coronavirus 

lifecycle and identify potential new antiviral targets. As a result, several groups performed 

genome-wide CRISPR screens on the highly pathogenic coronaviruses SARS-CoV-2 and 

MERS-CoV, as well as the endemic seasonal coronaviruses HCoV-OC43, HCoV-229E, and 

HCoV-NL63 (20–23, 38, 91–96). Cumulatively, thousands of candidate genes with putative 

roles in CoV infection were identified. As seen in the past with genome-scale siRNA screens on 

viral infection, there was limited overlap between the published screens. For instance, only 67 

SARS-CoV-2 hits were identified 2 or more times, with 53 for HCoV-OC43, and 17 for HCoV-

229E (Figure 1.3). The low concordance of results between groups likely represents the large 

diversity of library formulations, cell lines, viral isolates, and screening protocols used by the 

different groups. 
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Figure 1.3 Summary of recent HCoV genome-wide loss of function CRISPR screens 

Hits identified two or more times from recent genome-wide loss-of-function CRISPR screens 
performed on (A) SARS-CoV-2, (B) HCoV-OC43, or (C) HCoV-229E. Data from (20–23, 38, 
91–96).  
 

Nevertheless, there were several conserved biological pathways frequently encountered, 

particularly those affecting viral entry (Figure 1.4). These are particularly attractive processes to 

target pharmacologically, as their identification by diverse groups utilizing various cell lines, 

viral isolates, and experimental conditions increases the likelihood that disrupting these pathways 

will have broad-spectrum antiviral activity in vivo. 
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Figure 1.4 Pathway analysis of putative HCoV dependency factors (genes from Figure 1.3) 

(A): ShinyGO pathway analysis of putative HCoV dependency factors (all genes identified 2 or 
more times from recent genome-wide loss-of-function CRISPR screens). (B) STRING protein 
interaction networks functional enrichment analysis of putative restriction factors bearing GO 
annotations from (A). Data from (20–23, 38, 91–96).  
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1.3.3 Insights from targeted CRISPR screening to identify cellular antiviral proteins 

In contrast to dependency factors, which facilitate viral infection, human cells also 

possess several antiviral proteins, termed restriction factors, that inhibit viral infection by 

interfering with the viral replication cycle at various points (97). Indeed, innate host cellular 

defenses are a major barrier to viral transmission. These proteins, which have diverse 

mechanisms of action and tend to be induced by Type I IFN (i.e. are Interferon Stimulated 

Genes, or ISGs), play an important role in potently and rapidly inhibiting viral replication, thus 

protecting the cell and/or neighboring cells from infection (98). However, while this system 

plays a significant role in determining viral tropism and limiting viral transmission, some viruses 

can evolve mechanisms to overcome these defenses. For example, HIV-1 is able to overcome 

these defenses by evolving evasion mechanisms (CG-dinucleotide suppression to avoid 

restriction by ZAP, selecting for capsid protein sequences that are not inhibited by TRIM5) or 

possessing accessory genes (Vif, Vpu, and Nef) that specifically antagonize host antiviral 

proteins (APOBEC3, Tetherin, and SERINC5/3, respectively) (72, 73, 99–106). This is true in 

general for primate retroviruses, which tend to be very well adapted to their cognate host.  

Nevertheless, studying the mechanisms whereby human antiviral proteins restrict 

infection can be very informative. In particular, the IFNa-mediated inhibition of human and 

primate retroviral infection is an excellent model system for dissecting host-pathogen 

interactions, especially because there are antiretroviral cellular factors that still remain to be 

identified (107). Fortunately, unbiased identification of antiviral proteins inhibiting retroviral 

infection is particularly amenable to high-throughput CRISPR-based screening methodologies. 

This is because one of the most common and efficient methods of delivering the CRISPR 

machinery into cells involves utilizing the HIV-1 based lentiviral vector system lentiCRISPRv2 
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(108). Briefly, this vector contains Streptococcus pyogenes Cas9, a sgRNA cassette, and the 

HIV-1 psi packaging sequence (which is essential for packaging this nucleic acid into HIV-1 

structural proteins) between HIV-1 5’ and 3’ Long Terminal Repeats (LTRs). This viral genome 

is delivered to cells by supplying in trans the necessary elements to package this construct into a 

virus-like particle (VLP), including: the HIV-1 genes gag, pol, and rev, as well as a pseudotyping 

envelope gene that allows the particle to transduce target cells. After delivery of the VLPs to 

target cells, the HIV-1 LTR sequences facilitate integration of the construct into the host 

chromosomes, and expression of the sgRNA cassette and Cas9 is driven by internal U6/EF1a 

promoters, respectively. However, because lentiCRISPRv2 contains an inactivating deletion in 

the 3’ LTR of the viral genome (ΔU3) that is transferred to the 5’ LTR of the genome after a 

single round of reverse transcription, this vector is self-inactivating and full-length viral genome 

is not transcribed after integration into the host genome (109). OhAinle et al. showed that, by 

generating a construct where this inactivating mutation in lentiCRISPRv2 is repaired (which they 

then termed HIV-CRISPR), full-length HIV-CRISPR constructs encoding Cas9 and a particular 

sgRNA cassette are transcribed after integration (110). Thus, if cells are infected with full-length 

HIV-1, transcribed HIV-CRISPR constructs can be packaged by the infecting virus. Since, at the 

end of the infectious cycle HIV-1 infected cells release virions from the cell via the process of 

budding, these packaged constructs can then be detected in the supernatant of infected cells.  

This allows using the infectious cycle itself to screen for elements that influence the HIV 

lifecycle. That is, libraries of sgRNAs targeting host proteins can be cloned into HIV-CRISPR 

and used to transduce a large population of target cells. These target cells are subsequently 

infected with HIV and, after the infectious cycle is complete, the culture supernatant is analyzed 

by deep sequencing to assess the resulting HIV-CRISPR representation. If, during the screen, 
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cells receive a sgRNA that knocks out a host protein important in restricting viral replication, 

viruses infecting that cell receive a selective advantage. Thus, in these cells, viruses replicate 

more efficiently and release more virions packaging HIV-CRISPR constructs into the 

supernatant. Which sgRNAs provide HIV-1 a selective advantage—and, by extension, which 

proteins play a role in inhibiting viral replication—can be measured by deep-sequencing the 

sgRNA cassettes in HIV-CRISPR constructs packaged by budding virions (see Figure 1.5).  

 

Figure 1.5 HIV-CRISPR screening strategy 

Schematic demonstrating HIV-CRISPR screen strategy developed by OhAinle et al. (110) 
 

In addition to their identification, characterizing the mechanism of action of these novel 

antiviral proteins can be very illuminating for the design of novel antiviral therapies as well as 

simply elucidating unique, interesting biological mechanisms. In a sense, this involves taking 

inspiration from naturally evolved antiviral defenses to identify weaknesses in the viral lifecycle 

that could be taken advantage of pharmacologically.  
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CHAPTER 2. Dissecting host-viral interactions critical for HIV-1 assembly through 

targeted mutagenesis and loss-of-function studies. 

2.1 IP6 is a known critical cofactor for HIV-1 assembly 
The HIV-1 Gag polyprotein which is composed of the matrix (MA), capsid (CA), spacer 

peptide 1 (SP1), nucleocapsid (NC), spacer Peptide 2 (SP2), and p6 domains, has central 

structural and functional roles in the HIV-1 replication cycle. During virion assembly, 

multimerization of the Gag polyprotein at the plasma membrane, primarily driven by the CA and 

NC domains, generates immature HIV-1 virions composed of radially oriented Gag hexamers 

(57, 111).  Following assembly, and concomitant with (55, 112, 113) or shortly after nascent 

particles are released, proteolytic processing of Gag by HIV-1 protease separates the 

aforementioned Gag domains (114). The liberated CA protein undergoes a major structural 

rearrangement to form the mature conical core, composed of a lattice of CA hexamers with 12 

CA pentamers, and is the salient feature of particle maturation (56). Only after maturation are 

HIV-1 particles able to initiate new cycles of infection.  

It has been previously shown that inositol phosphates play a critical role in both HIV-1 

assembly and maturation. While assembly of HIV-1 Gag protein in vitro yields immature 

particles that differ in size and character from authentic virions, addition of inositol phosphates 

to in vitro assembly reactions enables the production of particles that resemble authentic virions 

(115). Further work identified inositol hexakisphosphate, or IP6, as the key mediator of this 

process. IP6, is a ubiquitous cellular polyanion containing 5 equatorial phosphates and a single 

axial phosphate, and facilitates formation of immature HIV-1 Gag lattice by binding to and 

stabilizing positively-charged rings of primary amines. These rings are formed by lysine residues 

at Gag positions 290 and 359 (K290 & K359) that are positioned at the center of the immature 

Gag hexamer (116). Following the subsequent structural rearrangement of CA that accompanies 
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maturation, IP6 next binds to a second, distinct positively charged ring in the mature CA hexamer 

formed by arginine residues at CA position 18 (R18, Gag position R150). The R18 ring stabilizes 

the mature CA hexamer, and is required for viral DNA synthesis in newly infected cells (117–

119). It is thought that IP6 is recruited into virions by interacting with K290 and K359 during 

immature particle production; this model is consistent with data demonstrating that HIV-1K290A 

and HIV-1K359A are significantly defective in both viral production and IP6 packaging, while 

HIV-1K359I is assembly competent but generates poorly infectious particles(120).  

The importance of each of the IP6-coordinating residues has been established, as mutagenesis 

of any such residue to an alanine (HIV-1R18A, HIV-1K290A, or HIV-1K359A) significantly impairs 

infectivity in either single cycle or spreading infection assays (116, 120). Additionally, yield of 

infectious virions is also substantially reduced in cells lacking key enzymes in the IP6 

biosynthetic pathway (IPPK or IPMK) or in cells overexpressing MINPP1, a phosphatase that 

dephosphorylates IP6(116, 120–122). The IP6-coordinating amino acids are conserved among 

diverse lentiviruses, suggesting a general requirement for IP6 (123).  

2.2 Identification of a second-site substitution that restores replication competence to IP6-

binding deficient HIV-1 mutants 

While there is considerable evidence that perturbing IP6 binding impairs HIV-1 replication, 

further investigation into the precise mechanisms underlying replication deficits is warranted. To 

better understand the role of IP6, we serially passaged virions containing substitutions in IP6-

coordinating residues (HIV-1R18A, HIV-1K290A, or HIV-1K359A) in the highly-permissive MT4 T-cell 

line to identify second-site compensatory mutations that might rescue the resulting infectivity 

deficits. Initial attempts, in which MT4 cells were infected with mutant viral stocks, were 

unsuccessful, likely due to the dramatically reduced fitness of these mutants and consequent 
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inability to establish a sufficiently large population of infected cells to generate revertants. To 

overcome this problem, we instead co-cultured MT4 cells with virus-producing 293T cells that 

had been transfected with HIV-1R18A, HIV-1K290A, and HIV-1K359A proviral plasmids that encode 

GFP in place of nef. After removing the 293T cells, infected MT4 cells were co-cultured with 

uninfected MT4 cells, until most of the MT4 cells became infected (as monitored by visual 

inspection of GFP+ cells in the culture). Thereafter, cell-free supernatant was serially passed in 

MT4 cells (Figure 2.1A). 

For one mutant, HIV-1K359A, observation of GFP positive cells suggested that an apparently 

compensatory mutation arose after approximately 2 weeks of passaging. PCR amplification and 

sequencing of Gag encoding sequences from this culture revealed the presence of a single 

nucleotide substitution in gag that resulted in a threonine to isoleucine substitution at Gag 

position 371 (Figure 2.1B). No revertant mutants could be obtained for HIV-1R18A or HIV-1K290A. 

This finding may reflect a greater magnitude of impairment of these particular substitutions, 

making the generation of revertant mutants more difficult. 

To determine whether the T371I mutant rescued the infectivity defect present in HIV-1K359A, 

we generated a proviral clone, HIV-1K359A/T371I, encoding both mutations and measured the 

infectious virion yield from proviral plasmid-transfected 293T cells. Addition of the T371I 

substitution to HIV-1K359A restored infectious virion yield to wild-type levels (Figure 2.1C). 

Although this second-site, apparently compensatory change was identified only in the context of 

HIV-1K359A, we asked whether the T371I substitution could rescue the HIV-1K290A, given 

purported similar roles of K290 and K359 in binding IP6. Indeed, we found that HIV-1K290A/T371I , 

unlike HIV-1K290A, yielded similar levels of infectious HIV-1 virions to wild-type HIV-1. 
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Figure 2.1 Derivation of an IP6-independent HIV-1 mutant  
(A) Passaging schematic. (B) Sanger sequencing of HIV-1 gag indicating emergence of a single-
site revertant. Input or viral RNA was isolated at indicated timepoint, and the gag region was 
amplified by RT-PCR. (C) Single cycle infection assay confirming the identified substitution 
rescues infectivity of K359A. 293T cells were transfected with proviral clones of WT HIV-
1NHG or indicated mutant, and 48 hours post transfection, supernatant was titrated on MT4 
cells. Statistical analysis: Student’s T test. 
 

To determine whether the effects of the T371I mutant, were evident outside the context of 

transfected 293T cells, we performed spreading replication assays of HIV-1WT, HIV-1T371I, HIV-

1K359A, and HIV-1K359A/T371I in MT4 cells (Figure 2.2A) and CEM cells (Figure 2.2B).  As 

expected, HIV-1K359A replicated poorly in both cell types. HIV-1T371I replicated poorly in CEM 

cells but well in MT4 cells, perhaps reflecting the greater permissiveness of MT4 cells. 
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Importantly however, we found similar phenotypes for HIV-1K359A/T371I in spreading replication 

assays in both MT4 and CEM cells; namely, addition of the T371I substitution to HIV-1K359A 

restored replication, with the HIV-1K359A/T371I double mutant exhibiting only a modest delay 

compared to HIV-1WT in both cell types (Fig 1D-E). 

 

Figure 2.2: Revertant mutant rescues spreading infection in multiple T cell lines 

Spreading replication assays in MT4 cells (A) or CEM cells (B). Cells were infected with HIV-
1WT or indicated mutant at an MOI of 0.001. 16 hours post infection, inoculum was washed away 
and supernatants were collected at the indicated timepoints. Reverse transcriptase activity was 
measured in the supernatant samples using SYBR-PERT.  
 

2.3 Infectious HIV-1K359A/T371I particle yield is not affected by reduction of IP6 synthesis in 

virus producing cells 

Because the HIV-1K359A is defective for IP6 binding we next asked whether HIV-1K359A/T371I 

retained infectiousness when cellular IP6 levels were reduced. Using CRISPR/Cas9 we generated 

293T cell lines lacking IPMK, an enzyme in the IP6 synthetic pathway. Previous work has 

demonstrated IPMK knockout cells have greatly reduced levels of both IP5 and IP6 (120). To 

account for potential clonal variation in capacity to generate HIV-1 particles, we used 3 separate 

IPMK targeting sgRNAs or a corresponding empty vector to generate ten independent single cell 

clones of IPMK knockout and WT control 293T cells (Figure 2.3A). The loss of IPMK was 
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confirmed by DNA sequencing of target loci, which revealed the introduction of frameshift 

mutations and the absence of intact IPMK alleles. In agreement with previous studies, the yield 

of infectious HIV-1WT virions from IPMK-deficient 293T cells was significantly decreased, by 

10-fold (p=0.0091, Figure 2.3A). The yield of HIV-1K359A from 293T cells was greatly reduced 

compared to wildtype HIV-1 as expected, and was not further reduced by IPMK deficiency 

(Figure 2.3B). Yield of HIV-1T371I was also slightly reduced compared to wildtype but not 

impacted by IPMK deficiency (Figure 2.3C, p=0.1374). Importantly, the yield of HIV-

1K359A/T371I was only marginally reduced compared to wild type HIV-1 and there was no 

difference in yield of infectious HIV-1K359A/T371I from WT 293T cells versus IPMK deficient 

293T cells (Figure 2.3D, p=0.178).  

As IP6 deficiency impacts both HIV-1 particle production as well as infectivity, we assayed 

particle levels in the same supernatants from Figure 2.3A-D using detection of reverse 

transcriptase with the SYBR-PERT assay. Importantly, we see the same phenotype for particle 

production as we do with infectivity assays: production of HIV-1WT particles is impaired in 

IPMK KO cells, but there are no production deficits for HIV-1K359A, HIV-1T371I, or HIV-

1K359A/T371I (Figure 2.3E-H). However, while there was a 10-fold reduction in HIV-1WT 

infectivity from IPMK-deficient 293T cells, we only observed a 5-fold reduction in particle 

production in the exact same supernatants.  
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Figure 2.3: HIV-1K359A/T371I is not impaired by lack of cellular IP6 

(A-D): Control or IPMK KO single 293T cell clones were transfected with HIV-1WT (A), HIV-
1K359A (B), HIV-1T371I (C), or HIV-1K359A/T371I (D) proviral plasmids. After 48 hours, supernatants 
were collected and titrated on MT4 cells. Each data point represent a different 293T cell clone. 
Statistical analysis: unpaired Student’s t-test. Alternatively, levels of Reverse Transcriptase in 
supernatants were quantified using the SYBR-PERT assay (E-H). Statistical analysis: unpaired 
Student’s t-test. 
 
2.4 There is no impairment of infection in target cells with reduced IP6 synthesis by HIV-

1WT or HIV-1K359A/T371I  

It has been proposed that residues K290 and K359 recruit IP6 into HIV-1 virions during 

assembly, thereby providing the source of the IP6 that binds to and stabilizes the R18 ring in the 

mature capsid core. The rationale for this idea stems from previous studies which have 

demonstrated that reduction of cellular IP6 levels in target cells does not impact susceptibility to 
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incoming infection (120, 121). Because HIV-1K359A/T371I is fully infectious despite encoding a 

mutation that is predicted to diminish IP6 packaging into virions, we next asked whether HIV-

1K359A/T371I requires IP6 in target cells to be maximally infectious. We generated twelve IPMK-

deficient MT4 target cell clones and six control clones and performed single cycle infection 

assays using HIV-1WT and HIV-1K359A/T371I (Figure 2.4A-B). In agreement with previous studies 

(120), there was no difference in the infectiousness of HIV-1WT in WT or IPMK-deficient MT4 

cells (Figure 2.4A p = 0.3863). Moreover, there was no deficit in the infectiousness of HIV-

1K359A/T371I in WT or IPMK-deficient MT4 target cells (Figure 2.4B, p=0.4331), suggesting that 

HIV-1K359A/T371I either does not require IP6 for replication, or that the T371I mutation rescues 

both replication and IP6 incorporation. 

 

Figure 2.4: Infection of IPMK KO target cells is not impaired for either HIV-1WT or HIV-

1K359A/T371I 

HIV-1WT (A) or HIV-1K359A/T371I  (B) virions were titrated on WT MT4 or IPMK KO MT4 cells 
and infection quantified by flow cytometry. Statistical analysis: unpaired Student’s t-test. 
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2.5 Bevirimat rescues infectious virion formation by the IP6-binding deficient mutant HIV-

1K359A 

Notably, The T371I mutation identified herein had been described previously in a different 

context. Specifically, this substitution was reported to stabilize the immature CA-SP1 lattice, 

mimicking the effect of maturation inhibitors (MI) (124, 125). Therefore, we next asked whether 

maturation inhibitors themselves could rescue the deficit in infectious virion yield exhibited by 

HIV-1K359A. As a control, we included the previously described assembly-defective, maturation 

inhibitor-dependent CA mutant HIV-1P289S (125), We found that that BVM indeed rescued the 

infectivity of HIV-1K359A and HIV-1P289S in both single-cycle and spreading replication. 

Specifically, in single cycle assays, BVM increased the yield of infectious HIV-1K359A virions, up 

to 50-fold, and in a dose-dependent manner (Figure 2.5A) from transfected 293T cells. In 

spreading replication assays, BVM restored HIV-1K359A replication to levels similar to that of 

BVM-treated wildtype virus in MT4 cells (Figure 2.5B). BVM also rescued the spreading 

replication of HIV-1K359A in CEM cells, indeed in this context the effect of BVM on HIV-1K359A 

spreading was greater than that on the previously described MI-dependent mutant HIV-1P289S  

(Figure 2.5C).  
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Figure 2.5: Bevirimat rescues infectivity of HIV-1K359A 

(A) 293T cells were transfected with HIV-1WT, HIV-1K359A, or HIV-1P289S proviral plasmids in 
the presence of 0, 1, 5, or 10 μM Bevirimat. After 48 hours, supernatants were collected and 
titrated on MT4 cells and infection quantified by flow cytometry.  
(B-C) MT4 cells (B) or CEM cells (C) were infected with HIV-1WT, HIV-1K359A, or HIV-1P289S at 
an MOI of 0.001. At 16 hours post infection, inoculum was washed away and supernatants were 
collected at the indicated timepoints. Reverse transcriptase activity was measured in the 
supernatant samples using SYBR-PERT. 
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2.6 BVM increases release of HIV-1K359A virions independently of the viral protease 

The interaction between K359 amines and IP6 likely stabilizes the immature Gag lattice, 

Similarly, maturation inhibitors are known to bind to the immature Gag hexamers at approximal 

site and stabilize the immature CA-SP1 lattice (126, 127). Therefore, we hypothesized that BVM 

rescue particle formation by HIV-1K359A by stabilizing an otherwise destabilized lattice, 

effectively serving as a functional replacement for IP6. To test this idea, we measured the release 

of HIV-1K359A virions from BVM-treated 293T cells by western blotting. BVM indeed increased 

the yield of HIV-1K359A virions, in a dose-dependent manner (Figure 2.6A). To confirm that this 

effect was not due to BVM-mediated inhibition of Gag proteolysis, we performed similar 

experiments in virions containing an inactivating mutation in protease. We observed a similar 

dose-dependent increase in immature particle release, even in the context of protease inactivation 

(Figure 2.6B), suggesting that the effect of BVM on HIV-1K359A assembly is due to the direct 

effect of BVM on the immature lattice, not through inhibition of proteolytic cleavage at the Gag-

SP1 junction. 
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Figure 2.6: Bevirimat increase release of HIV-1K359A independently of protease inhibition 

(A) 293T cells were transfected with HIV-1WT , HIV-1K359A, or HIV-1P289S in the presence of 0, 1, 
5, or 10 μM Bevirimat. 48 hours post transfection, supernatants were pelleted over a sucrose 
cushion and analyzed by SDS-PAGE alongside cell lysates. Hsp90 serves as a loading control.  
(B) 293T cells were transfected with HIV-1WT, HIV-1K359A, or HIV-1P289S  bearing an inactivating 
mutation in protease in the presence of 0, 1, 5, or 10 μM Bevirimat and analyzed via SDS-PAGE 
as above. Hsp90 serves as a loading control. 
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2.7 Visualization of BVM-induced HIV-1 assembly observed in real time using live cell 

fluorescence microscopy 

The above data strongly suggested that BVM rescues infectivity and release of HIV-1K359A by 

facilitating particle assembly. To directly observe effects on virion assembly, we performed 

fluorescence microscopy using a novel imaging construct based on HIV-1NL4-3 , in which Pol has 

been replaced by an HIV-1 codon-mimicking mNeonGreen, and in which Env and Vpu bear 

inactivating mutations. The resulting construct, herein referred to as HIV-1 NG, generates Gag-

mNeonGreen in place of Gag-Pol during a single cycle of infection, thus allowing visualization 

of particle assembly as punctae at the plasma membrane. 

We generated HIV-1 vectors particle containing this reporter and derivatives (HIV-1 NGWT, 

HIV-1 NGK359A, and HIV-1 NGP289S) by supplying Gag-Pol and VSV-G in trans. Then, we 

infected TZM-bl cells in the absence or presence of 5 μM BVM and performed widefield 

imaging on fixed cells 48 hours post infection. In the absence of BVM, cells infected with HIV-1 

NGK359A and HIV-1 NGP289S exhibited primarily diffuse cytoplasmic fluorescence, and fewer 

punctae than for HIV-1 NGWT infected cells, indicating impaired assembly (Figure 2.7A). 

However, when infections were done in the presence of BVM, there were clearly increased 

numbers of membrane associated punctae in HIV-1 NGK359A and HIV-1 NGP289S infected cells 

(Figure 2.7A) suggesting BVM is able to directly facilitate particle assembly by these mutants. 

This ability to induce HIV-1 particle assembly via addition of an exogenous small molecule 

has potential applications in imaging and other studies, as an inducible particle assembly system. 

In order to test the possible utility of this approach, we performed live cell widefield imaging 

studies using HIV-1 NGP289S, as this mutant displayed a greater responsiveness to BVM-induced 

assembly (see Figures 2.5A, 2.5B, 2.6A, and 2.6B). We infected TZM-bl cells in the absence of 
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BVM and then, at 26 hours after infection, added BVM 5 μM and began acquiring images at 30 

minute intervals. In the absence of BVM, few punctae are apparent in HIV-1 NGP289S infected 

cells, even after 12 hours of imaging (Figure 2.7B). However, in the BVM-treated cells, 

substantially more punctae were evident, as soon as 30 minutes after BVM addition (Figure 

2.7B). 

Given that such striking differences could be observed as early as 30 minutes post BVM 

addition, we repeated these experiments with increased time resolution. TZM-bl cells were 

infected with HIV-1 NGP289S for 26 hours and treated with BVM as above, followed by 

immediate image acquisition at 3 minute intervals. Assembly of HIV-1P289S was rapidly induced 

by BVM (Figure 2.7C) with substantial numbers of punctae forming within 30-120min.  
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Figure 2.7: Visualization of Bevirimat-induced assembly by fluorescence microscopy 

(A) Fluorescence microscopy of TZM cells infected with a reporter HIV-1 virus encoding 
mNeon Green in place of Pol (HIV-1 NG) to visualize assembly. Representative images 48 
hours-post-infection of HIV-1 NGWT, HIV-1 NGK359A, or HIV-1 NGP289S infected in the absence 
or presence of 5μM BVM. Quantification of Gag-NG punctae per image depicts mean ± SD for 
images from (A). (B) Representative time lapse images of TZM cells infected with HIV-1 
NGP289S -/+ treatment with 5μM BVM at 26 hours post infection. Image acquisition began 
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immediately after BVM addition. Image labels: Hours:Minutes:Seconds post BVM addition. 
Quantification of Gag-NG punctae per timepoint depicts mean ± SD for images from (B). (C) 
Representative time-lapse images of TZM cells treated with BVM at 26 hours post infection with 
HIV-1 NGP289S. Image labels: Hours:Minutes:Seconds post BVM addition. Quantification of 
Gag-NG punctae per timepoint depicts mean ± SD for images from (C). 
 

We performed similar experiments using TIR-FM imaging and quantified the presence of 

Gag-NG punctae over time, with similar results. Specifically, in the absence of BVM there were 

very few punctae evident at the plasma membrane (Figure 2.8A, B). However, shortly after the 

addition of BVM, numerous punctae rapidly formed at the plasma membrane (Figure 2.8). These 

data provide proof of principle that such a system could be used to experimentally manipulate 

HIV-1 assembly for imaging or functional studies. 
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Figure 2.8 Visualization of Bevirimat-induced assembly by TIR-FM 

(A) TIR-FM microscopy of TZM cells infected with HIV-1P289S NG. Representative time-lapse 
images of TZM cells treated with BVM at 28 hours post infection. Image labels: 
Hours:Minutes:Seconds post BVM addition. (B) Quantification of punctae per time point depicts 
mean ± SD for images from (A).  
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2.8 Implications for the design of next generation antiretrovirals 

Together, these data support a model whereby stability of the immature CA lattice is finely 

tuned, with IP6 coordinating and stabilizing the otherwise repulsive positive charges of K290 and 

K359 to drive assembly. Manipulations that cause IP6 binding deficiency, either mutagenesis of 

K359 or decreasing IP6 levels in producer cells, destabilize the immature lattice and decrease 

production of progeny virions. Conversely, manipulations such as the T371I substitution or 

treatment of HIV-1WT with BVM, hyper-stabilize the immature lattice in the wild type context 

and decrease HIV-1 infectivity. However, either the T371I substitution or BVM treatment are 

able to rescue virion assembly and infectiousness in the context of IP6 deficiency. Understanding 

how small molecules such as BVM or IP6 can enhance Gag lattice stability can provide new tools 

to study virion assembly and potential avenues for antiretroviral therapeutics. In addition to 

providing insight on Gag-Gag and Gag-IP6 interactions during HIV-1 assembly, our work also 

identifies an inducible virion assembly system that can be used in investigating HIV-1 assembly 

events in living cells.   
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CHAPTER 3. Unbiased identification and characterization of human coronavirus 

dependency factors using genome-wide CRISPR screening. 

3.1 Genome-scale loss-of-function CRISPR screening to identify potential host-targeted 

therapies for infection by diverse coronaviruses 

In this century alone, four emerging zoonotic respiratory pathogens—SARS-coronavirus 

(CoV), MERS-CoV, H1N1 influenza A virus (IAV), and SARS-CoV-2—have caused significant 

morbidity and mortality. Of these, SARS-CoV, MERS-CoV, and SARS-CoV-2 are all 

enveloped, positive-stranded RNA viruses in the genus betacoronavirus (128). Four other 

coronaviruses are known to infect humans; Human CoV (HCoV)-OC43 and HCoV-HKU1 are 

members of the betacoronavirus genus (129), while HCoV-229E and HCoV-NL63 are members 

of the alphacoronavirus genus. There is thus an urgent need to discover host and viral 

determinants influencing coronavirus infection. Because viruses rely on host cellular proteins to 

replicate, an attractive strategy for the next-generation of antiviral therapies is targeted inhibition 

of human proteins—termed “dependency factors”—that are required for viral replication. Of 

particular interest are human proteins required by diverse viral lineages, encompassing not only 

known human pathogens but animal viruses that are of concern for future spillover into human 

populations. To identify coronavirus dependency factors, we performed a genome-wide loss-of-

function CRISPR screen using HCoV-OC43 in a human lung cell line, and focused on candidate 

hits that are required by diverse coronaviruses. These hits thus represent attractive canidates for 

the development of host-targeted therapies with broad-spectrum activity. 

3.2 A genome wide screen reveals HCoV-OC43 dependency factors 

To identify host proteins required for HCoV-OC43 infection, we performed a genome-wide 

CRISPR screen in the A549 lung adenocarcinoma cell line. Briefly, A549 cells were transduced 
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with the Brunello sgRNA library (130, 131) at a low MOI (0.3) and high coverage (500X) to 

generate a population of cells each harboring a single sgRNA. After selection to remove 

untransduced cells, A549-Brunello cells were infected with HCoV-OC43 at an MOI of 0.1 and 

incubated for 1 week to allow viral-induced cell death to occur (Figure 3.1A). Enrichment of 

sgRNA sequences in the surviving cells—i.e. those putatively lacking a dependency factor—was 

assessed using MAGeCK (132).  

We identified 34 candidate dependency factors, defined as genes scoring higher than the 

highest scored non-targeting control (Figure 3.1B). As a positive control, we identified CASD1, 

the enzyme responsible for the generation 9-O-acetylated sialic acids, which serve as the receptor 

for HCoV-OC43 (32). Consistent with several other genome wide screens for viral dependency 

factors, we identified multiple genes (SLC35B2, XYLT2, and B4GALT7) involved in heparan 

sulfate biosynthesis, implying that heparan sulfate is an attachment factor for HCoV-OC43 (17, 

21, 25, 133, 134). 

To further classify gene hits (Figure 3.1C), we performed a functional enrichment analysis 

using string-db followed by annotation with UniProt keywords (135, 136). Many of the hits were 

associated with intracellular transport or endosome activity including VPS29, the 

CCDC22/CCDC93/COMMD3 (CCC) complex, and the WDR81/91 complex, suggesting a 

requirement for these functions in HCoV-OC43 infection. Additionally, we identified PIK3C3, 

which generates phosphatidylinositol 3-phosphate (PI(3)P), a phospholipid required for the 

recruitment of retromer to endosomes (137). Some of the genes identified by our screen were 

also recently reported in CRISPR screens utilizing SARS-CoV-2, implying that they are broadly 

required for coronavirus infection (38, 94).  
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Figure 3.1: A CRISPR screen reveals genes influencing HCoV-OC43 susceptibility 

(A) Schematic of screening setup (B) Screen results, where the x-axis corresponds to each 
unique gene in the library (labeled randomly from 1 to 19,114) and the y-axis denotes the -log10 
MAGeCK gene score. All genes scoring higher than the best-scoring non-targeting control 
pseudogene are labeled in blue. The screen was performed in three independent replicates (C) 
string-db analysis and UniProt annotation of gene hits. Sphere colors correspond to UniProt 
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keywords and connecting lines indicate strength of evidence underlying gene-gene interactions 
(pink: experimentally-determined interaction; blue: annotated interaction in curated databases; 
gray: evidence of co-expression; yellow: text-mining).  
 
3.3 Requirement for candidate host factors is both cell type and virus dependent 

We next investigated whether the VPS29/CCC complex and the WDR81/91 were required 

for infection by a diverse panel of respiratory viruses, including coronaviruses. In addition to 

HCoV-OC43, we tested additional seasonal HCoVs (HCoV-NL63 and HCoV-229E), 

rVSV/SARS-CoV-2, a chimeric vesicular stomatitis virus encoding the SARS-CoV-2 Spike 

protein, as well as other pathogenic respiratory viruses: IAV, adenovirus, and respiratory 

syncytial virus (RSV).  We used CRISPR/Cas9 to generate individual cell lines lacking each 

gene of interest and confirmed knock-out (KO), both by sequencing target loci and by western 

blot analyses. Importantly, KO of these genes did not affect cellular viability or proliferation.  

Because viral dependency factors identified via CRISPR screening might be required in a cell-

type specific manner, we evaluated the requirement of these genes for infection in multiple cell 

lines expressing ACE2 (the receptor for both SARS-CoV-2 and HCoV-NL63), specifically 

A549-ACE2, HT1080-ACE2, and 293T-ACE2. 

Given their function in endosomal trafficking, we hypothesized that these hits would most 

likely affect viral entry. We therefore performed short-term infection assays and quantified 

infected cells via flow cytometry. There was strong requirement for VPS29/CCC complex as 

well as WDR81/91 in A549 cells for all CoVs tested (Figure 3.2A-D). However, the was no 

requirement of these factors in for IAV, adenovirus, or RSV infection of A549 cells (Figure 

3.2E-G). In all other cell lines tested, there was a strong requirement for VPS29 for all 

coronaviruses but minimal dependency on VPS29 or the other candidate proteins was found for 

adenovirus and RSV (Figure 3.2H-T). Since these viruses all rely on endocytic pathways for 
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viral entry (138–140), these data indicate that VPS29/CCC and WDR81/91 are specifically 

required for coronavirus infection, rather than broadly impairing endocytic function.  The 

magnitude of the effect of CCC complex and WDR81/91 knockout on CoV infection was 

different in different cell lines. For example, KO of the CCC complex or WDR81/91 had a 

blunted effect on CoV infection in HT1080-ACE2 cells (Figure 3.2H-K). Moreover, in 293T-

ACE2 cells, KO of the CCC complex inhibited HCoV-OC43 but not HCoV-NL63 or 

rVSV/SARS-CoV-2 infection, while WDR81/91 knockout impaired infection for all three 

viruses (Figure 3.2O-Q).  

We found that VSV infection was unaffected by VPS29 KO (Figure 3.2U). Because the sole 

difference between rVSV/SARS-CoV-2 and VSV itself is that rVSV/SARS-CoV-2 enters cells 

using the SARS-CoV-2 spike protein in lieu of VSV-G, these data suggest that it is the entry 

pathway that imposes the requirement for VPS29. Given the strong requirement for VPS29 by all 

tested HCoVs, in all cell lines tested, we sought to further confirm the relevance of VPS29 to 

HCoV infection. To do so, we used CRISPR/Cas9 to KO VPS29 in normal human bronchial 

epithelial (NHBE) primary lung cells. Loss of VPS29 strongly inhibited HCoV-OC43 infection 

in NHBE cells (Figure 3.2V), suggesting that VPS29 is important for HCoV infection of 

physiologically relevant cells. 
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Figure 3.2: Requirement for identified host proteins is cell type and virus dependent 

(A-V) Cells were infected with the indicated viruses at an MOI of 0.3. At 24 hours post 
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infection, cells were stained, and the percent infected cells was determined by flow cytometry. 
(A-G): A549-ACE2, (H-N, U): HT1080-ACE2, (O-T): 293T-ACE2, (V): NHBE. Mean (bar 
graph) of three replicates (dots). Error bars indicate SD. Data shown is a representative of at least 
two independent experiments. Statistical test: Student’s T test between WT and KO cells. (*) 
indicate p<0.05, (**) indicate p<0.01, (***) indicate p<0.001, (****) indicate p<0.0001 
 
3.4 VPS29-associated proteins facilitate CoV infection 

Because of the dramatic and conserved effect of VPS29 on each HCoV tested, we elected to 

examine this protein in more detail. VPS29 can participate in multiple different protein 

complexes with distinct roles in normal cell biology (141). Thus, in order to clarify which 

VPS29 interacting proteins, if any, are important for facilitating CoV infection, we performed a 

focused siRNA screen targeting VPS29 interacting proteins and assessed impact of knockdown 

(KD) on HCoV infection. 

Knockdown of VPS26A, VPS29, VPS35, or RAB7A each impaired HCoV-OC43, HCoV-

NL63, HCoV-229E, and rVSV/SARS-CoV-2 infection (Figure 3.3A-D). These data strongly 

suggest that the participation of VPS29 in the Retromer complex (VPS26A/VPS29/VPS35), 

which is recruited to endosomes via Rab7A, is the means by which it facilitates CoV infection 

(142). Interestingly, KD of DSCR3 and C16orf62, which play analogous roles to VPS26 and 

VPS35 and form the Retriever complex (143), inhibited HCoV-OC43 infection but not HCoV-

NL63, HCoV-229E, or rVSV/SARS-CoV-2 infection.   

 



 43 

Figure 3.3: Effect of VPS29 KO on HCoV infection is primarily driven by loss of Retromer 

(A-D) HT1080 cells were transfected with a focused siRNA library targeting VPS29-interacting 
proteins. Two days after transfection, cells were infected with (A) rVSV/SARS-CoV-2, (B) 
HCoV-OC43, (C) HCoV-NL63, and (D) HCoV-229E at an MOI of 0.3. At 24 hours post 
infection, cells were stained, and the percent infected cells was determined by flow cytometry. 
Plotted are levels of inhibition (for HCoVs and rVSV/SARS-CoV-2) in siRNA KD cells, relative 
to siRNA non-targeting control. Fold change values were calculated by comparing levels of 
infection in KD cells to the average of 4 separate pools of non-targeting siRNA controls. Solid 
black line marks fold change of 1. The dashed lines mark the highest and lowest fold changes of 
non-targeting siRNA controls from the average. 
 

3.5 The ability of VPS29 to facilitate CoV infection depends on interaction with retromer 

components and regulators 

In an orthogonal approach to investigate the role of the Retromer complex in facilitating CoV 

infection, we generated HT1080 VPS29 KO single cell clones (SCCs) and reconstituted with 

wildtype (WT) and mutant forms of VPS29. One VPS29 mutant (I91D)  does not interact with 

the Retromer component VPS35, while the other (L152E) does not interact with TBC1D5, a 

RAB7A GTPase-activating protein that is critical for endosomal recycling of known retromer 

cargoes (144–146). In agreement with our previous data, CoV infection was inhibited in the 

VPS29 KO SCC (Figure 3.4A-D). Susceptibility of HT1080 VPS29 KO cells was substantially 

restored upon reconstitution with a construct expressing a WT, sgRNA-resistant VPS29. 

However, reconstitution with a construct expressing VPS29I91D or VPS29L152E did not reverse the 

effects of VPS29 KO on HCoV infection (Figure 3.4A-D). Overall, these data confirm that loss 

of the Retromer complex function is the major means by which VPS29 KO affects CoV 

infection. 
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Figure 3.4 VPS29 requires interaction with Retromer components to facilitate HCoV 

infection 

(A-D) WT and VPS29 mutants were reconstituted in VPS29 KO cells. Cells were infected with 
(A) rVSV/SARS-CoV-2, (B) HCoV-OC43, (C) HCoV-NL63, or (D) HCoV-229E. At 24 hours 
post infection, cells were stained, and the percent infected cells was determined by flow 
cytometry. Mean (bar graph) of three replicates (dots). Error bars indicate SD. Data shown is a 
representative of two independent experiments. Statistical test: Student’s T test between VPS29 
KO cells and VPS29 expressing cells. (*) indicate p<0.05, (**) indicate p<0.01, (***) indicate 
p<0.001, (****) indicate p<0.0001 
 
3.6 VPS29 deficiency results in enlarged, deacidified endosomes 

To elucidate the impact of VPS29 on viral infection we next investigated the impact of 

VPS29 KO on normal endosomal function. We labeled endosomes in living cells using a 

construct containing two FYVE domains fused to mScarlet (2XFYVE-mSCAR), which binds to 

PI(3)P that is enriched on endosome membranes (147). Thereafter we treated cells with Dextran 

labeled with pH-sensitive (pHrodo Green or pHrodo Red) or pH-insensitive (Alexa Fluor (AF)-

488) fluorophores to visualize endocytic cargo uptake, as well as the pH status of these 

endosomes. 

Unlike parental HT1080 cells, VPS29 KO cells displayed a prominent subset of enlarged 

PI(3)P-positive endosomes. These enlarged endosomes were deacidified, as evident from 

decreased pHrodo Green Dextran signal compared to endosomes in unmanipulated cells, or other 
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smaller endosomes in VPS29 KO cells (Figure 3.5A,B). Importantly, there was a return to 

normal endosome phenotype after reconstitution with wildtype VPS29, confirming that this 

effect is due to VPS29 KO (Figure 3.5C). The appearance of enlarged, deacidified vesicles was 

maintained in VPS29 KO cells reconstituted with VPS29I91D or VPS29L152E (Figure 3.5D,E), 

suggesting that this phenotype is due to retromer disfunction. Quantification of the pH-sensitive 

Dextran signal from these images of VPS29 KO cells revealed a 3.7-fold decrease in 

fluorescence intensity (Figure 3.5F) that is rescued upon reconstitution with WT VPS29, but not 

with VPS29I91D or VPS29L152E. 
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Figure 3.5 VPS29-KO results in enlarged, deacidified PI(3)P-rich vesicles 

Representative images of HT1080 cells transduced with a construct expressing 2xFYVE-
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mSCAR after incubation with pHrodo Green Dextran for 60 minutes. (A): VPS29 WT + EV 
expression cassette. (B): VPS29 KO HT1080 + EV expression cassette. (C): VPS29 KO HT1080 
reconstituted with WT VPS29. (D): VPS29 KO HT1080 reconstituted with VPS29I91D. (E): 
VPS29 KO HT1080 reconstituted with VPS29L152E. EV: empty vector. (F): Quantification of 
Mean Fluorescence Intensity (MFI) of pHrodo Green Dextran signal inside of 2x-FYVE labeled 
endosomes from n=4 independent images (images in A-E, as well as the additional representative 
images depicted in Supplemental Figure S2). Error bars indicate SD. Statistical test: Student’s T 
test. (*) indicate p<0.05, (**) indicate p<0.01, (***) indicate p<0.001, (****) indicate p<0.0001 
 

Importantly, the enlarged endosomes in VPS29 KO cells exhibited equivalent fluorescent 

intensity to endosomes in normal cells when cells were incubated with pH-insensitive AF-488 

Dextran, indicating that while they were deacidified, they were not defective in cargo loading 

(Figure 3.6A, B). Overall, this data suggests that reduced endosome acidification in VPS29 KO 

cells is responsible for the impairment of CoV infection. In order to test this, we artificially 

deacidified endosomes by treating WT or VPS29 KO cells with NH4Cl. As expected, there was a 

dramatic decrease in rVSV/SARS-CoV-2 infectivity in WT cells treated with NH4Cl (Figure 

3.6C). Interestingly, this effect was much less pronounced in VPS29 KO cells, and there was no 

further impairment in infectivity in VPS29 KO cells treated with NH4Cl than there was in WT 

cells treated with NH4Cl. That lack of additive effect of NH4Cl treatment in VPS29 KO cells 

suggests both conditions result in an analogous effect on viral infection. 
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Figure 3.6 Enlarged, deacidified vesicles in VPS29-KO cells are not impaired for cargo 

loading 

(A): Representative images of HT1080 cells incubated with Dextran AF-488 (non-pH 
dependent) and pHrodo Red Dextran (pH dependent) for 60 minutes. (B): Quantification of 
Mean Fluorescence Intensity (MFI) of AF-488 Dextran Signal inside vesicles in WT and VPS29 
KO cells from n=3 independent images (images in A, as well as the additional representative 
images in Supplemental Figure S3). (C) WT and VPS29 KO HT1080 cells were treated with 
20mM NH4Cl for 60 minutes before infection with rVSV/SARS-CoV-2. At 24 hours post 
infection, the percentage of infected cells was determined by flow cytometry. Error bars indicate 
SD. Statistical test: Student’s T test. Statistical test: Student’s T test between WT and KO cells. 
(*) indicate p<0.05, (**) indicate p<0.01, (***) indicate p<0.001, (****) indicate p<0.0001 
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To further confirm that this phenotype is due to Retromer disfunction we also performed 

experiments in cells treated with siRNA duplexes targeting distinct retromer components, 

namely VPS26A or VPS35. We found that, as in VPS29 knockdown cells, loss of VPS26A or 

VPS35 also resulted in enlarged, deacidified vesicles, providing further evidence that the effect 

seen in VPS29 KO cells is due to loss of Retromer (Figure 3.7A). Interestingly, KO of the CCC 

complex, but not WDR81/91, also resulted in a similar phenotype (Figure 3.7B).  

 

Figure 3.7: Loss of other members of the Retromer/CCC complex also results in deacidified 

vesicles 

(A-B) Quantification of Mean Fluorescence Intensity (MFI) of pHrodo Green Dextran signal 
inside of 2x-FYVE labeled endosomes. (A) HT1080 transfected with siRNA targeting retromer 
proteins VPS29, VPS26A, VPS35. (B) HT1080 WT or KO for the indicated gene. MFI was 
quantified from n=3 independent images. Statistical test: Student’s T test. (*) indicate p<0.05, 
(**) indicate p<0.01, (***) indicate p<0.001, (****) indicate p<0.0001 
 

 

3.7 VPS29 KO results in entrapment of rVSV/SARS-CoV-2 in endosomes  

The above findings suggested that CoV infection is impaired in VPS29 KO cells due to 

impediment in spike dependent egress from endosomes. To directly test this idea, we generated 

rVSV/SARS-CoV-2NG-P, a replication-competent chimeric VSV expressing SARS-CoV-2 Spike 
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protein in lieu of VSV-G, and containing the VSV structural protein P fused to mNeonGreen 

(NG-P), thus enabling the direct observation of entering viral particles (148).  

At 60 minutes post infection of parental HT1080 cells, few NG-P punctae were evident 

within 2xFYVE-mSCAR labeled endosomes, suggesting successful egress of most rVSV/SARS-

CoV-2NG-P particles (Figure 3.8A) and minimal accumulation therein. However, in VPS29 KO 

cells, enlarged endosomes contained many rVSV/SARS-CoV-2NG-P punctae at 60 min after 

infection. Likewise, when cells were infected in the presence of labeled Dextran and imaged 60 

minutes post infection, we observed a similar phenotype with rVSV/SARS-CoV-2 particles 

accumulated in enlarged, Dextran-containing vesicles in VPS29 KO cells (Figure 3.8B). Overall, 

these data indicate that the major inhibitory effect of VPS29 KO on CoV infection is the result of 

failed egress from endosomes.   
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Figure 3.8 VPS29 KO results in rVSV/SARS-CoV-2 specifically remaining trapped in 

endosomes 

(A): Representative images of rVSV/SARS-CoV-2NG-P infection in WT and VPS29 KO HT1080 
cells. 2xFYVE-mSCAR labeled cells were infected with rVSV/SARS-CoV-2NG-P for 60 minutes. 
Quantification indicates the percent of rVSV/SARS-CoV-2NG-P punctae inside of 2x-FYVE 
labeled endosomes from n=4 independent images. (B): Representative images of WT and VPS29 
KO HT1080 cells incubated for 60 minutes with Dextran Red 10,000 MW and rVSV/SARS-
CoV-2NG-P. Quantification indicates the percent of rVSV/SARS-CoV-2NG-P punctae inside of 
Dextran Red labeled endosomes from n=4 independent images. Error bars indicate SD.  
Statistical test: Student’s T test. (*) indicate p<0.05, (**) indicate p<0.01, (***) indicate 
p<0.001, (****) indicate p<0.0001 
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3.8 Impairment of CoV and Ebola virus infection in VPS29 KO cells is due to loss of 

endosomal cathepsin activity 

The aforementioned findings indicate that the reduced susceptibility to HCoV infection in 

VPS29 KO cells is spike-specific and is the consequence of failed egress from endosomes. We 

hypothesized that this effect could be due to impaired spike processing by endosomal proteases 

during entry. We used HIV-1-based pseudotyped viruses to test the susceptibility of various CoV 

spikes to VPS29 KO and cathepsin inhibition using the drug E64d. As rVSV/SARS-CoV-2 bears 

a point mutation, R683G, which ablates the polybasic furin cleavage site, we tested pseudotypes 

bearing WT or R683G  mutant spike proteins, as well as spike proteins from SARS-CoV and 

SARS-like CoV from bats and pangolins, which also do not contain polybasic cleavage sites 

(149). 

Pseudotypes bearing either the WT or the R683G mutant SARS-CoV-2 spike proteins were 

sensitive to VPS29 KO and cathepsin inhibition. However, cathepsin inhibition did not further 

decrease infection of VPS29 KO cells (Figure 3.9A). The SARS-CoV-2R683G (Figure 3.9B), 

SARS-CoV (Figure 3.9C), and the SARS-like bat (Figure 3.9D) and pangolin viruses (Figure 

3.9E,F) that lack furin cleavage sites were more impacted by VPS29 KO and cathepsin inhibition 

than WT SARS-CoV-2. Indeed, in several instances, VPS29 KO and/or cathepsin inhibition 

resulted in undetectable infection by SARS-CoV-2R683G, SARS-CoV, and the SARS-like 

bat/pangolin CoVs. Similarly, infectivity assays utilizing rVSV/SARS-CoV-2 also revealed 

diminished infectivity upon cathepsin inhibition in parental HT1080, but no impairment of 

infection upon cathepsin inhibition in VPS29 KO cells (Figure 3.9G). 

That there was no further effect of cathepsin inhibition on CoV infection in VPS29 KO cells 

suggests that the effect of these two manipulations converge on a common pathway in promoting 
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egress from endosomes. We thus hypothesized that VPS29 KO impedes CoV infection by 

preventing proper processing of spike by cathepsins. If this were indeed the case, then VPS29 

KO should impair infection mediated by Ebola virus (EBOV) glycoprotein (GP), which is known 

to require processing by endosomal cathepsins (150). To test this, we performed infectivity 

assays in WT and VPS29 KO cells using a recombinant VSV expressing EBOV GP in lieu of 

VSV-G (rVSV/EBOV-GP) (151). Indeed, we observed a strong inhibition of rVSV/EBOV-GP 

infection upon either cathepsin inhibition or loss of VPS29 (Figure 3.9H). This result suggests 

that the susceptibility of VPS29 KO is mediated by reduced cathepsin activity.  

To further test if the primary effect of VPS29 KO on CoV infection was through impaired 

endocytic entry as a result of reduced cathepsin activity, we assessed impact of VPS29 KO in 

cells overexpressing TMPRSS2. In cells expressing TMPRSS2, spike proteins can be cleaved 

and the fusion protein liberated at the cell surface, reducing dependence on endosomal 

cathepsins. Consistent with the hypothesis that VPS29 impairs endocytic viral entry, there was a 

dramatic reduction in the effect of VPS29 KO for SARS-CoV-2R683G -CoV, WIV16, Pangolin-

CoV/Gx, and Pangolin-CoV/Gd and a more modest reduction for SARS-CoV-2WT when target 

cells overexpressed TMPRSS2 (Figure 3.9I-N). Importantly, since recent evidence indicates the 

Omicron variant of SARS-CoV-2 preferentially enters cells via the endocytic route rather than 

the TMPRSS2-dependent cell-surface route (40, 41), we also included pseudotypes bearing the 

Omicron spike protein  Indeed, we observed robust inhibition of SARS-CoV-2Omicron in VPS29 

KO cells, 14x greater than that observed for WT spike (Figure 3.9O). Additionally, the increase 

in infectivity observed in TMPRSS2+ cells was less evident for Omicron than it was for the 

ancestral SARS-CoV-2WT or SARS-CoV2R683G (4.2 fold vs 15.5 fold or 14.3 fold, respectively). 
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These findings suggest that the Omicron variant is particularly adapted to cellular entry through a 

VPS29-dependent endocytic route. 

Consistent with the above conclusion, when parental HT1080 cells were treated with the 

cathepsin inhibitor E64d, infected with rVSV/SARS-CoV-2 NG-P and examined microscopically, 

we observed a phenotype similar to that seen in VPS29 KO cells. Specifically, substantially more 

rVSV/SARS-CoV-2NG-P punctae were evident within endosomes, and the endosomes appear 

enlarged with similar appearance and morphology to those observed in VPS29 KO cells (Figure 

3.9P).  

To directly test whether VPS29 KO results in impaired endosomal cathepsin activity, we 

measured endosomal cathepsin activity in WT and VPS29 KO HT1080 cells using a substrate 

that generates a fluorescent signal upon cleavage by cathepsin L. Indeed, in WT cells, we 

observed a strong red fluorescence signal in vesicular structures, indicating high levels of 

cathepsin activity. However, in VPS29 KO cells the red fluorescence signal was nearly absent, 

indicating impaired cathepsin activity in VPS29 KO cells (Figure 3.9Q). To determine whether 

the loss of cathepsin L activity was the result of failed trafficking of cathepsins to the 

endolysosomal system, we performed immunofluorescence studies utilizing tagged cathepsin L 

in cells with endosomes labeled with 2xFYVE-mSCAR. Cathepsin L was clearly present in 

2xFYVE-mSCAR-positive endosomes in VPS29 KO cells (Figure 3.9R).  
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Figure 3.9 Impairment of CoV infection by VPS29 KO is influenced by the presence of a 

polybasic cleavage site and correlates with cathepsin inhibition 
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(A-F): WT and VPS29 KO HT1080 cells were treated with the indicated concentrations of E64d 
for 30 minutes before infection with HIV-1 based nano-luciferase reporter viruses pseudotyped 
with Spike protein of (A): WT SARS-CoV-2, (B): SARS-CoV-2R683G, (C): SARS-CoV, (D): 
WIV16: ,(E): Pangolin-CoV/Gx, (F): Pangolin-CoV/Gd. At 48hpi cells were harvested and nano-
luciferase activity was measured. Limit of detection of the HIV-1-based pseudoassay = 104 RLU. 
(G-H): WT and VPS29 KO HT1080 cells were treated with the indicated concentrations of E64d 
for 30 minutes before infection with (G): rVSV/SARS-CoV-2 or (H): rVSV/EBOV-GP. At 16 
hours post infection, and infected cells enumerated by determined by flow cytometry. Limit of 
detection of the flow cytometry assay = 0.1 % infection. Mean (bar graph) of three replicates 
(dots). Error bars indicate SD. Data shown is a representative of at least two independent 
experiments. (I-O): WT and VPS29 KO HT1080 cells stably transduced to express TMPRSS2 
were infected with HIV-1 based nano-luciferase reporter viruses pseudotyped with Spike protein 
of (I): WT SARS-CoV-2, (J): SARS-CoV-2R683G, (K): SARS-CoV, (L): Bat CoV/WIV16: ,(M): 
Pangolin-CoV/Gx, (N): Pangolin-CoV/Gd, (O): SARS-CoV-2Omicron. At 48hpi cells were 
harvested and nano-luciferase activity was measured. Limit of detection of the HIV-1-based 
pseudoassay = 104 RLU. Mean (bar graph) of two replicates (dots). Error bars indicate SD. Data 
shown is a representative of at least two independent experiments.  (P) Representative images of 
rVSV/SARS-CoV-2NG-P infection in E64d treated WT HT1080. 2xFYVE-mSCAR labeled cells 
were treated with E64d for 30 minutes, then infected with rVSV/SARS-CoV-2NG-P for 60 
minutes. (Q): Representative images of WT and VPS29 KO HT1080 cells following 60-minute 
incubation with Magic Red Cathepsin L Activity Kit. (R): Representative images of WT and 
VPS29 KO HT1080 cells stably expressing V5-tagged CTSL and labeled with 2xFYVE-
mSCAR. Statistical test: Student’s T test between WT and KO cells. (*) indicate p<0.05, (**) 
indicate p<0.01, (***) indicate p<0.001, (****) indicate p<0.0001 
 

Importantly, a similar phenotype of reduced cathepsin activity is seen in cells depleted of 

VPS26A/VPS35 by siRNA transfection, or in which the CCC complex components were 

knocked out, but not in cells in which WDR81/91 were knocked out (Figure 3.10A and B). As 

reduced cathepsin activity is only observed in the cell lines that display deacidified endosomes, 

and cathepsins are observed in the endosomes of VPS29 KO cells, these findings suggest that the 

loss of cathepsin activity in VPS29 KO cells results from altered endosomal conditions, such as 

increased pH, that reduces cathepsin activity therein. 
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Figure 3.10 Loss of other members of the Retromer/CCC complex results in reduced 

Cathepsin activity 

Images of cells following 60-minute incubation with Magic Red Cathepsin L Activity Kit. (A) 
HT1080 transfected with siRNA targeting retromer proteins VPS29, VPS26A, VPS35 and (B) 
HT1080 WT or KO for the indicated gene. 
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3.9 Implications for the design of broadly antiviral host-targeted therapies 

Here, using HCoV-OC43 as a model HCoV, we employed a genome-wide loss-of-function 

CRISPR screen to identify and characterize factors required for efficient CoV infection. In 

particular, we show that the retromer subunit protein VPS29 is required for productive infection 

by diverse CoVs in a variety of cell types. Indeed, VPS29 KO impaired CoV infection in all cells 

tested, including primary lung cells. Importantly, our findings suggest that the exploration of 

cathepsin inhibitors, or other endosomal perturbing agents is a promising target for novel drugs 

against CoVs, which remain a potentially serious emergent public health threat. Indeed, our 

finding that the Omicron variant is particularly sensitive to loss of VPS29 suggests that 

modulating this pathway pharmacologically could be an attractive candidate for new therapeutic 

strategies targeting this and future variants with similar properties. 
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CHAPTER 4. Targeted CRISPR screening for identifying proteins antagonizing retroviral 

infection. 

4.1 Comprehensive identification and characterization of cellular proteins inhibiting 

retroviral infection remains incomplete 

During viral infection, infected cells produce and secrete type I interferon (IFN), which 

subsequently binds to IFN receptors in an autocrine/paracrine manner and, through conserved 

signaling networks, activate a variety of interferon-stimulated genes (ISGs). Many of these ISGs 

have specific roles in antagonizing viral infection, and this process induces what is called an 

“antiviral state”, protecting cells from infection by a variety of viruses. This process, which is 

one of the earliest host responses to pathogens, plays a major role in determining viral species 

tropism and preventing cross-species transmission of viruses. However, despite the importance 

of this system in protecting cells from viral infection, many ISGs remain either entirely 

undefined or incompletely characterized. For example, while it has been shown that SIV is 

robustly inhibited from replicating in IFN-treated human cells, this effect could not be explained 

by the major restriction factors that had been discovered to date, such as TRIM5, APOBEC3, 

tetherin, or SAMHD1 (107). It is therefore likely that there are cellular antiviral proteins 

inhibiting retroviral infection that remain to be identified. Here, we employed high-throughput 

CRISPR screening to identify novel retroviral restriction factors and characterize their 

mechanism of action in human cells.  

4.2 Route-of-entry influences susceptibility of HIV-1 and SIVmac239 to IFNa in MT4 cells 

We selected MT4-R5 cells as a model system for HIV-1 and SIVmac239 infection. This is a 

previously-established MT4-based immortalized cell line which has been modified to express the 

CCR5 co-receptor utilized by SIVmac239, as well as an LTR-driven GFP reporter for SIV/HIV-
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1 gene expression, thus allowing detection of SIV/HIV-1 infection via GFP expression (84). We 

observed that MT4-R5 cells support high levels of SIVmac239 and HIV-1 spreading replication 

in the absence of IFNα, but spreading infection is robustly inhibited in the presence of 100U/mL 

IFNα, a physiologically relevant concentration (152). Indeed, 100U/mL IFNα inhibited HIV-1 

and SIVmac239 spreading infection by ~1000-fold (Figure 4.1A).  

In order to gain more insight into the step of the retroviral lifecycle where this potent block 

occurs, we performed single-cycle infectivity assays in MT4-R5 cells that had been pre-treated 

with 100U/mL IFNα for 24 hours. There was a substantial reduction in the number of GFP+ cells 

evident after a single cycle of infection, indicating that this block occurs sometime before viral 

gene expression (Figure 4.1B). In order to assess whether this phenotype depends on route-of-

entry, we also performed single cycle infection assays with HIV-1NL4-3 and SIVmac239 that had 

been pseudotyped with VSV-G. Interestingly, there was a dramatic reduction in the sensitivity of 

VSV-G pseudotyped SIVmac239 and HIV-1NL4-3 to IFNα treatment; infectivity of SIVmac239 

was only impaired ~2 fold, and HIV-1NL4-3 was not impaired at all when these viruses were 

pseudotyped with VSV-G (Figure 4.1B).  

 

Figure 4.1 There is a route-of-entry dependent block to retroviral infection in MT4 cells 

(A): Spreading replication assays of SIVmac239 and HIV-1NL4-3 in the absence or presence of 
100U/mL IFNa. (B): Single cycle infection assays of native envelope or VSV-G pseudotyped 
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SIVmac239 and HIV-1NL4-3 with or without treatment of IFNa for 24 hours before infection. 
 
4.3 There is no effect of IFNa on release of HIV-1 or SIVmac239 particles or infectious 

virions. 

Given the considerable reduction in the effect of IFNa treatment with VSV-G pseudotyped 

viruses, we reasoned that inhibition of Env-mediated retroviral entry is the major effector of the 

IFNa-induced antiviral state in MT4-R5 cells. However, in order to directly test whether later 

steps in the retroviral lifecycle are also impaired by IFNa treatment, we performed viral release 

assays in the presence of IFNa. In order to do so, we took advantage of the fact that parental 

MT4 cells—which do not sufficiently express CCR5—are not permissive to SIVmac239 or HIV-

1NL-YU2 infection. Thus, MT4 cells infected with VSV-G pseudotyped HIV-1NL-YU2 or 

SIVmac239 will produce virus that is unable to re-infect producer cells, allowing us to measure 

release of HIV-1NL-YU2 or SIVmac239 without confounding re-infection. Briefly, MT4 cells were 

infected with VSV-G pseudotyped HIV-1NL-YU2 or SIVmac239 and placed in IFNa 16 hours post 

infection. At 48 hours post infection, supernatant was assayed for both viral particles (via SYBR-

PERT assay) and infectious virions (via titration on TZM-bl cells, which are not sensitive to 

IFNa treatment). Importantly, we did not observe any impact of IFNa treatment on release of 

SIVmac239 or HIV-1NL-YU2 (Figure 3.2A-B). This indicates that IFNa treatment has minimal 

impact on the late stages of retroviral infection in MT4 cells. 
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Figure 4.2 IFNa does not effect viral release in MT4 cells 

(A): Viral particle release assays of SIVmac239 and HIV-1NL-YU2 from MT4 cells placed in 
100U/mL IFNa 16 hours post infection. (B): Infectious virion release assays of SIVmac239 and 
HIV-1NL-YU2 from MT4 cells placed in 100U/mL IFNa 16 hours post infection. 
 
4.4 Different HIV-1 Envelopes are differentially susceptible to IFNa treatment in MT4 

cells. 

Our findings strongly suggest that the major consequence of the IFNa-induced antiviral state 

in MT4-R5 cells is inhibition of Env-mediated retroviral entry. In order to determine if these 

findings are relevant for other Envs of HIV-1, we titrated HIV-1NL4-3-based molecular clones 

expressing various Envs in the presence or absence of IFNa. We observed dramatic differences 

in the sensitivity of different Envs to IFNa treatment (Figure 4.3). Indeed, while infectivity of 

viruses bearing the NL4-3 envelope is impaired ~230-fold in 100U/mL IFNa, viruses bearing the 

ADA envelope were only impaired ~3-fold. These findings indicate that the major determinant 

of the IFNa-induced antiviral state in MT4-R5 cells is inhibition of retroviral entry in an Env-

specific manner.  



 63 

 

Figure 4.3 The IFNa-mediated block to retroviral infection in MT4 cells is Envelope-

specific 

Titration of various HIV-1NL4-3-based molecular clones expressing various Envs in the absence 
or presence of 100U/mL IFNa. Error bars indicate S.D. 
 
4.5 A CRISPR screen for ISGs in MT4-R5 cells reveals factors inhibiting SIVmac239 

infection 

To identify which factor(s) mediate this potent, Env- and route-out-entry dependent early 

block to retroviral infection in MT4-R5 cells, we performed a loss-of-function CRISPR screen 

targeting ISGs in MT4-R5 cells. Briefly, a dataset of genes upregulated by IFNa treatment in 

MT4-R5 cells was determined by bulk RNA-sequencing of IFNa-treated cells. For the purposes 

of this screen, we defined an ISG as any gene with an adjusted p-value <.05 and a log2 fold 

change value of >1 in IFNα-treated cells (Figure 4.4A, all genes in red and to the right of the 

right-most dashed line). A total of 958 genes met these criteria. Using this dataset, we then 

constructed a library of sgRNAs targeting these genes. Additionally, 200 non-targeting controls 

(NTCs) were added from the GeCKO library to serve as negative controls.  

In order to screen which of these candidate genes have antiretroviral activity, we modified an 

approach described by OhAinle et al. 2018 and created a virus-packageable CRISPR vector to 
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screen for factors inhibiting SIVmac239 infection.(110) Briefly, we modified the lentiCRISPRv2 

vector to be packaged by SIVmac239 and to remain transcriptionally active after host 

integration, which we term SIV-CRISPR. SIV-CRISPR was created by repairing the self-

inactivating ΔU3 3’ LTR of lentiCRISPRv2 with the full 3’ LTR sequence of SIVmac239. 

Additionally, we replaced the HIV-1 based 5’ LTR, packaging signal, and rev-response element 

with the equivalent sequences from SIVmac239 (Figure 4.4B). 

Library sgRNA sequences were synthesized in bulk and cloned into SIV-CRISPR, and the 

resulting SIV-CRISPR ISG library was deep sequenced to confirm adequate representation and 

suitability, according to established guidelines (153).  MT4-R5 cells were transduced with the 

library at >500X coverage and low MOI (0.3), generating a large population of cells with single 

SIV-CRISPR integrations. Following selection to remove untransduced cells, cells were treated 

or not with 100U/mL IFNα, and infected the next day with SIVmac239 at an MOI of 0.5. Three 

days post-infection, cells were pelleted and supernatant containing packaged SIV-CRISPR 

harvested. From the supernatant, virions were pelleted and viral RNA (vRNA) was extracted and 

reverse transcribed, with sgRNA cassettes PCR amplified (Figure 4.4B). Resulting amplicons 

were pooled and deep sequenced. The relative enrichment of sgRNA sequences in the vRNA of 

the IFNα-treated samples relative to the untreated samples was analyzed using the model-based 

analysis of genome-wide CRISPR/Cas9 knockout (MAGeCK) statistical package (132). 

The most highly enriched sgRNA sequences targeted STAT1, STAT2, and IRF9, members 

of the IFNa signaling cascade which thus serve as positive controls for the screen. We also 

identified proteins with known antiviral properties, such as HERC6 and ZNFX1 (154, 155). 

Interestingly, a number of the top hits (EPB41L5, MRAS, RHPN1-AS1, SDK2) function in 
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cellular adhesion, indicating that IFNa-induced modulation of this process has antiretroviral 

activity (156–159).  
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Figure 4.4: A CRISPR screen reveals ISGs inhibiting SIVmac239 infection in MT4-R5 cells 

(A): Volcano plot of differentially expressed genes following IFNa treatment of MT4-R5 cells. 
Gray: padj >0.05 and log2FC<1. Blue: padj <0.05 and log2FC <1. Red: padj <0.05 and log2FC > 
1. (B): Schematic of SIV-CRISPR screening vector and screening strategy. (C): MAGeCK 
analysis of screen results. Top 10 hits as well as positive controls STAT1, STAT2, and IRF9 are 
labeled. Dashed line indicates highest scoring non-targeting control (NTC) negative control.  
 
4.6 Identified hits inhibit SIVmac239 and HIV-1 infection in a route-of-entry dependent 

manner 

In order to validate the results of the screen, we generated individual knockout (KO) cell 

lines with the top 10 hits and performed single-cycle infection assays with SIVmac239 as well as 

HIV-1NL4-3. As expected, the vast majority of hits rescued SIVmac239 infection >2-fold in IFNa 

treated MT4-R5 cells (Figure 4.5A). Unexpectedly, however, most hits also rescued SIVmac239 

infection in untreated MT4-R5 cells as well (Figure 4.5A). We hypothesize that, as many of 

these genes are basally expressed in MT4-R5 cells, these proteins, or pathways that they 

influence, may exert antiretroviral activity at baseline conditions. We also observed that KO of 

most hits rescued HIV-1NL4-3 infection as well. In particular, there was an incredibly robust 

impact of PLEKHA4 KO and ZNFX1 KO on HIV-1NL4-3 infection, >20-fold in untreated MT4-

R5 cells (Figure 4.5B). 

As our initial data indicates that the IFNa-induced antiviral state in MT4-R5 cells depends 

on route of entry (Figure 4.1), the hits identified in our screen should exhibit this same property. 

Thus, we also performed single-cycle infectivity assays using VSV-G pseudotyped SIVmac239 

and HIV-1NL4-3. Appropriately, there was no rescue observed for any of the top 10 hits when 

SIVmac239 or HIV-1NL4-3 was pseudotyped with VSV-G (Figures 4.5C-D). This implies that the 

hits identified in this screen are indeed responsible for the route-of-entry specific block observed 

in MT4-R5 cells. It has long been known that pseudotyping HIV-1 with VSV-G results in higher 
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titer virus (160). Our results indicate that this increased efficiency in entry may be due to 

circumventing additional constraints to Env-dependent entry than those already described. 
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Figure 4.5: Loss of identified hits rescue SIVmac239 and HIV-1 infection in a route-of-

entry dependent manner 

Single cycle infection assays in MT4-R5 lacking each of the top 10 hits of the screen in the 
absence or presence of 100U/mL IFNa for native envelope SIVmac239 (A), native envelope 
HIV-1NL4-3 (B), VSV-G pseudotyped SIVmac239 (C), or VSV-G pseudotyped HIV-1NL4-3 (D). 
Rescue relative to control cells expressing an empty CRISPR construct not expressing a targeting 
sgRNA cassette (EV). Dashed line at Y=1 (no change). Error bars indicate S.D. 
 
 
4.7 PLEKHA4 impairs HIV-1 infection in an Env-dependent manner 

Due to the striking effect of PLEKHA4 KO on HIV-1NL4-3 infection in untreated cells, as 

well as the lack of any prior evidence of antiviral properties of PLEKHA4, we elected to 

examine this hit in more detail. To do so, we generated single cell clones (SCCs) of PLEKHA4 

KO MT4-R5 cells and performed single-cycle infection assays on the resulting clones. In all 

SCCs, infectivity of HIV-1NL4-3 but not VSV-G pseudotyped HIV-1NL4-3 was rescued, confirming 

our earlier results in bulk KO cells (Figure 4.6A). Additionally, there was no enhancement of 

HIV-1NL-YU2 in any of the SCCs (Figure 4.6A).  

To confirm that this phenotype is specifically due to loss of PLEKHA4, we performed 

reconstitution experiments with sgRNA-resistant PLEKHA4 in EV control cells as well as 3 of 

the PLEKHA4 KO SCCs. Importantly, reconstitution of PLEKHA4 significantly reduced 

infectivity in all 3 KO clones, confirming that loss of PLEKHA4 in the KO clones is responsible 

for the phenotype (Figure 4.6B). Moreover, overexpression of PLEKHA4 in the EV control cells 

impaired infectivity, providing additional support for the antiviral activity of PLEKHA4. As it 

has been previously reported that PLEKHA4 is a plasma membrane-localized protein, we also 

assessed whether this property is required for viral restriction (161). To do so, we generated a 

construct of PLEKHA4 lacking the Pleckstrin homology (PH) domain. In agreement with prior 

findings, we observed that WT PLEKHA4 bearing a C-terminal mScarlet tag localizes to the 
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plasma membrane. However, we observed diffuse cytoplasmic staining in HT1080 cells 

transduced with PLEKHA4DPH-mScarlet, similar to that of soluble mScarlet, indicating decreased 

membrane localization. Importantly, PLEKHA4DPH retained antiviral activity, suggesting that 

plasma-membrane localization is not necessary for restriction of HIV-1 entry. 

The above data indicates that PLEKHA4 restricts retroviral entry in an Env-dependent 

manner. To determine if these results extend to other HIV-1 Envelopes, we titrated a panel of 

HIV-1NL4-3-based clones expressing various Envs on WT and PLEKHA4 KO cells. Indeed, we 

observed a diverse, Env-dependent response to PLEKHA4 KO (Figure 4.6C). Some Envs, such 

as those from the transmitter-founder strain N61 or SF162, displayed responses very similar to 

NL4-3 (30-fold and 22-fold vs. 31-fold, respectively). Others, such as ADA, G8, or YU2, 

exhibited minimal (<2-fold) responsiveness to PLEKHA4 KO. We observed an intermediate 

phenotype for Bal, BG505, and CH505, ranging from 3- to 6-fold enhancement in PLEKHA4 

KO cells. Importantly, the magnitude of effect of PLEKHA4 KO on a particular Env correlated 

with the sensitivity of that Env to IFNa (Figure 4.6D, R2=0.54). Taken together, these results 

indicate that PLEKHA4 restricts HIV-1 infection in a manner that depends on Env and route-of-

entry.  

As further support that PLEKHA4 restricts envelope-mediated HIV-1 entry, we generated 

recombinant NeonGreen-P (NG-P) tagged VSV viruses bearing a highly PLEKHA4-sensitive 

(N61) or PLEKHA4-resistant (ADA) HIV-1 envelope in lieu of the VSV-G protein. The 

resulting chimeric viruses, termed rVSVN61 NG-P or rVSVADA NG-P, thus enter cells via with 

CD4 and CCR5, but the remainder of infectious process follows the VSV replication cycle. 

Significantly, while infection with rVSVN61 NG-P was facilitated by PLEKHA4 KO and 

inhibited by PLEKHA4 overexpression, infection of rVSVADA NG-P was unaffected (Figures 
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4.6E/F). This provides further evidence that PLEKHA4 specifically restricts HIV-1 entry in an 

Env-dependent manner.   
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Figure 4.6: PLEKHA4 KO rescues HIV-1 infection in an Env-dependent manner that is 

independent of PLEKHA4 membrane localization 

(A): Single cycle infection assays in 6 independent PLEKHA4 KO single cell clones. (B): 
Titration of HIV-1NL4-3 on EV control or indicated PLEKHA4 KO clones transduced with soluble 
mScarlet, PLEKHA4-mScarlet, or PLEKHA4DPH-mScarlet. (C): Titration of various NL4-3 
based proviral clones expressing indicated Env on EV control and PLEKHA4 KO cells.  (D): 
Correlation between IFNa sensitivity and impact of PLEKHA4 KO for various Envs; R2=0.40. 
(E): Titration of rVSVN61 NG-P or rVSVADA NG-P on EV control or PLEKHA4 KO cells. (F): 
Titration of rVSVN61 NG-P or rVSVADA NG-P in EV control cells overexpressing soluble 
mScarlet, PLEKHA4-mScarlet, or PLEKHA4DPH-mScarlet. Error bars indicate S.D. 
 

Importantly, we excluded variations in cell-surface coreceptor expression levels, coreceptor 

preference, or modulation of SERINC-mediated antagonism as explaining these Env-specific 

effects (Figure 4.7). 

  

Figure 4.7 The envelope-specific inhibition of HIV-1 entry by PLEKHA4 is not mediated 

through changes in cell-surface coreceptor expression or SERINC 

(A): Mean fluorescence intensity (MFI) of cell-surface stained CXCR4 and CCR5 in EV control 
or PLEKHA4 KO cells. (B): Titration of WT HIV-1NL-ADA or a previously-described ADA Env 
mutant that induces a switch from R5 to X4 tropism (162). (C): Titration of WT or DNef HIV-
1NL4-3 on EV control and PLEKHA4 KO cells. Error bars indicate S.D. 
 
4.8 PLEKHA4 and IFNa treatment both result in altered expression of extracellular 

matrix associated genes. 

In order to gain more insight into the cellular mechanism(s) whereby PLEKHA4 restricts 

retroviral entry, we performed bulk RNAsequencing on three independent PLEKHA4 KO single 
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cell clones (SCCs). Differential expression analysis revealed several differentially upregulated 

genes in PLEKHA4 KO cells (Figure 4.8A). Surprisingly, pathway analysis of the significantly 

upregulated genes (log2FC > 1 and padj < 0.05, 101 genes total) revealed that many of these 

genes function in cellular adhesion. In particularly, multiple different types of collagen are 

upregulated in PLEKHA4 KO cells (Figure 4.8B). This implies that, physiologically, PLEKHA4 

may suppress the expression of a variety of cellular membrane proteins functioning in cellular 

adhesion, in particular the collagens.  

Since IFNa treatment results in a dramatic upregulation of PLEKHA4, we reasoned that 

additional supporting evidence for a role of PLEKHA4 in suppressing genes involved in cellular 

adhesion could be obtained if genes such as this were downregulated in IFNa treated cells. 

Therefore, we performed pathway analysis of the significantly downregulated genes (log2FC < -

1, padj <0.05) in our RNAsequencing dataset of IFNa treated cells. Pathway analysis revealed 

that the most significantly downregulated pathway in IFNa treated cells was cellular adhesion, 

mirroring the data seen in PLEKHA4 KO cells.  
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Figure 4.8: PLEKHA4 and IFNɑ treatment both alter extracellular matrix genes 

(A): Volcano plot of differentially expressed genes in PLEKHA4 KO cells vs EV control cells. 
(B): ShinyGO pathway analysis of differential upregulated genes in the PLEKHA4 KO 
RNAsequencing dataset, with read counts of selected significantly upregulated genes. (C): 
ShinyGO pathway analysis of differentially downregulated genes in the IFNa treatment 
RNAsequencing dataset, with read counts of selected significantly downregulated genes. 
 
4.9 Collagenase treatment of PLEKHA4 KO cells restores infectivity to wildtype levels. 

Given the above findings that extracellular matrix genes, in particular the collagens, are 

altered in both PLEKHA4 KO cells and IFNa-treated cells, we reasoned that, if altered 

expression of these genes is indeed driving the observed phenotype, then reversal of these 

modifications should restore infectivity to wildtype levels. To test this, we treated EV control 

and PLEKHA4 KO cells with collagenase and titrated a panel of HIV-1NL4-3-based clones 

expressing various Envs. Astonishingly, collagenase treatment of PLEKHA4 KO cells restored 

infectivity of HIV-1NL4-3 to wildtype levels (Figure 4.9A). Additionally, the impact of 
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collagenase treatment on various other Envs correlates well with how sensitive that Env is to 

PLEKHA4 KO (Figure 4.9B). For instance, ADA, YU2, and G8, which are all minimally 

responsive to PLEKHA4 KO, are also minimally affected by collagenase treatment. Other 

envelopes, such as N61 and SF162, which are relatively more sensitive to PLEKHA4 KO are 

also relatively more sensitive to collagenase treatment. Altogether, this data implies that it is this 

modulation of the extracellular matrix by PLEKHA4 that drives this Env-specific impairment of 

retroviral entry. 

 

Figure 4.9: Reverting PLEKHA4-mediated changes to the extracellular matrix restores 

infectivity of PLEKHA4 KO cells to WT levels 

(A): Titration of various NL4-3 based proviral clones expressing indicated Env on EV control 
and PLEKHA4 KO cells in the absence or presence of collagenase. Error bars indicate S.D. (B): 
Correlation between sensitivity to PLEKHA4 KO and collagenase treatment.  
 
 
4.10 Restriction of HIV-1 Entry by PLEKHA4 maps to the gp120 subunit of Env, and 

regions of Env imparting sensitivity to PLEKHA4 also determine sensitivity to 

collagenase treatment 

To gain more insight into the inhibition of retroviral entry by PLEKHA4, we generated 

viruses bearing recombinant envelopes using the highly PLEKHA4-sensitive NL4-3 Env and the 

highly PLEKHA4-resistant YU2 Env. Given the above data suggesting restriction by PLEKHA4 

is influence by modulation of collagen content in the extracellular matrix, we reasoned that 
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regions of Env imparting sensitivity to PLEKHA4 would likely map to the surface protein of 

Env. To directly test this, we generated a chimeric envelopes expressing either NL4-3 gp120 and 

YU2 gp41 (NYgp41) or YU2 gp120 and NL4-3 gp41 (YNgp41). As indicated in Figure 4.10A, 

replacing the gp41 subunit of NL4-3 with YU2 did not result in reduced susceptibility to 

PLEKHA4, and vice versa. This implies that sequences in the gp120 subunit, but not the gp41 

subunit, determine sensitivity to PLEKHA4. 

Given the above findings that sequences in gp120 determine sensitivity to PLEKHA4, we 

generated additional chimeric viruses focused in the gp120 subunit (see diagram, Figure 4.10B). 

We found that replacement of any selection of NL4-3 Env sequences with YU2 sequences 

rendered chimeras less sensitive to PLEKHA4 KO and less sensitive to collagenase treatment. In 

a complementary fashion, replacement of YU2 sequences with NL4-3 sequences rendered 

chimeric viruses more sensitive to PLEKHA4 KO and more sensitive to collagenase treatment. 

Overall, this implies that the properties of Env determining sensitivity to PLEKHA4 do not map 

to a singular motif but are more global properties of Env. Furthermore, that direct manipulations 

resulting in altered sensitivity to PLEKHA4 also altered sensitivity to collagenase is further 

evidence that the phenotype observed in PLEKHA4 KO results, at least in part, due to 

modulation of the extracellular matrix by PLEKHA4.  
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Figure 4.10: Restriction of HIV-1 Entry by PLEKHA4 maps to gp120 subunit of Env, and 

regions imparting sensitivity to PLEKHA4 also determine sensitivity to collagenase 

treatment 

(A): Titration of NL4-3 based proviral clones expressing: WT NL4-3 Env, WT YU2 Env, a 
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chimeric virus expressing the NL4-3 ectodomain and the YU2 transmembrane 
domain/cytoplasmic tail (NYTM/CT), or a chimeric virus expressing the YU2 ectodomain and the 
NL4-3 transmembrane domain/cytoplasmic tail (YNTM/CT). Error bars indicate S.D. (B): Titration 
of NL4-3 based proviral clones expressing: WT NL4-3 Env, WT YU2 Env, or various chimeras 
expressing primarily NL4-3 Env with indicated YU2 fragments (NYX) or primarily YU2 Env 
with indicated NL4-3 fragments (YNX) on EV control or PLEKHA4 KO cells in the absence or 
presence of collagenase. Errors bars indicate S.D.  
 
4.11 Effect of PLEKHA4 on HIV-1 infectivity and the ECM is modulated by PIK3R6 

In order to gain more insight into the cellular mechanisms whereby PLEKHA4 exerts its 

effect on the extracellular matrix and HIV-1 infectivity, we revisited the RNAsequencing dataset 

of PLEKHA4 KO cells. One gene in particular, PIK3R6, was very strongly upregulated in 

PLEKHA4 KO cells (log2FoldChange of 8.4). We thus hypothesize that modulation of these 

gene by PLEKHA4 may be contributing to the observed phenotype. In order to test this, we 

performed CRISPR KO studies in EV control and PLEKHA4 KO cells by supplying these cells 

with an additional CRISPR vector encoding neomycin resistance, either an additional EV control 

vector or one targeting PIK3R6. We observed that the effect of PLEKHA4 KO was nearly 

entirely eradicated in PIK3R6 KO cells (Figure 4.11A). Furthermore, since our previous data 

indicated that the effect of PLEKHA4 could be reverted by treating cells with collagenase, we 

reasoned that, if PIK3R6 was modulating this phenotype in PLEKHA4 KO cells, then 

collagenase treatment should have no effect in PLEKHA4/PIK3R6 double KO cells. Indeed, we 

observed no effect of collagenase treatment on titers of HIV-1NL4-3 in PIK3R6 KO cells (Figure 

4.11A). As infectivity in PLEKHA4 KO cells can be reverted to wildtype levels following either 

treatment with collagenase or PIK3R6 KO, and PLEKHA4/PIK3R6 double KO cells were 

insensitive to collagenase treatment, we hypothesized that PIK3R6 is responsible for 

modulations to the extracellular matrix resulting in this phenotype. To test this hypothesis, we 

performed cell-surface staining for collagen in EV control, PIK3R6 KO, PLEKHA4 KO, and 
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PLEKHA4/PIK3R6 double KO cells. We observed a modest but statistically significant increase 

in cell-surface staining of collagen in PLEKHA4 KO cells that is reverted to baseline levels 

following KO of PIK3R6 (Figure 4.11B-C). As a control for antibody specificity, we also stained 

cells that had been treated with collagenase. There was a reduction in signal in collagenase-

treated cells, indicating specificity of this antibody for collagen.  

In an orthogonal approach, we also assessed the effect of PIK3R6 overexpression on HIV-

1NL4-3 titers and cell surface collagen levels. As expected, overexpression of PIK3R6 increased 

infectivity of HIV-1NL4-3 in EV control cells (Figure 4.11D). Importantly, infectivity was not 

further increased in PLEKHA4 KO cells, implying that this phenotype is already saturated by the 

PIK3R6 overexpression seen in PLEKHA4 KO cells. Furthermore, the increase in infectivity 

observed in EV control cells overexpressing PIK3R6 could be reverted by collagenase treatment, 

providing addition evidence that modulation of PIK3R6 is contributing to the ECM alterations 

observed in PLEKHA4 KO cells. However, to provide more direct support for this, we also 

performed cell-surface collagen staining in PIK3R6 overexpressing cells and found that PIK3R6 

overexpression increases levels of cell-surface collagen (Figure 4.11E-F). Overall, this data 

suggests that PIK3R6 is responsible, at least in part, for PLEKHA4-mediated alterations to the 

extracellular matrix that influence HIV-1 infectivity. The more modest impact of PIK3R6 on the 

expression levels of cell-surface collagen relative to the dramatic effects of PIK3R6 and 

collagenase treatment on HIV-1 infectivity likely indicates that PIK3R6 influences multiple 

aspects of the extracellular matrix. Future work is needed to clarify potential additional impacts 

of PIK3R6 on the extracellular matrix. 
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Figure 4.11 Sensitivity to PLEKHA4 and collagenase treatment is modulated by PIK3R6 

(A): Titration of HIV-1NL4-3 on EV control or PLEKHA4 KO cells bearing either an additional 
EV control CRISPR vector encoding neomycin resistance or a PIK3R6-targeting guide in the 
presence or absence of collagenase. (B): MFI quantification of cell-surface staining of collagen 
in EV control or PLEKHA4 KO cells bearing either an additional EV control CRISPR vector 
encoding neomycin resistance or a PIK3R6-targeting guide in the presence or absence of 
collagenase. (C): Representative histogram plots from B. (D): Titration of HIV-1NL4-3 on EV 
control or PLEKHA4 KO cells bearing either an empty CSIN expression vector (EV) or CSIN 
expressing a PIK3R6 coding sequencing in the presence or absence of collagenase. (E): MFI 
quantification of cell-surface staining of collagen in EV control or PLEKHA4 KO cells bearing 
either an empty CSIN expression vector or CSIN expressing a PIK3R6 coding sequence. (F): 
Representative histogram plots from E. Error bars indicate S.D.  
 
 
4.12 Implications on the design of next-generation antivirals 

Studying the cellular mechanisms responsible for innate inhibition of viral infection in 

human cells can provide insight into the evolutionary dynamics of host-pathogen interaction, 

illustrating how hosts counteract viral infection and how viruses adapt to establish infection in 

new hosts. This has profound implications in human health and disease. That is, a more detailed 

picture of cellular defenses against viral infection—and how the virus is able to evolve evasion 
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mechanisms against these defenses—may elucidate exploitable vulnerabilities in this process that 

could be utilized for the design of new vaccination and therapeutic targets.  

In this study, we uncovered a novel role for PLEKHA4 as an inhibitor of retroviral entry. 

These studies, which demonstrate that specific characteristics of Env determine sensitivity to 

robust inhibition by cellular antiviral proteins, not only illustrate fundamental processes essential 

the biology of retroviral entry, but also have potential implications in the design of next-

generation antiretroviral therapies. For instance, the Env-dependent differences in response to 

IFNa and PLEKHA4 KO suggest that particular Env sequences might have evolved to evade 

host innate responses. Indeed, it has been previously shown that transmitter/founder viruses are 

relatively less sensitive to Type I Interferon than isolates from chronic infection (163–165). 

Similarly, most of the transmitter/founder strains we tested (with the exception of N61) were 

much less sensitive to PLEKHA4 KO and IFNa than NL4-3. It is therefore conceivable that 

small molecules designed to phenocopy the effect of PLEKHA4, while also negating the 

currently unresolved Env characteristics that result in resistance to PLEKHA4, could be 

exploited pharmacologically as novel inhibitors of retroviral entry. Future work is needed to 

determine the utility of such an approach. 

CHAPTER 5. Discussion 

The burden of viral disease due to emerging and re-emerging viral pathogens is pronounced 

and expected to continue to increase over time. One potential strategy to mitigate the significant 

morbidity and mortality of both current and future viral disease is the expansion of clinically 

available antivirals. Indeed, unlike bacterial illness, where effective antibiotics exist for most 

pathogenic bacteria, the vast majority of pathogenic human viruses have no targeted antiviral 

treatment, highlighting an urgent unmet need in antiviral approaches. In my thesis, I used both 
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targeted and high-throughput approaches to identify and characterize fundamental mechanisms 

of host-viral interactions. Although far removed from direct clinical implications, this work and 

the foundational insights gained are important for two major reasons. First, basic virological 

studies have a long history of illuminating basic mechanisms and expanding our understanding 

of cell biology. Indeed, although we studied VPS29 in the context of facilitating human 

coronavirus infection, we identified a novel role for this gene in regulating the pH status of 

endosomes and, consequently, the activity of endolysosomal proteases. Likewise, although 

PLEKHA4 was studied through the lens of restricting retroviral infection, through 

transcriptomics and functional approaches I uncovered key insights into the cellular role of this 

sparsely studied protein. Second, although the findings in this thesis are not directly translatable 

to the clinic, furthering the understanding of key parameters in the viral lifecycle can help guide 

future work aimed at designing novel therapies for viral infection. Perhaps the most famous 

example of this type of situation is the rapid and successful deployment of vaccines and targeted 

therapies for SARS-CoV-2. The speed at which vaccines were able to be developed and 

employed was highly influenced by decades of fundamental work on human and animal 

coronaviruses, including over a decade of work on the closely related, highly pathogenic human 

coronavirus SARS-CoV. Indeed, immediately following the release of the SARS-CoV-2 

genomic sequence, based on prior studies with coronaviruses it was apparent that the most 

attractive target for the development of vaccine-induced neutralizing antibodies would be the 

spike protein. This certainly turned out to be the case, as illustrated by the remarkable efficiency 

of spike-based vaccines in preventing infection, serious illness, and death. Additionally, 

remdesivir, a highly effective antiviral that quickly became standard of care for those 

hospitalized with COVID-19, had previously been shown to be effective against SARS-CoV, 
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MERS-CoV, bat reservoir CoVs, as well as endemic HCoVs, allowing its rapid re-purposing for 

use as a therapy for SARS-CoV-2 (166–169). Below, I highlight the insights gained from the 

fundamental studies undertaken in this thesis (loss-of-function/viral mutagenesis studies, 

genome-scale loss-of-function studies, and targeted high-throughput loss-of-function studies) 

and discuss potential therapeutic implications of this work. 

5.1 Identifying and characterizing Gag amino acid residues that rescue IP6 deficiency: 

implications for the development of novel HIV-1 capsid inhibitors   

Although nowadays HIV-1 infection can be incredibly well controlled—and even prevented 

entirely (170)—by highly effective antiretroviral treatments, the potential for the virus to develop 

mutations that render it resistant to the current arsenal of antiretroviral therapies warrants 

continued exploration for novel antiretroviral treatment strategies. Indeed, there are multiple 

reports of individuals taking pre-exposure prophylaxis therapy for the prevention of HIV-1 

becoming infected with highly drug-resistant strains of HIV-1 despite treatment adherence (171–

173). Additionally, although rare, there are reports of patients recently diagnosed with HIV-1 

infection failing to respond to antiretroviral therapy due to acquiring a highly multi-drug resistant 

strain and needing to be treated with experimental compounds (174). There is thus an urgent 

need to continue investigating antiretroviral treatment strategies, particularly developing novel 

drugs with different mechanisms of action. 

One potential class of drugs with a different mechanism that could be used to treat HIV-1 

infection are capsid inhibitors, compounds that directly bind the HIV-1 capsid and inhibit 

infection by interfering with vital functions of capsid. One such drug in this class, Lenacapavir 

(GS-6207), has recently shown promise in Phase 1 clinical studies, resulting in a reduction of 

HIV-1 viral load in patients with multidrug resistant HIV-1—highlighting the potential promise 
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of such an approach. (175). Thus, when Dick et al. reported in 2018 that the interaction between 

the ubiquitous cellular polyanion IP6 and specific residues in capsid is required for both HIV-1 

assembly and maturation by stabilizing both the immature and mature lattice, there was rightful 

speculation on the potential utility of inhibiting this interaction as a novel antiretroviral strategy. 

Indeed, such a strategy could be very powerful, as a single intervention would result in multiple 

defects on viral infection  

Our work on passaging defective viruses containing substitutions in the IP6 binding residues 

(R18, K290, and K359) in an attempt to identify second-site revertant mutations thus has critical 

implications on the prospect of targeting the IP6-capsid interaction as a potential novel antiviral 

strategy. For instance, despite several attempts, we were unable to generate revertant mutants for 

HIV-1K290A and HIV-1R18A. The inability to generate revertant mutants for HIV-1R18A and HIV-

1K290A is likely due to more substantial impairment. Indeed, previous groups have shown that 

HIV-1K290A is impaired to a greater extent than HIV-1K359A, potentially because K290 binds the 5 

equatorial phosphates on IP6 while K359 coordinates the single axial phosphate, suggesting a 

greater role for K290 in coordinating IP6 (117). The inability to generate a revertant mutant 

rescuing HIV-1R18A could be explained by functions of this residue in addition to coordinating 

IP6, such as recruitment the cellular protein FEZ1 or as service as a conduit for dNTPs into the 

mature core (117, 176–178). Thus, our work implies that, should novel capsid inhibitors be 

developed that are based on perturbing the interaction between capsid and IP6, those that impair 

the function of the R18 and/or K290 sites should be prioritized, as our data suggests those 

residues will be less prone to mutations that could render the inhibitor ineffective.  

Regarding the K359 residue, we identified a single-site revertant mutation, the stabilizing 

T371I substitution, that rescued replication competence of the IP6-binding-deficient mutant HIV-
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1K359A. Indeed, HIV-1K359A/T371I was fully infectious despite containing the K359A substitution 

that renders VLP assembly unresponsive to IP6 in vitro and which substantially impairs IP6 

incorporation into virions (116, 120). We found no significant reduction in yield of HIV-

1K359A/T371I from IPMK KO 293T cells, in contrast to WT HIV-1. This finding suggests that HIV-

1K359A/T371I is no longer dependent on IP6 or requires substantially lower concentrations of IP6 in 

virus producing cells. An important implication of this finding is that inhibitors of IP6-capsid 

interactions may be rendered ineffective in virions that accumulate a T371I substitution.  

It is important to note, however, that the T371I substitution itself comes at a fitness cost. 

Indeed, this capsid-stabilizing substitution reduces infectivity of HIV-1 by ~1 log when 

introduced into wildtype HIV-1. This data thus implies that the stability of capsid is very tightly 

regulated for optimal infectivity. Interventions that destabilize capsid, such as abolishing 

interaction with IP6 through mutagenesis or ablating the IP6 synthetic machinery, result in 

infectivity defects. Likewise, interventions that result in hyper-stabilization of the capsid, such as 

introduction of the T371I substitution, also impair infectivity. However, stabilizing interventions 

are able to compensate for destabilizing ones and rescue infectivity. This has important 

implications for the design of inhibitors that target capsid-IP6 interactions. For instance, to limit 

the emergence of resistant mutants, small molecules should result in either a stabilization effect 

at both sites or a destabilization effect at both sites. For example, based on our data, an inhibitor 

that results in increased stability at the T371 site should impair infectivity, as should an inhibitor 

that results in decreased stability at the K290/K359 sites. Yet, in either of those situations, 

resistance mutants could emerge that negate the effect, such as mutations that result in 

destabilization at the K290/K359 sites or mutations that result in increased stabilization at the 

T371 site, respectively. However, an inhibitor that results in a stabilizing effect at the T371 site 
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as well as a stabilizing effect at the K290/K359 site (or, likewise, a destabilizing effect at the 

K290/K359 site as well as a destabilizing effect at the T371 site) could result in more substantial 

impairment that is also more resilient to the development of resistance mutations.  

5.2 The broad requirement of VPS29: implications for the development of host-targeted 

therapies as novel antivirals 

In the past few years, there has been widespread adoption of genome-scale CRISPR 

screening technology to perform unbiased assessments of human genes influencing viral 

infection. This has resulted in a considerable growth not only of highly detailed knowledge 

regarding host determinants of viral infection, but also potential novel therapeutic targets. That 

is, pharmacologically targeting host proteins required for viral infection is a potentially attractive 

strategy for the development of novel antiviral therapies. Indeed, in the dozens of genome-scale 

loss-of-function CRISPR screens that have been performed in recent years, many have identified 

genes for which pharmacological inhibitors already exist. For example, several groups reported 

genes involved in cholesterol homeostasis as vital for CoV infection. Two groups independently 

identified genes in the sterol regulatory element-binding protein (SREBP) pathway (20, 21), and 

Wang et al. showed treatment of cells with 25-hydroxycholesterol or PF-429242, both of which 

impair the SREBP pathway, resulted in dose-dependent decreases in Spike-mediated entry of 

pseudoviruses. Likewise, several groups identified PIK3C3 as essential for SARS-CoV-2, 

HCoV-OC43, and HCoV-229E (20–23, 91, 94), and multiple groups observed that PIK3C3 

inhibitors such as Compound-19, PIK-III, autophinib, or SAR405 impaired SARS-CoV-2 

infection as well as HCoV-OC43 and HCoV-229E infection (20, 94). Similarly, in a screen for 

SARS-CoV-2, Israeli et al. found that the transcription factor GATA6 stimulates expression of 

SARS-CoV-2 receptor ACE2, and that the drug Pyrrothiogatain, which inhibits the ability of 
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GATA6 to bind DNA, decreased ACE2 expression and SARS-CoV-2 viral titers  (95). 

Importantly, these types of findings are not unique to screens performed on the coronaviruses. In 

a screen for influenza A virus, Yi et al. identified the guanine nucleotide exchange factor 

CYTH2 as a novel regulator of IAV endosomal entry and showed that pharmacological 

inhibition with the antagonist SecinH3 impaired IAV infection in vitro and protected mice from 

IAV infection in vivo (179). Finally, for Zika virus, Wang et al, identified the plasma-membrane 

localized αvβ5 integrin (ITGB5) as a novel entry factor for ZIKV, and showed through in vivo 

studies showing that treatment of mice with the αvβ5 inhibitor cilengitide resulted in 

significantly decreased ZIKV RNA detected in whole brains of infected mice (24). Although by 

no means an exhaustive list, that several groups performing screens with diverse viruses 

identified genes with available inhibitors that protect against viral infection both in vitro and in 

vivo demonstrates the power of this technique to identify promising targets for novel antiviral 

treatments. 

We identified the retromer complex subunit protein VPS29 as one such potentially promising 

target. We showed that VPS29 was broadly required by diverse coronaviruses, including: HCoV-

OC43, HCoV-229E, HCoV-NL63, rVSV/SARS-CoV-2,  Pangolin-CoV/Gx, Pangolin-CoV/Gd, 

WIV16, as well as the Omicron variant of SARS-CoV-2. Importantly, multiple other groups also 

identified components of the retromer complex (VPS26/VPS29/VPS35) in screens utilizing 

SARS-CoV-2, providing additional support for the robustness of this gene in promoting CoV 

infection  (20, 23, 38, 94). Mechanistically, we showed that vesicles in VPS29 KO cells were 

enlarged, deacidified, and had decreased Cathepsin L activity, which resulted in virions 

becoming entrapped therein. Thus, one potential strategy to convert these findings into novel 

therapies is to employ pharmaceuticals that lead to the same net effect on the cell: namely, 
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endosome deacidification. Importantly, for CoV infection, since fusion between viral and 

endosomal membranes is prompted by structural rearrangements following exposure to low pH 

and proteolytic cleavage, and the activity of the endosomal proteases themselves also require 

exposure to low pH, the effect of endosome acidification on CoV entry is likely multifactorial. 

This makes perturbing this process as a novel antiviral strategy particularly attractive, as a single 

intervention could result in multiple, distinct inhibitory effects on the viral lifecycle. However, 

while inhibitors of the proton pumps in the endosomal membrane that regulate endosome 

acidification, known as V-ATPases, do exist, their clinical utility is limited by substantial 

toxicity (180). Therefore, a more attractive therapeutic strategy may be specifically perturbing 

the function of the retromer complex, which could result in viral inhibition without extensive 

non-specific and toxic effects on the cell. Indeed, although the low potency and specificity of 

known retromer inhibitors has limited the utility of these compounds as treatments, very recent 

reports of novel retromer inhibitors with nanomolar affinities and high specificity warrants 

further exploration of these compounds as potential novel antiviral drugs (181–185). 

This highlights, of course, perhaps the most significant barrier to the clinical development of 

host-targeted antiviral drugs: the challenge of balancing impairing viral processes with 

minimizing adverse effects caused by disruption of fundamental biological processes. One 

advantage of utilizing loss-of-function CRISPR screening to identify potential host targets is that 

genes essential to the survival of the cell are effectively removed from consideration, as cells 

harboring guides targeting these genes will not survive to be placed under selection. 

Nevertheless, many of the genes and pathways hijacked by viruses to complete their lifecycle are 

components of essential organismal processes, making it difficult to target these processes 

without completely altering normal physiology. For instance, as nearly every screen performed 
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on the human coronaviruses identified genes involved in heparan sulfate proteoglycan 

biosynthesis, interfering with this process would appear to be a very attractive strategy with 

unparalleled broad-spectrum antiviral activity. However, cell surface heparan sulfate is vital for 

normal physiology, in particular the anticoagulant properties of vascular endothelial cell surface 

heparan sulfate. Thus, the risks associated with indiscriminately perturbing such a vital process 

very likely outweigh the potential benefits of antiviral activity. A potential strategy to overcome 

these limitations is rational design of host-directed therapies to maximize impairment of viral 

processes while minimizing effects on host physiology. For example, Clausen et al. showed that 

non-anticoagulant derivates of heparin (the pharmacological analog of heparan sulfate) impair 

SARS-CoV-2 infection, potentially illustrating a promising strategy of targeting viral infection 

without dramatically altering normal physiology (16). While additional work is needed to 

determine the clinical utility of such strategies, I believe this approach deserves consideration as 

a potentially promising strategy for novel host-directed antiviral approaches. 

5.3 PLEKHA4 as a potent inhibitor of HIV-1 entry: implications for the development of 

HIV-1 entry inhibitors. 

As discussed in section 5.1, although highly effective antiretroviral therapy exists for patients 

living with HIV-1, the emergence of multidrug resistant strains of HIV-1 highlights the urgent 

need to continue developing novel antiretroviral treatments, particularly those with different 

mechanisms of action. Furthermore, >1 million people per year acquire HIV-1 infection, 

highlighting an urgent need for novel prevention strategies (186). One universal step of the viral 

lifecycle that could be targeted pharmacologically for both treatment and prevention is viral 

entry into target cells. Targeting this step of the viral lifecycle is a particularly attractive 

candidate for novel antiviral approaches, as entirely preventing viral entry would prevent cellular 
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changes and immune activation resulting from the cytosolic presence of viral genetic material, 

which is associated with cytotoxicity and morbidity. There are currently four FDA-approved 

medications that prevent HIV-1 entry: Enfuviritide (T-20), which inhibits membrane fusion, the 

CCR5-antagonist Maraviroc, which prevents association of the HIV-1 envelope with the CCR5 

coreceptor, the anti-CD4 monoclonal antibody Ibalizumab, which prevents HIV-1 binding with 

the CD4 receptor, and the Env-binding drug fostemsavir, which prevents the interaction between 

Env and cell-surface receptors (49, 187–189). Additionally, the HIV-1 envelope glycoprotein has 

received intense interest as the antigenic target of HIV-1 vaccines.  

However, due to intense genetic variation and heavy glycosylation of the HIV-1 envelope, 

attempts to elicit neutralizing antibodies that protect patients from acquiring HIV-1 have thus far 

been unsuccessful, and the development of efficacious HIV-1 vaccines remains elusive (190). 

Thus, additional interventions aimed at preventing HIV-1 entry into cells are urgently needed. To 

gain more insight into potential strategies to inhibit HIV-1 entry, I performed targeted genetic 

screens in a cell line where HIV-1 entry was dramatically inhibited by IFNa in order to identify 

gene(s) mediating this effect. I identified one such gene, PLEKHA4, which dramatically inhibits 

HIV-1 infection in an envelope-dependent manner. Further mechanistic follow-up revealed that 

PLEKHA4 modifies the property of the extracellular matrix, and different HIV-1 envelopes are 

differentially sensitive to these modifications. It remains, however, unclear exactly how 

PLEKHA4 alters the composition of the extracellular matrix, and what exact biophysical 

properties of the HIV-1 envelope dictate this phenotype. One potential explanation is that 

PLEKHA4 decreases the expression of cellular adhesions glycoproteins that serve as cofactors 

for particular HIV-1 envelopes. This would result in a decreased binding and entry efficiency of 

HIV-1 envelopes utilizing these proteins as cofactors. Another potential explanation is that a 
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PLEKHA4-mediated decrease in plasma-membrane expression of adhesion proteins alters 

downstream signaling pathways influencing cytoskeletal dynamics. This could influence the 

dynamics of receptor-mediated viral entry, which may vary based on envelope. Alternatively, 

such alterations could impact cell motility or cell-cell interactions, leading to varying effects on 

viral entry. Future work is needed to resolve which possible effect(s) most influence viral entry. 

Studying the basic mechanisms of how antiviral proteins are able to inhibit infection can be 

informative for the development of novel antiviral approaches. For example, in this case, the cell 

has already evolved a highly potent mechanism to inhibit HIV-1 entry. Although additional work 

is needed to precisely clarify the effect of PLEKHA4 on the extracellular matrix and the 

properties of the HIV-1 envelope that confer sensitivity to this, this information could be very 

informative in guiding new strategies to inhibit HIV-1 entry. For instance, understanding how 

these modifications to the extracellular matrix block HIV-1 entry can guide the rational 

development of small molecule inhibitors that mimic this effect and thus provide a novel 

pharmacological strategy to prevent HIV-1 entry. Furthermore, additional clarification regarding 

why some HIV-1 envelopes are sensitive to inhibition by PLEKHA4 and the cellular effects it 

produces while some envelopes are resistant to these effects could provide additional insight on 

how to exploit this property therapeutically. For instance, what is it about the biophysical 

properties of envelopes that are resistant to inhibition by PLEKHA4 that confers this resistance? 

Perhaps particular amino acid residues within these envelopes—or specific modifications that 

occur at these residues—allow the virus to circumvent this inhibition. In this case, it is therefore 

conceivable that molecules aimed at negating this effect while also mimicking the effect of 

PLEKHA4 could yield a drug with broad-spectrum activity against diverse HIV-1 envelopes. 

Another possibility is that PLEKHA4-sensitive envelopes utilize a different subset of specific 
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cofactors on the cell surface than PLEKHA4-resistant envelopes do. Understanding what it is 

about the HIV-1 envelope that results in this effect could prompt the design of compounds aimed 

at blocking these interactions as novel antiviral approaches. Regardless of which exact scenario 

is ultimately responsible for this effect, the knowledge that PLEKHA4 can robustly inhibit 

several strains of HIV-1 warrants the consideration of attempting to recapitulate this phenotype 

as a novel antiviral strategy.  

5.4 Conclusion 

In this thesis, I employed diverse approaches to gain additional mechanistic insight into host-

viral interactions using HIV-1 and the human coronaviruses as model systems. These 

fundamental studies are critical for furthering our understanding of the basic principles of viral 

infection in human cells, a critical first step in the identification of potential targets for novel 

antiviral strategies. For each technique I employed, I have reviewed the rationale for each 

approach, summarized the key findings obtained, and discussed the potential relevance for the 

development of novel antiviral therapies. I believe the implications of these findings deserve 

consideration in the field as potentially applicable to the development of additional strategies to 

reduce the burden of viral disease. 
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Materials and Methods 

Cells and media 

HEK-293T (H. Sapiens; sex: female), A549 (H. Sapiens; sex: male), HT1080 (H. Sapiens; 

sex: male), MDCK (Canis familiaris) and Vero cells (Cercopithecus aethiops) were obtained 

from ATCC, and Huh7.5 cells (generously provided by Charles M. Rice) were maintained at 

37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 

10% fetal bovine serum. NHBE cells (H. Sapiens) were obtained from ATCC (Cat# ATCC 

PCS-300-010) and maintained at 37°C and 5% CO2 in Airway Epithelial Cell Basal Medium 

(ATCC PCS-300-030) supplemented with Bronchial Epithelial Cell Growth Kit (ATCC PCS-

300-040). MT4 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium 

(Gibco) supplemented with 10% fetal calf serum and gentamycin. Cells were maintained at 37°C 

and 5% CO2. All cells were assessed for Mycoplasma contamination. All transfections with viral 

plasmids were performed with polyethyleneimine. 

HIV-1 and SIVmac239 viral stock production 

293T cells were seeded at 6 x 106 cells per 10cm dish and transfected the next day using 

polyethylenimine. 8 hours post transfection, cells were placed in fresh medium. For generation of 

full-length virus, 293T cells were transfected with 15 μg of proviral plasmid. For generation of 

imaging constructs, 293T cells were transfected with 6μg of proviral plasmid, 6μg of SYN-GP, 

and 1.2 μg of VSV-G. At 48 hours post transfection, supernatants were harvest and passed 

through a .22μM filter. Titer of full-length infectious viruses was determined by serial dilution 

on MT4 cells. At 48 hours post infection, cells were fixed with 4% PFA and assessed via flow 

cytometry. Titer of imaging constructs was determined by serial dilution on TZM-bl cells. 48 
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hours post infection, cells were fixed with 0.5% glutaraldehyde and stained with X-gal to 

visualize number of infected foci.  

Production of HCoV and rVSV stocks 

HCoV-OC43 (strain: ATCC VR-759) and HCoV-229E (strain: ATCC VR-740) were 

obtained from Zeptometrix Corporation, and HCoV-NL63 (strain: Amsterdam I) was obtained 

from the Biodefense and Emerging Infections Research Resources Repository. Viral stocks were 

generated by propagation on Huh7.5 cells. The IAV strains A/WSN/33 was propagated in 

MDCK cells. RSV strain A2-line19F expressing the red fluorescent protein monomeric Katushka 

2 (mKate2;(191)) was propagated in Vero cells. Adenovirus 5 was purchased from ATCC (VR-

1516) and propagated in A549 cells. VSVIND(eGFP) was propagated on 293T cells (192). The 

replication-competent chimeric recombinant vesicular stomatitis virus encoding SARS-CoV-2 S 

and green fluorescent protein (eGFP), rVSV/SARS-2/GFP2E1, has been described previously 

(193) and was propagated on 293T-ACE2 cells. rVSV/EBOV-GP was obtained from Kartik 

Chandran (151) and was propagated on Vero cells. To generate rVSV/SARS-CoV-2NG-P, the 

spike CDS was reverse transcribed and PCR amplified from rVSV/SARS-2/GFP2E1 using 

primers: P-NG-2E1-S-MluI_F: 

MLUAGAGATCGATCTGTTTCCTTGACACGCGTATGTTTGTGTTCCTGGTGCTGCTGCC

A and P-NG-2E1-S-NotI_R: 

AACATGAAGAATCTGTTGTGCAGGGCGGCCGCCTTACAACAGGAGCCACAGGAA. 

The resulting fragment was ligated into VSV NG-P (194) plasmid linearized with MluI and NotI 

using T4 ligase (NEB). Rescued rVSV/SARS-CoV-2NG-P was propagated on 293T-ACE2 cells. 
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Genome-wide CRISPR KO screening 

The human genome-wide Brunello Library (131) in lentiCRISPRv2 was obtained from 

Addgene (cat# 73179) and amplified according to depositor’s instructions. Resulting plasmid 

DNA was validated via NGS sequencing to confirm appropriate coverage and representation (the 

resulting library contained 0.0% undetected guides and a skew ratio of the top 10% represented 

guides to the bottom 10% represented guides was 3.94, well below the recommended cutoff of 

10 for an “ideal” library (153)(153)). To generate lentiviral preparations of the Brunello library, 

293T cells (6 x 106 cells per 10 cm dish) were transfected with 6µg lentiCRISPRv2-Brunello, 

6µg NL-gagpol, and 1.2 µg VSV-G using PEI. 48 hours post transfection, supernatants were 

pooled and concentrated using Amicon Ultra Centrifugal Filters. Concentrated lentiviral preps 

were stored at -80°C and titrated on A549 cells based on puromycin resistance. Briefly, 10-fold 

serial dilutions (from 10-1 to 10-6) were used to transduce 40,000 A549 cells in a 24 well plate 

format. 48 hours post transduction, cells were trypsinized and moved up to 6 well plates in the 

presence of 1.25 µg/mL puromycin. 9 days post transduction, cells were fixed, stained with 

Crystal Violet, and stained foci were counted to measure the number of cells surviving selection 

(i.e. those that were transduced with lentiCRISPRv2 harboring a puromycin resistance cassette). 

To perform the screen, 1.3 x 108 A549 cells were transduced with lentiCRISPRv2-Brunello at an 

MOI of 0.3 in order to generate a population of single KO cells at high (>500X) coverage. Two 

days post transduction, cells were placed in selection with 1.25 µg/mL puromycin and passaged 

for 7 days, until there were no untransduced cells remaining. Thereafter, in triplicates with 8x106 

cells per flask, A549-Brunello cells were infected or not with HCoV-OC43 at an MOI of 0.1, and 

passaged for 7 days until >95% infection-induced cell death occurred. Cellular gDNA was 

isolated using Zymogen Quick-DNA Midiprep Plus Kit (Zymo Research), and sequencing 
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libraries prepared via amplication of sgRNA loci utilizing F primers containing P5 and Read 1 

Sequencing Primer and a R primer containing P7, a barcode, and the multiplexing Index Read 

Sequencing Primer, as described in Joung et al, 2017. Resulting libraries were gel purified, 

pooled, and sequenced on the Illumina HiSeq at Genewiz using 80 cycles of Read 1 (Forward) 

and 8 Cycles of Index 1 using standard Illumina sequencing primers. 

Generation of SIV-CRISPR ISG screening library 

To identify ISGs in MT4-R5 cells, 1 × 106 MT4-R5 cells were treated or not in 3 

biological replicates with 1000U/mL. 24 hours after treatment, total RNA was isolated using the 

Nucleospin RNA isolation kit (Machery Nagel). RNA-seq libraries were prepared from total 

RNA using poly(A) enrichment and sequenced on Illumina NextSeq High Output flow cell with 

1x75 bp read length. Differential gene expression analysis of RNA-seq data was performed using 

DESeq2 (195). An ISG was defined as all genes having a log2FC > 1 and a padj <0.05. We 

constructed a library of sgRNAs that includes 8 unique sgRNAs per ISG. To do so, we searched 

and compiled sgRNA sequences from previously published genome-wide KO libraries. We 

started with the Brunello library, which is based on some of the most recently updated and 

improved algorithms (131). Next, sgRNA sequences were added at random from the GeCKO 

library, up to 8 unique sgRNAs for each gene (196). For genes in which 8 unique sequences 

could not be obtained from a combination of the Brunello and GeCKO libraries, additional 

sgRNA sequences were added from the Lander/Sabatini and Moffat libraries (197–199). For 

genes in which 8 unique guides could not be obtained from these libraries—a total of 138 

genes—sgRNA sequences were de novo designed using the Broad Institute’s GPP sgRNA 

designer (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). Finally, 200 

non-targeting controls (NTCs) were added from the GeCKO library. Our resulting library 
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contained 7,864 unique sgRNA sequences which were synthesized in a bulk pool by Twist 

Biosciences. To generate a screening vector, we repaired the self-inactivating ΔU3 3’ LTR of 

lentiCRISPRv2 with the full 3’ LTR sequence of SIVmac239. Additionally, we replaced the 

HIV-1 based 5’ LTR, packaging signal, and rev-response element with the equivalent sequences 

from SIVmac239. Finally, we included a truncated SIVmac239 Gag sequence, as previous work 

in our lab has demonstrated that this increases packaging efficiency of viral RNA in VLPs (data 

not shown). The bulk oligo pool library was amplified with primers Array_F: 

TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACA

CCG and Array_R: 

ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA

AC and cloned into BsmBI-digested SIV-CRISPR using Gibson assembly. Ligated products 

were electroporated into ElectroMAX™ Stbl4™ Competent Cells (Invitrogen cat# 11635018) 

according to manufacturer’s instructions and grown overnight on bioassay dishes (Thermo cat# 

166508) at 30 degrees Celsius. The next day, colonies were scraped, pooled, and DNA was 

isolated using the NucleoBond Xtra Midi EF kit (Machery Nagel cat# 740420.50). The resulting 

SIV-CRISPR ISG library was deep sequenced to confirm adequate representation and contains 

7863 of the 7864 desired sgRNA sequences. The percentage of perfectly matching guides was 

94.4%, and the skew ratio of the top 10% represented guides to the bottom 10% represented 

guides was 2.66 (per established protocols, an ideal library has >70% matching guides and a 

skew ratio of <10) (153).  

SIV-CRISPR ISG CRISPR screening 

A large-scale preparation of the library was created by packaging the SIV-CRISPR ISG 

Library into VLPs using the SIVmac gag-pol packaging plasmid SIV3+ and the pseudotyping 
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envelope VSV-G (200). VLPs were then titered using Blasticidin resistance on TZM-bl cells. 

MT4-R5 cells were transduced with SIV-CRISPR ISG Library at adequate coverage (>500x per 

sgRNA) and a low MOI (0.3) in order to generate a large population of MT4-R5 cells with single 

SIV-CRISPR integrations. Following selection in Blasticidin to remove untransduced cells, cells 

were treated or not in triplicate with 100U/mL IFNa. 24 hours after treatment (or lack thereof), 

cells were infected with SIVmac239 at an MOI of 0.5. Three days post-infection, cells were 

pelleted and supernatant containing packaged SIV-CRISPR was harvested. From the supernatant, 

virions were pelleted and viral RNA (vRNA) was extracted from pelleted virions. After reverse 

transcription into cDNA, sgRNA cassettes from the packaged SIV-CRISPR genomes was 

amplified with barcoded primers containing Illumina adapters and sequenced using the Illumina 

NextSeq Platform, as described previously (153). The relative enrichment of sgRNA sequences 

in the vRNA from IFNa treated cells was analyzed using the model-based analysis of genome-

wide CRISPR/Cas9 knockout (MAGeCK) statistical package (132).  

Generation of CRISPR KO cell lines 

sgRNA sequences were cloned into lentiCRISPRv2 bearing either a Blasticidin, 

Hygromycin, Puromycin, or Neomycin resistance cassette digested with BsmBI. lentiCRISPR v2 

was a gift from Feng Zhang (Addgene plasmid # 52961; http://n2t.net/addgene:52961; 

RRID:Addgene_52961). VLPs were generated by transfecting 1 × 106 293Ts/well with 1 µg 

lentiCRISPRv2, 1 µg of Gag-Pol, and 0.2 μg of VSV-G. Media was changed 8 hours post 

transfection and at 48 hours post transfection, VLPs were harvested and passed through 0.22 μM 

filter. Target cells were transduced with lentiCRISPRv2 VLPs bearing sgRNA sequences or an 

empty control and placed in selection until no untransduced cells remained. Editing was verified 

by amplifying and sequencing target loci. Single cell clones were obtained by limiting dilution 



 100 

and assessment of clonality was verified using Synthego ICE, which identifies Indel frequency in 

Sanger sequencing data (Synthego Performance Analysis, ICE Analysis. 2019. v2.0.). sgRNA 

sequences: 

IPMK g1 5’-ATGTACGGGAAGGACAAAGT-3’ 

IPMK g2 5’-GGTGGACTCGATCGCCGGTG-3’ 

IPMK g3 5’-CCGGCCACCTGATGCGAGAG-3’ 

CCDC22 5’-CCGCAGGGTTGATCACACGC-3’ 

CCDC93 5’-TAGAATCCAAAGCTGATCCA-3’ 

COMMD3 5’-CTTGAAACATATCGACCCAG-3’ 

VPS29 5’-GGACATCAAGTTATTCCATG-3’ 

WDR81 5’-CGTGGACCCAATCTAGCACG-3’ 

WDR91 5’-GTAGCTCCAATAATCCCGAA-3’ 

HERPUD2 5'-TTGCCCATCATTGTTAACTT-3' 

ZNFX1 5'-CATGTTGTGGACAAATACCA-3' 

EPB41L5 5'-CTAAGTCCATCATCACGTGT-3' 

HERC6 5'-AAAATAATACAAGTTTCCTG-3' 

PLEKHA4 5'-GACATCAATGCGACTCAACG-3' 

PLA2G2D 5'-GGTGTGATTCCAATCCAGGG-3' 

DDIT4 5'-TGAGCGCGGCGGCCGATCTG-3' 

SDK2 5'-CACCGTTGACAGGATGACAA-3' 

MRAS 5'-CAACCTCCCCACATACAAGC-3' 

RHPN1-AS1 5'-ATGCTTCCAAAGTTCACACT-3' 

ZNFX1 5’-CATGTTGTGGACAAATACCA-3’ 
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PIK3R6 5’- TCTGGTACCACGGGTCTACG-3’ 

 

Generation of IP6 binding-null mutants 

All full-length proviral plasmids used in this study were based on the HIV-1 clone NHG, a 

previously described HIV-1 clone that encodes GFP in place of Nef (Accession number: 

JQ585717). Mutant viruses were derived from this parental plasmid using primer mutagenesis 

with fragments assembled into NHG digested with SpeI and SbfI using NEB HiFi DNA 

Assembly Master Mix according to the manufacturer’s instructions. Primers used for 

mutagenesis include: K359A F: 5’-CCGGCCATGCTGCAAGAGTTTTG; K359A R: 5’-

CAAAACTCTTGCAGCATGGCCGG; T371I F: 5’- 

GCAATGAGCCAAGTAATAAATCCAGCTACC; T371I R: 5’- 

GGTAGCTGGATTTATTACTTGGCTCATTGC; P289S F: 5’- 

CATAAGACAAGGAAGTAAGGAACCCTTTAGAG; P289S R: 5’-

CTCTAAAGGGTTCCTTACTTCCTTGTCTTATG; R57G F: 5’-

TCAAAGTAGGACAGTATGATC; R57G R: 5’- GATCATACTGTCCTACTTTGA. The 

imaging construct HIV-1 NG was derived from NL4-3.  The region of NL4-3 encoding Pol was 

deleted from bp 2294-4813 and a unique XbaI was added at bp 2301; Vpu was deleted and Env 

was truncated by removing bp 6056 – 7250 inserting NheI at 6056.  These deletions and 

restriction sites were created through overlap PCR and cloned into NL4-3 via SphI and NheI 

(NL4-3 BssHII 5’- GCTGAAGCGCGCACGGCAAGAGGCG 5’- 

CTGAAGCGCGCACGGCAAGAGGCGAGG and dPol Xba AS 5’-

CTACTATTCTTTCCCCTGCACTCTAGACTACTACTTTATTGTGACGAGGGGTCGC; 

dPol Xba S 5’-



 102 

GCGACCCCTCGTCACAATAAAGTAGTAGTCTAGAGTGCAGGGGAAAGAATAGTAG 

and dVpudEnv NheI  AS 5’-CTCCTCGCTAGCGTACTACTTACTGCTTTGATAG).  The 

sequence encoding neon green (NG) was codon optimized to have nucleotide composition and 

codon usage similar to that of Pol using the Codon Optimization On-Line Tool from Singapore 

University (http://cool.syncti/org) and was synthesized by GeneArt.  Neon Green was fused into 

the p6* frame of Pol through overlap PCR and inserted via SphI and XbaI (NL4-3 SphI 5’ 

AGTGCATGCAGGGCCTATTGCACC, Pol-NG AS 5’-

CATGTTATCCTCCTCGCCCTTGCTCACCATCTTTATTGTGACGAGGGGTCGCTGCCA; 

Pol-NG S 5’-

TGGCAGCGACCCCTCGTCACAATAAAGATGGTGAGCAAGGGCGAGGAGGATAACAT

G, NG XbaI 5’-CTCCTCTCTAGACTACTTGTACAGCTCGTCCATGCCCAT).Mutagenesis 

of this construct was accomplished using the same primers as above. 

Single cycle infectivity assays from IPMK-KO 293T cells 

WT control or IPMK KO 293T cells were seeded at 2.5 x 105 cells/well in a 24 well plate and 

transfected with 625 ng of HIV-1WT, HIV-1K359A, or HIV-1K359A/T371I proviral plamids. Virions 

were prepared as above and titrated on MT4 cells. 24 hours post infection, Dextran Sulfate was 

added (50µg/mL) to limit infection to a single round. 48 hours post infection, cells were fixed 

with 4% PFA and assessed via flow cytometry. 

Spreading replication assays of IP6-binding null mutants 

5 x 104 cells per well were seeded in a 96 well plate and infected at an MOI of 0.001. 16 

hours post infection, cells were washed three times and placed in 5µM BVM or DMSO control. 

Supernatants were collected at indicated timepoints, and levels of reverse transcriptase were 

quantified using the SYBR-PERT assay as previously described (201). 
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Western blot analysis of HIV-1 virions 

293Ts were seeded 5 x 105 cells/well in a 12 well dish and transfected the next day with 

1.25µg proviral plasmid. 48 hours post transfection, cell lysates and virions pelleted through 

20% sucrose (14,000xg for 90 minutes at 4°C) were separated on a NuPage 4-12% Bis-Tris Gel 

(Invitrogen) and subsequently blotted onto a nitrocellulose membrane. Blots were blocked with 

Intercept Blocking Buffer (Li-Cor) and probed with primary antibody along with a 

corresponding IRDye 800CW- or IRDye 680-conjugated secondary antibody. Images were 

acquired using an Odyssey scanner (Li-Cor Biosciences). HIV-1 CA was detected using a human 

monoclonal anti-p24 (NIH AIDS Reagent Catalog #530). 

Imaging of HIV-1 assembly 

5x104 TZM-bl cells per well were plated in a Lab-Tek Chamber Slide and infected the 

following day with indicated imaging construct at an MOI of 1. For fixed samples, cells infected 

in the presence or absence of 5µM BVM were fixed 48 hours post infection and imaged on a 

DeltaVision OMX SR imaging system using a 60X Widefield oil immersion objective 

(Olympus) with an exposure time of 50ms, 10% Transmission, A488 nm laser. For live-cell 

samples, image acquisition began 26 hours post infection, with cells placed in the presence or 

absence of 5µM BVM at the time of image acquisition. Images were acquired at 37°C, 5% CO2 

at indicated timepoints using a 60X Widefield oil immersion objective with an exposure time of 

45ms, 5% Transmission A488 nm laser. For TIR-FM, cells were imaged approximately 28-30 

hours post infection in the presence or absence of 5µM BVM at 37°C, 5% CO2.  Images were 

acquired every 1 min for 90 min using a 60X RING-TIR-FM objective (Olympus Apo N 60X 

1.49 Oil) with an exposure time of 100 ms, 10% Transmission A488 nm laser. Representative 

images were acquired, and all images were analyzed using Fiji (https://fiji.sc/). Briefly, images 



 104 

were auto thresholded and Gag-NG punctae quantified using the Analyze Particles function in 

Fiji. Reported is the mean ± SD for displayed images (n=2 per condition). 

Pathway analysis of genome-wide KO hits 

All 34 candidate genes were searched using the STRING database (https://string-db.org) for 

functional enrichment of protein-protein interactions using default settings, except the minimum 

required interaction score was changed from medium confidence (0.400) to high confidence 

(0.700). Subsequently, genes were annotated with UniProt keywords (https://uniprot.org)    

Respiratory virus infectivity assays 

A total of 1x104 cells per well were seeded on a 96-well plate in triplicate. The next day, cells 

were infected with each virus at an MOI of ~0.3. For HCoV-OC43, HCoV-NL63, and HCoV-

229E, infected plates were incubated at 34ºC for 24 hours. For rVSV/SARS-CoV-2, infected 

plates were incubated at 37ºC for 16 hours. Cells were then fixed in 4% PFA. For rVSV/SARS-

CoV-2 and RSV, which encode eGFP and mKate2 reporter genes respectively, number of 

infected cells were measured directly by flow cytometry. Otherwise, cells were immunostained 

for viral antigens. Briefly, cells were blocked with 5.0% fetal bovine serum in PBS and 

permeabilized with 0.5% Saponin before a 30 minutes incubation with: HCoV-OC43: Anti-

Coronavirus Group Antigen Antibody, nucleoprotein of OC-43 (1:1000, Sigma MAB9013); 

HCoV-NL63: Anti coronavirus NL63 (1:1000, Eurofins M.30.HCo.B2D4); HCoV-229: Anti 

coronavirus 229E (1:1000, Eurofins M.30.HCo.B1E7); IAV: Influenza A NP Antibody, FITC 

(1:50, Invitrogen MA1-7322); Adenovirus: Adenovirus Hexon Antibody, FITC (1:50, Invitrogen 

MA1-7329). For unconjugated primary antibodies (HCoV-OC43, HCoV-NL63, and HCoV-

229E), a secondary antibody conjugate AF-488 Goat anti-Mouse IgG (H+L) (1:1000, Thermo) 

was used before infected cells were enumerated via flow cytometry. 
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siRNA screening of VPS29 interactors 

A list of well-known VPS29 interactors ((141)) was selected and used to construct a targeted 

siRNA library constructed of a pool of four different gene specific siRNA sequences (ON 

TARGETplus SMARTpool siRNA, Dharmacon).  

siRNA transfection 

siRNAs were reverse-transfected with 5x103 HT1080-ACE2 using RNAiMAX (Thermo 

Scientific) according to the manufacturer’s protocol. Two- or three-days post transfection, cells 

were infected at an MOI of ~0.3 and processed as above.  

VPS29 reconstitution experiments 

A VPS29 coding sequence containing silent mutations in the sgRNA targeting sequence was 

purchased from IDT and cloned into CSIN using NEBuilder HiFi DNA Assembly (NEB).  The 

VPS29I91D and VPS29L152E derivates were obtained via PCR mutagenesis using primers I91D F: 

GGTCACCAAGTAGATCCTTGGGGA, I91D R: TCCCCAAGGATCTACTTGGTGACC, 

L152E F: CCATCATTTGTGGAGATGGATATCCAGGC, L152E R: 

GCCTGGATATCCATCTCCACAAATGATGG. Resulting constructs, including an empty 

vector CSIN used as a control, were used to transduce single cell clones obtained from bulk EV 

or VPS29 KO HT1080-ACE2 via limiting dilution. Infectivity assays on the resulting cell lines 

were performed as above. 

HIV-1/Nanoluc CoV Pseudotype Assays 

To generate HIV/Nanoluc CoV pseudotyped particles, 5x106 293T cells were plated in 10mL 

growth medium in a 10-cm dish. The next day, 7.5 µg pHIV-1NL4-3 ∆Env-NanoLuc and 2.5 µg 

indicated CoV spike plasmid were transfected using PEI. Media was changed after 8 hours of  

incubation. After 48 hours post transfection, supernatant was harvested, passed through a 0.22-
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µm polyvinylidene fluoride syringe filter (Millipore; SLGVR33RS), aliquoted, and stored at -

80ºC. To perform nanoluc assays with the resulting HIV/Nanoluc CoV pseudotyped particles, a 

total of 1x104 HT1080-ACE2 WT or VPS29 KO cells per well were plated in triplicate in a 96-

well plate. The next day, ~1x103 infectious units of HIV/Nanoluc CoV pseudotyped particles 

were added to cells and incubated at 37ºC for 48 hours. Thereafter, cells were harvested for 

Nanoluc luciferase assays using the Nano-Glo® Luciferase Assay System (Promega, Cat# 

N1150). 

Generation of 2x-FYVE mSCAR imaging construct 

The lentiviral expression vector CSIN was derived from CSIB (202) by exchanging the 

Blasticidin resistance cassette with Neomycin. Briefly, primers Neo_CSIB_F: 

AAAAACACGATGATAATATGGCCACAACCAATTGAACAAGATGGATTGCACGCAGG

TTCT and Neo_CSIB_R: 

AGCTTGATATCAAGCTTGCATGCCTGCAGGTCAGAAGAACTCGTCAAGAAGGCGAT

AGAA were used to amplify the Neomycin resistance cassette and assemble into CSIB 

linearized with and BstXI and SbfI using NEBuilder HiFi DNA Assembly (NEB). The 2xFYVE-

mSCAR endosome labeling construct was constructed by adding 2 FYVE domains to the N-

terminus of mScarlett. FYVE domains were PCR amplified from the Hrs protein using primers 

FYVE_1_F: 

ACAGACTGAGTCGCCCGGGGGGGATCCGGCCGAGAGGGCCGCCACCGAGAGCGAT

GCCATGTTTGC, FYVE_1_R: 

GGCAGCAAACATGGCATCGCTCTCGGATCCTCCTCCTCCCTCCGCTTTCCTGTTCAGC

TG, FYVE_2_F: 

CAGCTGAACAGGAAAGCGGAGGGAGGAGGAGGATCCGAGAGCGATGCCATGTTTG
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CTGCC, FYVE_2_R: 

TCACTGCCTCGCCCTTGCTCACCATGGATCCTCCTCCTCCCTCCGCTTTCCTGTTCAG

CT. mScarlett was PCR amplified using primers mSCAR_F: 

AGCTGAACAGGAAAGCGGAGGGAGGAGGAGGATCCATGGTGAGCAAGGGCGAGGC

AGTGA and mSCAR_R: 

GGGGGAGGGAGAGGGGCGGATCAGGCCAGAGAGGCCCTACTTGTACAGCTCGTCCA

TGCC. The resulting fragments were assembled into CSIB linearized with SfiI using NEBuilder 

HiFi DNA Assembly (NEB).  

pHrodo Dextran Endocytosis Assay 

Cells were plated in a Nunc Lab-Tek II Chamber Slide (Thermo) at 5x103 cells per well. The 

next day, cells were transduced with 2xFYVE-mSCAR to label endosomes. 48 hours post 

transduction, cells were treated with pHrodo Green Dextran 10,000 MW (Thermo, cat# P35368) 

at a concentration of 100 µg/mL for 60 minutes. Alternatively, unlabeled cells were treated with 

an equal ratio of pHrodo Red Dextran 10,000 MW (Thermo, cat# P10361) and AF-488 Dextran 

10,000 MW (Thermo, cat# D22910). Thereafter, cells were washed 3X in PBS and placed in 

Live Cell Imaging Solution (Thermo Cat# A14291DJ). For 2x-FYVE labeled cells, images were 

acquired on a DeltaVision OMX SR imaging system using a 60X Widefield oil immersion 

objective (Olympus) with an exposure time of 50ms, 5.0% Transmission for the AF-488 channel, 

an exposure time of 50ms, 10% Transmission for the A568 channel, and an exposure time of 

150ms, 10% Transmission for the DAPI channel. For co-Dextran-treated cells, images were 

acquired on a DeltaVision OMX SR imaging system using a 60X Widefield oil immersion 

objective (Olympus) with an exposure time of 25ms, 10.0% Transmission for the AF-488 
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channel, an exposure time of 50ms, 10% Transmission for the A568 channel, and an exposure 

time of 200ms, 10% Transmission for the DAPI channel. 

Microscopy of rVSV/SARS-CoV-2 infected cells 

Cells were plated in a Nunc Lab-Tek II Chamber Slide (Thermo) at 5x103 cells per well. The 

next day, cells were transduced with 2xFYVE-mSCAR to label endosomes. For rVSV/SARS-

CoV-2NG-P , 48 hours post transduction cells were treated with 5µM E64d (Sigma Aldrich 

E8640-250UG) for 30 minutes, followed by inoculation with rVSV/SARS-CoV-2NG-P at an MOI 

of 2. 60 minutes post infection, cells were washed 3x with PBS and fixed in 4% PFA. 

Alternatively, unlabeled cells were treated with pHrodo Red Dextran and infected with 

rVSV/SARS-CoV-2NG-P for 60 minutes. 60 minutes post infection, cells were washed 3X with 

PBS and imaged in Live Cell Imaging Solution. For cells with 2x-FYVE labeled endosomes, 

images were acquired on a DeltaVision OMX SR imaging system using a 60X Widefield oil 

immersion objective (Olympus) with an exposure time of 50ms, 10% Transmission for the AF-

488 channel, an exposure time of 100ms, 10% Transmission for the A568 channel, and an 

exposure time of 150ms, 10% Transmission for the DAPI channel. For cells with Dextran Red 

labeled endosomes, images were acquired on a DeltaVision OMX SR imaging system using a 

60X Widefield oil immersion objective (Olympus) with an exposure time of 50ms, 10% 

Transmission for the AF-488 channel, an exposure time of 50ms, 10% Transmission for the 

A568 channel, and an exposure time of 200ms, 10% Transmission for the DAPI channel. 

Cathepsin L activity assay 

Cells were plated 2x104 cells per well in a Nunc Lab-Tek II Chamber Slide (Thermo). The 

next day, intracellular cathepsin L activity was detected using the Magic Red Cathepsin L Assay 

Kit (Biorad cat# ICT941). Briefly, cells were incubated in 1X Magic Red and Hoechst 33342 
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Stain for 30 minutes, then washed 3X with PBS before being placed in Live Cell Imaging 

Solution (Thermo Cat# A14291DJ). Images were acquired on a DeltaVision OMX SR imaging 

system using a 60X Widefield oil immersion objective (Olympus) using an exposure time of 

50ms, 10% Transmission for the A568 nm channel and an exposure time of 100ms, 10% 

Transmission for the DAPI channel. 

Cathepsin L localization staining 

The coding sequence of CTSL was tagged with a 3’V5 and cloned into CSIN using 

NEBuilder HiFi DNA Assembly (NEB) with primers CTSL_3’_V5_F: 

ACAGACTGAGTCGCCCGGGGGGGATCCGGCCGAGAGGGCCGCCACCATGAATCCTA

CACTCATCCTTGC and CTSL_3’_V5_R: 

GGGGGAGGGAGAGGGGCGGATCAGGCCAGAGAGGCCTCACGTAGAATCGAGACCG

AGGAGAGGGTTAGGGATAGGCTTACCCACAGTGGGGTAGCTGGCT. Cells stably 

expressing this 3’V5-tagged CTSL were plated in a Nunc Lab-Tek II Chamber Slide (Thermo) at 

5x103 cells per well. The next day, cells were transduced with a construct expressing 2xFYVE-

mSCAR to label endosomes. 48 hours post transduction, cells were fixed in 4% PFA, 

permeabilized with 0.1% triton, blocked with FBS and stained for V5 (invitrogen cat# 46-0705, 

1:1000) and antibody conjugate AF- 488 Goat anti-Mouse IgG (H+L) (Thermo, 1:1000). Images 

were acquired on a DeltaVision OMX SR imaging system using a 60X Widefield oil immersion 

objective (Olympus) with an exposure time of 50ms, 5.0% Transmission for the AF-488 channel, 

an exposure time of 100ms, 10% Transmission for the A568 channel, and an exposure time of 

100ms, 10% Transmission for the DAPI channel. 
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IFNa treatment spreading replication assays  

5 × 104 cells per well were seeded in a 96 well plate and infected at an MOI of 0.001. 16 h 

post infection, cells were washed three times and placed in the presence or absence of 100U/mL 

IFNa. Supernatants were collected at indicated timepoints, and levels of reverse transcriptase 

were quantified using the SYBR-PERT assay as previously described (201).  

IFNa treatment single cycle infection assays 

5 × 104 cells per well were seeded in a 96 well plate and placed in 100U/mL IFNa. 24 hours 

after IFNa treatment, cells were infected at an MOI of 0.3. 48 hours post infection, cells were 

fixed with 4% PFA and assessed via flow cytometry. 

IFNa treatment release assays 

5 × 104 MT4 cells were infected with VSV-G pseudotyped virus at an MOI of 1. 16 hours 

post infection, cells were washed and placed in the presence or absence of IFNa. 48 hours post 

infection, supernatants were harvested and either assessed for RT activity or titered on TZM-bl 

cells. 

Chimeric Env generation 

For ease of cloning and Gibson assembly, fragments of Env were selected at regions such 

that both the 5’ and the 3’ end of the fragment had at least 20 base pairs of 100% homology 

between the NL4-3 Env and the YU2 Env, allowing the same set of primers to be used to 

amplify both the NL43 and YU2 fragment. These primer sequences were: 

1_F AACATATCTATGAAACTTACGG 

1_R TGATATTGAAAGAGCAGTTTTTTAT 

2_F ATAAAAAACTGCTCTTTCAATATCA 
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2_R TAGAATCGCAAAACCAGCCGGGGCA 

3_F TGCCCCGGCTGGTTTTGCGATTCTA 

3_R TTAAAGATTATTGTTTTATTATT 

4_F AATAATAAAACAATAATCTTTAA 

4_R GGCATACATTGCTTTTCCTACTTCC 

5_F GGAAGTAGGAAAAGCAATGTATGCC 

5_R ATAGTGCTTCCTGCTGCTCCCAAGA 

gp41_F TCTTGGGAGCAGCAGGAAGCACTAT 

gp41_R GTGGTAGCTGAAGAGGCACA 

 

Fragments were either amplified by PCR or purchased pre-assembled from Twist 

biosciences, and assembled into an NL4-3 backbone digested with EcoRI and BamHI using NEB 

Builder HiFi DNA Assembly Master Mix.  

Collagenase treatment 

Cells were treated with 200 µg/mL Collagenase from Clostridium histolyticum (Sigma cat# 

C9697) for four hours, after which cells were pelleted by centrifugation at 300xg for 5 minutes 

and placed in fresh media. Virions were titrated on the cells and at 48 hours post infection, cells 

were fixed with 4% PFA and assessed via flow cytometry. 

 
Graphing and statistical analysis 

Graphpad prism 9 software was used to generate all graphs and to carry out all statistical 

analyses. 
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