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Abstract    

 

Traditionally, viral particles have been primarily analyzed as a whole population according to their 

biochemical, genetic, and biophysical properties. Here, we describe single particle phenotypic 

analysis using surface markers found on Murine Leukemia Virus (MLV) by flow virometry. We 

used this technology to show differential incorporation of host surface markers between wild type 

MLV and glycosylated Gag (glycogag) deficient MLV. Moreover, we analyzed differential uptake 

efficiency of host proteins between two cell lines and primary lymphocytes. We hypothesize that 

the phenotypic profiling and quantification of antigens on the surface of individual viral particles 

will provide crucial information on the identity of the infected parental cells.  Furthermore, we 

demonstrate that the MLV accessory protein glycogag is associated with the upregulation of 

surface antigen incorporation during assembly and release. Aside from possible evolutionary 

implications of glycogag, we demonstrate presence and varying antigenic composition on the 

surface of MLV viral particles reflective of the cell phenotype that they were released from.  
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1 General Introduction: 

1.1 Introduction 

 

1.1.1 Viruses 

 

     Viruses are the most abundant and genetically diverse entities in the earth's biosphere. 

Pathogenetic in origin, viruses are cellular parasites incapable of independent replication without 

a suitable host. The first identification and characterization of viruses as infectious agents occurred 

in the 1890s(1). Earlier bacteriophage research and electron microscopy development were 

instrumental in the pursuit of animal viral research (2). 

     Enveloped viruses egress through the host cell plasma membrane, from which they derive their 

lipid envelope and cellular imbedded proteins. Many of these enveloped viruses represent some of 

the deadliest human viruses; the most notable are Influenza, Ebola, Sars-Cov-2 and HIV (3–5). 

1.1.2  Retroviruses 

 

     Retroviruses are a diverse group of enveloped single stranded RNA viruses that infect a wide 

variety of mammals. The hallmark that distinguishes the Retroviradae family of viruses from 

others is that they guarantee their genetic survival through permanent integration of their viral 

nucleic acid in the genome of the cell(6).  The viral RNA is first reverse transcribed to double 

stranded DNA, which is then integrated into the genome. Once localized within the host genome, 

it is termed a provirus. The more notable viruses belong to the Orthoretrovirinae subfamily, which 

is more pathogenetic often leading to severe symptoms such as immunodeficiency, inflammation 

and cellular oncogenic transformation. 

   Human Immunodeficiency type-1 Virus (HIV-1) is one of the most infamous retroviruses; it 

leads to immune cell depletion and acquired immunodeficiency syndrome (AIDS). Since its initial 

discovery in 1983, HIV has afflicted more than 75 million people worldwide, and more than 35 
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million have died as a result of HIV-related causes(7). HIV-1 is a member of the Orthoretrovirinae 

subfamily of the Lentivirus genera. It has been extensively studied since its isolation, yet 

researchers are still on the quest to find a cure. Simian Immunodeficiency Virus (SIV) is the 

retrovirus that naturally infects African Primates and is the virus from which HIV-1 is derived 

from(8). The biggest hurdle in eradicating HIV-1 infection is the establishment and persistence of 

cellular reservoirs that harbor the latent HIV provirus within their genome. Presently, very little is 

known on the identity and anatomical location of these rare dormant cells. Several cell subtypes 

have been suggested to constitute the latent reservoir, with the resting CD4+ T cells being the 

critical majority (9). 

     Murine Leukemia Virus (MLV) is often used as a prototypical mouse reference model to study 

retroviruses such as HIV.  MLV was initially presumed to code for only three essential genes and 

lacked any accessory genes. Consequently, MLV has been extensively studied to understand better 

more complex retroviruses such as HIV-1, HIV-2 and human T-cell lymphotropic virus (HTLV).  

     All genera of Orthoretrovirinae subfamily with the exception of the Lentiviruses have been 

suggested to be oncogenic. In fact, research on the Orthoretrovirinae and associated animal tumor 

viruses led to the Nobel Prize-winning discovery of oncogenes.   

    Approximately 10% of the human and mouse genomes account for endogenous retroviruses 

(ERV). While many ERVs are inactive in humans, ERVs still play an active role in mice to this 

day. In fact, murine ERV presence likely resulted from a retroviral infection and integration in the 

host's germline cells, which guaranteed its genetic survival and propagation to offspring via 

vertical transmission(10). ERV's role as transposable elements led to random integration events 

during cell division and de novo mutations, giving rise to different mouse phenotypes observed 

today (11).  Viral and host immune interplay resulted in ERVs conferring beneficial functions to 
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the murine host defense against exogenous viruses through various functions such as receptor 

interference (12). The majority of murine ERVs share closest homology to exogenous 

Gammaretroviruses, including members of the MLV family (13).  

1.1.3 Morphology and life cycle of HIV-1 

 

     At its core, HIV-1 harbors two genome copies of RNA, viral proteases, reverse transcriptase 

and integrases which are enclosed by an icosahedral capsid and enveloped with a lipid bilayer. The 

viral components are essential for the maturation of the viral particles ensuing their budding, and 

for successful infection of target cells. The viral genome encodes for the three essential genes 

know as group-specific antigen (Gag), polymerase (Pol) and envelope glycoprotein (Env), which 

are conserved sequences among all retroviruses (as reviewed later in more detail). In addition to 

the above, the HIV-1 genome contains a greater number of sequences which encode for additional 

proteins such as: viral infectivity factor (Vif), negative factor (Nef), viral protein U (Vpu), R (Vpr), 

tat and rev. These accessory proteins play several different roles during in vivo infections, such as 

conferring virulent and pathogenetic viral properties. These genes have likely further evolved 

during the cross-species transmission of SIV to humans, which significantly contributed to the 

increase in virulence and pathogenicity of the resulting HIV-1 virus while counteracting several 

human host restriction factors(8).  

     Upon HIV-1 infection in cells, the virus can accomplish two different tasks: actively replicate 

and release progeny or enter a latency state. HIV-1 will begin to transcribe, produce viral proteins 

and replicate leading to the release of progeny and its further propagation to secondary susceptible 

cells, consequently inducing cytopathic effects on the host cell (14, 15). In contrast, retroviruses 

can enter a latent state in which the replication competent virus integrates within the host's genome 

but remains quiescent and transcribes viral protein at a minimal level. The low levels of viral 
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protein transcription go undetected by the host immune system and are less susceptible to 

antiretroviral therapy (ART)(15, 16). Due to the latent HIV provirus's ability to reactivate from its 

dormant state, produce new infectious progeny and infect susceptible cells. The barrier to HIV 

eradication results from the inability to identify this latent cellular reservoir. To further complicate 

the situation, dormant resting CD4+ T cells are scarce. As little as 1 to 10 cells harbor the provirus 

found among one million circulating CD4+ T cells in patients undergoing ART (17).  Yet, this 

latent reservoir is virtually devoid of any robust and definitive biomarkers that distinguish the 

latently infected cells from the uninfected lymphocyte population. 

1.1.3.1 Host Protein Acquisition 

 

       Studies from as early as 1960s demonstrated biologically functional host cellular proteins on 

the surface of enveloped viruses through the means of immunoelectron microscopy(18). However, 

the majority of studies on HIV-1 analyzed the viral glycoprotein on its envelope with the main 

incentive to further our understanding of viral tropism, binding, infectivity and development for 

vaccine designs. Valuable information has been gained by analyzing HIV-1 host derived surface 

antigens and the maintenance of their biological role for viral pathogenesis (5, 19–22).   

     Egress is the final step in the replication cycle. It is mediated by a family of cellular endosomal 

sorting complex required for transport (ESCRT) machinery proteins, which are recruited by Gag 

(23–25). A majority of newly assembled retroviral particles will bud through the cell surface. In 

doing so, they will pick up a portion of the lipid bilayer of the cell and the associated host surface 

markers. This process ensures a highly controlled and specifically executed colocalization,  

incorporation, and assembly of all the virions' structural components (26). However, the 

underlying mechanism that impacts cellular antigen uptake has been under much speculation. 

Several different theories have been postulated, including the passive inclusion model raised by 
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Trembley and colleagues, which suggests the release of viral particles at specific domains highly 

enriched with certain molecules(27). Similar evidence has been illustrated indirectly in other 

observational studies of host derived antigens on the retroviral envelope. In particular, Arakelyan 

et al. stipulates that the cell's phenotype predominantly determines viral envelope's protein 

expression.  These findings imply that the infected cell’s phenotype has a critical role in 

determining the degree of host-derived imbedded proteins in the viral envelope and predominates 

over the role of genetic differences between two HIV-1 variants used in this particular study. This 

is in line with Linde et al. 's findings conducted on HIV-1 derived from macrophages and T cells 

by tandem mass spectrometry and quantitative proteomic analysis(28). Linde and colleagues 

insinuate that despite the conservation of specific host-derived proteins, ultimately, the viral 

phenotype is dictated by the cellular phenotype and direct protein-protein interactions between 

host and viral proteins, however these were only noted to be few. Thus, this results in a broad 

virion phenotypic diversity allowing HIV-1 virions to be incredibly fluid in its protein 

composition. Taken together, these findings support the overarching hypothesis that viral 

phenotype is predominantly determined by the cell type it is produced by. 

    In contrast, many studies have shown that surface cellular antigen uptake is not a passive 

outcome of the viral egress. These observations rather reveal a selective mechanism of 

incorporation as  observed by the extent of viral phenotypic variability and its effect on infectivity, 

adhesion, neutralization and pathogenesis(5, 19, 20, 22, 27, 29, 30). Many of these studies note 

that the concentration levels of antigen expression on the host cell's surface do not necessarily 

correlate to the abundance of the said protein on the viral envelope. For example, CD45 is known 

to be abundantly expressed on a lymphocyte’s cell membrane, covering as much as 10-25% of the 

total surface(31). Thus, if egress mechanisms were passive or random, a significant amount of 
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virion-incorporated CD45 antigens would be observed on the viral envelope; however, this is not 

observed(5). Although the cell type from which the viral particles are released from is an important 

determinant of the viral envelope composition, viral factors may play an active role in influencing 

the marker composition of the envelope. To further add to the undeniable body of evidence, 

conserved host derived antigens have been observed between HIV-1 and SIV, even when released 

by different cell lines. Observations on whether host protein acquisition was virus-specific 

revealed that a set of antigens was conserved between the two viruses, highlighting the possible 

beneficial physiological function of these proteins for downstream infection (19). Taken together, 

this indicates that host protein incorporation is a selective process, modulating the enrichment of 

particular host-derived proteins in the virus membrane and exclusion of others. 

    Although the primary pathway of egress for enveloped viruses is through the host cell plasma 

membrane, both MLV and HIV-1 have been recognized to assemble at the endosomal 

compartment of the cell and bud using multivesicular bodies depending on which cell type they 

egress from (32, 33). Proposed as the Trojan Horse hypothesis, this alternative release mechanism 

could alter the viral envelope's composition. Hence the viral phenotype observed can differ 

depending on the egression pathway.  

      Many different technologies have been used for host-derived proteins detection thus far, the 

most notable one being immunoelectron microscopy which initiated these investigations(2).  

Although these studies have generated a wealth of knowledge on viral biology, viral phenotype 

has been traditionally characterized indirectly and using bulk methodology.  

1.2 Techniques for Viral Characterization 

  

     The primary reason that delayed viral research, compared to other organisms, is their very small 

size.  Animal viruses can range from 20 nanometers (nm) to the larger viruses of up to 400 nm in 
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diameter. Nevertheless, research has come a long way from the earlier viral analysis tools to 

present-day advanced technology and bioinformatics tools. 

      Current methods of detecting and identifying host proteins on viruses' surface include 

immunoelectron microscopy, immunomagnetic capture assays, and mass spectrometry. Research 

on viruses has predominantly focused on viral population analysis, in part due to the relative lack 

of technologies capable of characterizing viruses directly on a single particle level. Furthermore, 

traditional approaches that sought to characterize viruses, such as Western Blots and polymerase 

chain reaction (PCR), analyze all virions within a sample, both defective and infectious particles. 

Since viral stocks can contain both defective and infectious viral particles, this  becomes a 

significant confounding factor, especially since defective particles' protein and genetic content 

may vary and be unrepresentative of the infectious counterparts(34). Bulk analysis methodologies 

lack the required sensitivity to provide critical information on the protein composition, 

characteristics of individual viral particles, heterogeneity of viral populations and presence of 

subpopulations (35). Despite what has been uncovered about cellular heterogeneity, viral particles 

have yet to be analyzed on single-particle resolution and in high throughput fashion, although 

enveloped virions are probably as individualized as the cells they are budding from.   

     Advancements in bioinformatics led to the conceptualization and development of mass 

spectrometry (MS), a tool of tremendous capabilities for high throughput analysis and 

quantification of viral populations. MS has propelled the field of proteomics, functional studies, 

and our understanding of protein-protein interactions with its unparalleled ability to determine 

protein composition, molecular mass, and post-translational modifications. Identification and 

quantification of total viral and cellular protein content associated with a given viral population 

makes MS a powerful tool through the lens of virology research(36). Consequently, MS techniques 



 

 

 

 

 

 

8 

have been applied to identify and quantify total protein content in HIV and MLV studies (28, 37–

39). However, MS is not designed to determine the location of the host-derived proteins on the 

virus or measure the abundance of its incorporation at the single virion level. 

        In contrast, immunomagnetic capture enables protein abundance on the viral envelope to be 

quantified by first binding magnetic particles that target host-derived proteins and the subsequent 

capsid targeted (p24) ELISA readout (5, 19, 20, 22). Although this technique’s sensitivity was 

capable of differentiating HIV virions released from different cell lines, it lacks the capability of 

analyzing incorporation of these cellular constituents on a single particle scale(20, 22). However, 

most immunoassay technologies' detection limits are limited by both the amount of signal 

produced and the level of background fluorescent signal produced by the assay(40). 

     The techniques as mentioned above have their advantages and variations in their degree of 

sensitivity. For example, coupling MS with other analyses can enhance its sensitivity compared to 

immunomagnetic capture assays(41, 42). Nevertheless, the most significant limitation of these 

bulk methods is their inability to analyze viral particles on a single virion scale, consequently 

obscuring sub-populations' phenotype and negating the extent of viral heterogeneity. 

       Before the advent and development of modern flow cytometers, there was a lack of 

appreciation for cell heterogeneity.  Flow cytometry has revolutionized the field of immunology. 

Its capabilities for phenotypic analysis of extracellular and intracellular markers at a single-cell 

level allowed researchers to quantify, differentiate, and characterize different states and subsets of 

cells. Over the last few decades, flow cytometry has become well established and standardized 

among the scientific community, with a multitude of available antibodies. Its high throughput 

capability to measure a multitude of parameters simultaneously, characterizing transition states 

and phenotypic profiling has been instrumental in understanding disease pathogenesis and 
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treatments(43). Flow cytometry techniques have not changed considerably since its development. 

Flow cytometers analyze samples by detecting the light scattering and produced fluorescence in a 

given sample by focusing a stream of particles to an interrogation point intersecting with one or 

more lasers. Thus, the instruments can detect various properties such as relative size, granularity, 

and the emitted fluorescence produced by selective antibodies, which enables the degree of surface 

or intracellular protein expression at a single-cell resolution to be determined.  

1.2.1 Flow Virometry 

 

      In 1978, Hercher et al. designed the first custom cytometer with several modifications that 

allowed for the detection and discrimination of bacteriophages by light scattering properties (44). 

Initiated with Hercher direct viral analysis, quantification and characterization of viruses were 

appealing and booming research venues. Since then, flow cytometry principles have been adapted 

for the analysis of nanoscale particles, such as viruses, a technique coined as flow virometry 

(FVM). The first viral stainings targeting the genome resulted in the successful detection of larger 

DNA viruses(45–47). More so, the field of nanoscale flow cytometry was expanding due to the 

concurrent popularity and recognized importance of extracellular vesicles (EV). EVs have critical 

biological functions and have been observed in both healthy and pathological processes(48). EV 

transfer is one of the forms of intercellular communication in multicellular organisms. EVs can 

range in size between 30 to 1000 nm and have been compared to retroviruses in shared functional 

and structural aspects (48). Presently, FVM remains a multifaceted, rapidly developing, and open-

ended endeavor. Although it has shown significant success in recent years, FVM still faces several 

significant technical challenges, hindering the full deployment of its potential.   

      Conventionally, flow cytometers were designed to analyze cells or particles greater than 500 

nm in diameter. Hence, analysis of much smaller particles, such as retroviruses, presents numerous 
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inherent challenges as they are at the limit of detection or may fall within the background noise of 

conventional flow cytometers. Consequently, it has been shown that even the more sensitive of 

conventional cytometers were incapable of detecting biological particles smaller than 300 nm in 

diameter(49, 50).  In most cases, light scatter properties alone, such as the forward scatter 

traditionally used as a detection trigger to register an event, would be insufficient to distinguish 

viral particles from machine noise or other cellular contaminants(51). Thus, improvements in 

cytometer designs and the addition of new technology have led to the development of state of the 

art cytometers such as the Beckman Coulter CytoFLEX, which enables detection and resolution 

of nanoparticles in the 30-150 nm range by both light scatter and fluorescence at a single particle 

analysis (49). One of the several modifications to the CytoFLEX is that light signals bypass the 

traditionally used filters and are instead directed to their final destination. Furthermore, the use of 

violet side scatter (VSSC), collection of scattered light at an angle of 30-150  relative to the light 

source, decreases background noise and greatly enhances nanoparticle resolution(49). Thus, 

analysis using the CytoFLEX gained unprecedented sensitivity allowing discrimination of viral 

particles like adenovirus and HIV (49). 

    Flow cytometers were initially designed for the analysis of cells. Thus, an analysis of smaller 

particles such as viruses can lead to multiple viruses being analysed at the interrogation point at 

the same time leading to fewer events registered, a phenomenon termed swarm detection. This 

coincidence of viral particle acquisition leads to a decrease in total events but a concurrent increase 

in mean fluorescence intensity (MFI). The concurrent increase in MFI is a predictor of false 

positive events especially in the case of antibody labelling. One method to prevent coincidence is 

by diluting the viral sample; thus, serially diluted samples should maintain a constant MFI but 

have differing viral counts. 
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      In the case of enveloped viruses, identifying the viral envelope proteins is an appealing 

research venture due to their instrumental role in determining viral tropism and antigenic targets 

for vaccine development. Furthermore, quantifying the abundance of the viral glycoproteins on 

the envelope is highly relevant for viral entry during viral-cell fusion (50, 52). However, since the 

viral surface area is 10 000 times smaller than that of a lymphocyte, the relative abundance of 

surface antigen expression is much lower. Size plays an essential role in analyzing these distinct 

biological entities relative to one another: a lymphocyte is roughly 7 𝜇m (larger if activated) 

compared to a retrovirus that falls in the range of 90-150 nm in diameter (45, 53). Consequently, 

the ten-thousand-fold difference in the surface area profoundly impacts the ability to detect the 

virions and surface antigen expression. 

      Lastly, due to many overlapping characteristics with viruses, EV contamination is a significant 

confounding factor in most viral analysis, since they share many similar biophysical characteristics 

and egression pathways(48, 54). Much like retroviruses, EVs incorporate lipid membranes' content 

and the cytosolic portion of their parental cells. Furthermore, microvesicles, one of the EV family 

members, also egress at the surface of the cell(55). Moreover, EVs have also been shown to 

incorporate genomic content and viral proteins when released from infected cells(48). To further 

the narrative, there is no current consensus on a definitive way to distinguish EVs from non-

infectious viral particles, termed virus-like particles (VLP)(56, 57). Thus, analysis of viral 

preparations can lead to false-positive results with traditional analytical methods solely targeting 

viral protein or nucleic acid components(58). Physical or analytical methods of separation have 

been employed to ensure viral purity; however, the former techniques have been proven to be 

labor-intensive and potentially damaging to viral particles (21, 28, 54, 59, 60).  Alternatively, the 

latter method utilized EV markers such as CD45, which is highly expressed on vesicles released 
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from hematopoietic cells, but observed at very low abundance or not at all on HIV virions(5, 19, 

22, 61, 62). Since the overall challenge lies with the inability to characterize viral populations with 

certainty, the use of genetically modified viral structural components (capsid, matrix/tegument, or 

envelope glycoproteins) tagged with a fluorescent reporter marker allows for better discrimination 

of the viral population of interest from background noise and EVs (26, 51, 58, 63–66). However, 

the onus falls on the researcher in ensuring that the chosen tagged viral component is not 

incorporated into EVs. Lastly, some groups directly target the surface viral glycoprotein or nucleic 

acid to resolve fluorescently labeled viral particles from the background(50, 52, 62, 65, 67, 68).  

     Nevertheless, several studies have revealed the power and utility of FVM as an important 

technique in a virologist's toolbox. Although initially used for the overarching purpose of 

enumerating viruses, FVM was employed for viral characterization and was instrumental in 

revealing the extent of viral heterogeneity. For instance, Landowski et al. showed receptor-induced 

conformational changes and differential incorporation of the attachment and fusion viral 

glycoproteins dependant on Nipah's size enveloped viral particles(52). This study also highlights 

that the differential incorporation of the viral glycoproteins allows for better elucidation of viral 

kinetic assay interpretation and entry kinetic phenotype determination. Gaudin et al. further 

showed particle size and glycoprotein concentration on the viral surface correlate to differences in 

infectivity of Junin enveloped viruses through fluorescently activated cell sort (FACS) and 

subsequent functional infectivity assay(50). FACS allows the separation of sub-populations within 

viable cells for downstream functional assays. Gaudin et al. demonstrated sorting of nanoscale 

particles while preserving their biological activity. Furthermore, they reveal that Junin viral 

particles egress at specialized lipid membrane microdomains. Interestingly, the viral particle 
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infectivity is influenced by the decrease in surface abundance of both surface viral glycoprotein 

and host-incorporated  lipid microdomain markers CD9 and Cholera Toxin B(50).  

   Additionally, FVM was employed to assess the differential incorporation of host derived proteins 

LFA-1 and HLA-DR on the viral envelope of HIV-1 virions. Following the previously reported 

high association of the above-mentioned host proteins to HIV virions by bulk analysis, Arakelyan 

et al. confirmed their presence. Most importantly revealed differential antigenic distribution 

among the individual viral particles(62). First, they demonstrated conservation of these select 

cellular antigens among viral particles released from different cell lines as observed by several 

other studies; however they revealed variability in antigenic distribution between these virions(20, 

22, 28). Interestingly, Arakelyan et al.  showed similar host derived antigenic makeup on the viral 

envelopes between two different HIV-1 genotype variants.  

     In a later study, Arakelyan et al. put an end to the debate whether HIV-1 can express either 

functional, defective or both Env glycoproteins on its viral envelope. They demonstrated that most 

HIV-1 particles carry either conformation on their viral envelope. These findings have critical 

implications on the type of neutralizing antibodies generated and on the development of 

prophylactic strategies(69).  

     Similarly, Bonar et al. employed FVM to sort fluorescently tagged HIV-1 subpopulations for 

downstream functional assay to assess Env stability. Moreover, they revealed that the detection 

and quantification of viral particles by NFC is 1000-fold more sensitive than an ultra-sensitive 

enzyme linked immunosorbent assay (ELISA), whilst comparable to PCR(51). Some groups 

employed fluorescent selection markers such as CD45 or other EV markers to discriminate EVs. 

In contrast, others directly labeled viruses with antibodies against the viral glycoprotein or nucleic 

acid fluorescent dyes to resolve the viral population of interest. 
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     Tang and colleagues proposed the use of a genetically modified retrovirus that expresses a 

fluorescent envelope glycoprotein as a selection marker(26, 58, 65). They demonstrated that 

through the use of a fluorescently tagged Env, they are able to discern the viral population from 

the background and EVs while ensuring that the structural protein is not incorporated in EVs 

through a series of transfection and transduction assays(58, 65).  Tang and colleagues proposed 

using genetically modified MLV as a positive biological control and as a size standard to the beads 

in EV and FVM (26).  

    Additionally, Renner et al. employed FVM to calculate genome packaging efficiency and 

individual particle infectivity of MLV(58).  Consequently, the study of the viral envelope in the 

context of latent viruses such as HIV-1 has important implications not only as it plays an integral 

role during viral entry, but also could provide crucial information on the infected cell's identity. 

Therefore, FVM could potentially identify cellular reservoirs that harbor the HIV-1 provirus, 

which currently has no robust biomarkers. 

        From a therapeutic application standpoint, FVM can be applied as a novel analytical tool to 

allow for enhanced characterization of viral heterogeneity in vaccine production(70).  Vlasak et 

al. show differential incorporation of two viral key antigens instrumental for vaccine efficacy in 

human cytomegalovirus preparations, known to release different particle types. While, Tang et al. 

demonstrated that oncolytic vaccinia virus can aggregate during handling procedures such as 

freeze-thaw cycles, revealing the extent of FVM capabilities for quality and consistency control in 

the assessment of vaccinia vaccine preparations(71). 

        Consequently, FVM is a powerful tool that enables viral enumeration, characterization and 

phenotypical analysis of proteins at the surface of the viral envelope. It has many advantages over 

current methods used to characterize viruses and offers many benefits of traditional flow cytometry 
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while analyzing a single virion level. As mentioned above, these studies demonstrate 

unprecedented viral heterogeneity that has been previously negated using bulk and indirect 

analysis.  Additionally, FVM has the advantage of ignoring the presence of free proteins and low 

magnitude protein aggregates as it counts the events based on passing the light scatter 

triggering(58). Furthermore, viruses could be sorted for downstream biochemical and functional 

analysis to assess their infectivity. (50, 51, 72). Previously, this has been challenging due to 

confounding factors such as the presence of VLP and defective virions, which skewed the 

measurements of viral fitness and infectivity. Lastly, FVM has the added benefit of tracking 

drastically greater numbers of discrete viral particles than the described techniques, providing 

greater statistical significance in experiments. Taken together, these results demonstrate the 

reliability of NFC as a method of detecting, quantifying, and phenotyping unique viral populations 

while addressing current gaps in knowledge on viral heterogeneity. 

  

1.3 Murine Leukemia Virus 

 

     MLV is a simple enveloped retrovirus that has been extensively studied and characterized. This 

prototypical virus is a gammaretrovirus that falls in the same diameter as HIV-1 and has been used 

as a reference model to study more complex retroviruses. The MLV genome encodes for the three 

essential genes required for the retroviral replication cycle: Gag, pol and env.   

1.3.1 Group Specific Antigen 

 

         Gag is a polyprotein which orchestrates viral structural assembly and encompasses four 

structural subunits: matrix, capsid, p12 and nucleocapsid. Gag alone can generate VLPs, although, 

without incorporating other viral components, these particles are non-infectious (73, 74). Matrix 

protein plays essential roles in viral assembly, such as localizing gag molecules to the plasma 
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membrane and ensuring Env incorporation. The myristoylation sites detected in the MA domain 

are essential for targeting Gag assembly to detergent resistant microdomains and lipid rafts, from 

which retroviral viruses like MLV and HIV-1 preferentially egress (21, 75, 76). Mutations to MA 

resulted in inhibition of transport of the Gag polyprotein to the plasma lipid membrane and its 

incorporation into MLV virions(77).  Interestingly, deleterious mutations in the matrix protein did 

not impact the assembly of HIV particles, but significantly impaired envelope glycoprotein 

incorporation(78, 79). Jalaguier et al, found that MA is essential for ICAM-1 incorporation in HIV-

1 viral envelope, elucidating on the potential role of the matrix protein on host protein 

incorporation (80). Whilst p12 and capsid proteins ensure the viral core structure's assembly in the 

immature virion, subsequent proteolytic cleavage by the viral protease leads to rearrangement of 

the capsid lattice and viral maturation(81, 82). Furthermore, the nucleocapsid, which has a strong 

affinity for nucleic acids, is responsible for recognizing and packing the viral genome (83). 

1.3.2 Viral Polymerase and Integrase 

      Pol is a polyprotein which encodes for three enzymes indispensable in the replication cycle. 

The first enzyme, the RNA-dependant DNA polymerase, is essential for the reverse transcription 

of a positive strand RNA genome into a double stranded DNA, which is integrated into the target 

cell's genome. The reverse transcriptase discovery led to the Nobel prize awarded to David 

Baltimore, Renato Dulbecco, and Howard Martin Temin in 1975. Lastly, the viral protease and 

integrase genes are essential in the viral life cycle for viral maturation and the earlier mentioned 

integration of proviral DNA into the host genome, respectively(84).  

1.3.3 Envelope glycoprotein 

 

      Env is critical for the entry step of the viral infection. This is the only essential viral protein 

that is found on the surface of the viral envelope(85). Env is inserted in the cellular membrane as 
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a trimeric transmembrane protein as a cleavage product by protease, which results in covalently 

linked surface and transmembrane subunits. This cleavage is essential for ensuring localization 

and incorporation of Env at the site of viral assembly, which is critical in regulating the consistent 

level of 80-120 Env trimeric spikes, which are incorporated into each budding virion (86, 87). Its 

expression is conserved among several retroviral viruses such as SIV, which expresses 73-98 

spikes per virion, while HIV-1 shows only 14-21 spikes(88, 89). Interestingly, in the HIV-1 viral 

envelope , Env only accounts for 0.1 % of total protein content found on the viral envelope, while 

host-derived human lymphocyte antigen-DR (HLA) constitutes 20%(90). Furthermore, 

coordination between Gag and Env in the endosomal compartment and at the cellular lipid 

membrane ensures Env selective incorporation in virions over EVs. This has been selectively 

illustrated by both transfection and retroviral transduction assays, accentuating Env as a highly 

advantageous discrimination marker as discussed earlier on.  

 

1.3.4 Glycosylated Group Specific Antigen  

 

      Some strains of MLV express a glycosylated gag (glycogag), a protein with an additional 88 

amino acid sequence.  Recognition of a start codon upstream of Gag directs this precursor for N-

glycosylation. Upon glycogag's post-translational modification in the endoplasmic reticulum, it is 

cleaved and inserted as a transmembrane protein in infected cells. Glycogag has been postulated 

as an accessory protein of MLV since it is not required for viral replication, but enhances 

replication and pathogenesis in vivo (91). In a similar fashion to the HIV-1 accessory proteins, 

glycogag has been suggested to aid in the pathogenesis and resistance to host restriction factors to 

facilitate efficient replication. It has also been suggested that glycogag influences viral budding, 

directing virion assembly and release at the highly saturated cholesterol and lipid environment of 

lipid rafts (92, 93). The exact role remains an enigma, although glycogag has been established to 
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provide viral core stability and circumvent the antagonistic functions of host restriction factor 

apolipoproteins (APOBEC3) and serine incorporated proteins (Serinc). The degree of 

glycosylation influenced the susceptibility of the antagonistic effect of APOBEC3, where higher 

glycosylation resulted in retroviral resistance to APOBEC3 (57, 94). Interestingly, glycogag has 

been shown to be incorporated in a different orientation in virions than EVs(57).  Renner et al. 

revealed that in virions, glycogag was oriented in a type I membrane protein orientation, which 

inserted the structural domain of Gag into the viral core, while EVs glycogag were type II 

membrane proteins. These findings further the narrative on the importance of structural glycogag 

domain for viral core stability and protection from host retroviral restriction factors.  

      Interestingly, glycogag has been shown by several groups to counter the selective pressures of 

another novel host retroviral restriction Serinc, responsible for inhibiting viral replication. 

Glycogag, similar to the HIV-1 accessory protein Nef, first delocalizes Serinc from the plasma 

membrane by endocytosis and subsequent lysosomal degradation of Serinc(57, 95–97). 

Interestingly, initially, Nef's pathogenetic functions have been attributed for its effect on the 

downregulation of CD4, MHC I and tetherin much in a similar function to Serinc. However, 

through the means of convergent evolution, both of these differing retroviruses reveal similar 

methods to counteract the effects of Serinc. Additionally, Ahi et al. demonstrated that glycogag 

has significantly impacted viral entry of MLV in conjunction with Env, enhancing its infectivity 

with select Env proteins (97). 

      Consequently, each of the components, as mentioned above, serves a concrete function in the 

replication cycle and altering these could affect viral composition and be detrimental to viral 

infectivity and replication. Strikingly, through the long co-evolution and interplay between host 

and virus, both have evolved different strategies to circumvent one another in their continued arms 
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race. However, MLV is a very well established and characterized virus that is often employed as 

a prototypical retroviral model.  

 

1.4 Aim of the current study 

         In recent years, interest in FVM has been reignited, and it has since become a useful tool for 

the analysis of viruses. FVM makes profiling of antigens and biomarkers on the surface of viruses 

a possibility. Consequently, we believe that FVM could make a critical contribution for its ability 

to immunophenotype nanoscale particles, such as EVs and retroviruses. Additionally, it raises the 

possibility of identifying the specific lymphoid cell types that constitute the latent HIV-1 cell 

reservoir. To establish the necessary framework for retroviral immunophenotyping, we propose to 

use MLV, which shares a similar diameter with HIV-1, as a model reference retrovirus. Our 

laboratory has genetically engineered MLV virus to expresses a super folder GFP fusion protein 

with the viral-encoded envelope glycoprotein. This serves as a positive control and selection 

marker to discriminate from EVs and background noise(26, 58, 65). The intricate process of viral 

capsid assembly in retroviruses ensures consistent stoichiometry of released viral particles. Hence, 

MLV has been shown to have a highly monodisperse profile on VSSC due to controlled assembly 

and consistent size (26, 81). Thus, MLV presents as a suitable model retrovirus for flow virometry 

as it has two-pronged identification by both size homogeneity and Env incorporated GFP 

fluorescence.  

    Our laboratory has previously shown successful detection and quantification of cell-derived 

tetraspanins on MLV from a chronically infected murine fibroblast cell line. Although these 

tetraspanins have been previously observed on EVs, our lab demonstrated their presence and 

abundance on the viral envelope of MLV. Taken together, these results demonstrate the reliability 
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of FVM as a method of detecting and quantifying viral particles of low antigenic density. 

Consequently, we propose FVM for the analysis of viruses to phenotypically analyze and 

characterize surface markers at a single-viral particle level.  
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1.4.1 Hypothesis 

 

We hypothesize that the phenotypic profiling and quantification of antigens on the surface of 

individual viral particles will provide crucial information on the identity of the infected parental 

cells.  
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1.4.2 Approach 

 

For the optimization and phenotypic profiling, we will analyze supernatants from chronically 

infected cell lines and primary CD4+ T cells using an antibody panel targeting highly expressed 

tissue-specific antigen markers by FVM. We will first probe for known abundantly expressed 

antigens, like tetraspanins, and proceed to weakly expressed host antigens. Additionally, as 

negative and specificity controls, we will stain abundantly found host markers such as CD4 and 

CD45, which have not been observed on egressed HIV-1 virions yet have been documented on 

EVs. 

1.4.3 Implications 

 

   Our study elucidates on key questions such as what receptors are taken up during viral egress 

and whether there is conservation, selective upregulation and uptake of specific host antigens. We 

demonstrate that the infected cell's phenotype plays an important role in determining the viral 

envelope's protein composition. Yet, the abundance of antigen expression does not necessarily 

correlate to the viral expression. Thus, this work highlights that FVM is an effective tool for 

phenotypic characterization and quantification that provides valuable information on the parental 

cell’s phenotype. However, further experiments are required which consider a broader array of 

antigens in order to assess the extent of FVM’s capability in deciphering the parental cell identity. 

Future studies will shed light on current gaps in knowledge and test the capability of FVM to 

identify infected producer cells based on surface marker expression on enveloped viruses. Thus, 

raising the possibility for the identification of HIV latent reservoirs that presently have no robust 

or defining biomarkers. It remains unknown which factors govern the cellular antigen uptake 

during viral egress. We uncovered the intriguing possibility that glycosylated gag protein is 

associated with the increase in the incorporation of host derived antigens during viral release. 
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These findings highlight the need for further research into the intricate complexities of glycogag 

protein’s role during viral assembly and egress. Furthermore, this project paves the way for future 

development and optimization of prognostic tools by means of immunophenotyping disease 

biomarkers of EVs. 
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2 Methods 

 

2.1 Cell Culture 

 

2.1.1 NIH 3T3 Mouse Embryonic Cells 

 

NIH 3T3 mouse embryonic fibroblasts were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) (Wisent)  with 4.5 g/l glucose, L-glutamine and sodium pyruvate(Wisent), supplemented  

with 10% Fetal Bovine Serum (FBS) (Corning), 100U/mL penicillin and 100μg/mL streptomycin 

(Wisent) and propagated in an incubator at 37°C with 5% CO2.  

2.1.2 EL4 Mouse T lymphocyte Cells 

EL4  mouse T lymphocytes were cultured in Roswell Park Memorial Institute (RPMI) (Wisent)  

1640 Medium with 4.5 g/l glucose, L-glutamine and sodium pyruvate (Wisent), supplemented  

with 10% Fetal Bovine Serum (FBS) (Corning), 100U/mL penicillin and 100μg/mL streptomycin 

(Wisent) and propagated in an incubator at 37°C with 5% CO2.  

2.1.3 Primary CD4 + T cells  

 

Primary CD4+ T lymphocytes were cultured in RPMI 1640 Medium with 4.5 g/l glucose, L-

glutamine and sodium pyruvate (Wisent), supplemented  with 10% Fetal Bovine Serum (FBS) 

(Corning), 100U/mL penicillin and 100μg/mL streptomycin (Wisent) and propagated in an 

incubator at 37°C with 5% CO2.  

2.2 Generation of Chronic Cell lines 

 

2.2.1 Generation of NIH 3T3 Chronic cell line  

 

Chronic NIH 3T3 producer cells were generated as described in previously by our group(26, 58, 

65) . In short, NIH 3T3 cells were infected with either MLVsfGFP WT or MLVsfGFP CTG at a 

high multiplicity of infection (MOI). Briefly, 10mL of MLVsfGFP- containing cell supernatant 

was produced by transfection of 293T cells in a 10cm dish for 72 hours. Upon collection, viral 
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supernatant was filtered through a 0.45μm filter and ultra-centrifuged at 100,000xg for 3h in a 

70Ti rotor at 4°C. Lastly, the viral pellet was resuspended in DMEM and used to infect NIH 3T3 

cells seeded in 6-well dished seeded at 500 000 cells per well.  

2.2.2 Generation of EL4 Chronic Cell line  

Chronic EL4 cells (ATCC cat. #TIB-39) were generated in similar fashion to the producer cell 

line. Briefly, 60 ml of viral supernatant produced by NIH 3T3 chronic cell line for 72 hours in a 

10 cm dish was collected, filtered through a 0.45μm filter and ultra-centrifuged at 100,000xg for 

3h in a 70Ti rotor at 4°C. Lastly, the viral pellet was resuspended in RPMI and used to infect EL4 

cells seeded in 6-well dished seeded at 500 000 cells per well. Infected cell population was plated 

in a 10 cm dish upon reaching confluency and population-cell sorted based on sfGFP expression 

and expanded. 
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Figure 1: Infection and generation of EL4 Chronic Cell Line. 

Analysis of EL4 T lymphocytes cells infected with viral supernatant collceted from the NIH 3T3 

producer cells at high and low MOI. Cell infection was monitored with GFP expression. B) 

Analysis of infected EL4 cells that were population cell sorted for GFP expression.  
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2.3 Viral Analysis by Flow Virometry 

 

2.3.1  Virus Production 

 

       For viral supernatant released from NIH 3T3 cells, cells were seeded at 5x106 cells in 10 cm 

dish in 10 mL of non-phenol DMEM media (Wisent) 10% EV-depleted FBS for a 72 hour 

incubation. Viral supernatant was collected, centrifuged at 900xg for 5 mins and filtered with 

0.45μm filter. For flow virometry analysis, viral supernatant was diluted 1 in 1000 in 0.1 μm 

filtered phosphate buffered saline (PBS) (Thermo Fisher Scientific). Similar approach was used 

for viral supernatant released from the EL4 cell line, however 5x106 cells were plated in a 10 cm 

dish in 10 mL of non-phenol RPMI media (Wisent) supplemented with 10% EV-depleted FBS for 

a 48-hour incubation period. For flow virometry analysis, viral supernatant was diluted 1 in 200 in 

0.1 μm PBS. 

2.3.2 Flow Virometry Analysis and Staining 

       Detailed methodology has been published to BioRxiv preprint server with a description on 

viral antibody staining and instrument settings. FVM analysis was conducted employing the 

CytoFLEX S (Bekman Coulter) using the 405nm SSC-H as the threshold parameter (threshold of 

1500). For our instrumental platform,  small particles were preferentially displayed in the height 

measures as the intensity of the signal generated is more accurate compared to the often used area 

measurement for cells(71). This is explained by the principal that area is an integrated value of 

height and width (the time that a particle spends in flight during the generation of the electronic 

pulse), and due to the much smaller size and time in flight of viruses to cells, the width 

measurement decreases in precision. Lastly, according to the Mie Scatter theory, for cellular 

analysis the forward scatter is the preferred angle of detection, as more light is captured. However 

the inverse is true for particles within 100 to 200 nm diameter, in which case side scatter angle is 
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preferred to capture more light(98, 99).  Briefly, all viral supernatants were filtered and centrifuged 

prior to dilution in 0.1 μm PBS. For viral antibody staining, 50μL viral supernatant aliquots were 

mixed with 2X concentred PE-conjugated antibodies in a total volume of 100 μL at a final 

concertation of 1.6 μg/mL for 1x109 viral particles for 60 mins at 37°C. Stained viral supernatant 

was diluted in 0.1 μm PBS and acquired for 60 seconds at low setting at a sampling rate of 10 

μL/min. Prior to viral staining, the antibody was centrifuged at 17 000 xg for 10 min to decrease 

presence of antibody aggregates and Table 1 includes detailed description of all PE-fluorophore 

conjugated antibodies employed.  Figure 2 illustrates two gating strategies utilized for the analysis 

of viral population of interest stained for tetraspanin marker CD81, an isotype control for CD45 

marker and positive control for GFP marker.  

      The first strategy employs initial gating on the viral population based on GFP fluorescence and 

subsequent analysis for the degree of staining, this strategy was used for phenotypic analysis unless 

otherwise indicated. This allows the for immediate discrimination of viral particles from 

background and EVs, however additional negative control is required to set up the gating for 

staining analysis. As such, the gating was set manually for each sample analyzed. In this manner, 

the gating strategy was set up to contain 99.5% of the negative control in the PE negative quadrant 

and only allow 0.5% of any higher fluorescent background in the PE positive quadrant. 

     Panel B highlights second gating strategy to first identify viral population of interest by violet 

side scatter and then discern for positively stained viral particles from negative particles (internal 

negative control). Although the latter method allows to remove antibody aggregates, this gating 

can have confounding variables in case of internal control staining for EVs, providing skewing 

signal intensity and altering the gating strategy. Viral particle count, included in the analysis, 

shows consistent results between GFP stained viral particles in two gating strategies. However, in 
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CD81 viral staining there are different viral particles counts between two strategies as result of 

higher fluorescence in background and a separate CD81 positive EV particles which becomes 

problematic when setting definitive gates. Consequently, the first approach was employed to avoid 

this effect by setting the gates with media and antibody controls that are run in same session with 

the stained viral samples.  
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Figure 2: Gating strategy for phenotypical analysis of MLV virions. 

Viral population of interest was identified and gated (red gate) on by either A) GFP expression or 

B) violet side scatter intensity. Panel A gating was set based on media and antibody controls that 

were run separately, whilst panel B gating was set using the internal background control.   

A) 

 

B) 
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Table 1: List of Antibodies used for cell and viral stainings. 

Antibody Name Clone  Company 

PE–Conjugated monoclonal 

anti-CD81 

Eat2 BioLegend 

PE–Conjugated monoclonal 

anti-CD63 

NVG-2 BioLegend 

PE–Conjugated monoclonal 

anti-CD9 

KMC8 BioLegend 

PE–Conjugated monoclonal 

anti-CD3 

17A2 BioLegend 

PE–Conjugated monoclonal 

anti-LFA-1 

H155-78 BioLegend 

PE–Conjugated monoclonal 

anti-CD45 

30-F11 BioLegend 

PE–Conjugated monoclonal 

anti-CXCR4 

2B11 BioLegend 

PE–Conjugated monoclonal 

anti-CD29 

HMB1-1 BioLegend 

PE–Conjugated monoclonal 

anti-CD69 

H12F3 BioLegend 

PE–Conjugated monoclonal 

anti-CD4 

RM4-5 BioLegend 

PE–Conjugated monoclonal 

anti-Thy1.2 

53-2.1 BioLegend 

PE–Conjugated monoclonal 

anti-CD55 

RIKO-3 BioLegend 

PE–Conjugated monoclonal 

anti-CD59 

mCD59.3 BioLegend 

PE–Conjugated monoclonal 

anti-CD317 

129c1 BioLegend 

PE–Conjugated monoclonal 

anti-GFP 

FM264G BioLegend 

PE–Conjugated polyclonal 

Isotype 

Ab72480 Abcam 

 

 

 



 

 

 

 

 

 

32 

     During cell staining, temperature is a key determinant as it can induce internalization of surface 

protein, causing varying results during staining. For viral staining, several differing temperature 

conditions (4°C, room temperature and 37 °C) used for cell staining were analysed to determine 

optimal staining conditions. Although, the room temperature staining condition resulted in higher 

number of viral particles stained for CD81 antigen, there was also an increase in non-specific 

binding whereas staining at 37°C had slightly lower CD81 positive viral particles yet a reduction 

in non-specific staining as illustrated in Figure 3. Thus, for future phenotypic analysis of retroviral 

surface markers we performed viral staining at 37°C. 
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Figure 3: Determination of optimal temperature for viral staining.  

MLV supernatant was stained with CD81 and isotype antibody at the three different temperatures 

(4OC, room temperature and 37 OC) to assess highest CD81 staining and lowest non-specific 

staining.  
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    During small particles analysis and staining, it is critical to reduce the number of particles that 

contribute to background noise and decrease resolution of submicron particles. These can impact 

the gating strategy as described earlier on, thereby increasing background fluorescence and 

obscuring the presence or count of particles expressing low abundant antigens. For this purpose, 

all reagents such as sheath, PBS and viral samples are filtered during staining as described in detail 

in Tang et al (65). Thus, in order to reduce the number of background particles we want to 

minimize the number of reagents used during staining. Nevertheless, we sought to use the fragment 

crystallizable region (Fc region) blocking reagents during viral staining to assess whether it can 

decrease non-specific staining and its impact on the background fluorescence. We tested three 

different concentrations of a serum-based blocking reagent traditionally used for cell staining and 

noted that, as expected, it increased background noise and fluorescence intensity therefore shifting 

the gating as a result decreasing the percentage of positively stained CD81 MLV virions as shown 

in Figure 4. All three concentrations tested had similar apparent reduction of positively stained 

particles. Although we did observe an apparent decrease in non-specific staining with an isotype 

control, however this was a by-product of adjusting the gating based on the media, antibody and 

Fc blocking agent control.  Furthermore, since the cells analyzed in this project were either 

fibroblasts, T lymphocytes and primary CD4 T cells which don’t express high abundance of 

Fc gamma receptors characteristic of B lymphocytes, myeloid and granulocytes, Fc region 

blocking reagents were not employed during the viral staining procedure. 

 

 

 

  



 

 

 

 

 

 

35 

 

Figure 4: Effect of Fc Blocking reagent during viral staining on gating.  

Three concentrations of serum-based Fc block reagent (diluted 1:1, 1:2, 2:1) was tested during 

viral staining, MLV supernatant was stained with CD81 and isotype antibody to assess highest 

CD81 staining and lowest non-specific staining.   
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2.3.2.1 Flow Virometry Controls 

    Previously, our lab employed stained PBS with antibody as a negative control which included 

background noise and fluorescence contributed from antibody staining to set the gates for analysis. 

However, we set out to compare different controls to ensure all variables contributing to the 

fluorescence were included for. Thus, we assessed differences in background and fluorescence 

from PBS, DMEM, RPMI and antibody controls. Moreover, to account for potential EV specific 

staining, supernatant was collected from NIH 3T3 fibroblast cell line and primary CD4+ T cells 

and stained for a marker common on EVs, CD45. Both media and antibody controls, while giving 

similar results, displayed higher background fluorescence than PBS and antibody control as 

illustrated in Figure 5. Consequently, to account for an increase in background event numbers of 

stained media and shift in fluorescence, media and antibody controls were utilized to set gates 

during viral staining. Alternatively, staining the viral supernatant with an isotype antibody will 

provide similar effect for gating, as it will account for increase in fluorescent intensity as a result 

for any non-specific binding. Thus, it is crucial to set proper gating to avoid yielding false positive 

results especially in the case of nanoparticles staining, which have much small dynamic range of 

resolution compared to that of positively stained cells.  
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Figure 5: Optimization of controls to assess background fluorescence during viral staining.  

A) PBS and antibody B) DMEM and C) RPMI media and antibody were assessed for background 

and antibody fluorescence. Media control displayed higher fluorescence than PBS and antibody. 

Gates were adjusted to media and antibody controls as reference of antibody and media 

background for future experiments. D) CD45 expression comparison of A), B) and C) shown as 

overlaid histograms with 3T3 NIH and CD4 primary cell supernatants to assess for extracellular 

vesicle staining.  
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2.4 Primary CD4+ T Cell Activation and Infection 

Mouse splenocytes were isolated from either wild type (mA3 WT) or APOBEC3-deficient (mA3 

KO) 12 day old C57BL/6 mouse pups. Briefly, spleens were homogenized by enforcing passage 

through a 70 μm nylon cell strainer. Cells were washed with ice cold PBS substituted with 1 % 

FBS (denoted 1% PBS herein) and centrifuged at 330xg for 5 mins. The cell pellet was 

resuspended with 1 mL Ammonium Chloride Potassium (ACK) lysis buffer (Thermo Fisher 

Scientific) per spleen of for 1 minute and neutralized with 1% PBS. The remaining splenocytes 

were centrifuged at 330xg for 10 mins and counted. Splenocytes were isolated for total or naïve 

CD4 T cells using either Miltenyi Biotec total CD4 T (cat. # 30-095-130) or naïve CD4 T isolation 

kit (130-104-453) following manufacturer’s instructions. Following isolation, cells were 

resuspended in RPMI media substituted with human Il-2 50 units/mL (Peprotech), 0.01 M 

Betamercaptoethanol (BME) (Sigma) and CD28 1 μg/mL (BioLegend) at a concentration of 2x106 

cells/mL. Cells were plated in a total volume of 250 μl per well in a 96 well round bottom plates 

pre-coated with 1 μg/mL CD3 (BioLegend). After a 2-day incubation 37°C with 5% CO2, 

activated cells were infected with either wild type MLVsfGFP or glycogag deficient MLVsfGFP 

at a high MOI. Briefly, 20 mL of viral supernatant produced by the chronic NIH 3T3 producer cell 

line in a 10 cm dish for 72 hours was collected, centrifuged at 900xg, filtered through a 0.45μm 

filter and ultra-centrifuged at 100,000xg for 3h in a 70Ti rotor at 4°C. The viral pellet was 

resuspended in RPMI medium (Il-2 50 units/mL, 0.01 M BME) and used to infect the activated 

total or naïve primary CD4 T cells. After 24 hours, cells were aliquoted in 15 mL falcon tubes 

(Fisher Scientific) and washed thoroughly 3 times with 10 mL room temperature PBS. 

Subsequently, infected cells were resuspended in RPMI media supplemented with (Il-2 50 

units/mL, 0.01 M BME and 1 ng/mL Il-7 (Miltenyi Biotec)) at a concentration of 2x106 cells/mL 
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and plated in a total volume of 450 μL per well in 48 well plate. After 48 hours, viral supernatant 

was collected from the infected primary CD4+ T cells and used for flow virometry analysis as 

described earlier.  

2.5 Data and Statistical Analysis 

 

   Flow cytometry data was analyzed with FlowJo v.10.0.7 (FlowJo, Ashland, OR). For cell 

analysis, FSC-height versus FSC-area and SSC-area versus FSC-area were used to exclude cell 

aggregates and debris. Statistical analysis to test for normal distribution and unpaired Mann-

Whitney test was performed using GraphPad Prism (GraphPad Software, San Diego, CA).  
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3 Results 

 

3.1 Characterization of NIH 3T3 fibroblast cell line 

 

   Since the cell’s own surface marker composition influences the viral envelope composition, we 

first sought out to characterize the uninfected and chronically infected NIH 3T3 embryonic 

fibroblast cell line. The cellular surface phenotype was characterized with a panel of 12 antibodies 

against tetraspanin markers, adhesion molecules, integrins and lipid raft markers as shown in 

Table 1. The phenotypic characterization is presented as both histogram plots and summarized as 

mean fluorescent PE intensity as shown in Figure 6. Non-infected and chronically infected cells 

demonstrated similar phenotypic profiles. Both cell lines tested positive for tetraspanin and lipid 

microdomain markers (CD81, CD63 and CD9), CD29 integrin marker, CD55 and Thy1.2 lipid 

raft markers. Of note, CD81 and CD63 were the most abundantly expressed markers comparable 

to GFP expression which was the most abundantly detected antigen on the surface of these chronic 

cells.   
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Figure 6: Characterization of NIH 3T3 fibroblast cell line.  

Surface antigen analysis of uninfected and chronic NIH 3T3 cell line by flow cytometric analysis 

with an antibody screen targeting for tetraspanin,lipid microdomain markers, lipid raft proteins 

and integrins.  A) Histogram analysis and B) Mean fluorescence intensity analysis of cellular 

surface antigens on wild type (WT) and glycogag deficient (CTG) chronically infected and 

uninfected NIH 3T3 fibroblast cells.   
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3.2 Characterization of wild type and glycogag-deficient MLV released from NIH 3T3 cells 

           

Next, a viral phenotypic analysis was conducted directly on supernatant collected from chronically 

infected wild type and glycogag deficient fibroblast cell lines with FVM. Firstly, the viral 

population of interest was resolved from background by both scatter intensity and GFP 

fluorescence. Analysis of MLV virions show a highly monodisperse population by violet side 

scatter intensity (VSSC). This homogeneous expression of VSSC was further reflected in Env-

GFP fluorescence intensity as illustrated in Figure 7. Although, VSSC profiles between glycogag-

deficient and wild type virions were similar, glycogag deficient virions displayed a more 

monodispersed profile and a higher mean fluorescent intensity (MFI) of GFP expression compared 

to wildtype (Figure 7C). 
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Figure 7: Scatter and fluorescence quantification between wildtype and glycogag deficient 

MLV virions released from chronic NIH 3T3 cells.  

A) Wild type MLV (WT) virions present a similar discrete  scatter plot profile to glycogag deficient 

(CTG) MLV virions. Gated particles express similar B) side scatter and GFP intensity as overlaid 

histograms and C) mean fluorescent intensity (MFI) values. Viral supernatant was collected after 

72 hours from chronic NIH 3T3 fibroblasts and diluted 1:500 and was subsequently directly run 

by flow virometry. 
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      Subsequently, to analyze the presence and distribution of host derived antigens on the surface 

of individual MLV particles, the viral supernatant was stained against the previously described 

antibodies chosen for the NIH 3T3 cell phenotypic analysis. The results from the viral staining are 

summarized as mean and median fluorescence intensity bar graph and overlaid histogram plots of 

PE fluorescence as illustrated in Figure 8. Thus, we set out to assess the two separate null 

hypotheses stipulated as follows: 

H0: MLV viral particles do not uptake cell derived antigens on their viral envelope during budding, 

thus the signal intensity between stained MLV virus and negative control does not differ. 

 

H1: MLV viral particles do uptake cell derived antigens on their viral envelope during budding, 

thus the signal intensity between stained MLV virus and negative control is different. 

 

 

H0: The glycogag protein on wild type virus does not upregulate incorporation of the cell derived 

antigens when compared glycogag deficient virus.  

 

H1: The glycogag protein on wild type virus does upregulate incorporation of the cell derived 

antigens when compared  to the glycogag deficient virus.  

 

       Firstly, we need to understand the type of the distribution of the fluorescent intensity produced 

by these viral particles. For example, if the signal follows the law of Normal (Gaussian) 

distribution, it is the T-Student test that would be used to verify whether there is differential uptake 

of cellular antigens between wild type and glycogag deficient MLV. In the case when the signal 

intensity fails to be normally distributed, the Mann-Whitney non-parametric test was statistically 

appropriate to be used to compare the differences in distributions between these unmatched groups. 

Contrary to the Student T test that compares the means of two samples, this test compares their 

medians. Distribution normality of the samples’ data was tested using D’Agostino-Pearson and 

Kolomogorov-Smirnov statistical criteria. Data distribution of all the samples analyzed was 

confirmed not to be of Gaussian distribution (K2>191, KS>0.06 n>10000, p<0.0001) on a very 
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high significance level. Therefore, to assess whether the null hypothesis is rejected and whether 

there is indeed statistically significant difference in signal between the two MLV viruses, the 

Mann-Whitney test was applied. It needs to be mentioned that for the purpose of this analysis, all 

data collected across 3-5 independent experiments was pooled together. Since we dealt with the 

same type of samples each time, which are independent of the day in which the experiment was 

performed. 

      Presence and abundance of antigens were determined using the antibody and media sample as 

a negative control in statistical analysis and for gating as described in detail in the methods section. 

From the 11 viral stainings performed on wildtype and glycogag deficient MLV virions, both 

variants displayed presence of the highly abundant cellular tetraspanin marker CD81 (n=99980, 

p<0.0001) and CD63 (n=100011, p<0.0001) as compared to negative control. Only wild type MLV 

virions were positive for the lipid raft protein marker CD59 (n= 3140, p<0.0001). Intriguingly, the 

glycogag deficient particles alone expressed the interferon induced host protein CD317 (n=2855, 

p<0.001), known as tetherin which inhibits the release of assembled viral particles at cell surface 

and has been shown to inhibit a wide range enveloped virus(25, 100–102).  Interestingly, CD317 

was not detected on the cell surface however it has been shown to assemble at the site of late 

endosomal release. Furthermore, the integrin marker CD29 (n>99891, p<0.0001) was only 

detected on glycogag deficient MLV.  Other cellular markers that were present on the cell surface 

were not detected on the viral envelope of MLV. Furthermore, we observed discrete populations 

on scatter plots that were positive for the tetraspanin markers CD81 (n=36245, p<0.0001) and 

CD63 (n=33114, P<0.0001) (Figure 9). Since this population was negative for sfGFP and these 

tetraspanin markers are often used for EV characterization studies, we can infer that we were able 

to stain and observe discrete population of EVs positive for these markers that were produced by 
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NIH 3T3 cells in both normal and infected conditions. Moreover, using the statistical z-score 

approach, we calculated with the 99% confidence interval for the percentage of viruses that are 

positive for the respective host derived cellular antigen analyzed. Thus, FVM revealed that host 

derived CD81 and CD63 were present on the viral envelope on 69.1 % ± 0.2% (n=168758), and 

30.1 % ± 0.2%  (n=250415) of wild type virions whereas only 38.5% ± 0.3% (n=217941) and 

20.3%± 0.2% (n=226449) of glycogag deficient virions carried these antigens, respectively. 

Analysis of CD81 expression demonstrates a more monodisperse population on wildtype MLV 

compared to CD81 expression on glycogag deficient MLV; whereas the inverse was seen for CD63 

antigen expression (Figure 8A). Next, we quantified the mean and median PE fluorescence 

intensity signal to assess distribution and antigenic variability between wild type MLV and 

glycogag-deficient virions as illustrated in Figure 8 B) and C). To assess for viral heterogeneity 

and antigenic variability, the viral count was kept identical across all stainings. Thus, the relative 

expression of cellular antigen abundances detected on wild type virions were quantified as mean 

and median PE intensity with the most abundantly detected surface antigen CD81 expressing 

2548±6 and 2228 and CD63 expressing 1905±7 and 1455. In contrast, glycogag deficient MLV 

particles expressed a significantly lower mean and median fluorescence intensity, on average, with 

CD81 at 1606±5 and 1332 (n=99980, p<0.0001) and CD63 with 1579±6 and 1182 (n=97615, 

p<0.0001), respectively. Lastly, the tetherin marker CD317 was expressed on glycogag deficient 

virions at a mean MFI of 416±5 and a median intensity of 379. However, when we compared the 

MFI of the double positive virions to that of stained supernatant collected from uninfected NIH 

3T3 cells for those antigens, we observed that only wild type virions expressed a significantly 

greater relative intensity value for CD81 (n=111421, p<0.0001) , CD63 (n=109045, p<0.0001) 

and GFP (n=110023, p<0.0001) only. Whereas the expression of CD81 (n=99980, p<0.0001) and 
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GFP (n=100091, p<0.0001) alone on glycogag deficient virions displayed significant differences 

to that of the uninfected stained supernatant. Therefore, it is important to note that the presence of 

the above-mentioned antigens are based on the significantly greater PE median intensity to the 

antibody and media negative control (p<0.0001). However, this significance was not confirmed 

for all antigens observed when compared to the PE intensity of the stained supernatant collected 

from uninfected cells. Thus, it is unclear whether the CD29 was actually expressed on the viral 

envelope, or whether this signal was a result of non-specific labelling. Nevertheless, all NIH 3T3 

cells expressed CD29 antigen at a high abundance, although its expression was lower than that of 

CD81 and CD63 (Figure 6). Moreover, the observed greater signal of the stained untreated 

supernatant compared to the negative control could be a result of EV staining which will contribute 

to the increase in the signal. EV staining for a particular antigen prevents the use of a stained 

supernatant as a reliable negative control due to potential confounding variables and providing a 

skewed signal intensity as discussed in methods section 4.3.2 Flow Virometry Staining and 

Analysis. Lastly, due to similar values of PE fluorescence output of other antigens (CD9, Thy1.2 

and CD55) analyzed to media control, we could not report differences between the two MLV 

variants. 
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Figure 8: Surface antigen phenotypic analysis of virions released from NIH 3T3 cells. 

Surface antigen analysis of uninfected and chronic NIH 3T3 cell line by flow virometry with a 

small panel antibody screen.  A) Histogram analysis of antigen expression distribution of overlaid 

MLV variants and antibody and media control. B) Mean and C) median fluorescence intensity bar 

graph of surface antigens on virions released from two chronic producer cells: wild type (WT) and 

glycogag deficient (CTG), uninfected NIH 3T3 fibroblast cells, and antibody and media control. 

Data normality of samples was calculated by D’Agustiona and Person test and validated by 

Kolomogorov-Smirnov test. Statistical significance was calculated by a nonparametric Mann-

Whitney test as distribution of sample data was not of Gaussian form. ***, P value < 0.0001. 
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Figure 9: Detection of a discrete EV population positive for the CD81 and CD63 EV 

tetraspanin markers in supernatant released from NIH 3T3 cells.  

Scatter plots of uninfected supernatant stained against A) CD81 and C) CD63 show discrete 

population that can be resolved by PE intensity. B) and D) Overlaid histogram comparison of 

stained supernatant against unstained control and negative media and antibody control. 
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3.3 Characterization of EL4 lymphoma cell line 

 

      The phenotypic analysis of MLV genotype variants released from NIH 3T3 fibroblast cells, 

established the framework for retroviral surface marker characterization by flow virometry. Next, 

we sought out to evaluate MLV virions released from more physiologically and immunologically 

relevant cells. Thus, we infected an EL4 murine T lymphocyte cell line with wild type and 

glycogag-deficient MLV as described in detail in the methods sections. Uninfected and chronically 

generated EL4 cells were characterized with an antibody panel chosen against highly expressed 

surface immune markers as well as previously analyzed integrins, adhesion, tetraspanin, lipid 

microdomain and lipid raft protein markers. The phenotypic characterization of EL4 cells is 

presented as both histogram plots and summarized MFI as shown in Figure 10. Non-infected and 

chronic cells demonstrated a similar phenotypic profiles, positive for immune markers CD3, 

CXCR4 and the highly abundant hematopoietic CD45 and Thy1.2 marker. Additionally, cells 

minimally expressed the tetraspanin CD81, CD63 and CD9, lipid raft protein marker CD59 and  

tetherin marker CD317. Furthermore, the lipid raft protein markers CD55 and Thy1.2 and adhesion 

receptor LFA-1 were also presented on non-infected and chronic EL4 cells. However, in contrast 

to NIH 3T3 cellular phenotype, CD81 and CD63 were not as abundantly expressed, instead CD45, 

Thy1.2 and LFA-1 antigens in that order had the highest PE intensity signal.   
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Figure 10: Characterization of EL4 T lymphocyte cell lines. 

Surface antigen analysis of uninfected and chronic EL4 cell line by flow cytometry analysis with 

a small panel antibody screen targeting for immune, tetraspanin and lipid microdomain, lipid raft 

proteins, integrins adhesion markers.  A) Overlaid histogram analysis of PE intensity and B) Mean 

fluorescence intensity analysis of cellular surface antigens on uninfected and chronically infected 

with wild type (WT) and glycogag deficient (CTG) virus EL4 cells.   
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3.4 Characterization of wild type and glycogag-deficient MLV virions released from EL4 cells 

 

      A viral phenotypic analysis was conducted directly on the supernatant collected from 

chronically infected wild type and glycogag-deficient T lymphocyte EL4 cell lines with FVM. The 

optimized protocol established for virions released from the NIH 3T3 producer cell line was 

followed. Firstly, the viral population of interest was resolved from background by both scatter 

and GFP intensity similar to the virions released from chronic NIH 3T3 cells. Interestingly, the 

chronic EL4 cells produced approximately 20-fold less of viral particles as analyzed by FVM 

compared to the amount of the virus released by the similarly plated quantity of NIH 3T3 producer 

cells.  Furthermore, analysis of MLV virions show one monodispersed population by VSSC and 

GFP fluorescence intensity as shown by the orange gate. Interestingly additional heterogenous 

viral particles were detected that showed higher scatter and GFP intensities as shown by the red 

gate (Figure 11). Wild type and glycogag virions displayed similar VSSC and GFP expression 

profiles mean fluorescence intensities which was consistent between the two population of MLV 

particles.  
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Figure 11: Two populations are detected in wildtype and glycoGag deficient MLV virions 

released from chronic EL4 cells.  

A) Wild type MLV (WT) virions present a similar discrete scatter plot profile to glycogag deficient 

(CTG) MLV virions. Two population are detected by flow virometry: B) a monodisperse 

population gated in orange and C) a more heterogenous particles express similar side scatter and 

GFP intensity as overlaid histograms and D) mean fluorescent intensity (MFI) values. 
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    Subsequently, viral supernatant was stained against the previously described antibodies used for 

the EL4 cell phenotypic analysis. Additionally, to validate the analysis of the viral population, we 

stained against the abundantly found host marker CD45 which has not been observed on egressed 

HIV-1 virions yet documented on EVs. The results from the viral staining are summarized as a 

mean and median fluorescence intensity bar graph and overlaid histogram plots of PE fluorescence 

as illustrated in Figure 12. Virions released from EL4 cells also follow a non-Gaussian distribution 

and were analyzed with a Mann-Whitney nonparametric unpaired test as previously described. 

Similarly, presence and abundance of antigens were determined utilizing the antibody and media 

sample as a negative control. From the 13 viral stainings performed on the two MLV genotype 

variants, the highly abundant mouse T cell and lipid raft marker Thy1.2 (n=9319, p<0.0001), T 

cell marker CD3 (n=9193, p<0.0001) and the adhesion marker LFA-1 (n=6047, p<0.0001) were 

observed as compared to negative control. Interestingly, T cell marker CD45 (n=4840, p<0.0001) 

was present on both wildtype MLV virions and glycogag deficient particles. Lastly, only glycogag 

deficient virions displayed presence of the lipid raft marker CD55 (n=3407, p<0.0001) and CD59 

(n=3576, p<0.0001) as compared to the negative control. Interestingly, as observed for on MLV 

virions released from NIH 3T3 cells, tetherin host factor CD317 (n=3295, p<0.0001) was detected 

on glycogag deficient MLV only as compared to the control, although it was not expressed on the 

cell surface on either cell type. Other cellular markers that were present on the cell surface were 

not detected on the viral envelope of MLV.  

      Furthermore, as we observed for supernatant collected from the uninfected NIH 3T3 cells, we 

detected discrete EV populations on scatter plots positive for the commonly employed EV CD45 

marker MFI=491 (n=230429, p<0.0001), Thy1.2 MFI =613 (n=72714, p<0.0001), and LFA-1 

MFI=447 (n=267797, p<0.0001). Thus, flow virometry revealed that host derived Thy1.2 and 
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LFA-1 were present on the viral envelope,  with a probability of 99% confidence, on 

69.2%±0.84% (n=11998) and 3.27%± 0.28% (n=16040) of wild type virions whereas only 

64.4%±1.09% (n=12801) and 3.83%± 0.44% (n=12571) of glycogag deficient virions carried 

these antigens, respectively. Intriguingly, the CD45 EV marker was present on sfGFP positive 

wild type and glycogag deficient MLV virions, on 7.82%±0.43% (n=15867) and 9.16%±0.68% 

(n=12020) of particles, respectively. Lastly, the lipid raft protein markers CD55 and tetherin 

marker CD317 were observed on 0.92%±0.42% (n=3389) and 1.5%±0.55% (n=3277) of 

glycogag deficient MLV virions, which showed a more heterogenous incorporation profile 

compared to its wild type counterpart. To assess for viral heterogeneity and differential antigen 

incorporation, viral count was kept identical across all stainings. Analysis of Thy1.2 expression 

reveals a similar highly heterogenous distribution of this cellular antigen between both MLV 

variants. Whereas, the form of LFA-1 and CD45 between the two MLV genotypes is similar, the 

antigenic distribution reveals one dominant monodisperse population and a separate discrete 

population expressing an increased PE signal as shown in Figure 12A. For other host derived 

cellular antigens, both MLV variants displayed a similar form which showed one monodisperse 

population. 

       Next, we quantified mean and median PE fluorescence intensity signal to assess distribution 

of antigen expression between wild type MLV and glycogag-deficient virions. Thus, the relative 

expression of cellular antigen abundance detected on wild type virions was quantified as mean and 

median PE intensity with the most abundant Thy1.2 expressing 3945±97 and 1926, followed by 

CD45 with 879±23 and 441, and LFA-1 with 718±82 and 420, respectively. In contrast, glycogag 

deficient MLV particles expressed a significantly lower mean and median fluorescence intensity 

with Thy1.2 at 3669±97 and 1639 (n=9319, p<0.0001) and LFA-1 with 647 and 393 (n=6047, 
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p<0.0001). Whereas there was no significant difference between the two genotypes for the CD45 

and CD3 antigen expression. Lastly, lipid raft marker CD55 and CD59 was expressed on glycogag 

deficient virions alone at an MFI of 451±4 and 416±3 and a median intensity of 422 and 390. As 

previously, when we compared the MFI of the double positive virions to that of stained supernatant 

collected from uninfected NIH 3T3 cells for those antigens, we observed that only wild type virions 

expressed a significantly greater relative intensity value for Thy1.2 (n=9319, p<0.0001), CD45 

(n=4840, p<0.0001), CD3 (n=10565, p<0.0003), LFA-1 (n=10913, p<0.0001) and GFP (n=11102, 

p<0.0001) only. Whereas the expression of Thy1.2 (n=9319, p<0.0001), CD45 (n=8667, 

p<0.0001), CD3 (n=91393, p<0.0024), CD55 (n=3407, p<0.0001) and GFP (n=10090, p<0.0001) 

alone on glycogag deficient virions displayed significant differences to that of the uninfected 

stained supernatant.  When we stained either wildtype or glycogag deficient MLV with an isotype, 

and compared it to control or stained supernatant, we did not observe any statistical significance 

between samples. Lastly, due to similar low expression of other cellular antigens tested, we could 

not reliably report presence or differences between the two MLV variants. The low PE intensity 

values detected could be a result of non-specific staining since signal is similar to control or reflects 

the decreased concentration of these surface antigens on the EL4 cells themselves.  
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Figure 12:  Surface antigen phenotypic analysis of virions released from EL4 cells. 

Surface antigen analysis of uninfected and chronic El4 cell line by flow virometry with a 14 panel 

antibody screen.  A) Histogram analysis of antigen expression distribution of overlaid MLV 

variants and antibody and media control. B) Mean and median C) fluorescence intensity analysis 

of cellular surface antigens on two chronic producer cells: wild type (WT) and glycoGag deficient 

(CTG), uninfected EL4 cells, and antibody and media control. Statistical significance was 

calculated by a nonparametric Mann-Whitney test as distribution of sample data was not of 

Gaussian form. ***, P value < 0.0001.   
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3.5 Characterization of primary murine CD4+ T cells 

 

 

        Next, we evaluated whether retroviral phenotypic analysis using FVM could be performed 

directly on virions released from primary cells in an ex vivo infection. Toward this goal, we first 

optimized activation and expansion protocols for murine primary total and naive CD4+ T cells. 

Then we infected these activated cells with either wild type or glygogag-deficient MLV as 

described in the methods section.  First, non-infected and infected primary CD4+ T cells were 

characterized with an antibody panel chosen against highly expressed surface immune markers as 

well as previously analyzed integrins, adhesion, tetraspanin, lipid microdomain and lipid raft 

protein markers. The phenotypic characterization of CD4+ T cells is presented as both histogram 

plots and summarized with mean fluorescent intensity as shown in Figure 13. Chronic cells 

demonstrated an upregulated phenotypic profile compared to the uninfected cells, positive for 

immune markers such as CD3, CXCR4, CD4 and the highly abundant hematopoietic CD45 and 

Thy1.2 marker. Additionally, all cells expressed the tetraspanin CD63 minimally, however the 

infected cells had an upregulation of CD81, CD9 and the integrin marker CD29 compared to the 

uninfected CD4+ T cells. Furthermore, the lipid raft protein markers CD55 and Thy1.2 and 

adhesion receptor LFA-1 were also present in all cells, following the similar trend of upregulation 

in the infected cells. However, in contrast to NIH 3T3 phenotype, CD81 and CD63 were not as 

abundantly expressed, instead similar to the EL4 lymphoma T cell profile CD45, Thy1.2, LFA-1, 

CD4 and GFP antigens had the highest PE intensity signal.  
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Figure 13: Characterization of murine primary total CD4+ T cells.  

Surface antigen analysis of uninfected and infected CD4+ T cells by flow cytometry analysis with 

an antibody screen targeting for immune, tetraspanin and lipid microdomain, lipid raft proteins, 

integrins and adhesion markers.  A) Overlaid histogram analysis of PE intensity and B) mean 

fluorescence intensity (MFI) analysis of cellular surface antigens on CD4 T cells infected with 

wild type (WT) and glycoGag deficient (CTG) and uninfected CD4 T cells. CD4 T cells were 
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isolated from C57/BL 12- day old mice, activated with CD3/CD28 stimulation and infected with 

two MLV variants.   
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3.6 Characterization of wild type and glycogag-deficient MLV released from primary CD4+ T 

cells  

 

Next, a viral phenotypic analysis by FVM was conducted directly on the supernatant collected 

from untreated and infected with wild type and glycogag deficient virus CD4+ T cells. Firstly, the 

viral population of interest was resolved from background by both scatter intensity and GFP 

fluorescence as observed in Figure 14 A) and B). However, we observed much lower viral 

production in ex vivo infections compared to the amount of virus produced by the NIH 3T3 

producer cells (two orders of magnitude lower) and EL4 chronic cells (an order of magnitude 

lower). Analysis of MLV virions show a monodispersed population by VSSC intensity, this 

homogeneous expression is further reflected in Env-GFP fluorescence intensity as shown in 

Figure14. Although, VSSC profile between glycogag deficient and wild type virions was similar, 

glycogag-deficient virions displayed a more monodispersed profile and a higher MFI of GFP 

expression compared to wildtype (Figure 14C). 
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Figure 14: Scatter and fluorescence quantification between wildtype and glycoGag deficient 

MLV virions released from primary murine CD4+ T cells.  

A) Wild type MLV (WT) virions present a similar discrete scatter plot profile to glycogag deficient 

(CTG) MLV virions. Gated particles express similar B) side scatter and GFP intensity as overlaid 

histograms and C) mean fluorescent intensity (MFI) values. Supernatant was collected after 48 

hours from infected and non-infected CD4+ T cells and diluted 1:100, and was subsequently 

directly run by flow virometry.  
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      Subsequently, viral supernatant was stained against the previously described antibodies used 

for the CD4+ T cell phenotypic analysis. Virions released from murine primary CD4+ T cells also 

follow a non-Gaussian distribution and were tested with the Mann-Whitney nonparametric 

unpaired test as previously described.   The results from the viral staining are summarized as mean 

and median fluorescence intensity bar graph and overlaid histogram plots of PE fluorescence as 

illustrated in Figure 15. As previously shown, presence and abundance of antigens were 

determined utilizing the antibody and media sample as a negative control. From the 14 viral 

stainings performed on the MLV variants, the highly abundant mouse T cell and lipid raft marker 

Thy1.2 (n=2078, p<0.0001), T cell marker CD3 (n=2098, p<0.0011) and the integrin marker CD29 

(n=1855, p<0.0001) were observed as compared to the negative control. Interestingly, as observed 

on EL4 virions, the T cell marker CD45 (n=1820, p<0.0001) was present on both wildtype MLV 

virions and glycogag deficient particles. The tetraspanin markers CD81 (n=1789, p<0.0001), 

CD63 (n=1679, p<0.0001) and CD9 (n=12761, p<0.0001) were observed on both MLV variants 

as compared to the negative control. Lastly, both wild type virions (n=5326, p<0.0001) and 

glycogag deficient MLV (n=1761, p<0.0001) displayed the presence of the lipid raft marker CD55 

as compared to the control. Other cellular markers that were present on the cell surface were not 

detected on the viral envelope of MLV. Furthermore, as observed for supernatant collected from 

the uninfected NIH 3T3 and EL4 cells, we detected discrete EV populations on scatter plots 

positive for the previously observed EV marker CD45 MFI=760 (n=125511, p<0.0001), Thy1.2 

MFI =1013 (n=105038, p<0.0001), LFA-1 MFI=675 (n=113867, p<0.0001), CD81 MFI=607 

(n=153271, p<0.0001) and CD9 MFI=473 (n=113867, p<0.0001). Moreover, using the statistical 

z-score approach, we calculated the 95% confidence interval for the percentage of viruses that are 

positive for the respective host derived cellular antigen analyzed. As a result, we conclude that 
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host derived CD81 and CD63 present on the viral envelope on 16.3%±1.5% (n=7709) and 4.2%± 

0.8% (n=2499) of wild type virions whereas only 11.1% ± 1.5% (n=1789) and 4.9%± 1.0% 

(n=1679) of glycogag deficient virions carried these antigens, respectively. Contrary to the 

previously observed virions released from NIH 3T3 and EL4 cells, both wild type and glycogag 

deficient viruses showed presence, although minimal, of the tetraspanin marker CD9 on 1.72%± 

0.6% (n=1932) and 2.7%± 0.7% (n=2153).  Furthermore, flow virometry revealed that host 

derived Thy1.2 and LFA-1 were present on the viral envelope, on 21.1%±1.6% (n=7709) and 

4.1%± 0.8% (n=2188) of wild type virions whereas only 6.5%±1.1% (n=2078) and 4.4%± 1.0% 

(n=1744) of glycogag deficient virions carried these antigens, respectively. Intriguingly, the CD45 

EV marker was also present on sfGFP positive wild type and glycogag deficient MLV virions, on 

15.5%±1.5% (n=2187) and 17.1%±1.7% (n=1820) of particles, respectively. Lastly, the lipid raft 

protein markers CD55 was observed on 3.0%±0.6% (n=7501) wild type and 2.6%±0.7% 

(n=1761) of glycogag deficient MLV virions. The latter showed a more monodispersed antigenic 

variability profile compared to its wild type counterpart. However, other cellular markers that were 

present on the cell surface were not detected. To assess for viral heterogeneity and differential 

antigen incorporation, viral count was kept identical across all stainings.  Analysis of Thy1.2 

expression reveals a slighter greater heterogenous distribution of this antigen on wild-type MLV, 

however both variants displayed one more dominant monodisperse population and a separate 

discrete population expressing an increased PE signal (Figure 15A). This distribution of signal 

intensity was reflected in both wildtype and glycogag deficient MLV stained for CD45. For other 

host derived cellular antigens, both MLV variants displayed a similar form which showed one 

monodisperse population. Next, we quantified mean and median PE fluorescence intensity signal 

to assess distribution of antigen expression between wild type MLV and glycogag-deficient 
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virions. Thus, the relative expression of cellular antigen abundance detected on wild type virions 

was quantified as mean and median PE intensity with the most abundant CD81 expressing 866±8 

and 733, followed by Thy1.2 with 596±59 and 427, and CD45 with 566±18 and 429, respectively. 

Moreover, mean and median signal intensity of host derived integrin CD29 was expressed at 

497±84 and 367, CD55 expressed at 485±4 and 450, while CD63 was expressed at 457±6 and 

413 and CD3 was expressed with the lowest MFI of 428±6 and a median of 403. In contrast, 

glycogag deficient MLV particles expressed significantly lower mean and median fluorescence 

intensity with CD81 at 555±9 and 461 (n=1789, p<0.0001), Thy1.2 at 483±28 and 380 (n=2078, 

p<0.0001) and CD55 (n=1761, p<0.0019) at 452±6 and 415. Lastly, although CD29 and CD3 

were expressed at a lower MFI and median fluorescence intensity at 425±7 and 372, and 423±5 

and 388, respectively, there was no statistical significance between the two MLV variants. We did 

not calculate any significant difference between the two MLV variants for the CD45 expression, 

however glycogag deficient MLV had an MFI of 647±28 and a median of 441. Additionally, the 

tetraspanin CD9 was expressed at greater intensity than on wild type with a MFI of 527±13 and a 

median of 436 (n=1932, p<0.0180). Although a greater amount of glycogag particles showed 

presence of CD9 antigen and significant higher median fluorescent intensity, it is important to note 

that relative to its cellular expression, wild type MFI viral expression was approximately 1.8-fold 

higher than that of glycogag MLV. When we compared the MFI of the double positive virions to 

that of stained supernatant collected from uninfected CD4 T cells for those antigens, we observed 

that only wild type virions expressed a significantly greater relative intensity value for CD81 

(n=4147, p<0.0001), CD55 (n=5326, p<0.0003), CD9 (n=4840, p<0.0001), and GFP (n=2127, 

p<0.0001) only. Whereas the expression of CD81 (n=1789, p<0.0001), CD9 (n=8667, p<0.0001) 

and GFP (n=1989, p<0.0001) alone on glycogag deficient virions displayed significant difference 
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to that of uninfected stained supernatant. Intriguingly, supernatant collected from uninfected CD4+ 

T cells had significantly greater PE signal than that observed of either MLV variant for Thy1.2 

(n=105008, p<0.0007), CD45 (n=125511, p<0.0001) and LFA-1 (n=113867, p<0.0001).  When 

we stained either wildtype or glycogag deficient MLV with an isotype, and compared it to control 

or stained supernatant, we did not observe any statistical significance between samples. 
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Figure 15: Surface antigen phenotypic analysis of virions released from primary murine 

CD4+ T cells.  

Surface antigen analysis of uninfected and uninfected primary murine total CD4+ T cells by flow 

virometry with a 14-panel antibody screen.  A) Histogram analysis of antigen expression 

distribution of overlaid MLV variants and antibody and media control. B) Mean and median C) 

fluorescence intensity analysis of cellular surface antigens of CD4+ T cells infected with wild type 

(WT) and glycogag deficient (CTG), uninfected CD4+ T cells, and antibody and media control. 

Data normality of samples was calculated by D’Agustiona and Person test and validated by 

Kolomogorov-Smirnov test. Statistical significance was calculated by a nonparametric Mann-

Whitney test as distribution of sample data was not of Gaussian form. ***, P value < 0.0001, **, 

P value < 0.001.  
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3.7 Analysis of Endogenous Retroviruses in murine primary cells and lymphocyte cell line. 

 

 

       Although humans’ endogenous retroviruses (ERV) are mostly inactive, ERVs still play an 

active role in mice to this day. Since approximately 10% of mouse genome’s account for ERVs, 

this remains an important topic of research. Majority of ERVs share close resemble to 

gammaretrovirus’ homology, in particular the MLV family (13). During our phenotypic analysis 

of host derived antigens on the viral envelope of MLV, we observed a discrete and dense 

population in the supernatant collected from both uninfected and infected primary murine cells by 

FVM.  In particular, this discrete concentrated population was resolved on density scatter plots 

and histograms by VSSC intensity from uninfected and infected primary splenocytes and isolated 

CD4+ T cells as shown in the graphical illustrations Figure 16 and 18. ERVs have not been 

documented on NIH 3T3 fibroblast cells, and as such supernatant collected from this cell line was 

used as a negative control for gating in our flow virometry analysis (Figure 21).  

     Consequently, we demonstrated in Figure 16 a discrete population of ERVs that is resolved by 

VSSC in supernatant collected from non-infected and infected primary splenocytes. Splenocytes 

were activated with either a T cell stimulant, lipopolysaccharide (LPS), or with a CD3/CD28 

antibodies as discussed in detail in the methods. We show that activation of murine cells leads to 

the release of ERVs and this was further enhanced with infection with an exogenous MLV virus. 

Thus, we collected supernatant from either a 24-hour and 48-hour incubation period post plating 

from uninfected splenocytes and infected splenocytes. We detected a discrete population in 

infected cells at a 24-hour period that was resolved by VSSC. This formation was observed on 

both a density scatter plot and further reflected on the histogram plot (purple histogram) in which 

a discrete peak was detected between 6000-10000 VSSC intensity interval. Since ERVs closely 
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resemble MLV virus in composition, we superimposed the ERV and background population gated 

in purple to the whole sample population containing the MLVsfGFP discrete population and 

background (blue histogram) (Figure 16C). For the purpose of this analysis, the viral count 

between the gated sample and the whole population sample was kept identical to compare the 

exogenous and endogenous viral population. Thus, we illustrated that exogenous MLVsfGFP peak 

formation is detected within the 6000 -10000 VSSC intensity interval and that the ERV peak 

occurs immediately below it within this interval, however at a much lower count. In particular, the 

mean and mode of the exogenous MLVsfGFP of VSSC intensity is expressed at of 7955±8 and 

8170, whereas that of endogenous ERV was at 6739±11 and 6127, respectively. Next, we analyzed 

supernatant from infected cells at a 48-hour time point. We observed this peak formation on the 

histogram plot at the previously indicated interval, however with an increased amplitude that is 

comparable to that of the exogenous MLVsfGFP virus. Consequently, when the count was kept 

identical for the gated population between the two time points, we calculated a 9.8% increase of 

ERV particles relative to 24-hour time point.  This was further confirmed by the density plot 

analysis, which shows a discrete dense ERV sub-population in the background (purple gate) 

(Figure 16B). Analysis of supernatant obtained at 48 hours from noninfected splenocytes does not 

show a discrete population on either the density plot or the histogram plot. Interestingly, the 

histogram analysis illustrates a different slope of regression at the interval of interest at which point 

a kink is observed that drops and this pattern is not reflected in the supernatant of the negative 

control (NIH 3T3 supernatant) observed in Figure 21C. This band could suggest a formation of a 

peak, however the number of ERV particles is not sufficient enough to generate a discrete form. 

This could be a result of greater number of events from the background noise attributed to EV and 

other components in the media compared to the diminutive number of events that make up ERV 
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population. As discussed previously, a small population of interest could be obscured by the 

background noise without a selection marker, whilst tagging the population of interest with a GFP 

fluorescent antibody will allow the population to be resolved by both side scatter and GFP intensity 

from background.                                    

      Consequently, to further investigate the possible presence of ERVs in the supernatant, we 

conducted an alternative approach to flow virometry by western blot analysis and blotted for the 

viral capsid p30 protein (Figure 17). Since, ERV closely resemble MLV in composition, the capsid 

viral protein of molecular mass of 30 kDa is conserved between endogenous and exogenous 

gammaretroviruses. Thus, we blotted the cell lysate, supernatant and ultra-centrifuged supernatant 

collected from untreated and activated splenocytes at a 48-hour time point with a monoclonal p30 

capsid antibody. Our results show that cell lysate of the activated splenocytes show presence of 

the immature form Pr65 of the gag capsid polyprotein, whereas both the untreated and activated 

supernatant and supernatant concentrated by ultracentrifugation exhibited the immature form of 

capsid protein (~65 kDa), yet only a faint a band for the mature of form of p30 (~30 kDa) was 

observed in the supernatant of activated splenocytes. As reported by Marin et al., the polyclonal 

antibody has been shown to detect the immature form of the gag polyprotein by western blot 

analysis(103). Thus, these findings support our observation of the peak formation in the uninfected 

splenocytes and allude to the presence of the ERV population in the 6000 -10000 VSSC intensity 

interval. Although this population cannot be fully resolved due to its lower frequency in 

comparison to the overall background noise.  
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Figure 16: Detection of endogenous retroviruses in supernatant released from activated 

murine primary splenocytes and splenocytes infected with exogenous MLV virus by flow 

virometry.  

A) Pseudocolor and B) density scatter plots of supernatant collected from uninfected and infected 

primary murine splenocytes at 24-hour and 48-hour time point. Uninfected supernatant collected 

at 48-hour time point is show only. C) Histogram analysis of overlaid gated population (purple 

gates) of background noise and ERVs (purple histogram) and the whole sample population 

containing the MLVsfGFP (blue histogram).  
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Figure 17: Detection endogenous retroviruses in supernatant released from murine primary 

splenocytes.  

Detection of the capsid protein precursor Pr65 by Western Blot in murine primary splenocytes 

from C57/BL6 mouse in untreated (-) and activated cell lysate, supernatant and ultra-centrifuged 

(ultra.) supernatant. Positive control of NIH 3T3 infected with MLVsfGFP exhibit both the p30 

capsid protein and its precursor Pr65, whilst NIH 3T3 cells were used as negative control. 
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      Next, we sought out to analyze the release of ERVs from a specialized subset of immune cells, 

and for this purpose we isolated and activated total CD4+ T cells. In our observations, we detected 

a discrete ERV population at the previously noticed signal range of 6000 – 10000 VSSC intensity 

on both the density and histogram plots in supernatant released from uninfected and infected cells 

as illustrated in Figure 18. In particular, we observed a formation of a peak in the infected cell 

supernatant at 24-hour point, which was further increased by 40.1% at the 48-hour interval. At the 

24-hour point, the superimposed whole sample population containing the MLVsfGFP virus (blue 

histogram) and the gated background and ERV (purple histogram) sample showed a similar profile 

pattern which was reflected at the 48h-hour time point (Figure 18C). Although, in comparison to 

the ERV population observed in infected splenocytes at this time point, the peak was not as 

discretely detected, however the apparent dip just prior to the interval of interest, change in 

regression slope and the drop ensuing do not follow the pattern of the negative control as illustrated 

in Figure 21C. Thus, these are clear indicators that the band appearance and peak formation 

reflects the development of the ERVs in smaller quantity compared to the number of particles that 

constitute the background. However, this ERV population is readily resolved at the 48-hour time 

point, where the ERV peak was directly superimposed on the MLVsfGFP apex (Figure 17C). 

Intriguingly, we detected the presence of a discreate population of ERV in a supernatant of 

activated uninfected murine primary CD4+ T cells collected at the 48-hour time point, which was 

not as readily observed in supernatant released from uninfected whole splenocytes. Although this 

population is not as clearly detected in either of the scatter plots due to high presence of other 

particles in the background, it is readily resolved in the histogram plot by the apparent peak at the 

6000-10000 VSSC intensity interval Figure 18C. Furthermore, when we compare the ERV 

population of interest from uninfected CD4+ T cells to those released from cells infected with 
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exogenous MLVsfGFP, we observed that these populations have different side scatter signal, in 

particular when the particle count is identical, the former has the mode and mean expressed at 

8170  and 7523±16 VSSC intensity, whereas the latter is significantly lower at 6466 and 7344±15 

(n=17057, p<0.0001), respectively Figure 18D. Furthermore, we report that staining with a 

fluorophore conjugated antibody affects the side scatter signal of the ERV population and aids in 

further defining the observed peak of this sub-population as shown in Figure 18E. For this 

purpose, we analyzed both stained and unstained supernatant collected from uninfected and 

infected CD4+ T cells. Thus, we observe that the staining with a fluorescently labelled PE antibody 

modulates the scatter intensity of the ERV population of interest Figure 18E. This effect was 

additionally noted when supernatant was stained with an APC conjugated antibody Figure 18E. 

As such, we infer that labelling with an antibody either leads to an increase in the apparent size of 

ERV or modulation of its refractive properties when labelled with fluorescent antibody 

consequently enhancing its signal by VSSC intensity.  
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Figure 18: Detection of endogenous retroviruses in supernatant released from activated 

murine primary total CD4+ T cells and cells infected with exogenous MLV virus by flow 

virometry.  

A) Pseudocolor and B) density scatter plots of supernatant collected from uninfected and infected 

primary murine CD4+ T cells at 24-hour and 48-hour time point. Uninfected supernatant collected 

at 48-hour time point is show only. C) Histogram analysis of gated population of background noise 

and ERVs (purple gates) and overlaid gated population and whole sample population containing 

the MLVsfGFP. C) Histogram analysis of gated population of background noise and ERVs (purple 

gates) activated CD4+ T cells and infected CD4+ T cells. D) Comparison of VSSC intensity signal 

between ERVs released by uninfected cells and infected cells. E) Modulation of VSSC intensity 

of ERV sub-population as a result of labelling with conjugated fluorescent antibodies. Supernatant 

collected from uninfected cells shows a different VSSC signal when unstained or labelled with 

either PE conjugated antibody or APC conjugated antibody. 
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     Next, we sought to analyze the ERV released from EL4 uninfected and chronic cell lines. For 

this purpose, we followed a similar experimental set up used for the analysis of primary murine 

cells, however these cells were not activated with CD3/ CD28 initially. Interestingly, we did not 

observe any indication of ERV population in noninfected nor in the infected cells as shown in 

Figure 19. Upon analysis of the density scatter plot or histogram overlaid with the whole sample 

population containing the MLVsfGFP, we observed the peak of the exogenous viral population 

however the ERV population was not detected (Figure 19B-D). As an alternative to flow 

virometry, we analyzed the cell lysate, supernatant and ultra-centrifuged supernatant collected at 

48 hours from uninfected cells by western blot stained with a polyclonal anti-p30 capsid antibody. 

Intriguingly, our results exhibit presence of both the unprocessed and processed form of the Gag 

polyprotein in cell lysates and ultra-centrifuged supernatant of uninfected EL4 cells as shown in 

Figure 19. The absence of either form of gag protein in the cell supernatant suggests that the ERVs 

were released at a low frequency by the EL4 cells, as the viral capsid is only detected in the 

concentrated ultra-centrifuged supernatant and cell lysate where it is produced in the cytoplasm.  
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Figure 19: Evaluation of endogenous retroviruses in supernatant released from untreated 

EL4 T lymphocytes and infected with exogenous MLV virus by flow virometry.  

A) Pseudocolor and B) density scatter plots of supernatant collected from uninfected and infected 

EL4 T at 24-hour and 48-hour time point. Uninfected supernatant collected at 48-hour time point 

is show only. C) Histogram analysis of overlaid gated population (purple gate) of background 

noise and ERVs (purple histogram)  and the whole sample population containing the MLVsfGFP 

(blue histogram) 
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Figure 20: Detection of ERVs in murine EL4 lymphocytes. 

Detection of the capsid protein p30 and its precursor Pr65 by Western Blot in EL4 lymphocytes in 

cell lysate, supernatant (sup.) and ultra-centrifuged (ultra.) supernatant. Positive control of NIH 

3T3 infected with MLVsfGFP exhibit both the p30 capsid protein and its precursor Pr65, whilst 

NIH 3T3 cells were used as negative control. 

 

 

 

 

 

 

 

 

 

 

 

Cells Sup. 
Ultra. 

Sup. 

 

Sup. Cells 

 

Ultra. 

Sup. Cells Sup. 
 M 

75 

25 

37 

50 

kDa 

EL4 Positive Control Negative Control 

p30 

 

Pr65 

 



 

 

 

 

 

 

83 

     Lastly, as a negative control we used supernatant that was collected at 48-hour time point from 

chronic NIH 3T3 cells. For the purposes of flow virometry analysis of ERV detection of primary 

murine cells and EL4 cell line, we set the control of the purple gate which included the ERV 

population and background relative to the supernatant collected from NIH 3T3 producer cells as 

observed in Figure 21.  
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Figure 21: Evaluation of NIH 3T3 fibroblast as negative control for detection endogenous 

retroviruses release.  

A) Pseudocolor and B) density scatter plots of supernatant collected from uninfected and infected 

NIH 3T3 fibroblasts at 48-hour time point. C) Histogram analysis of gated population (purple 

gates) of background noise and ERVs (purple histogram) and overlaid gated population and whole 

sample population containing the MLVsfGFP (blue histogram). 
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     As such, the gate was set to ensure that the exogenous MLVsfGFP virus was not included as 

we observed in Figure 21. For this discrimination, we carefully analyzed the density scatter plot 

and histogram plot to ensure that MLVsfGFP viral particles were not detected in the previously 

observed 6000-10000 VSSC intensity range. Consequently, ERV population was not detected in 

supernatant collected from either untreated or infected NIH 3T3 cells (purple histogram), however 

the exogenous MLVsfGFP population was readily resolved by side scatter as seen in Figure 20C. 

This was further confirmed in western blot analysis which did not show presence of either the 

processed not unprocessed form the Gag polyprotein Figure 17 and 20. 

 

      Consequently, we report for the first time the possibility of ERV detection and quantification 

by flow virometry as shown in Figure 16-18. Here, we show the observation of a monodisperse 

concentrated sub-population of ERVs that is resolved by VSSC intensity. ERV release was 

detected in supernatant collected from activated uninfected and infected with exogenous MLV 

virus whole splenocytes and isolated CD4+ T cells. These observations were further validated by 

the presence of the immature form of the viral capsid protein Pr65 by western blot analysis. Taken 

together, our observations demonstrate that flow virometry is a reliable tool to directly identify 

unique sub-populations within a sample, such as the detection of a low frequency ERV population, 

for further analysis of its properties.  
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4 Discussion 

 

     In this dissertation, I aimed to detect the presence and abundance of host-derived antigens on 

the surface of the Moloney strain of murine leukemia virus (MLV) by flow virometry (FVM).  

This has implications in deciphering the factors which influence antigen uptake during viral egress 

and provide critical information on the infected cell’s phenotype. We uncovered the intriguing 

possibility that glycosylated gag (glycogag) protein plays a role in increasing the incorporation of 

host-derived antigens during viral release and assembly. These findings highlight the need for 

further research into the intricate complexities of this enigmatic accessory protein’s role at the last 

step of MLV viral replication cycle. Moreover, during our observations, we reveal the capability 

of FVM to detect endogenous retroviruses (ERV). Consequently, we detected and quantified ERV 

release in both untreated and activated primary murine cells. 

    RNA viruses are genetically diverse; the extent of this diversity was strikingly shown in the 

study by Keele et al.  that illustrates that only one or several HIV viral particles among billions in 

the seminal fluid are sexually transmitted and lead to an infection(104). This suggests potential 

unique differences at the viral envelope composition level, which is responsible for productive 

infections (104). During viral assembly and egress, retroviruses incorporate hundreds of host cell 

proteins within their capsid and/or membrane(37). Since most analytical approaches described 

earlier measure global protein content, only a few approaches can investigate the protein 

distribution on the surface of individual viruses. This analysis is further complicated by 

contamination with extracellular vesicles (EVs), which have been shown to incorporate viral 

components such as the genomic content or viral proteins(48, 57). In addition to EV contamination, 

viral-like particles (VLPs) are a possible confounding factor, which at this point have no definite 

distinguishing features to EVs or viral particles (48). Due to the overlap in morphology and 
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biochemical properties between EVs, VLPs and retroviruses, selective resolution of these particles 

is challenging. Furthermore, most analytical methodologies lack the necessary caliber to 

effectively analyze pure viral preparations, and as such, the onus falls on the researcher to achieve 

this robust discrimination.  

     Despite the plethora of studies conducted on MLV and other retroviruses, there remain 

important gaps in knowledge. Such as the mechanisms that govern host imbedded cellular protein 

incorporation on the viral envelope during viral release and whether viral factors play an active 

role in this determination. Further research is required to assess whether there is conservation, 

selective upregulation and uptake of specific host antigens. However, most current viral analysis 

techniques fail to highlight the extent of viral antigenic heterogeneity and lack the capability to 

provide direct information on individual viral particles in evaluating surface protein composition. 

Despite the fact that diversity in the antigenic constitution has profound effects on downstream 

functions in the viral replication cycle, such as such as infectivity as shown by Gaudin et al. (50).  

Characterizing the proteins found on the viral envelope and deciphering the intricacies behind 

retroviral egress and host protein incorporation are crucial to advancing our knowledge of viral 

pathogenesis, identifying therapeutic targets and ultimately vaccine development.  

         In this research, we set out to detect and quantify the abundance of host-derived cellular 

antigens on the surface of the viral envelope of MLV. We illustrated that wild type MLV virions 

produced by the NIH 3T3 fibroblasts show presence of the highly expressed cellular tetraspanin 

markers CD81 and CD63 (Figure 8). To investigate whether there was a selective uptake of a 

specific antigen, we evaluated the abundance of viral surface antigen relative to cellular surface 

antigens' presence.  Despite that approximately 70 % of virions stained positive for CD81 

compared to 30 % stained for CD63, the MFI of the former particles was lower than that of the 
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latter. This could result from higher fluorescent output signal produced by the CD63 antibody 

compared to the CD81 antibody, which was observed when media and antibody alone were tested. 

Nevertheless, we observe that the ratio of CD81 positive virions relative to the cellular expression 

is approximately 7:10, while that of CD63 is roughly 3:10. This suggests that CD81 is likely being 

selectively incorporated 2.5 times as much as CD63. Upon evaluating the antigenic distribution 

between these host-derived proteins on the viral envelope, we note a more heterogeneous 

expression of CD63 compared to the more monodisperse distribution of CD81, as illustrated in 

Figure 8A.  Several studies demonstrated the incorporation of tetraspanin proteins within the HIV-

1 envelope, revealing their functional role in entry and possible activation of recently infected 

cells(105–108).  

       The presence of these cellular proteins also serves as a unique clue that provides insight into 

the virus's assembly pathway during release. Retroviruses egress primarily at the cell surface; 

however, they have been noted to use the late endosome pathway. HIV-1 virions released from 

monocytes are shown to use this egress pathway as well, consequently incorporating tetraspanins 

and other late endosomal markers (28, 32, 33, 37, 106). This suggests that some of the viruses 

observed were potentially released through the late endosomal pathway. This was further 

corroborated by the observations that  exosomes are released using multivesicular bodies in both 

haematic and non- haematic cell types(109). 

    Next, we assessed the presence and the degree to which host-derived proteins were expressed 

on the surface of wild type MLV shed by EL4 cells. We observed a high expression of the highly 

abundant mouse T cell and lipid raft marker Thy1.2, T cell marker CD3, and the adhesion marker 

LFA-1 (Figure 12). Intriguingly, we also observed the well-known EV marker CD45 that has not 

been reported on HIV-1 virions, despite its abundance covering as much as 10-25% of the total 
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surface(19, 22, 31). Taken together, the observed presence of CD45 on the viral enveloped of 

MLV, yet its selective exclusion in  HIV-1 viral envelope suggests that this exclusion mechanism 

may not be conserved between these retroviruses.  Alternatively, HIV-1 virions released from 

infected T cells have been shown to egress through lipid raft domains, which are highly 

concentrated with glycosylphosphatidylinositol (GPI)-linked proteins(5,22,111). Interestingly, 

other transmembrane proteins such as CD45 do not show a preference for these domains(5, 22, 

110).  All EL4 cells were positive for CD45, Thy1.2, and LFA-1 markers, with CD45 being the 

most abundant. However, viral antigen expression was highest for Thy1.2, followed by CD45 and 

LFA-1, respectively.  The high abundance of Thy1.2 expression on the virions suggests the egress 

at the lipid raft junctions, where Thy1.2 is known to partition to preferentially(5, 111, 112). 

However, Thy1.2 was also the second most abundantly expressed surface on marker on EL4 cells. 

Yet, these findings are consistent with the notion observed by Fan et al., who demonstrated that 

wildtype MLV glycogag protein facilitates release of virions through lipid rafts. They hypothesize 

this release to be more efficient than through other membrane structures or regions (92, 113). 

Interestingly, Thy1.2 has also been implicated in mouse T lymphocyte activation, where it was 

observed to partially substitute for TCR activation along with CD28 co-stimulation(111). Given 

the mitotic requirement of MLV to infect actively dividing cells, the selective upregulation of 

Thy1.2 could result from an evolutionary pressure forced upon MLV for the priming of potential 

target cell reservoir(114).  

     Lastly, analysis of the virions released from EL4 cells by flow virometry showed one 

monodispersed population and one heterogeneous population that differed in violet side scatter 

(VSSC) and sfGFP intensity as observed in Figure 11. Given these particles' low frequency and 

highly dispersed profile, these events could represent EVs that have incorporated the Env-sfGFP 
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on their envelope(57, 58). However, our lab has previously revealed that the amount of EVs with 

incorporated Env-sfGFP is negligible (1%) compared to the overall MLVsfGFP count in NIH 3T3 

cells by both transfection and transduction assays (58, 65). Since MLV particles are shown to be 

consistent in size by several different methods, VSSC intensity could be influenced by either: the 

refractive index (RI), protein or genomic composition of the particle, and or lipid content of the 

envelope(49, 65, 115, 116). As such, several different factors could be contributing to the highly 

dispersed distribution of these particles. 

        Next, we assessed the presence and the degree of expression of host-derived proteins on 

virions released from murine primary CD4+ T cells. We detected the expression of CD45, Thy1.2, 

LFA-1, and the tetraspanin markers CD81, CD63, and CD9, as illustrated in Figure 15. All cells 

were positive for CD45, Thy1.2, LFA-1, and CD29 markers, with CD45 being the most abundant. 

However, Thy1.2 displayed the highest viral antigen expression, followed by CD45 and LFA-1. 

All of the CD4+ T cells labeled for Thy1.2, CD45, and LFA-1; however, not all cells stained for  

CD81 and CD63. Nevertheless, we still observe a preferential uptake of these tetraspanin markers 

on the viral envelope (Figure 13). In comparison, the ratio of positive virions relative to the cellular 

expression of these tetraspanins is lower than the ratio observed in virions released from NIH 3T3 

cells. Thus, this attests to the notion that the level of cellular expression does not predict the relative 

host-derived protein abundance on the viral envelope. As a result of our experimental setup, we 

performed single stainings on the viral particles with a PE fluorescently labeled antibody. 

However, next experiments should include co-staining of several lipid rafts markers to infer 

whether the uptake of these proteins is a direct result of release through lipid raft or whether there 

is preferential uptake of these antigens for their biologically beneficial role.   
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      The underlying mechanism that governs cellular antigen uptake has been under much 

speculation. Several different theories have been postulated, including a passive or an active model 

of host-derived antigen incorporation. The latter suggests that viral components directly influence 

the uptake. For example, myristylations sites detected in the MA domain were essential for 

targeting Gag assembly to detergent resistant microdomains and lipid rafts,  from which MLV and 

HIV-1 preferentially egress from (5, 21, 75, 76). In conjunction, Fan and colleagues show that 

glycogag of wild type MLV facilitated release through lipid rafts(92, 93). Intriguingly, Jalaguier 

et al. showed that matrix deleterious mutations had a significant impact on host-derived ICAM-1 

incorporation in the HIV-1 viral envelope, elucidating the matrix protein's potential role in the host 

protein incorporation (80).  

    I hypothesize the latter, favoring a more active role of viral factors that predominantly impact 

the phenotypic expression on the viral envelope of MLV.  

     We investigated whether glycogag accessory protein modulates the incorporation of host-

derived proteins during assembly and release. For this purpose, we evaluated the expression of 

surface antigens between the wild type MLVsfGFP and a glycogag deficient MLVsfGFP released 

from three different cell lines. This glycogag MLV has a CTG-CTA mutation, which abolishes the 

glycogag translation initiation. 

     In our assessment of antigen expression and abundance of wild type and glycogag deficient 

MLV virions released from NIH 3T3 cells, we determined that the CD81 and CD63 tetraspanin 

markers were significantly less expressed on glycogag deficient MLV. More specifically, we 

detected 2.4-fold less CD81 positive glycogag viral particles when compared to wildtype virions.  

While CD63 expression was decreased by 1.8-fold in the viral envelope of glycogag virions.  

Analysis of CD81 expression demonstrates a more monodisperse population on wild type MLV 



 

 

 

 

 

 

92 

compared to CD81 expression on glycogag-deficient MLV, alluding to more stringent 

incorporation of CD81 in wild type virions (Figure 8A). In contrast, the inverse was seen for CD63 

antigen expression. 

     Next, we compared host-derived antigens' expression on the wild type MLV to glycogag 

deficient MLV released from EL4 cells. In line with our hypothesis, we observed a significant 

decrease in expression of both Thy1.2 and LFA-1 markers on glycogag-deficient MLV. Although 

there were a similar number of positively stained particles from the antigens between the two 

variants, we note a significant reduction in viral expression of these antigens when compared to 

the wild type virions.  Moreover, our observations suggest that glycogag selectively increases the 

uptake of specific host-derived antigens that could aid its infectivity, as there was no selective 

increase of virion bound CD45 and CD3.  

   Lastly, we assessed the difference in antigen expression between both MLV variants released 

from primary murine CD4+ T cells. As observed of glycogag deficient virions released from prior 

cell types, we revealed a decrease in the number of positive particles for CD81 and Thy1.2 

antigens. We note that positively stained CD81 glycogag deficient particles were 1.5 times less 

abundant, and the level of CD81 expression is reduced by two-fold compared to wild type. 

Additionally, we observed a 3.4-fold decrease in the percentage of positively stained Thy1.2 

glycogag virions compared to the wild type counterpart, despite the fact that the viral expression 

relative to cellular antigen expression was similar.  Consequently, our results provide evidence 

supporting our hypothesis that the viral phenotype of MLV is positively influenced by its viral 

factors. Our findings raise the intriguing possibility that glycogag protein is responsible for the 

increase in the incorporation of specific host-derived proteins incorporated during viral assembly 

and egress. Several studies show a clear influence of glycogag protein activity on viral assembly 
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and host proteins' modulation to enhance its pathogenicity(92, 93, 96, 97, 117–120). Furthermore, 

HIV-1 accessory proteins Nef and viral protein u (Vpu) downregulate host surface antigens such 

as CD4, MHC-I, tetherin, etc. Additionally, Hogue et al. illustrate that HIV-1 gag protein induces 

portioning of lipid rafts and tetraspanin enriched microdomains(121). Consequently, this raises the 

intriguing possibility that glycogag protein has evolved functions to positively impact the 

incorporation of biologically significant cellular proteins to aid in its pathogenicity.  

    The aim of our study was a phenotypical analysis of retroviral surface markers, the evaluation 

of their expression to cell phenotype, and between wild type and glycogag deficient viruses. 

However, important future work should probe on the underlying mechanisms of glycogag protein 

and its function in regulating host protein incorporation. Therefore, two questions arise from our 

observations 1) whether glycogag reorganizes cellular microdomains at viral assembly sites, and 

2) the determinants that govern glycogag induced cellular microdomains reorganization.  These 

findings will provide critical information in elucidating glycogag’s role in selective upregulation 

and uptake of host incorporation proteins. 

      Our study reveals that the infected cell's phenotype plays an important role in determining the 

protein expression of the viral envelope composition. Nevertheless, we show that the abundance 

of antigen expression does not necessarily correlate to the viral expression. We demonstrate that 

FVM is an effective tool for phenotypic characterization and quantification that provides valuable 

information on the parental cell's phenotype. However, further experiments are required which 

consider a broader array of antigens in order to assess the extent of FVM's capability in deciphering 

the producer cell identity. Moreover, we reveal selective upregulation of specific host proteins by 

glycogag protein during viral assembly and release. These host proteins have been previously 

documented to: maintain their biological activity, improve the efficiency of adhesion during 
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infection, impact syncytium formation, and increase viral infectivity(19, 122). These findings are 

not at all surprising, given the propensity of viruses to exploit different host cell factors and their 

unique ability to adapt to host cell environments in their quest for assuring their survival. A 

plethora of evidence substantiates glycogag's important role in MLV’s replication cycle, such as 

facilitated release through lipid rafts and enhanced pathogenesis and replication during in vivo 

infections. Aside from possible evolutionary implications, the results shown here demonstrate the 

presence and varying antigenic distributions of host-derived antigens on the MLV viral particles 

released from three different cell types.  

      Unexpectedly, in our observations of retroviral surface markers on MLV, we show for the first-

time detection of endogenous retroviruses (ERVs) by FVM. The coevolutionary interplay between 

host and retroviruses provided beneficial functions to its host, such as in their defense against 

exogenous retroviruses as reviewed by Stoye(123). In our study, we reveal the presence of ERVs 

in primary murine splenocytes and isolated CD4+ T cells in activated and infected cells by FVM 

as illustrated in Figures 16 and 18. In particular, we resolved a discrete population of particles by 

VSSC intensity on both a density scatter plot and histogram plot. Since viral capsid assembly in 

retroviruses is a highly regulated process that ensures consistent stoichiometry of released viral 

particles, this discrete population suggests the presence of ERVs. Moreover, MLV has been shown 

to have a highly monodisperse profile on VSSC due to highly controlled assembly and consistent 

size, as shown earlier in this thesis (26, 81). We validated our findings with a western blot probing 

for the viral capsid protein p30 and its unprocessed form Pr65 (Figure 17). Thus, we detected the 

presence of both immature and mature capsid protein in splenocytes activated with 

lipopolysaccharide (LPS) by western blot. These findings fall in line with Kwon et al. 's evidence 

that revealed the production of ERVs due to stress-induced by LPS on lymphoid cells. This study 
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analyzed the presence of ERV release in whole murine splenocytes, T cells, and B cells isolated 

from C57BL/6 mice. In our findings, we show detection of ERVs by both western blot analysis 

and FVM in whole splenocytes and total CD4+ T cells isolated from C57BL/6 mice.  

        Furthermore, we took our investigations in ERV release a step further. We infected these 

primary murine cells with exogenous MLV virus to investigate whether this led to an increase in 

ERV release. We reveal that we are able to detect both the exogenous and endogenous viral 

populations by VSSC intensity. Intriguingly, samples collected from splenocytes and CD4 T cells 

at 24-hour and 48-hour intervals demonstrated a 10% and 40% increase in ERV prevalence, 

respectively. Although we observed defined peaks for infected samples collected at the 48-hour 

time point, we only note initial band formation in supernatant collected from activated splenocytes 

or infected CD4+ T cells at 24-hour time point. This method could further resolve this sub-

population of interest by staining with fluorescently conjugated antibodies against viral 

constituents and with lipid dyes (65, 66). 

     Given the important role of immunized mice in various immunological experimental designs, 

flow virometry has proven herein as rapid approach that allows for identification and quantification 

of ERVs.  
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