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Abstract

Murine leukemia virus (MLV), classified as a gammaretrovirus, has been studied extensively to enhance
our understanding of the biology and replication of retroviral infection. Typically referred to as a simple
retrovirus, its usefulness as a model is highlighted owing to its minimal genome. The genetic material for
MLV was thought to only code the basic and essential defining features of a retrovirus. Through the
understanding developed from the use of simple retroviruses, the clinical and research communities
were immeasurably more prepared to combat the more complex and decidedly infamous human
immunodeficiency virus (HIV). Interestingly, a scenario of convergent evolution has directed MLV to
encode an accessory protein, termed Glycosylated Gag (gGag), that shares functionality reminiscent of
several HIV proteins. Herein, | present a dissection of a novel function of this enigmatic protein, paired
with an improved understanding of the biology of MLV that was revealed by the development of small
particle flow cytometry performed on viruses, also known as flow virometry. Initially, we elucidated that
gGag is responsible for the resistance of MLV towards the restriction factor murine APOBEC3 (mA3). |
showed that even endogenous mA3 from primary cells exhibited an enhanced enzymatic activity
towards MLV with mutant gGag proteins which have lost glycosylation sites. In our following study, |
illustrated that these mutants displayed a reduced viral core stability, the severity of which was
correlated directly with susceptibility to mA3. These results are in line with the hypothesis that viral core
stability and APOBEC3-susceptibility are directly linked. Furthermore, | showed for the first time that
unprocessed gGag was associated with viral particles released from producer cells in the orientation of a
type | membrane protein, with the structural regions directed within the viral core. This may be the
direct evidence of how gGag improves capsid stability, a mechanism which is still unresolved. On the flip
side, gGag as a type |l membrane protein was observed exclusively on virus-like particles devoid of
detectable envelope glycoprotein (Env). This marks a potential new function for gGag in the context of

infection. Given the ubiquitous necessity of an optimized core stability for any virus, combined with the



overlapping function of gGag with HIV accessory proteins, continuation of this work represents an as of
yet clinically unexplored avenue for the development of HIV therapeutics. At the same time, in order to
characterize individual viral particles, | played an instrumental role in developing the technique of flow
virometry within our core facility. | illustrated that the Env of MLV does not significantly accumulate on
extracellular vesicles (EVs) and acts as an effective marker for viral particles. With this evidence in hand,
the enumeration of MLV virions was made possible. By correlating this information with an absolute
viral genome determination, | was able to estimate the packaging efficiency for MLV in a quantitative
manner. This information suggests that roughly 80-85% of MLV particles are missing their essential
genetic information. These findings may implicate the disease progression of MLV infection may be
enhanced by the use of defective-interfering particles, a theory that has been suggested for HIV. This
work highlighted the fact that flow virometry is uniquely capable to discriminate viral particles from
other cell-derived membraned vesicles in a highly sensitive manner. Overall, my work has unveiled new
complexities of a simple retrovirus, while laying the groundwork towards both diagnostics and

therapeutics for the ongoing battle with HIV.
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- strand: minus strand

+ strand: positive strand

um: micrometer

3D-PCR: differential DNA denaturation PCR

A: alanine (amino acid) or adenine (nucleotide)

Al: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-1

A2: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 2
A3A: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3A
A3B: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3B
A3C: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3C
A3D: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3DE
A3F: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3F
A3G: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G
A3H: apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3H
AKV: AKR mouse-derived virus

ALV: avian leukosis virus
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bp: base pairs
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ESCRT: endosomal sorting complex required for transport
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FCM: flow cytometry
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FVM: flow virometry
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HIV: human immunodeficiency virus

HyperHRM: hypermutation-analysis by HRM

HRM: high resolution melt

HTLV: human T-lymphotropic virus
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IFI203: interferon activated gene 203

IFITM: interferon-induced transmembrane protein
IFN: interferon

IN: integrase

IRES: internal ribosomal entry site

ISG15: interferon-stimulated gene 15

K: lysine

kb: kilobases

KO: knock-out

KRAB-ZFP: Kruppel-associated box domain-containing zinc finger proteins
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LINE-1: long interspersed element 1
LTR: long terminal repeat

M: methionine

mA3: murine apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3
MA: matrix

MHC: major histocompatibility complex

(M-)MLV: (Moloney) Murine leukemia virus

MOV10: Moloney leukemia virus 10
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mRNA: messenger RNA
MVBs: multivesicular bodies
Mx2: myxovirus resistance protein 2

N: asparagine

NC: nucleocapsid

nm: nanometer

Nef: Negative factor

NGS: next-generation sequencing
NTA: nanoparticle tracking analysis

P: proline

PBS: primer binding site

PCR: polymerase chain reaction

PIC: pre-integration complex

Pol: polymerase

PPT: polypurine tract

Pro: proline

Psi ({): packaging signal

Psi+ (J+): extended packaging signal

Q: glutamine

R: arginine

Rmcf(2): resistance to mink cell focus-forming virus (2)
RNA: ribonucleic acid

RNase H: ribonuclease H

RSV: Rous sarcoma virus

RT: reverse transcriptase

RTC: reverse transcription complex

S: serine

SAMHD1: SAM and HD domain-containing protein 1

SERINC: serine incorporator

SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis
SSC: side scattered light

ssDNA: single stranded DNA

ssRNA: single stranded RNA

STING: stimulator of interferon genes

SU: surface (subunit of Env)

T: threonine (amino acid) or thymine (nucleotide)

TIM: T cell immunoglobulin and mucin domain proteins
TM: transmembrane (subunit of Env)

TREX1: three-prime repair exonuclease 1

TRIM: tripartite motif-containing protein

tRNA: transfer RNA

TSPO: translocator protein
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TU: transducing unit

U: uracil (nucleotide)
UNG2: uracil DNA glycosylase 2, nuclear localization

V:valine

Vif: Viral infectivity factor
VLPs: virus-like particles

Vpr: Viral protein R

Vpu: Viral protein U

Vpx: Viral protein X

VSV: vesicular stomatitis virus

W: tryptophan
Y: tyrosine

ZAP: zinc finger CCCH-type antiviral protein 1
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Chapter 1: General Introduction

The Dawn of Virology

Seeing is believing

The discovery of bacteria has been accredited to Antony van Leeuwenhoek late in the 17"
century, though at the time he referred to them as “animalcules” (1). He accomplished this with a
microscope of his own design, describing the appearance, mobility and multiplication of these creatures.
Even with this, it was Louis Pasteur in the mid 19" century that truly demonstrated the pathological
implications of microorganisms (2). Within this aforementioned work, Pasteur identified that “furuncles”
or boils may contain a microbe with the ability to proliferate in culture and propagate disease in lab
animals. Furthermore, in the same work Pasteur identifies that several organisms are responsible for the
development of puerperal fever, which was symptomatically defined. This work was pivotal for Pasteur
and colleague, Charles Chamberland, to develop a water filtration device that was capable of filtering

bacteria from solution. These filters were made widely available and became common practice among

researchers to establish bacteria as the causal agent of infection.

Pasteur and Chamberland’s work laid the foundation for the concept of viruses, referred to at
the time as filterable infectious agents. The first documented discovery of a viral infection is debatably
attributed to Ivanoski in 1892 or Beijerinck in 1898 (3). While Ivanoski was the first to identify that a
filterable compound was responsible for the observed pathology of mosaic disease, it was Beijerinck
that characterized the virus. As viral discovery continued, some research was dedicated to the
permeability of these filter devices for ruling out bacteria in the context of infection (4). Reassurance
was brought forth through the invention and adaptation of electron microscopy within the scope of

bacteriophage research (5). The importance of bacteriophage research cannot be stressed enough, as



Renato Dulbecco adapted his knowledge on this front for the development of a plaque assay for use
with animal viruses (6). Variations of this assay are still used today as a standard in quantification of a
multitude of viruses (7). In brief, a virus will form ‘plaques’ when it is propagated on a monolayer of
suitable target cells. This method circumvents the need of a microscope, as these ‘plaques’ are
discernible by the human eye. This was truly revolutionizing for the animal virology field, as this enabled

researchers to quantify the infectivity of a biological sample.

The aforementioned work, and much more, has been instrumental to our current understanding
of viruses. These pathogens are cellular parasites, incapable of independent replication without a
suitable host. Their discovery has led scientists to numerous arguments about the very definition of life
(8). The comparative simplicity of their replication cycle has also raised debates about their origin with
respect to cellular life — which came first, the virus or the cell (9)? Despite these interesting avenues of
philosophical deliberation, researchers have agreed upon the need for classification of the many
emerging viruses. As new viral species were being rigorously documented, David Baltimore presented
the idea of categorizing viruses based on genome and replication characteristics (10). This classification
system is still in use today, with some minor modifications. However, the development of new
technologies, such as Next Generation Sequencing (NGS) and metagenomics, is responsible for the

discovery of thousands of new viruses and a newfound appreciation for viral phylogeny (11, 12).

Retroviruses
Throughout the 20" century, scientists were discovering filterable pathogens that were
transmitting forms of cancer. Early on, the group of avian sarcoma / leukosis viruses (ASLV), specifically
Rous sarcoma virus (RSV) and avian leukosis virus (ALV), were discovered by two independent
researchers (13, 14). This was followed up by numerous discoveries of mammalian tumor-causing
agents: feline leukemia virus, gibbon ape leukemia virus, simian sarcoma virus, mouse mammary tumor

virus and a diverse number of murine leukemia and sarcoma viruses, to name a few (15-22). At this



point it was undeniable; contagious agents could lead to cancer formation. Genetics research into some
of these viruses identified potential oncogenes that were highly homologous with host proteins (23, 24).
While others were missing oncogenes, they were found to modulate levels of similar host-encoded
genes to transform cells (25-27). This work unlocked a diverse field of cancer research. Another
unexpected avenue was brought forth with serology testing and defective viruses. Screening of chickens
for this potentially leukosis-causing virus, it was discovered that asymptomatic birds may contain
defective virus (28). The Bryan high titer strain of RSV, for example, was found to only be infectious
when coproduced with a helper virus due to a defect in cellular entry (29). While transformation of a cell
with this defective virus typically yielded no infectious progeny, there were some demonstrations to the
contrary (30, 31). This was the first evidence to support the notion that pre-existing viral components

are present within seemingly uninfected cells.

Alone, these previous findings would have been thought preposterous. However, there was
some groundwork already in place. Howard Temin initially postulated the highly provocative theory,
challenging the accepted dogma of the time, that RSV, an RNA virus, maintains a DNA intermediate to
impose a more stable and heritable phenotype on progeny of infected cells (32, 33). At this point, a
search had begun to identify if virus could be produced from ‘uninfected’ cells. An example being that of
AKR mice, which were identified to produce virus during embryonic development (34). This
phenomenon was also observed in vitro for BALB/c-derived embryonic cells after prolonged cultivation
(35). Chemical induction of these viruses could be observed in putatively uninfected cells, across species
(36, 37). Around the same time, Baltimore and Temin had independently discovered a virus-derived
reverse transcriptase, also referred to as an RNA-dependent DNA Polymerase (38, 39). The knowledge of
the relative stability of RNA and DNA, combined with Dulbecco’s Nobel Prize winning research that

showed the capability of a viral DNA genome to stably integrate into a host, furthered the narrative that



these transforming RNA viruses must be integrating a DNA-intermediate (40). This theory was later

proven with the discovery of the essential functions of the viral integrase (41).

This cumulation of research brings us to our current understanding of retroviruses, a diverse
class of pathogens that aim to permanently guarantee their genetic survival by integrating viral nucleic
acids into the genome of a host. As is their namesake, these viruses are retro, or backwards, to the
typical dogma, using a reverse transcriptase to convert a RNA genome into dsDNA that is primed for that
essential integration step. The family of Retroviridae is divided into two very different subfamilies:
Orthoretrovirinae and Spumaretrovirinae. The latter being termed “foamy” due to the impacts they have
on the infected cells, while being relatively non-pathogenic (42). These viruses can also be recognized by
their distinct stage of reverse transcription, allowing them to deliver a fully synthesized dsDNA genome
when entering a new target cell (42, 43). Orthoretrovirinae, on the other hand, are the more commonly
thought of group of retroviruses due to their pathogenicity, potentially causing immunodeficiency or
cancer. While the reverse transcription process is conserved across subfamilies, the timing differs from

Spumaretrovirinae, as these retroviruses maintain an RNA genome until entering a new target cell.

Endogenous Retroelements

There are many features of the human genome that resemble or share characteristics of viruses.
In fact, there is a large amount of evidence suggesting that approximately half of the human genome is
accounted for by transposable elements or derivatives thereof (44). The only forms of transposable
elements still active today are endogenous retroviruses (ERVs) and retrotransposons, such as long
interspersed element 1 (LINE-1). Retrotransposons are clearly related to retroviruses, as they share the
definable quality of reverse transcribing an RNA genome intermediate prior to integration into a new
position in the host. In fact, one theory of the derivation of the first retroviruses is proposed to have

progressively evolved the ability to move between cells, originating from a retrotransposon (9).



As briefly touched upon in the previous section, researchers were identifying the presence of
endogenous retroviruses without realizing the full implications at the time. Given the unique ability of a
retrovirus to permanently modify the genome of an infected cell, it is unsurprising to see historical
footprints of retroviral infection within the genetic material of hosts. Obviously, a somatic cell infection
does not provide a heritable footprint, but infected germ cells may lead to the ubiquitous and continued
survival of a virus by virtue of its integration into the host genome. One can speculate this as the ‘goal’
of a retrovirus, guaranteeing that the host’s survival will ensure viral propagation. In this regard, the
most successful retroviruses are those without oncogenes, typically simple in nature, and foamy viruses.
This is likely linked to the reduced pathogenicity of these particular viruses, lengthening the survival and

therefore chances of offspring for infected hosts.

ERVs are undeniably present in all vertebrate species to various degrees. This longstanding
relationship between animals and retroviruses implies that there has been a great deal of co-evolution.
Indeed, ERVs have played a remarkable role in our evolution as placental mammals. Though distantly
related animal species have had different genetically tractable retroviral encounters over the millenia,
there is a surprising amount of convergent evolution (45). It seems probable that a retroviral infection
event is the very factor responsible for the evolution away from our closest egg-laying relative, the
monotremes. There is a strong amount of evidence that supports independent gene captures of
retroviral envelope genes among mammalian lineages; the family of syncytin genes is responsible for
proper placental formation. Other implications for the effects of ERVs are reviewed by Grandi &
Tramontano (46). ERVs also have been recognized to modulate the transcriptional regulation of
neighbouring genes. Additionally, both the transcription and translation of ERVs can trigger immune
sensors, potentially leading to autoimmunity (46, 47). While avian and mammalian retroviruses are
commonly studied as model systems, it does not come as a surprise that many other species have

similarly co-evolved with retroviruses (48). The latter work exposed the possibility of several animal



reservoirs for zoonotic transmission, even across water-land barriers. Clearly, we have only reached the

tip of the iceberg to understand the historical relevance, levels of coevolution and origin of ERVs.

A Model Retrovirus: Murine Leukemia Virus

Retrovirology, a New Field

A number of murine leukemia viruses (MLVs) have been identified as ERVs within a variety of
mouse strains. As a member of the gammaretrovirus genus, MLVs are representatively simple
retroviruses, though there are a few examples of MLVs that contain oncogenes (19, 49-51). The term
‘simple’ is quite relative, as we still do not have a complete understanding of their biology. This virus has
been studied extensively and has been recognized as a useful tool. Our improved understanding of the
elements controlling genome packaging and integration have allowed scientists to develop
multicomponent retroviral vectors to create stable cell lines, transgenic mice and even gene therapy
vectors. Furthermore, the uncovering of the replication cycle of an archetypal retrovirus in a mouse
model system has better prepared us for the investigations and clinical developments necessary when
facing the human retroviral threats, such as HIV-1, HTLV-1 and to a lesser extent HIV-2. Herein, we

describe the foundation of MLV biology available while this dissertation was in preparation.

The MLV Genome
Within the genome of an infected cell, the dsDNA coding material for MLV acts as a ‘provirus’.
The boundaries of a replication-competent provirus consist of long-terminal repeats (LTRs), potentially
indistinguishable from one another. The subunits of these regions are termed: U3, R and U5 regions. At
the 5’ end of the LTR lies the U3, which is understood to act mainly as an enhancer / promoter. This area

contains the expected consensus signals for transcription initiation, while some MLVs encode tandem



enhancer regions (52). These enhancer regions play an important role in determining the effective
replicative cellular range of a provirus (53). Immediately following the U3 is the R region, which marks
the beginning of the RNA transcripts. In addition, the R region also contains the polyadenylation signal
(54). Despite this, there are very few short polyadenylated RNAs detected within the context of MLV
transcription — indicating that the 3’ R region is the key contributor of the polyadenylation signal (55).
Finally, it is the U5 region that marks the end of the LTR. Once transcription has completed, RNA
processing, such as polyadenylation, transcription termination and cleavage, is regulated by sequences
within the 3’ U3 region in MLV; this role is played within the 3’ U5, which immediately follows the R
region, in similar family members (56, 57). By making use of these recognizable elements commonly
found within the cell, retroviruses take advantage of cellular replication machinery to transcribe the
genome as any other cellular gene. Given the nature of a typical retrovirus, there is a possibility the U3
at the 3’ end of the viral genome may act as an independent promoter, modulating transcription of
downstream cellular genes. Cellular gene modulation was considered to be a rare event, occurring due
to readthrough of the transcription termination signals in the 3’ LTR (58). However, with new technology
available, it has become apparent that both LTRs may impact cellular transcription initiation levels in a
bidirectional fashion (59). Thus, the main product of LTR driven transcription is a full-length MLV viral

transcript that resembles a cellular mRNA with a viral R region at both termini (Figure 1.1).

The MLV mRNA has several functional elements. Firstly, there are several coding sequences
(CDS) that are translated and post-translationally processed. The mRNAs containing these CDS have
been identified to contain a functional internal ribosomal entry site (IRES) which ensures their
translation through all stages of mitosis, though the relevance of these sites during the viral replication
cycle is still unclear (60, 61). The structural proteins are translated as a single polyprotein known as Gag,
or Group-specific antigen. This region is solely responsible for viral assembly, as virus-like particles (VLPs)

can acquire a host-derived phospholipid bilayer and egress with the exclusive expression of Gag (62).
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Figure 1.1. Architecture of the MLV RNA genome.

The unique regions described in the text are illustrated within the MLV genome. Each terminus is
flanked by an R region and maintains a portion of the LTR. Immediately following U5 is the leader
sequence, which contains the PBS and . The leader sequence also contains the alternative start codon,
CUG, for gGag. Following are each of the coding sequences for Gag, Pol and Env. Between the CDS for
Gag and Pol is a UAG termination codon, which is readthrough on occasion due to the pseudoknot
structure of the RNA. Upstream of the U3 is the PPT, essential for reverse transcription. Abbreviations:
PBS: primer binding site; {: packaging signal; CDS: coding sequence; PPT: polypurine tract. This image is
Copyright © 2011 Alan Rein, reproduced from (63) in accordance with the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/3.0/).
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There is a stop codon that typically terminates translation at the end of the Gag coding sequence,
however a read-through event occasionally occurs resulting in the translation of a Gag-Pol polyprotein
(64, 65). This is due to a pseudoknot structure in the mRNA that forms a conformation suitable for read-
through only about 6% of the time, ensuring a nearly 20:1 ratio of Gag : Gag-Pol (66). Recent evidence
has shed some light on the importance of this ratio of translation to reach maximal virus production,
with minor impacts on individual virion infectivity (67). The Pol, or Polymerase, was named after a
translational product, the RNA-dependent DNA polymerase — also known as reverse transcriptase. This
region contains the viral protease genes and the necessary components to complete reverse
transcription and integration steps of the retrovirus replication cycle. The protease is responsible for
cleaving the Gag and Gag-Pol polyproteins into their functional subunits at the necessary recognition
sites during a process known as virus maturation (64, 68). The final prototypical gene product is the
envelope glycoprotein (Env). In MLV, the coding region for Env leaves only an approximately 50bp gap
on non-coding region between Env and the 3’ LTR (54). This protein is responsible for the entry phase of
the viral replication cycle; it represents the only essential viral protein on the membrane of a virus
particle, with the majority of the protein exposed on the surface (69). Similar to Gag and Pol, the relative
levels of produced Env protein is controlled by the virus. This regulation is mediated by the coordination
of a splicing event, which removes much upstream of Env, leading to its efficient translation (70).
Improving the splice efficiency modifies both the ratio of Gag : Gag-Pol : Env and the ratio of full to
spliced RNA, which has a drastic impact of MLV infectivity (71). Additionally, some strains of MLV
recognize a CUG codon, that is located approximately 88 amino acids upstream of the Gag initiation site,
as a start codon. These strains produce a protein that is in the same reading frame of Gag, but is post-
translationally modified in the endoplasmic reticulum, referred to as Glycosylated Gag (72). The specific

functions of these proteins will be discussed in more detail in a later section.



In addition to the aforementioned coding and regulatory elements of the MLV transcript, the
RNA must incorporate itself as a genome into newly produced viral particles. As retroviruses contain
positive (+) stranded RNA genomes, no further modification to the RNA is required prior to packaging to
distinguish it from these other functions. It was initially discovered that retrovirus family members
maintain a dimeric genome that is linked by an interaction in the 5’ region of the RNA, which has been
termed a ‘kissing loop’ (73). For MLV, this region was identified to be within the 350bp of non-coding
region found between the 5’ LTR and the initiation codon of Gag (74). While this region is solely
sufficient for genome dimerization and packaging, further evidence has shown an improved efficiency
when containing a small section of the Gag RNA (75). These regions are referred to as the packaging
signal (Psi, ) or extended packaging signal (Psi+, Y+), respectively. Integrating these signals with
cellular mMRNA showed favourable viral incorporation and dimerization within viral particles (76).
Incorporation of these mRNAs occurred as dimers, similar to the viral genomes (77). This provided the
first evidence that the packaging signal and dimerization are directly linked. To confirm the link between
dimerization and genome packaging, a structurally-based analysis visualizing the stem-loop
conformations of monomeric and dimeric MLV genomes identified key interacting nucleotides that are
only accessible in a dimeric state (78). Dimerization of Psi was then recognized to be involved in the
nuclear export of the unspliced viral genome (79, 80). This is further supported by heterodimerization
studies of distinct MLV transcripts (81, 82). Though the specificities behind genome packaging are
discussed later, it is still unclear if Gag captures this viral genomic dimer in the nucleus or the cytoplasm,
due to the presence of Gag in both regions of the cell (83). In summary, through dimerization events
mediated by a highly conserved region of the MLV genome, the unspliced viral transcripts can be

trafficked in a directed mechanism towards virus particle encapsidation.

A final major function of the viral RNA is that of a pre-mRNA. It is recognized by host splicing

factors which results in the regulation of Env translation. Several elements within the MLV genome
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regulate the splicing event, some of which were discussed previously. Additionally, a cytoplasmic
accumulation element has been identified within the coding sequence for Pol, exemplifying another
facet of this complex regulation (84). As a definitive property of a simple retrovirus, the MLV RNA was
thought to be singly spliced, solely for Env expression. However, there have been multiple studies that
have identified additional splice donor and acceptor sites that lead to biologically relevant spliced RNA
species (85, 86). Furthermore, at least one such RNA maintains the ability to be packaged into virions
and has been recognized to integrate into the genomes of infected cells (87). Though the functions of
these different types of spliced RNA are not yet clear, they have been associated with the relative
oncogenesis in MLV infection (85). This ‘simple’ retrovirus exhibits regulation of the splicing events
through secondary structures in the RNA, some of which are in the leader sequence between the 5’ LTR
and the Gag coding sequence (70). The complexities of the level of control exhibited by and over the
MLV transcripts are not comprehensively described in this text, however this review does them more
justice (88). Due to the positioning of the splice sites, as of yet there are no identified variants of the
MLV transcript that contain a Psi without an Env, though there are some variants without Psi that do not

package efficiently.

MLV Viral Assembly

As briefly mentioned in the earlier section, Gag alone is sufficient for the generation of VLPs.
This gave researchers some insight when initiating studies into the requirements for viral assembly,
indicating that retroviruses do not depend on Env for the signals required for the generation of viral
particles. As mentioned earlier, the retroviral Gag is a polyprotein. It contains subunits that are denoted
matrix (MA), p12, capsid (CA) and nucleocapsid (NC). Initially, the Gag polyprotein was recognized to
contain myristoylation sites in the MA domain which targets Gag molecules to the cell surface (89).
Disruption of this modification prevented both membrane association and viral structure formation by

Gag. Further studies showed that a polybasic region in MA also coordinates interactions with
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phospholipids, independently of the myristoylation (90). Mutational analysis also suggests that MA
coordinates the trafficking of Gag through cytoskeleton linked interactions (91). The importance of MA
in localizing Gag towards a cellular membrane is clear, and one would speculate that this domain likely
coordinates specific incorporation of the Env towards viral particles. This would seem a likely option, as
MLV Env does preferentially organize with viral particles and there seems to be an interaction with MA
and Env (92, 93). However, MLV Gag still out competes HIV-1 for MLV Env incorporation even when the
MA domain of MLV is swapped for that of HIV-1 (93). This indicates it may be a more complex

recruitment mechanism than originally thought.

Whereas the localization of Gag to the lipid membrane is clearly a responsibility of the MA
domain, there is evidence to suggest the assembly of the viral core structure is shared between the p12
and CA domains. Though, perhaps the word ‘share’ is too strong, as p12 plays a minor role in core
structure and assembly when compared to CA. There are some regions of p12 that seem indispensable
for viral assembly, however some deletions do not impact this stage of the virus replication cycle (94).
Seemingly, these are the same regions that are responsible for subtle intermolecular interactions with
CA, suggesting some ability to contribute to the multimerization of Gag (95). On the other hand, there
are many examples of CA mutations that disrupt viral assembly. Regions in the N-terminal domain had a
minor influence on viral assembly, but did impact the morphology of the viral cores (96). Other point
mutations in CA will entirely prevent Gag-Gag interactions, and therefore viral assembly (97). A more
complex study, involving homodimerization and heterodimerization of mutant and wild-type Gag,
illustrated potential interaction sites by use of single point mutants (98). The carboxy tail of CA is also
deemed important for viral assembly (99). This region was later deemed the charged assembly helix
motif due to its role in multimerization of Gag (100). It is unsurprising that many regions of CA are
involved in the oligomerization of Gag, given the predominantly homohexameric composition of the

viral capsid lattice (101).
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The final component of the Gag polyprotein is the NC, which was named after its strong affinity
for the viral genome. The MLV NC is a 10kDa subunit with a high proportion of proline and basic
residues (102). This region is hypothesized to tightly interact with nucleic acids based on charge, which
explains some lack of specificity for the RNA incorporation into virions (103). It also contains a CCHC
motif which forms a zinc finger that has been shown as an essential structure in recognizing and
packaging the viral genomic RNA (104). A detailed analysis of NC and Psi dimeric interface showed the
interaction along the zinc knuckle of this structure (78). The NC has been implicated to some degree in
multimerization of Gag required for virion assembly (105). This may be due to its strong nucleic acid
binding affinity, as it has been shown that viral cores require RNA as a structural element, regardless if it
is viral or host origin (106). Furthermore, NC recognition of dimeric Psi is best achieved as a set of 12
assembled Gag or Gag-Pol polyproteins, indicating this may be a sufficient milestone for virion assembly
(107). Direct visualization studies suggest that this interaction occurs within endosomal vesicles (108).
However, while the high affinity of NC for Psi does favour its encapsidation, the abundance of other RNA
in the cytosol all but guarantees the packaging of some non-viral nucleic acids. On this front, it was
discovered that most cellular mRNA species are incorporated into the viral particles at random, but
there is some specificity observed as some mRNAs are equally as abundant as the viral genome (109).

Total RNA within a viral sample, however, was calculated to be roughly 7-8 bases per Gag molecule.

Given the polyprotein form of Gag and its inherent requirement for the structural assembly of a
viral particle, each of these aforementioned subunits will be in relatively equal abundance. This is on the
order of 2000 Gag molecules (101). Pol, on the other hand, is incorporated stochastically with a strong
dependence on its relative abundance within the cell (67). This implies the Gag-Gag interaction is
incapable of discriminating Gag or Gag-Pol as a binding partner. As it is translated with approximately

6% of the efficiency of Gag, there should be a roughly 20:1 Gag : Gag-Pol ratio (66).
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Representative of other members of the family, MLV Env is translated and processed through
the endoplasmic reticulum and trans-Golgi network for glycosylation and insertion as a trimeric
transmembrane protein. On its route to the cellular membrane, Env is cleaved by a furin or furin-like
protease to separate the protein into surface (SU) and transmembrane (TM) subunits which are
covalently linked by disulphide bridging (110). There is evidence that suggests that this furin-like
protease cleavage is important for selective incorporation of MLV Env into sites of viral assembly (111).
Other research supports that this protease cleavage event potentiates, but is not essential for, Env
activity during viral entry (112). Though not essential for viral assembly, Env does specifically associate
with MLV through an interaction with multiple domains of Gag and the intracellular tail of Env (93, 111).
Along these lines, there is evidence to support the colocalization of Env and Gag, even within the
endosomal protein sorting machinery (108, 113, 114). These interactions support a relatively consistent
and specific level of Env incorporation into each budding virion, which is assumed to be somewhere

between 80-120 trimeric ‘spikes’ per viral particle (115).

The final event of viral budding, also known as egress and depicted in Figure 1.2, is mediated
through the ESCRT-I and ESCRT-III that are recruited mainly by the p12 and MA domains of Gag (116).
This has been confirmed by the analysis of viral particle composition, indicating the presence of several
of these factors (117). Removal of the common motif responsible for Nedd4 binding (PPPY) prevented
endosomal sorting of Gag in producer cells (118). The same phenotype can be rescued through Itch
ubiquitination, this highlights the importance of ubiquitination, and not exclusively Nedd4, for
endosomal sorting and viral budding (119). Presumably through the interactions with these pathways,
MLV and HIV have both been recognized to assemble through the endosomal compartment and bud
using multivesicular bodies (120). Mutants lacking these interactions are strikingly reminiscent to the
previously described MA mutants that are unable to incorporate into the cellular membrane. It is likely

that the membrane association of Gag is indispensable for recruitment of these ESCRT family members,
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Figure 1.2. Multimerization and budding of retroviral Gag.

Retroviral structural proteins are directed towards the cell membrane for oligomerization and
encapsidation of the viral RNA genome. Host proteins (i.e. ESCRT-I, ESCRT-III & ALIX) are attracted by
conserved domains within Gag to mediate the egress of assembled virions. This image adapted from the
original, which was reproduced under License: 4674930178483, and is Copyright © Springer Nature
(121).
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ensuring proper cellular localization for CA-mediated oligomerization and NC-mediated RNA packaging.
Altogether, it is clear that Gag has a number of functions that act in a concerted effort towards the goal

of viral assembly and egress.

Maturation

Now that the viral particles have egressed, a maturation event has to occur before they become
infectious (122). It was recognized that the protease is located immediately following the NC on Gag-Pol
polyproteins (64). This region is required for maturation and infectivity, but surprisingly immature
particles are still capable of reverse transcription (123). Based on homology with other retroviral family
members, a dimer of the MLV Gag-Pol polyproteins is assumed to initiate this process through an
autocatalytic cleavage event that releases the protease, which is functional as a dimer (124). At this
point, the unhindered protease will actively cleave the Gag and Gag-Pol polyproteins into their
functional subunits by recognition of specific cleavage sites separating each domain (125). Surprisingly,
though the mature virus contains stronger intermolecular interactions, the immature virus is more
structurally sound (126). Increased intermolecular interactions as subunits has also been observed
between NC and viral RNA (127). This difference in rigidity is likely due to the polymeric nature of Gag at
this stage, enforcing a covalent interaction between all subunits. Since the CA and NC proteins are the
main intermolecular forces, while p12 and MA contribute only minorly, one can conceptually
understand the loss of structural strength. The protease is also required for cleavage of the intraviral tail
of the Env, referred to as the R-peptide. This cleavage is essential for Env functionality and therefore
infectivity (128). This timing is essential, as the uncleaved R-peptide was previously essential for

selective recruitment of MLV Gag to budding sites (111).

The final structure of the mature virus maintains the designated orientation that was imposed
by the Gag polyprotein: MA, p12, CA, NC. While the MA subunits are not likely providing much structural

support, they remain associated with the membrane envelope of the virion. The p12 subunits seemingly
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interact to some degree with CA, providing an added stability to the viral core. CA forms a complex
structure through mainly homohexameric interactions. This structure encompasses the ribonucleic acid

protein complex, which consists of the NC, viral and host RNA, as well as the Pol subunits.

MLV Entry

Once virions are released from a cell, there is a limited time available to seek and infect a new
host. To put this into perspective, for MLV at a body temperature of 37°C, the half-life is between 4 and
5 hours (129). However, this is irrelevant for viral particles that are transferred at points of cell-to-cell
contact, which clearly is a directed method for MLV to spread infection; the relative role of each type of
infection event in vivo is still unclear. (92). Nonetheless, a significant amount of effort has gone into
characterizing the functionality of cell-free viral particles. For example, it is known that host proteins, in
addition to the viral Env, are incorporated in the membrane of MLV. While Env is actively incorporated,
other membrane proteins may be passively associated as viruses bud from a cell (62). There may be
some selectivity, however, given the accumulation of Env in cholesterol-rich microdomains within the
plasma membrane (113, 114). Some of these host proteins have been identified to include: CD9, CD63,
CD81, integrin B1, HMFG-E8 and Lamp-2 (117). This was the first identification that MLV incorporates
cellular adhesion proteins on the viral membrane surface, which likely play an auxiliary role in directing
the viral particles to new target cells. Though this may enhance attraction between cells, the
involvement of Env in receptor binding is paramount for infection. It is understood that the Env
undergoes a major conformational shift upon interaction with its receptor (130). In the case of the MLV
Env, it seemingly extends an additional 40% of its original height. After initial interactions, MLV is
endocytosed in a dynamin-dependent, caveolin-based, pathway that involves cathepsin activation (131).
It has previously been reported that the cathepsin protease cleavage of the SU domain potentiates virus

entry into the cytoplasm of a cell (132). At this point sequential isomerization of each SU-TM disulphide
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linkage occurs, followed by removal of the SU region (133). This function of SU is essential for the
refolding of TM and exposure of the fusion peptide, which actively incorporates itself into the opposing
membrane (134). For a short time, the virus has two lipid bilayers before fusion occurs in a similar

mechanism to other viral Envs, releasing the viral core structure into the cell (135).

After shedding its lipid bilayer, the structural elements of the virus retain their formation to act
as a protective shell for the viral nucleic acids, thus avoiding innate sensors within the cytoplasm of the
cell (136). Core stability is very important for this complex to remain intact, as mutants in the CA domain
are incapable of producing intracellular reverse transcripts (97). This may be due to either core
degradation within the acidified compartment, which is common during the endocytic entry of MLV, or
premature uncoating within the cytosol of the cell. In either case, these mutants were incapable of
forming a functional reverse transcription complex (RTC). The RTC is permeable to small molecules, like
dNTPs, but not large proteins or complexes (137). Given the open nature of the MLV capsid structure, a
cytosolic uncoating event may not be necessary to achieve this permeability (101). This allows for the
progression of reverse transcription while protecting the viral genome from degradation or sensing.
Once reverse transcription is complete and a dsDNA viral genome has been generated, this is now
referred to as a pre-integration complex (PIC). These complexes of MLV have been established to travel
upon the cytoskeleton and microtubule network to reach the nucleus of the cell (91, 138). It is theorized
that the PIC waits at the periphery of the nucleus until mitosis events allows for nuclear entry (139).
Recent evidence suggests that this is regulated by the post-translational modification of CA, specifically
its SUMOylation (140). Once within the nucleus of a cell, the p12 subunit interacts with the host
nucleosome in order to proximally associate the PIC for genomic integration (141). This function has
long been suspected due to the high level of homology of MLV p12 with histone proteins (142).

Currently it is theorized that a mitotic shift releases p12 from chromatin, initiating uncoating of the viral
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core and triggering integration (143). The virus then directs the integration of its dsDNA genome into the

host chromatin, enforcing the permanent and heritable incorporation of an MLV provirus.

Reverse Transcription

The reverse transcriptase is a unique enzyme responsible for converting ssRNA into dsDNA and
has been extensively studied. As briefly discussed in an earlier section, the essential tools for this
process are encoded within the Pol region of the genome and encapsidated into a budding virion as the
Gag-Pol polyprotein. This ensures there is a consistent level of Pol proteins, roughly an equivalent of
1/20%" the levels of Gag. Though it seems in terms of retroviral infectivity, MLV can withstand a large
variation of Gag : Gag-Pol ratios (67). The feature of packaging polyproteins ensures that the domains of
Pol, which consists of reverse transcriptase (RT), RNase H and integrase, are all present within equimolar
ratios. The functions of RT and RNase H are so tightly intertwined that these are not separated by
protease cleavage (144). Given the nucleic acid binding affinity of each component, and the orientation

of Gag-Pol in the capsid, Pol polyproteins and subunits are all within the confines of the capsid structure.

The process of reverse transcription is dependent upon priming and is directed ina 5’ to 3’
direction, similar to many other polymerases. The entire process from RNA to dsDNA is outlined in
Figure 1.3. It was first identified that a cellular component, typically the host tRNAP™, was used for
priming and initiation of reverse transcription (145). The exact primer binding site (PBS) was identified in
the leader sequence of MLV, whereby a strong RNA duplex would occur (146). At the time, it was
theorized that the viral genome specifically incorporated the tRNA due to their strong affinity for one
another inside the viral particle. However, it was later shown that the genome was dispensable for this
recruitment (147). It has been recently shown that precursors to tRNAs, not mature forms, are
specifically recruited from the cytoplasm prior to their planned degradation (148). Though the exact

mechanism is still not clear, the RT has long been implicated in this recruitment (150). This is further
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Figure 1.3. The mechanism of reverse transcription.

1) DNA synthesis is primed via the annealing of tRNA to the appropriate PBS on the viral genome. 2)
After RNase H-mediated degradation of the template, the strong stop DNA undergoes strand transfer to
act as a primer. 3) As the PPT is resistant to degradation, it acts as a primer to initiate plus (+) strand
synthesis. This may occur simultaneously to completion of the minus (-) strand. 4) Each termini of ssDNA
contains a complementary PBS, these sites anneal to form a circular intermediate. 5) Extension of the +
strand dissociates the intermediate. 6) Extension of the - strand finishes the process. Abbreviations: PBS:
primer binding site; PPT: polypurine tract. This image is adapted from the original, which was
reproduced from (149) and Copyright © 2011 Nathalie Arhel in accordance with the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/2.0).
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supported by the relationship between tRNA packaging and Gag-Pol translation (151). Thus, within MLV
particles there would be a direct molar correlation between RT and necessary primer for initiation of
DNA synthesis. Surprisingly, however, the initiation of reverse transcription is the responsibility of NC,
and not RT. This is due it its chaperone function, whereby the tRNA is directed as a primer to initiate
reverse transcription (152). The exact mechanism of NC involvement in this process was recently
uncovered, illustrating that the PBS, which is just downstream of the Psi, is made accessible to tRNA
binding by NC (153). At this point, NC directs tRNA binding and initiates DNA synthesis. By this model,
NC is also important for elongation, which has been a suggested role based on mutagenesis (154). The
zinc finger of NC has also been recognized as important for chaperoning properties during this process
(155, 156). Thus, the necessity of NC for reverse transcription is two-fold: 1) Providing the RNA template

and 2) Initiating, stabilizing and chaperoning DNA synthesis.

Once primed for extension, the functional monomer RT extends from the PBS in a 5’ to 3’
direction, until reaching the terminal R region (157). This short extension step, often referred to as
minus-strand strong-stop DNA, only consists of the 5’ terminal R-U5 region. The RNase H functions to
eliminate the RNA from DNA : RNA hybridizations, thus freeing the strong-stop DNA (158). At this point,
the R, or repeat, region earns its namesake. Similarly to the tRNA, NC chaperones this as a primer to
initiate the first strand-transfer event, bringing the strong-stop ssDNA to the 3’ terminal region of the
viral RNA genome (159). Reverse transcription continues along, generating a nearly full-length DNA copy
of the viral genome, heteroduplexed with its RNA complement, terminating at the original site of tRNA
binding, the PBS. The RNase H activity removes the majority of the complementary RNA strand, leaving
behind a small fragment that is resistant to degradation, known as the polypurine tract (PPT) (160). This
region is located in the non-coding sequence between Env and the 3’ LTR. The PPT acts as a primer for
plus-strand DNA synthesis, generating a longer strong-stop DNA than the first step. This strong-stop DNA

contains U3-R-U5-PBS, as the tRNA was still bound. Once the tRNA is removed by RNase H, the NC is
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thought to chaperone the strand-transfer of this region to homoduplex with the terminal PBS on the
minus strand, creating a circular intermediate (161). The RT extends both the minus-strand and plus-

strand, creating a dsDNA genome that is terminated with a potentially identical U3-R-U5 or LTR.

Though this process is well-understood as a linear procedure, the multitude of enzymes within a
viral particle and the nature of retroviruses to package two RNA genomes, increases the level of
complexity therein. For instance, there are presumably ~100 RTs present within a single viral particle
with only two ssRNA genomes. Though even ~20 RTs per particle achieves the same level of infectivity,
indicating an overabundance of these enzymes (67). This leaves one to question, how many RTs can act
to generate a single dsDNA genome? How many are essential? A more pressing concern with reverse
transcription is the rate of recombination, as this leads to increased genetic diversity. Given the
presence of dual RNA templates, a phenomenon referred to as ‘template switching’ occurs in which the
RT jumps between each RNA template to generate a single DNA strand. This is a recombination event
only if the virion has packaged two distinct viral RNA genomes. Template switching is seemingly driven
by the competition of RNase H and RT activities within the functional monomer (162). This is also
mediated by complex RNA structures, inducing pauses in RT elongation (163). Similar to many RNA-
dependent polymerases, MLV RT is relatively error prone, introducing an error approximately 1 in 30000
bases (164). This means that roughly half of all reverse transcription events incorporate a mismatch.
Understandably, mutations influencing the recognition of dNTPs by the RT have a drastic impact on this
mutation rate (165). With all of this in mind, it is easy to recognize that MLV has a high level of
evolutionary drive. This has led each component of the virus to have comprehensive and multifaceted

roles in its replication cycle, that we are still uncovering to date.

Integration
It has long been recognized that reverse transcription functions independently of integration,

but the mere generation of dsDNA viral genomes is not sufficient for a productive infection (41). Herein

22



lies the importance of the integrase (IN). As mentioned previously, the RTC completes dsDNA synthesis
and awaits nuclear envelope degradation. The PIC is translocated into the nucleus and brought into
proximity to the chromatin via p12, initiating uncoating of the viral core. Upon completion of reverse
transcription, the IN recognizes a site-specific dsDNA sequence that enables it to perform a cleavage,
leaving a small overhang on the 3’ terminus of each DNA strand (166). With these overhangs, the IN can
use the free 3’ OH groups to form a new linkage with a targeted site within the host genome. This
function is solely dependent upon IN (167). The ligation of the 5’ ends of the proviral genome is

performed by cellular repair machinery (168). This highlights the successful replication of a retrovirus.

IN does function in a site-specific manner to cleave the termini of an MLV genome, however it
does not specifically recognize substrates for integration. An autointegration event can occur which
would result in a defective, circularized viral genome. This is clustered into the group of defective 1-LTR
circles, which also contain recombined and ligated reverse transcription products (169). These abortive
end products are exclusively found in the nucleus. A host protein was identified to prevent MLV from
performing these suicidal integration events, earning the name barrier to autointegration factor (BAF)
(170, 171). The interaction of BAF with the dsDNA viral genome compacts its overall structure, reducing
accessibility for an intramolecular integration (172). There is a high likelihood that BAF is also involved in
the recruitment of the PIC to the chromatin, given its tendency to form multimers, interact with cellular
DNA and many nuclear proteins (173). An alternative end point for the dsDNA viral genome is non-
homologous end joining, which results in the formation of 2-LTR circles (174). These abortive products
are even detectable in the cytosol of cells, indicating they may occur prior to nuclear translocation (175).
All aforementioned products are illustrated in Figure 1.4. To put this into perspective, an intermolecular
integration event for MLV was approximated to occur between 0.75-2 times for every autointegration
event in vitro (176). Though this is undoubtedly more complicated within a cell, as there are several

guiding factors, such as the BET family of proteins, that promote intermolecular interactions (177).
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Figure 1.4. End products of retroviral nucleic acids.

Autointegration, recombination and host DNA repair (i.e. non-homologous end joining) may result in
various circular abortive products of retroviral dsDNA. Alternatively, some host proteins may directly
degrade the provirus before integration occurs. A productive infection, on the other hand, only occurs
when intermolecular integration is achieved with the host chromatin. This image was reproduced from
(169) and Copyright © 2011 Richard D. Sloan & Mark A. Wainberg in accordance with the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0).
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These factors guide the PIC to what was originally thought to be near transcription start sites, but have
been clarified to active chromatin regions, such as strong enhancers (178). Evidence suggests these site-
specific preferences of MLV integration may be due to more favourable structural formations (179).
Indeed, MLV has a preference to integrate within dense and stable nucleosome structures (180). An
analysis for the interaction partners of MLV IN has identified a variety of chromatin remodeling proteins,
transcriptional activators, DNA repair proteins and even members of the spliceosome (181). This implies
that IN may be functioning independently to identify integration sites and recruit the necessary repair
machinery for ligation of the 5’ termini of the provirus. However, one cannot exclude a further role for
p12 at this stage of the infection cycle, given its affinity for histones (141). As a result, the integration
site preferences of MLV seem to promote its inevitable transcription (182). Therefore, MLV has
evolutionarily developed an integration site targeting mechanism towards structurally favourable and
transcriptionally active regions within the genome. At this point, the replication cycle will inevitably

repeat itself, potentially generating a heritable ERV that may persist within the host for millennia.

Restriction Factors
Intrinsic Retroviral Restriction Factors

Originally it was thought that permissiveness of a cell to infection was solely determined by the
ability of the virus to recognize a receptor on its surface, however this is not always the case. After
countless generations of coevolution between retroviruses and hosts, a number of defence mechanisms
have been developed. It is now understood that entry is not the only feature averting a productive
infection, but there is a constant struggle between pathogen and host. Cells have developed several
blockades, which are typically interferon inducible, to target various conserved and crucial regions of the
viral replication cycle. Variations in cellular expression and viral toleration to these blockades will govern

the permissiveness of a host cell. This section will overview the variety of intracellular resistance factors
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that have developed to counteract retrovirus infection. Keeping in mind that this list is in no way

comprehensive, as there are undoubtedly a large number of yet to be identified restriction factors.

The first barrier to infection is entry. Cells missing the appropriate receptor for the Env of MLV
are inherently protected from infection (183). On this front, a number of restriction factors have been
evolved to inhibit viral entry. The simplest example of this stems from the well-described phenomenon
of receptor interference. Retroviruses tend to prevent the superinfection of a cell by retaining or
occupying their respective receptors (184). To imitate this, some evolutionary events have taken
advantage of ERV Env coding sequences. Prevention of MLV infection by this mechanism is
accomplished by Fv4, while the remainder of this particular ERV is not translated (185). Fv4 is not the
only one of its kind, as Rmcf and Rmcf2 are other examples of similar ERV-dependent receptor
interference mechanisms (186, 187). Even the syncytin family, discussed earlier as responsible for
proper fusogenic activity during placental development, has been implicated in this type of protection
(188). Even if the receptor is not interfered with, entry can still be blocked by the IFITM family of
proteins. While HIV seems susceptible, MLV may circumvent these restriction factors by an as of yet
unknown mechanism (189, 190). Alternatively, viral membranes that contain cholesterol may be
susceptible to Ch25H, which modifies cholesterol on the incoming plasma membrane to prevent fusion
(191, 192). The SERINC family of restriction factors, discussed in more detail later on, also play a
substantial role in entry, if they are acquired during the egress of the producer cell (193). Unsurprisingly,
these steps are not 100% efficient at preventing retroviral entry. Luckily, the cell has further road blocks

in store.

With the knowledge of the viral replication cycle, it is clear that MLV must shield its replication
intermediates while in the cytosol. Cytosolic DNA or RNA:DNA hybrids can be eliminated by TREX1,
detected by cGAS, DDX41 and IFI203, leading to an activation of STING leading to a strong Type | IFN

response from the cell (136, 194, 195). This reaction not only prevents the infection of this individual
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cell, but the secretion of Type | IFNs will upregulate these and other antiviral genes, preventing further
infections. Avoiding detection in this manner, the PIC must enter the nucleus and effectively
disassemble to integrate into the genome. Thus, the regulated stability and disassembly of the viral core
represents a highly targeted avenue for known restriction factors. Similarly to the aforementioned
receptor interference mechanisms, ERV coding sequences have been host-adapted to interfere with the
viral core. Fv1 is a notable example of exactly this situation for MLV restriction; being derived from an
ERV Gag, it directly interacts with the MLV CA protein and prevents infection through a yet unknown
mechanism (196, 197). TRIM5a is another example of a CA binding protein, the net result of which is
viral core destabilization (197). As one of over 60 TRIM family members with potential antiviral
activities, it directly interacts with capsid resulting in the prevention of dsDNA synthesis (198). MX2 has
also recently been identified to function in a similar way, inhibiting HIV-1 but not MLV (199). Similarly to
the aforementioned mutational analyses within the p12 or CA, which seemingly allow for assembly and
entry but not infection, these restriction factors emphasize the importance of the capsid structural
integrity. Clearly successful retroviruses have evolved to exclude these factors and retain core stability

until reaching the safety of the nucleus.

Throughout reverse transcription, even structurally sound viral cores are not entirely protected.
This is in part due to the inclusion of several host proteins during Gag assembly. One such example is the
APOBEC3 family of restriction factors, discussed in more detail later on, which exhibit both a mutagenic
and inhibitory role at the level of reverse transcription (200). Another incorporated protein, MOV10, is
an RNA helicase and presumably acts to inhibit reverse transcription (201). In the absence of these other
factors, the core must be at least partially permeable to allow for dNTPs to enter. Herein lies the target
of SAMHD1, which acts to restrict the flow of dNTPs to the RTC, hindering synthesis of a dsDNA genome
(202). If a retrovirus can surpass all of these hurdles and avoid some of the abortive products of its own

replication, it may successfully infect a cell.
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Although, winning a battle does not necessarily change the tide of a war. Especially in hosts that
have coevolved with retroviruses, both endogenous and exogenous, for many generations, there are
several other restriction factors that exert a blockade preventing retroviral egress and spread. The
family of KRAB-ZFP have a transcriptionally suppressive function, some of which prevent proviral
transcription (203). ZAP was identified to post-transcriptionally reduce the levels of cytoplasmic, but not
nuclear, MLV mRNA (203). HERCS5 has been shown to conjugate a small protein, ISG15, to Gag of both
MLV and HIV, thereby inhibiting its multimerization and therefore viral assembly (204). GBP5 functions
to inhibit Env processing and membrane incorporation for both MLV and HIV glycoproteins (205). TSPO
works to direct HIV Env towards ERManl which cleaves glycosylated sites on Env to enhance its
degradation, leading to viral particles lacking sufficient Env for infectivity (206, 207). Restrictive effects
of TSPO and ERManl on MLV have yet to be reported. Tetherin/BST-2 is well-characterized as an
anchoring protein, preventing viral release and inducing endocytosis of viral particles (208, 209). The
TIM family of proteins have been identified to share a tetherin-like phenotype, preventing the liberation
of viral particles from the cell surface (210). It is clear that the coevolution of host and retroviruses have
led to a large repertoire of intrinsic, inducible, factors that prevent infection. This may be one major

hurdle to the limited collection of successful retroviruses that are currently identified.

SERINC
The members of the SERINC family earned their namesake through the function of serine
incorporation into membranes (211). However, this seemingly has nothing to do with their recently
discovered antiviral activity, as the lipid composition of a viral particle is not impacted by SERINC (212).
Furthermore, only SERINC3 and SERINCS5 have exhibited significant antiviral activities so far (213).
Expression of SERINC directly correlates with levels of the protein found on viral particles, and the
downstream inhibition of infection (214). Once associated with the membrane of virions, it is theorized

that SERINC directly inactivates Env, blocking any conformational change, preventing its fusogenic
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activity and entry into the target cell (215). Indeed, SERINC inhibition prevents any cytoplasmic
accumulation of viral structural components, consistent with this theory (216). Interestingly, the
antiviral effects of SERINC are correlated with an increased sensitivity of Env to antibody-mediated
neutralization (213, 215). This is likely due to the conformational hold it places on the glycoprotein. As
an auxiliary function, SERINC seems to play a role in stabilizing the levels of TIM, a tetherin-like
restriction factor (217). Thus, SERINC function to prevent the infection of new target cells by impairing

egress and blocking fusion of the virus and target cell membranes.

APOBEC3

The APOBEC3 family of proteins are named as such due to their homology and functional
similarities to the apolipoprotein B mRNA editing catalytic protein (APOBEC1), which is well known for
its ability to act on RNA as a cytidine deaminase (218, 219). All members of this family share a well-
defined zinc binding motif that enabled homology-based identification of the APOBEC3 proteins (220).
While some APOBEC3 family members only have one zinc coordinating domain, the most studied have
two separate domains. This homology enabled quick characterization for APOBEC3 proteins as
deoxycytidine deaminases, with a specificity for ssDNA substrates (221). With the knowledge of
mutations imposed by APOBEC3 at the level of the proviral genome, it did not take long to determine
that ssDNA substrate was the minus (-) strand reverse transcription intermediate (222). Thus, these
restriction factors were hypothesized to inhibit retroviral infection by inflicting damaging mutagenesis
on the minus strand of ssDNA during reverse transcription, corresponding to a G = A mutation profile

on the coding strand.

In order to gain access to the RTC, the APOBEC3 proteins must either be assembled into budding
viral particles or be allowed access through the viral core structure in the target cell. While there is some
evidence that APOBEC3 may act in the cytoplasm of a target cell to prevent its infection, this is not seen

as the main mechanism of action of these proteins (136, 223-225). Through an association with the
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structural Gag proteins, specifically the NC region, APOBEC3 will be incorporated into the viral core of
budding particles (226). The encapsidation of APOBEC3 was found to depend on zinc coordination
motifs and RNA binding (227). Unsurprisingly, the ability of NC to interact strongly with RNA was found
to be necessary for the interaction between these two proteins (228). In fact, without RNA these
proteins do not form a detectable interaction. The basic region of the NC, and not the zinc finger, was
implicated as the main requirement for this RNA-dependent interaction (229). Interestingly, the
coevolution of murine APOBEC3 (mA3) and MLV has pushed the MLV NC to inefficiently interact with
mA3, leading to an incomplete inactivation (230). Though this seems to be specific to mA3 and MLV, as
human APOBEC3G (A3G, originally called CEM15 in the early studies) was similarly incorporated into
both MLV and HIV. While this was originally thought to be a function of the NC, it was later discovered
that the Gag of MLV was dispensable for resisting mA3 (231). The function of NC to specifically interact
with the viral genomic RNA acted to exclude APOBEC3 from viral particles (232). This is directly
corroborated by other studies that imply cellular RNA, and not viral RNA, more efficiently coordinates
the incorporation of APOBEC3 into budding viral particles (228). Thus, APOBEC3 gains efficient access to
the RTC of retroviruses by first hitching a ride into the viral assembly line, mediated by a strong affinity
for RNA. This is often referred to as a post-entry block mechanism of restriction, due to the nature of

preventing a secondary infection.

Initially controversial, the restriction by APOBEC3 does not seem to be solely dependent upon their
deaminase activity. This alternative mode of inhibition is referred to as deaminase-independent
restriction. An example of this comes from the mild influence mA3 has on MLV infection, which rarely
imposes any mutagenesis (233). Convincing evidence of this phenotype came from chimera studies,
dissecting the contribution of each zinc coordinating domain in the overall mutation rate while relating
this to the overall inhibition of retroviral infection (234). Further research indicated that APOBEC3F

(A3F), and to a much lesser extent A3G, can impose a strong barrier to retroviral infection even in the
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absence of any mutagenic potential (235). However, there is some controversy about the role of
deaminase-independent activity when considering endogenous levels of these restriction factors. Even
when employing an A3F catalytic mutant, it could not independently inhibit the spread of infection
(236). Studies using primary cells have implicated the importance of both mechanisms (237). Notably,
deaminase-inactive mA3 has proven to be a functional restriction factor against MLV in vivo (238). This
highlights the relevance of the deaminase-independent restriction pathway, at least for some APOBEC3
proteins. Several models have been proposed for the blockades imposed by APOBEC3 that are
independent of catalytic activity. This includes inhibiting the initiation of reverse transcription by
blocking primer binding, preventing strand transfer, sequestering the viral RNA from the RT, physically
stalling the RT and/or inhibiting integration (239-243). Evidence suggests that this activity is
independent of NC, which is surprising given the competitive affinity APOBEC3 and NC have for the RNA
within the viral core (244). Therefore, deaminase-independent activity of APOBEC3 proteins does pose a

functional and relevant threat to the replication of retroviruses.

In the case of retroviral restriction, however, it is more relevant to consider both of these
actions working together in a concerted mechanism. While intriguing mathematical modelling has
illustrated that deaminase activity accounts for 99.3% of A3G-mediated restriction, but only 69.8% of
A3F-mediated restriction of retroviral infection (245). This high gene inactivation potential of A3G
compared to other APOBEC3 proteins is due to its unique context of deamination, increasing the
likelihood of a premature stop codon (246). Thereby each APOBEC3 may have a different balance of
activities that govern its restriction on retroviral replication. Successful inhibition with the deaminase-
independent activity of these proteins would prevent integration of any proviral DNA, protecting the cell
from much of the potential damage of infection. If this activity were to fail, however, deamination
clearly imposes a mutagenic attempt to inactivate the provirus. This mutagenic tactic is not limited by

deamination, as incorporation of APOBEC3 into MLV particles has been associated with a reduced
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fidelity of the reverse transcriptase (247). This phenomenon has also been observed with human
APOBEC3 proteins on HIV-1 (248). Ultimately, this may allow for the integration of inactivated provirus.
However, there has been significant research towards the mutagenic influence of APOBEC3 with regards
to the high level of evolutionary escape observed for retroviruses, especially HIV-1 (249). Sublethal
mutagenesis, whether originating from deamination or reduced RT fidelity, has been associated with
immune escape and development of drug resistant strains (248, 250, 251). Indeed the genetic variability
of both HIV and MLV is undoubtedly enhanced by suboptimal deamination by APOBEC3 (252-255). On
the other hand, a compelling study has demonstrated that APOBEC3-mediated deamination minimally
contributes to genetic variability when compared to RT error (256). Furthermore, at least in the co-
expression of A3F and A3G, deaminase activity more frequently led to inactivation of provirus with a
minimal contribution to genetic variability (248). These latter two studies emphasize that the majority of
viruses are ideally inactivated by this family of restriction factors, however the surviving fraction has an

enhanced evolutionary rate with genetic imprints of the influence of APOBEC3.

Retroviral Coevolution with Restriction Factors
HIV-1 and HIV-2

Among the family of retroviruses, HIV is the most well-studied due to the pathology and
mortality exerted in humans. A great deal of the success of this virus is attributed to the wide array of
accessory proteins that have evolved mechanisms to inhibit restriction factors within the host. Though
there is no doubt that the development of these accessory proteins is due to the imposed pressures on
SIV, the parental relative of HIV (257). In fact, several of the examples of restriction factors provided in
this report would not have been identified if it were not for the function of the accessory proteins of

HIV. The roles of restriction factors within the context of HIV infection are depicted in Figure 1.5.
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Viral infectivity factor (Vif)

Within the producer cell of certain cell lines, Vif was identified to be an important factor
essential to increase the infectivity of viral particles, leading to a hypothesis that it was compensating for
the absence of a necessary cellular factor that would contribute to a productive infection (259). After
the discovery of A3G, it was identified that Vif was responsible for excluding this restriction factor from
budding viral particles (260). This truly highlights the efficacy of APOBEC3 as restriction factors, as the
accessory protein responsible for counteracting them received the title ‘Viral infectivity factor’. The
mechanism of exclusion from virions was determined to be based on an interaction between Vif and
APOBEC3 that induces the degradation of the restriction factor (261). Though A3G is the most studied of
the family, Vif has been recognized to potently restrict all biologically relevant APOBEC3 proteins (262).
This interaction resulted in the Cul5-dependent ubiquitination of APOBEC3, targeting it for proteasomal
degradation (263). Given the strong restriction by APOBEC3 observed in the absence of Vif, this
interaction has been a target for inhibitor design, though there have been some surprises along the way
(264). Since the formation of this ubiquitination ligase complex involves CBF-B, it was discovered that
sequestering this protein also reduced transcription of APOBEC3 (265). Independently of these activities,
Vif was shown to inhibit translation of APOBEC3 mRNA (266). It is clear that Vif has evolved a strong
counteracting ability to reduce the inactivation potential of APOBEC3, which may be more difficult to

therapeutically target than once thought.

Negative factor (Nef)

First identified as a negative factor for viral replication, Nef has never lost that nickname (267).
Though a decade later, a role for positively influencing infectivity by means of viral fusion or entry was
implicated (268). However, the mechanism behind this has only recently been uncovered as an activity
directly thwarting the role of SERINC (269). It accomplishes this by directing the endocytosis of SERINC

within the producer cell, preventing it from incorporating onto the surface of budding virions (270). This
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process results in the lysosomal degradation of SERINC (271). Recognition of an intracellular loop of
SERINC by Nef is crucial for its activity (272). This function is conserved across the species barrier,
highlighting broad action of Nef (273). Nef seemingly offsets the TIM family of restriction factors;
however it may do so indirectly through a destabilization of the protein based on an antagonism of
SERINC (217). A new report suggests that Nef may even counteract additional, undiscovered restriction
factors (274). This small protein has a complex and diverse role within the retroviral replication cycle of
HIV that has often been overshadowed by its downregulation of other membrane proteins (i.e. T-cell

receptor, MHC Class |, CD4 and tetherin).

Viral protein u (Vpu)

Several roles for viral protein u (Vpu) have been described. Firstly, it was identified in the
presence of a factor that presumably inhibited viral production (275). It was later determined that this
restriction factor tethered assembled viral particles to the surface of producer cells, earning the name
tetherin (208). Vpu acts to downregulate the surface levels of tetherin, preventing its activity on budding
virions (276). It was determined that the transmembrane domain of Vpu interacts with that of tetherin,
resulting in the lysosomal degradation of the restriction factor (277). Alternatively, or additionally, Vpu
accelerates degradation of tetherin through the proteasomal pathway (278). As if this were not enough,
Vpu also reorganizes the placement of newly synthesized tetherin to avoid viral budding sites (279).
However, this role of Vpu is not independently sufficient to improve viral replicative fitness in vitro
(280). It is difficult to dissect this specific role of Vpu from the many other complex functions it

undertakes within the producer cell.

Viral protein r (Vpr)
Viral protein r (Vpr), an HIV-1 specific protein, similarly recruits the ubiquitination ligase

machinery to invoke the degradation of cellular factors that would otherwise restrict retroviral
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replication (281). Surprisingly, APOBEC3 has been identified as a restriction factor targeted by Vpr for
degradation in a similar fashion to that of Vif (282). Similarly, Vpr targets UNG2, a uracil DNA
glycosylase, for degradation (283). It was recently uncovered that UNG2 acts to restrict retroviral
replication by cleaving uracils, creating abasic sites and preventing the integration of a provirus (284).
HIV proviral DNA is loaded with uracils due to the inability of the RT to distinguish dUTP from dTTP
(285). Furthermore, an exonuclease (Exol) that may target the replication intermediates of HIV-1 is
targeted for degradation by Vpr (286). The transcriptional repressor, HLTF, was also found to be
inhibited by Vpr-induced degradation at the producer cell level (287). Thus, while Vpr is well known for
its ability to induce a cell cycle arrest, it is also a highly competent antagonist of several restriction

mechanisms.

Viral protein x (Vpx)

HIV-2 does not have a Vpu, instead it encodes for viral protein x (Vpx). Likely arising through
gene duplication, Vpx and Vpr proteins share some homology and functionality, an example of which is
the recruitment of the same ubiquitination machinery (288). The restriction factor targeted in this case
is SAMHDZ1, resulting in successful reverse transcription even in its presence (289). This targeting
appears dependent upon the nuclear localization of SAMHD1 and Vpx (290). However, new evidence
indicates a SAMHD1-independent role for Vpx in allowing reverse transcription to occur in resting CD4 T
cells (291). Perhaps there are other restriction factors that Vpx can abrogate, though it has received less

attention due to the reduced pathology of HIV-2.
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MLV
Murine leukemia viruses are thought of as a representative, simple retrovirus. This is why it
came as a surprise to identify the paradoxically complex accessory protein, glycosylated Gag, within the
genome of MLV. The role of this protein within the life cycle of MLV is still being elucidated, however it
is clearly an antagonist of multiple restriction factors. Upon comparison of this protein to some of the
accessory genes within HIV, the selective pressures of restriction factors upon retroviral evolution

become more obvious.

Glycosylated Gag (gGag or gPr80)

First identified as a type |l membrane protein on the surface of infected cells, the role and origin
of Glycosylated Gag (gGag or gPr80) remained unclear (292). Initially, it was hypothesized that gGag and
Gag were synthesized from the same protein precursor (293). However, the translation of each product
was shown to initiate at two independent sites (294). Combined, these works indicated that there was
an additional, unidentified start site located upstream of MLV MA (295). Indeed, this region was
identified to contain an alternative start site, a CUG codon, within MLV (296, 297). Translation of this
sequence may also result in a glycosylated form of Gag-Pol due to the same pseudoknot RNA structure
(298). Sequence comparisons showed that the leader region responsible for this was highly conserved
among gammaretroviruses, suggestive of a selective advantage (299). Initially it was thought to be an
enhancement of replication, as antibodies directed towards surface exposed gGag had a significant
blocking effect (300). Along these lines, gGag was deemed responsible for the enhanced pathogenesis
and spread of MLV in vivo, despite being a target of the immune response (301, 302). This was
confirmed for several strains of MLV (303). Its role was further emphasized based on the reversion of
mutant to gGag expressing viruses within immunocompetent mice (302). Pathogenesis induced by gGag
was deemed related to its cell surface expression, as mutants with lower surface levels of gGag were

more pathogenic (304). However, there were no observable enhancements on replication with gGag in
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vitro when a mutant was constructed (296). This phenotype was confirmed as replication was not
hindered but plague morphology was less pronounced in gGag-deletion mutants (305). This implies that
the leader sequence between the 5’ LTR and the Gag coding sequence encodes for a biologically

relevant accessory protein that shares a substantial homology with Gag.

Despite the obvious presence of a mounted immune response, the conservation of these
sequences in a variety of gammaretroviruses suggests there must be a replication advantage (300, 306).
The lack of any obvious phenotype of gGag in vitro had inspired further dissection into its role within the
cell. It was first identified that while the N-terminal leader sequence is responsible for the localization
and post-translational modifications, the specific glycosylation sites were identified to be within the Gag
sequence (307). Nevertheless, this protein still has a remarkable resemblance to the native Gag
polyprotein. It came as a surprise, however, that gGag is inefficiently processed into mature MA and CA,
likely due to the presence of glycans or change in protein folding (298, 308). Though the large gGag
polyprotein was identified to be proteolytically processed, presumably by a cellular protease (309). The
main cleavage products were identified to be a membrane-associated N-terminal product of ~55kDa and
a secreted C-terminal product of ~40kDa (72). Portis’ group was the first to identify a unique ability of
membrane bound gGag products to have either a type | or a type Il orientation. Though originally
undetectable in viral isolations, the membrane bound N-terminal fragment of gGag was found in both
microvesicles and viral particles (310). It was speculated that gGag may be involved in viral budding or
release, as mutant viruses formed tube-like viral particles on the surface of producer cells (311). This
was associated with virion accumulation of cholesterol, likely by facilitating release through lipid rafts

(312). Even with this knowledge, the main role of gGag remained an enigma.

Functional comparisons of gGag alongside Nef, an accessory protein of HIV, revealed a strong
convergent evolution phenotype (313). While gGag can rescue a Nef-deficient HIV, Nef could not replace

gGag in an MLV infection. This implies similar, but not completely overlapping purposes of the two
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accessory proteins. Only the cytoplasmic domain of gGag was required to fulfill the Nef-like role in HIV
replication, relying on a role in enhancing endocytosis (304, 314). It was later determined that this
endocytic activity was targeting the reduction of SERINC from the membrane of producer cells (269,
270). SERINC is then targeted for lysosomal degradation, explaining the previously observed phenotype
of increased gGag surface expression correlating with reduced pathogenesis (315). The SERINC
protective phenotype was only necessary for certain Env proteins, indicating other possible evolutionary
mechanisms to avoid restriction (316, 317). Altogether, this illustrates that the selective pressures
exerted by SERINC have pushed two very distinct retroviruses to develop similar counteracting
mechanisms. Whether this is related to the ability of these proteins to increase the cholesterol content

of released viral particles remains to be determined.

Another functionality of gGag was found to be its specific protection from APOBEC3 activiy
(224). Mice that have genetically inactivated mA3 allowed for the in vivo propagation of gGag-null
viruses, similar to that of gGag wild type strain. The protection from mA3 may be uniquely developed
due to the coevolution of virus and host, as human APOBEC3B (A3B) and A3G exhibit a strong restrictive
phenotype of MLV in the presence of gGag (318). The mechanism behind protection of the RTC from
APOBEC3 is related to an enhancement in core stability, which also protects the RTC from exogenous
APOBEC3 within a target cell independently of its deaminase activity (136, 225, 238). Intriguingly,
however, some strains of MLV are susceptible to the mutagenic potential of mA3, despite coding for a
gGag (319). Though the overall mechanism for gGag protection is still not clear, as mA3 is detected
within viral particles and does have an inhibitory effect on viral replication. While some of the functions
of gGag are slowly being uncovered, much remains to be discovered, especially considering the Nef-
complementation of gGag-deficient MLV. Whether this implies gGag is counteracting other restriction
factors or promotes viral replicative fitness in another way remains to be determined. Investigations

towards tetherin, another restriction factor, revealed that gGag had no impact on its restriction of MLV
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(320). Thus, more efforts are required to decipher the mechanisms of action of gGag, especially
considering its modification of the endosomal sorting pathways which has strong implications for the

field of extracellular vesicles.

Extracellular Vesicles
Cellular Messengers

The definition of the term extracellular vesicle (EV) is all-encompassing, meaning any vesicle that
is exterior to the cell. The field of EVs has certainly come a long way since the first reference to them as
“platelet dust” (321). The International Society for Extracellular Vesicles has encouraged a strong
collaborative effort among the experts in this field to establish firm guidelines for the characterization
and classification of EVs (322). It is now understood that EVs come in various shapes and sizes (Figure
1.6), through multiple biogenesis pathways and have an array of functions. The smallest EV family
member is secreted through a mechanism very similar to endocytosis, termed exocytosis (323). The
similarity comes from their origin within multivesicular bodies (MVBs), resulting in the release of
exosomes with sizes from 30-150nm in diameter. Microvesicles, on the other hand, range from 50-
1000nm in diameter and bud directly from the surface of the cellular membrane. Even apoptotic bodies
are classified as EVs. These can range from as small as exosomes to micrometers in diameter, the
mechanisms behind their assembly and release are also tightly regulated (324). Each of these EVs
incorporate both cytosolic and membrane components of their parental cell, with the potential to
deliver this cargo over large distances (325). The synthesis and secretory processes of these vesicles
involves the ESCRT-0, I, Il and Il (endosomal sorting complex required for transport) families (326, 327).
Though this is not always the case, as ESCRT-independent assembly has been illustrated by tetraspanins
(328). While the exact mechanisms and triggers behind the assembly and release of these EVs are not

entirely clear, their physiological relevance as a communication network is undeniable.
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Figure 1.6. Subpopulations of extracellular vesicles.

Differences in budding and size of (A) exosomes, (B) microvesicles and (C) apoptotic bodies are
represented in this cartoon. This image was reproduced under License: 4674941205962, and is
Copyright © Elsevier (329).
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EVs in the Context of Viral Infection

The release of EVs has been documented from all known cell types tested so far (330). Typically,
the content of EVs contain coding and non-coding RNA, DNA and even proteins that may be functionally
delivered to other cells (331). Furthermore, various stressors have been noted to modify the frequency
and content of vesicular release (332). This is especially true for many viral species. An infected cell may
release EVs that contain viral RNAs to activate nucleic acid sensors in the recipient cells, resulting in
immune activation (333, 334). Moreover, EVs play a crucial role within the milieu of a viral infection.
Indirectly, EVs may impair viral propagation by delivering restriction factors to neighbouring cells (335).
Alternatively, direct impairment of infection has been seen through the physical interaction of an EV-
associated receptor and viral Env, whereby the EV acts as a ‘decoy’ target cell (336). However, through
millennia of coevolution, viruses have developed mechanisms to hijack EV biogenesis and release
pathways. HIV Nef, for example, prevents CD4 from associating with EVs to improve viral infectivity
(336). Nef has even been observed within EVs (337). Even non-enveloped viruses, such as hepatitis A
and hepatitis E, have been identified to exist in a quasi-enveloped state, thereby expanding tropism, by
egressing as an EV (338, 339). Retroviruses, such as MLV, HIV and HTLV, acquire an envelope through
the release pathways of either exosomes or microvesicles, specifically by hijacking ESCRT proteins (116,
340, 341). Evidence has also implicated tetraspanins in the release of the aforementioned retroviruses
(117, 342, 343). The striking similarities between biogenesis and egress of both EVs and viruses,
especially retroviruses, have led some to wonder about the relationship between these two species
(344). Nevertheless, it is clear that viral infection modifies the intracellular environment in such a way

that results in a detectable change in the content of EVs.

Discriminating EVs from Viral Particles
Currently, an infection is characterized by the net effects of all EVs and virions within a given

sample. However, as previously mentioned, EVs are heterogenous in nature. While some may impose a
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proinflammatory response, others may directly spread viral infection. For this reason, both qualitative
and quantitative analyses of EVs and viral particles is a topic of great interest within this field of
research. By this measure, an ultimate goal represents the determination of the influence of either EVs
or viral particles on an independent level. Crucially, this requires either physical or analytical separation
of these biologically-similar entities. Ultracentrifugation through differential density gradients is a
standard method to isolate pure preparations of virus, but even this cannot purely separate EVs due to
their similar sizes and buoyant densities (345). However this method of virus purification can be quite
labour-intensive, particularly if requiring a dialysis step to remove the chemical composition of the
density gradient. More importantly, ultracentrifugation has the potential to damage viral particles,
hence impacting any downstream analysis (346). A less detrimental alternative involves the
immunomagnetic depletion of EVs from a viral sample (347). This method takes advantage of cellular
CD45 expression, which is highly abundant on most EV species derived from hematopoietic cells but is
not detected on HIV (348, 349). Although, some immunocapture data indicates that there may be low
levels of virus associated CD45 (350). The caveat here being the virus must be produced from a CD45-
expressing cell, limiting the experimental range. However, this method does result in a significant
enrichment of viral particles based on a near-complete depletion of EVs. Even the opposite has been
demonstrated when isolating exosomes from human plasma, in an effort to avoid contamination with
HIV particles (351). Unfortunately, given that some EVs do not incorporate CD45 and a minor population
of HIV does, this method cannot permit the full distinction viral functions apart from that of EVs. Even a
novel chromatography-based purification method managed to significantly enrich, but not purify,
retroviral particles (352). Therefore, there is no established method to date that can entirely purify EVs
or virions from a heterogenous sample due to the overlapping characteristics in size, buoyant density

and surface marker expression.
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As an alternative to the difficult task of physical separation, one may endeavour to analytically
separate EVs from virions. However, this may lead researchers to unconventional means of viral sample
analyses. Typical analytical methods for the characterization of viral samples are based on protein or
nucleic acid content, infectivity or microscopy (353). Aside from high resolution microscopy methods,
conventional viral analyses are conducted in an indiscriminate fashion, whereby both EVs and virions are
assessed simultaneously for a viral feature. Certain microscopic techniques, such as electron microscopy
or super-resolution microscopy, may enable the discrimination of EVs from viral particles with a high
degree of confidence, based on morphology and composition (354, 355). However, these procedures
are laborious and involve significant sample manipulation. Fluorescently-triggered nanoparticle tracking
analysis (NTA), which is conventionally used by the EV field, has recently been shown to effectively
enumerate the levels of respiratory syncytial virus within laboratory and clinically relevant samples
(356). This methodology is rapid and involves minimal sample manipulation, thereby limiting the risk of
damaging the viral particles. While this method does use a viral antigen for particle quantification, the
association of this antigen with EVs is not considered. Furthermore, NTA has been limited in its
multiplexing and antigen quantification abilities. To address these limitations, an innovative adaptation
to the field of virology utilizes a method known as flow virometry to analyze small particles by flow

cytometry.

Flow Virometry
Flow virometry has been possible for decades, though originally with custom-built flow
cytometers (357). This technique enables a rapid assessment of viral samples, allowing for quantification
and characterization of virions at the single particle level. More recently, conventional and
commercially-made flow cytometers have been determined to have the capability to detect and analyze
viral particles (358). This is in large part due to the optimization in signal to noise ratio, allowing the

visualization of smaller particles. However, many of these instruments are built with cells in mind. This
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results in relatively large flow cells, microns in diameter, allowing for the clustering of viruses or other
small particles. Consequently, the cytometer may perceive multiple virions, or a range of particles, as a
single event. Therein lies one major complication of flow virometry, termed coincidence or swarming,
which has been well-documented (359). Ideally, flow virometry should be conducted for the single
particle analysis of individual events (Figure 1.7). Further discrepancies from conventional flow
cytometry arise when considering the diameters of most viruses are smaller than the wavelengths of
light being used to analyze them. This results in increased perpendicular scattering of light, also referred
to as side scattering (SSC) (360). However, the precise nature of scattering on small particles is still being
determined. A final major complication of flow virometry is the decreased antigenicity on a viral surface
compared to that of a cell. Based on the circumference of a perfect sphere, simple mathematics dictates
that for every 10-fold decrease in size (i.e. 10um = 1um > 100nm), there will be an associated 100-fold
decrease in surface area. Though biological particles are more complex in size, this rough approximation
demonstrates the principal of reduced antigenicity based on diameter alone. Thus, the use of flow
cytometer to analyze viruses is indeed possible, but one must take care to address the underlying

complications of such a technique.

Over a dozen independent groups have demonstrated virus particle analysis by flow virometry
(358). The sensitivity of this technique has been demonstrated to be greater than ultra-sensitive enzyme
linked immunosorbent assays (ELISA) and similar to that of a polymerase chain reaction (PCR), an
amplification-based method (361). Such superior sensitivity is only achieved when there is confidence in
discrimination between EVs and virions, which was realized via genetic engineering of a viral structural
protein to contain a fluorescent reporter. One caveat here is the possibility of incorporation of this
structural protein into EVs, which was not excluded as a possibility. Less manipulative approaches have
been demonstrated whereby individual particles within viral supernatants have been labelled for the

presence of viral antigens and nucleic acids (362, 363). Even the maturation of viruses has been
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Figure 1.7. Flow virometry discrimination of viral particles.

A viral sample analyzed by a flow cytometer at the proper dilution will result in single particle
interrogation. Filtration of a viral sample is ideal to ensure removal of cells and large debris. Sheath fluid
must be filtered below the expected size of the viral sample. Hydrodynamic focusing reduces fluidic
induces noise. Laser wavelength and power can be optimized for detection. FSC / SSC / fluorescence
optimization and signal amplification can be done for improved event detection. If fluidics are capable,
samples can be sorted based on differences in antigenicity (represented by colour differences). This
image is reproduced from (358) with proper permissions (see Rights & Permissions section of thesis).
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observed using flow virometry (364). However, at this point there has been little discrimination between
EVs and virions using this technique. The ability of flow cytometry to multiplex, coupled with the wide
assortment of dyes, aptamers and antibody labeling strategies that already exist for the analysis of cells,
uniquely places this technique as a major analytical option to distinguish a virion from other
membraned-vesicles. More importantly, the ability of flow cytometers to physically sort events for
downstream applications has already been demonstrated as a possibility for viral samples (361, 365).
The results of viral sorting research has revealed a surprising heterogeneity of infectivity profiles
between viral populations (365). This indicates that upon the development of proper techniques to label
viruses, flow virometry may enable the identification and characterization of subpopulations with viral
samples, similar to what has already been achieved for cells. Furthermore, this may be the tool needed

to physically separate and evaluate the individual roles of EVs compared to viruses.
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Rationales and Hypotheses
Chapters 2 & 3

Retroviral evasion of host intrinsic restriction factors is a crucial phenomenon required for viral
success. This is emphasized by HIV and the discovery of Vif in the circumvention of APOBEC3 (259, 260).
The naming of Vif as viral infectivity factor exemplifies its necessity, as APOBEC3, most notably A3G,
effectively terminates the propagation of HIV in a post-entry block mechanism. A significant amount of
work has been and continues to be invested into deciphering and blocking the mechanisms behind the
activity of Vif (366). Furthermore, the evolutionary rate of HIV has made the intervention with a Vif-
targeting therapeutic blockade quite difficult (367). A different accessory protein of HIV, known as Nef,
has demonstrated the capability of improving retroviral replication by directly targeting the degradation
of SERINC, another restriction factor (269, 270). The complete mechanism behind Nef-directed targeting
of SERINC is not yet known, though during the progression of the works presented in this thesis, it was
determined that endocytosis and lysosomal degradation are directly involved (271). The development of
therapeutics that push the efficacy or stability of restriction factors, such as APOBEC3 and SERINC, in the
presence of retroviral antagonists represents a viable and clinically unexplored therapeutic option. To

undertake this research, we propose MLV as a suitable model for small animal studies.

Similar selective pressures have led to the convergent evolution of MLV to develop its own
accessory protein, gGag, which acts to circumvent both APOBEC3 and SERINC (224, 269, 270). The
overall functions of this protein remains an enigma, despite decades of research; while its ability to
counteract APOBECS3 is linked to viral core stability, how these two features are linked remains unclear
(136, 225). This becomes even more perplexing when considering the limited levels of gGag, specifically
N-terminal cleavage products, that are associated with virions (310). While gGag ultimately tries to
evade APOBEC3, similar to that of Vif, the mechanism of action is distinct. In contrast, a recent report

shows that gGag induces the endocytosis and subsequent lysosomal degradation of SERINC (315). This is
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virtually identical to the mechanism observed for HIV-Nef (271). Thus, MLV infection represents a useful
mouse model system for the dissection of the mechanisms behind restriction factors and the associated
antagonism by retroviruses which may aid in the development of novel therapeutics targeting a

mechanistically important cellular element or a conserved and essential viral feature.

As with most things in life, start with the simple and move towards more complex tasks. Given the
reduced complexity of MLV, containing only one accessory protein, it represents a valuable model. We
sought to uncover functional aspects of gGag that are required for its induced resistance to APOBEC3.
There has already been an established connection that links gGag, enhanced capsid stability and this
resistance (136, 225). Considering the main structural components of MLV are provided by the Gag
region, | hypothesized that it is the glycosylation of Gag that enhances the structural stability of the
viral core. This is supported by the evidence of reduced viral protease cleavage of gGag and the
enhanced stability provided by unprocessed Gag (126, 298, 308). In Chapter 2, we confirm the necessity
of gGag for resistance to APOBEC3 and observe, for the first time, that mutating the glycosylated
residues to a structurally similar amino acid (N=>Q) results in enhanced susceptibility of MLV to
APOBEC3 (368). As a continuation of this work, in Chapter 3 | aimed to determine the mechanism
behind this increase in core stability, especially considering that previous groups were only able to
identify N-terminal fragments of gGag within virions (310, 369) . Perhaps this is due to the only unique
feature of gGag, distinguishing it from the Gag polypeptide, being localized to the N-terminus. However,
by genetically tagging the C-terminus of gGag, we were able to identify the presence of full-length gGag
oriented within the virion as a type | membrane protein. Further, | was unable to separate the
phenomenon of viral core stability from that of resistance to APOBEC3. This leads me to a slightly
modified hypothesis: the structural components of gGag improve viral core stability by intricately

coordinating each region of the viral core, from its transmembrane domain to the covalently-linked
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nucleocapsid region. The intricate nature of these interactions may impose a structurally based steric

hinderance or blockade from APOBEC3 to access the reverse transcription complex.

Chapters 3,4 &5

The exploding field of EV research has highlighted the importance of EVs as messengers for
intercellular communication. The cargo that is delivered by EVs is drastically altered during the state of
infection, varying from observable pro-inflammatory to anti-inflammatory responses (344). However, it
is difficult to discern the independent influence of EVs from that of viruses due to the inherent
similarities between their biogenesis and egress. This is especially true for retroviruses, such as MLV
(116, 327). These similarities have made pure separations of the two species nearly impossible, allowing
for enrichments at best (345, 347, 351, 352). Retroviral enrichments have been analyzed by techniques
that assume homogeneity in a given sample. The current gold standard for the discrimination of small
particle subpopulations, such as EVs and viruses, are high-resolution microscopy-based techniques (354,
355). These techniques are time-consuming, labour-intensive, expensive, and most importantly, can
involve manipulations that are harmful to the biological sample. A more promising method for both
analytical and physical separation of EVs and viruses takes advantage of a currently existing tool, flow
cytometry. Flow cytometry for the analysis of viruses, termed flow virometry, has been demonstrated in
the analyses of a variety of viruses to date (358). However, most of these works have not effectively
discriminated EVs from viral particles. As it requires minimal manipulation of the original sample, flow
virometry is uniquely positioned to distinguish EVs from viruses at the analysis stage. This question must
be addressed, especially considering the propensity of EVs to incorporate viral nucleic acids, proteins
and even entire virions (344). From my work in Chapter 3, | identified that while gGag as a type |
membrane protein was associating with MLV, the expected type Il membrane protein gGag associated
with EVs or VLPs (369). These VLPs were devoid of Env but contained significant amounts of Gag. This

effectively demonstrated that even infection with MLV, a simple retrovirus, resulted in the production of
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VLPs or EVs that contain viral proteins, revealing the complexities of such biological samples. Additional
complications arise from virus-mediated incorporation of several host markers often used to identify
EVs (117). The multiplexing capacity of flow virometry can be uniquely exploited to make these
distinctions. Since the classifications of cellular subpopulations are based on multiple profiles, perhaps
viruses and associated particles can be evaluated following the same principles. Thus, the field of

virology will benefit immeasurably from the adaptation and optimization of flow virometry.

The optimization of flow virometry for the analysis of MLV in Chapter 4 was facilitated through a
collaboration with Dr. Vera Tang, manager of University of Ottawa’s Flow Cytometry Core Facility at the
Faculty of Medicine. | had previously assisted Dr. Tang with the demonstration of flow virometry on
vaccinia (see Appendix 1), a substantially larger virus relative to MLV (370). In Chapter 4, | tested the
hypothesis that MLV Env was a discrimination marker that would specifically incorporate in virions
with minor potential for EV association (115). We expected minimal EV incorporation due to the tightly-
controlled and specific association observed between MLV Gag and Env (93, 111).To accomplish this, |
took advantage of our laboratory strain of MLV, which contains a GFP within the SU of the Env (371-
373). Indeed, this is what we observed. Even transfections of MLV Env alone did not incorporate
substantially into EVs. In Chapter 4, we did not address any key biological issues of MLV, but we did
illustrate how to use a conventional flow cytometer for small particle flow cytometry, to analyze viruses
and EVs. In Chapter 5, however, | exploited the features of flow virometry to uncover novel biological
features of MLV (374). By using flow virometry to discriminate virions from EVs and enumerate them, |
these data could be correlated with genomic quantification to calculate the vRNA genome packaging
efficiency for MLV. | hypothesized that this calculated value would represent an efficient genome
incorporation, similar to that observed for HIV-1 (355). Unexpectedly, | discovered that the vast
majority (80-85%) of MLV particles were lacking a genome pair. This has led me to now hypothesize that

MLV uses defective-interfering particles (DIPs) to act as immunological decoys and suppress viral
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pathology. The specific mechanisms behind MLV DIPs are not yet clear, but it is supported by the

deployment of similar DIPs by other RNA viruses (375, 376).

Overall, the four data chapters of this thesis demonstrate the progressive deciphering of
multiple facets of complexities within a ‘simple’ retrovirus. Fascinating examples of convergent
evolution are observed between MLV and HIV, such as the protection from restriction factors, secretion
of gGag into EVs and the production of DIPs. Improving our understanding of retroviral replication and
immune response evasion will empower us against the ongoing battle with HIV and other retroviral

threats.
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Chapter 2: N-Linked Glycosylation Protects Gammaretroviruses Against

Deamination by APOBEC3 Proteins
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Abstract

Retroviruses are pathogens with rapid infection cycles that can be a source of disease, genome
instability, and tumor development in their hosts. Host intrinsic restriction factors, such as APOBEC3
(A3) proteins, are constitutively expressed and dedicated to interfering with the replication cycle of
retroviruses. To survive, propagate, and persist, retroviruses must counteract these restriction factors,
often by way of virus genome-encoded accessory proteins. Glycosylated Gag, also called glycosylated
Pr80 Gag (gPr80), is a gammaretrovirus genome-encoded protein that inhibits the antiretroviral activity
of mouse A3 (mA3). Here we show that gPr80 exerts two distinct inhibitory effects on mA3: one that
antagonizes deamination-independent restriction and another one that inhibits its deaminase activity.
More specifically, we find that the number of N-glycosylated residues in gPr80 inversely correlates with

the sensitivity of a gammaretrovirus to deamination by mouse A3 and also, surprisingly, by human A3G.
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Finally, our work highlights that retroviruses which have successfully integrated into the mouse germ
line generally express a gPr80 with fewer glycosylated sites than exogenous retroviruses. This
observation supports the suggestion that modulation of A3 deamination intensity could be a desirable
attribute for retroviruses to increase genetic diversification and avoid immune detection. Overall, we
present here the first description of how gammaretroviruses employ posttranslational modification to

antagonize and modulate the activity of a host genome-encoded retroviral restriction factor.

Importance

APOBEC3 proteins are host factors that have a major role in protecting humans and other mammals
against retroviruses. These enzymes hinder their replication and intensely mutate their DNA, thereby
inactivating viral progeny and the spread of infection. Here we describe a newly recognized way in which
some retroviruses protect themselves against the mutator activity of APOBEC3 proteins. We show that
gammaretroviruses expressing an accessory protein called glycosylated Gag, or gPr80, use the host's
posttranslational machinery and, more specifically, N-linked glycosylation as a way to modulate their
sensitivity to mutations by APOBEC3 proteins. By carefully controlling the amount of mutations caused

by APOBEC3 proteins, gammaretroviruses can find a balance that helps them evolve and persist.

Introduction

Retroviruses are exceptional pathogens in that they permanently modify the genome of their
host upon infection. Proviral integration can lead to deleterious insertions in the coding sequence of
genes and thereby alters the sequence, stability, splicing, and function of host mRNAs. Additionally,
because retroviruses encode an active promoter and enhancer sequences, they can also influence the
expression of nearby host genes which can lead to diseases such as cancer (377). In response to this
potential threat to their genome, vertebrates express several intrinsic antiretroviral restriction factors

that are dedicated to the prevention of infection, replication, release and spread of retroviruses (378).
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There are several retroviral restriction factors that operate in parallel in mammals, most notable are
BST-2, TRIM5-a, SAMHD1, APOBEC3 (A3) proteins, as well as several other factors that are dependent
on an interferon response for expression [reviewed by (379)]. To persist, retroviruses therefore need to
concomitantly develop countermeasures to all these restrictions factors, often in the form of accessory
proteins or by genetic substitutions at sites of interactions with restriction factors (377, 380, 381). HIV-1
and HIV-2 are amongst the most successful retroviruses in terms of avoiding restriction by the host;
whereby BST-2 is defeated by expression of the viral accessory protein Vpu (208, 276), SAMHD1 by Vpx
(289, 382), A3 (A3F, A3G, A3D and A3H) by Vif (383), and TRIM5a by the virus evolving target sequences
that avoid its capsid being recognized by this restriction factor (384-387). HIV is not the only retrovirus
that successfully counteracts the effects of restriction factors. Some murine leukemia viruses (MLVs)
have also developed ways to avoid detection and restriction by host retroviral restriction factors (224,

225, 388, 389).

A3 proteins constitute a family of cytidine deaminases that convert deoxycytidines into
deoxyuridines in single-stranded DNA (For a review see: (390)). These proteins have a major role in
intrinsic defenses against foreign naked DNA, some DNA viruses, retroelements, but mostly against
retroviruses. Humans and primates express seven A3 proteins (A3A, A3B, A3C, A3DE, A3F, A3G and
A3H), with A3G being the most potent against retroviruses. Deamination occurs primarily on single-
stranded minus-strand viral DNA during reverse transcription resulting in C-to-U transition mutations.
Newly generated uracils then direct the incorporation of adenines on the plus-strand DNA, thereby
generating G-to-A mutations. Intense deamination, or hypermutation, results in inactivating
substitutions and premature stop codons in viral genes. A3 proteins can also, in some experimental
conditions, inhibit retrovirus infection by multiple deamination-independent mechanisms (234, 240,

241, 244, 391-395).
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Mice, in contrast to humans and primates, only express APOBEC3 (mA3) proteins from a single
gene (260, 396). Although mA3 is able to potently restrict and hypermutate HIV and SIV in a Vif-
independent manner in vitro (260, 397), it displays a variable, and often much weaker, ability to restrict
murine retroviruses in vivo and in vitro (319, 398-400). This variability is likely due to mA3’s prevailing
inability to hypermutate most murine retroviruses and therefore does not genetically inactivate
circulating viruses. The most striking example is the Moloney MLV (M-MLV) gammaretrovirus that is
modestly restricted by mA3 in absence of detectable G-to-A hypermutation, despite efficiently
packaging mA3 into virions (231, 233, 319, 401-403). However, M-MLV becomes much more sensitive to
restriction by mA3 when expression of the glycosylated viral Pr80 Gag (gPr80) protein is suppressed
(224, 225). This is reportedly caused by gPr80 blocking access of mA3 to the reverse transcription

complex in viral cores (225).

The gPr80 protein of M-MLV appears as a multiband protein with an apparent molecular weight
ranging between 80 and 100 kDa on SDS-PAGE (294, 404). This glycoprotein is expressed from an
alternative in-frame CUG start codon 264 bases upstream of the primary AUG initiation codon of the
structural polyprotein Pr658%, resulting in 88 additional amino acids at the N-terminus (297).
Glycosylated Pr80 is then further processed by cellular proteases that cleave it into a 40 kDa amino
terminal fragment (containing the gPr80 leader polypeptide, viral matrix (MA) and p12 proteins) and 55
kDa carboxy-terminal moiety (containing the viral capsid (CA) and nucleocapsid (NC)) (72, 405). Although
the N-terminal 40 kDa moiety can associate with the cell membrane as a type Il integral membrane
protein, it also present in secreted viral particles (72, 297, 310). While the primary function of gPr80 has

not been fully elucidated, its described roles include facilitating late-stage viral release from infected
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cells, increasing viral core stability and integrity, and improving viral spreading and pathogenesis in vivo

(225, 302, 311, 312, 402, 406).

AKV MLV is an endogenous murine gammaretrovirus that is highly similar in genomic sequence
to M-MLV. However, AKV, in contrast to M-MLYV, is sensitive to deamination by mA3 (319). In this study,
we have mapped AKV’s sensitivity to deamination and restriction by mA3 and hA3G to the pr80 gene
sequence of the virus. We have identified three putative N-linked glycosylation sites in gPr80 of M-MLYV,
but only two in that of AKV. Our biochemical and cell-based analyses show that the number of
glycosylation sites in gPr80 inversely correlates with the level of resistance to deamination. Abolishing
gPr80 expression also resulted in hypermutated virus, indicating that gPr80 and the N-linked glycans
attached to it are together an integral part of the resistance mechanism. Additionally, we demonstrate
that genetically modified mouse gammaretroviruses with fewer glycosylated sites in gPr80 are mutated
by endogenous mA3 expressed in murine primary splenocytes. However, to our surprise, these mutated
viruses remained infectious and capable of replication. These results highlight the important
contribution of the host’s post-translational modification machinery to helping gammaretroviruses
modulate their sensitivity to deamination by mA3. This could constitute a novel strategy used by

gammaretroviruses to increase their genetic diversity and avoid immune detection.

Materials and Methods

Mice. All breeding and manipulations performed on animals were in accordance with Ontario Animals
for Research Act and were approved by the University of Ottawa Animal Ethics Committee, protocol
#ME-133. A3-deficent (mA3 -/-; mA3 KO) mice were backcrossed twelve times to a C57BL/6 background.

These mice have the A3 gene disrupted by the insertion of a neomycin selection cassette in exon 3
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(407). C57BL/6 (mA3 WT) and mA3 KO mice were maintained in the barrier unit of the University of

Ottawa Animal Care Facility.

Cells. Human Embryonic Kidney Epithelium cells (293T) and mouse embryonic fibroblasts (NIH 3T3)
were cultured in in HyClone DMEM/High Glucose Medium (supplemented with 10% decomplemented
Fetal Bovine Serum (FBS), 100U/mL penicillin and 100ug/mL streptomycin and propagated at 37°Cin a
5% CO, incubator. Mouse splenocytes were prepared by homogenizing the spleens of neonatal mouse
pups 3 to 5 days of age by enforced passage through a 70 um nylon cell strainer as previously described

(319).

Viruses and APOBEC expression vectors. The pMOV-eGFP expression vector encoding replicative
M-MLV, the pAKV-NB-eGFP viral plasmid encoding replicative AKV MLV have been described before
(319). Expression vectors for the Flag-tagged C57BL/6 allele of mouse APOBEC3 delta-exon 5 (referred
throughput as mA3), Flag-tagged human APOBEC expression vectors (hA2 and hA3G), and their
respective catalytic mutants (mA3 [E73A] and hA3G [E257A]) have been described before (319, 408).
Hybrid viruses were generated by replacing DNA sequences in M-MLV by orthologous sequences from
AKV (Fig. 3A). Viruses with point mutations in the Pr80 gene sequence (for M-MLV: N113Q, N480Q,
N505Q; for AKV: N113D, S507N) were made by using the QuickChange XL Site-directed Mutagenesis Kit
(Agilent Technologies) according to the manufacturer’s specifications. M-MLV [CTA] and AKV [CTA]
viruses, which do not express gPr80, were generated by replacing the CTG alternative initiation codon in

proviral plasmid DNA by CTA using site-directed mutagenesis.
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Viral infections and spreading assays. These assays are graphically presented in Fig. 1.

In vitro (Fig. 1A): To produce replicative viruses, 3 x 10° 293T cells were seeded in 6-well plates and
grown for 24 h until they reached 50-60% confluence. Before transfection, the media was replaced. Co-
transfections were done with 800ng of viral expression plasmid and 100ng of A3 expression plasmids,
using Geneluice transfection agent (Novagen) according to manufacturer’s instructions. Virus-containing
supernatant was harvested 48 h after transfection. Twenty-four hours prior to infection, 1 x 10° of NIH
3T3 target cells were seeded in 12-well plates and incubated for 24 h. At the time of the infection, NIH
3T3 cell media was replaced by fresh decomplemented media containing Polybrene (Sigma-Aldrich) at a
concentration of 8ug/mL. Virus-containing supernatants were cleared by centrifugation and the
concentration of viral p30 CA protein was evaluated by ELISA (QuickTiter™ ELISA Kit, Cell Biolabs Inc.).
The amount of p30 CA protein yielding an MOI of 1 for virus produced in presence of A2 was calculated
by infection titration. Similar amounts of p30 protein were then used for virus produced in presence of
mA3, hA3G and their catalytic mutants. The cells were spin-infected at 800xg for 1h. Infected target cells
were grown for 24-, 48- and 72 h before being harvested and split into two fractions: one for eGFP
reporter gene expression using the Cyan ADP flow cytometer (Beckman Coulter), the other for mutation

analysis by HyperHRM, 3D-PCR and direct DNA sequencing.

EX Vivo (Fig. 1B): Viruses harvested from stably infected NIH 3T3 cells were used as stock. One hour
prior to infection, activated splenocytes were counted and seeded in activation media (319).
Splenocytes were spin-infected at an MOI of 0.2. 24 h post-infection, infected cells were washed with 1X
PBS pH 7.4, resuspended in complete RPMI with 10ug of LPS and incubated for 96 h for virus production.
Virus-containing supernatants were passed through 0.45um cartridge filters and viral titers (TU/mL)

were determined on NIH 3T3 cells by limiting dilution using flow cytometry. The secondary infections
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Figure 2.1. Flow chart of the infection assays.

(A) In vitro viral spreading assay. Viruses were produced by plasmid co-transfection in 293T cells and
were harvested after 48h. NIH 3T3 cells were infected with a MOI of 1 in respect to control viruses
produced in presence of hA2. Infection was measured at 24 h intervals for 72h. (B) Ex vivo viral
spreading assay in primary murine splenocytes. Stably infected NIH 3T3 cells were first generated.
Viruses released from these cells were then used to infect primary murine splenocytes. Splenocytes
from wild type (WT) and mA3 -/- (KO) C57BL/6 mice were infected with a MOI of 0.2. Cells were washed
24 h after infection and viruses were harvested 96 h later and used to infect NIH 3T3 cells with a MOI of

0.025. Infection was monitored every 24 h for 72 h.
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(viral spreading assays) were performed on NIH 3T3 cells, using an MOI of 0.025. Cells were analyzed by
flow cytometry for eGFP expression at 24, 48 and 72 h post-infection. Genomic DNA was extracted from

infected splenocytes 96 h post-wash, and from the NIH 3T3 cells at each time point.

APOBEC viral packaging assays. Virus-containing supernatants were filtered and then purified by
ultracentrifugation through a sucrose cushion as previously described (392). Viral lysates were then

processed for immunoblot analysis

Western blotting. Details on sample preparations can be found here (392). Blots were probed with
anti-FLAG (Sigma-Aldrich), anti B-tubulin (Abcam) and anti-p30 (ATCC, clone R187). Detection of M-MLV-
expressed gPr80 in was performed using an anti-p30“* antibody kindly provided by Dr. Hung Fan
(University of California, Irvine). Detection of recombinant gPr80-V5 was performed using an anti-V5

polyclonal antibody (Sigma #V8137).

3D-PCR analysis. 3D-PCR was performed in a two-step protocol using PrimeSTAR high fidelity
polymerase (Takara). A first-round PCR was performed to amplify a 717bp eGFP amplicon using primers
GFP-717 FWD and GFP-717 REV (409). A second-round gradient PCR targeting a 279 bp nested fragment
within the eGFP sequence was then performed using primers R279-FWD and GFP-REV. PCR cycles were:
94°C for 50s, followed by 30 cycles of a denaturation gradient from 91.1-88.0°C for 50s, annealing at
56°C for 30s, and an extension at 72°C for 1min, with a final extension of 72°C for 5min. Samples that
amplified at the lowest denaturation temperature were column-purified, cloned using TA cloning

(Promega) and sequenced (Nanuq Sequencing Facility at McGill University and Genome Quebec
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Innovation Center). Deamination intensity graphs were generated by illustrating the number of
amplicons that can be detected in a 7-well 3D-PCR gradient set. Confirmation of the presence of
hypermutation in an A3G or mA3 context was done by DNA sequencing (Table 1). Our experimental
conditions were optimized so that 3D-PCR performed on integrated proviral DNA of virus alone or virus
produced in presence of catalytically inactive A3 proteins consistently yielded amplification only at the 2

highest denaturing temperatures of the gradient.

HyperHRM analysis. HyperHRM analyses were carried out as previously published (409). Briefly,
proviral DNA was amplified from the gDNA of virus-infected cells using primers R648-FWD and GFP-REV
to generate a 648bp amplicon. Amplicons derived from each infection condition were then cloned and
colonies positive for an insert were diluted in 250ul of water, of which 8ul were used for HRM analysis in
a 96-well plate format. To generate standard curves for mutation quantification purposes, bacterial
clones containing defined numbers of G-to-A mutations were used. Amplification by gPCR was then
carried out and immediately followed by a melting curve analysis in which DNA amplicons were
gradually heated from 72°C to 95°C and fluorescence values were acquired at 0.0259C intervals.
Determination of the number of mutations in each clone was achieved by applying the algorithm
previously described (409). Unmutated clones were excluded from the calculation of mutation
frequency of Tables 1 and 2. DNA sequencing of randomly selected proviral clones was performed as
quality control and to ensure that the results were not biased by clonal amplification of a unique

sequence (data not shown).
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Table 2.1. Mutation analysis of proviral DNA by direct sequencing

Virus 3D-PCR band Clones*  Clones? Total mutations® Mutations
number analyzed with ina5’YC
sequenced GatoA G-to-A Other  (gntext (%)

mutations

M-MLV 2 5 1 1 1 100

M-MLV [N113Q] 3 6 6 31 2 71

M-MLV [N505Q] 3 5 5 15 1 75

M-MLV [N113Q/N505Q] 4 5 5 41 0 59

M-MLV [CTA] 4 5 4 26 2 69

Hybrid 1 2 5 1 1 3 100

Hybrid 2 3 5 5 9 4 67

Hybrid 3 3 5 4 12 2 75

AKV 3 5 5 30 0 67

AKV [N113D] 4 5 5 34 0 77

AKV [S507N] 2 8 3 3 2 67

AKV [CTA] 4 5 5 27 0 70

Spl.: M-MLV 3 10 7 7 2 29

Spl.: M-MLV [N113Q/N505Q] 4 8 8 59 3 98

Spl.: AKV 4 11 10 27 4 74

Spl.: AKV [S507N] 3 6 2 2 2 50

373: M-MLV 3 8 0 0 4 0

3T3: M-MLV [N113Q/N505Q] 4 7 6 18 3 78

3T3: AKV 4 25 23 62 9 84

3T3: AKV [S507N] 3 12 6 6 7 84

2The clones contain the first 279 bp of the eGFP reporter gene. Viruses were produced in the presence
of transfected mA3 or endogenous mA3 in murine splenocytes. Clones displaying identical deamination
profiles were excluded from the calculations. Spl., proviral sequences from infected wild-type C57BL/6
mouse splenocytes; 3T3, proviral sequences from NIH 3T3 cells infected with viruses released from
splenocytes. ® Mutations compiled on the coding strand of the proviral DNA.
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Results

Murine gammaretroviruses display different sensitivities to restriction and deamination by
APOBEC3. M-MLV and AKV are two murine gammaretroviruses with very high sequence identity, but
with strikingly different sensitivities to restriction and deamination by mA3. Here we performed
infection assays with the two viruses being produced in cells expressing hA3G, its catalytic inactive
mutant (hA3G [E259Q]), mA3, and its catalytic mutant (mA3 [E73A]). Human APOBEC2 (hA2) was used
as a negative control because it neither deaminates nor restricts these viruses (392). Viruses were
produced by co-transfection in 293T cells, harvested and normalized for p30 content by ELISA (Fig. 1A).
The cell expression and virion packaging efficiency of all APOBEC proteins was monitored and
comparable (Fig. 2A). Target NIH 3T3 cells were then infected at an MOI of 1 in respect to the hA2
control, and infection was assessed by measuring eGFP reporter gene expression over 72 h (Fig. 2B). All
wild type A3 proteins tested had an effect on the infection of both viruses at the 24 h time point at
varying degrees. This is the result of the well-documented deamination-independent restriction that is
especially prominent in tissue culture assays (Fig. 2B). After 48 h, and likely after a second cycle of viral
infection, both viruses remained completely restricted by hA3G but proliferated when packaged with
catalytic inactive hA3G [E259Q] and mA3 [E73A]. In contrast, mA3 delayed the ability of AKV to spread,
as can be observed by a downward inflection in the growth curve (Fig. 2B) and a nearly 45% reduction in

the level of infection compared to that achieved for M-MLV at 48 h (Fig. 2C).

We next looked at the intensity of cytidine deamination in integrated provirus DNA. Here we
used 3D-PCR which is a method used to selectively amplify hypermutated DNA sequences based on the
premise of reduced PCR amplicon melting temperatures as a consequence of A/T base enrichment due

to the deamination cytosines into uracils (410). 3D-PCR, however, does not provide information on the
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Figure 2.2. Sensitivity of M-MLV and AKV to deamination and restriction by A3 proteins.

(A) (Top) Expression of the various APOBEC proteins in lysates of cotransfected 293T cells used to
produce M-MLV and AKV was analyzed; (bottom) virions harvested from the culture supernatant of
293T cells were analyzed for the efficiency of packaging of the various APOBEC proteins. (B) Analysis of
the spread of M-MLV and AKV infection produced in the presence of APOBEC proteins, represented as
the percentage of cells expressing the eGFP reporter at the various time points after infection. Infection
results are from at least three independent transfections with triplicate infection values for each. Results
are presented as the mean level of infection + standard deviation. (C) Comparison of the relative
infection of M-MLV and AKV produced in the presence of mA3 or mA3 (E73A) at 48 h postinfection.
Values were normalized to those for infection with virus produced in the presence of hA2 at 48 h. Error
bars represent standard deviations. Statistical significance was determined using a two-tailed unpaired
Student t test; P values are indicated on the graph. n.s., not significant. (D) 3D-PCR analysis performed
on genomic DNA extracted from infected NIH 3T3 cells from the 48-h time point for M-MLV and AKV.
Representative gels from 3 independent assays are shown. Td, denaturing temperature; -ve, negative.
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proportion of sequences mutated in a population. It is a method that makes a qualitative assessment of
how intensely viral sequences are hypermutated. We optimized our assays so that unmutated DNA
(virus alone) amplified only at the two highest melting temperatures of the gradient out of a possibility
of seven temperatures selected (Fig. 2D). Positive amplification at lower melting temperatures is
indicative of hypermutated proviral DNA sequences. In our conditions, the threshold for reliable
mutation detection by 3D-PCR is 3 or more G-to-A/C-to-T mutations per 279bp sequence (409). For
positive amplicons, presence of transition mutations in an A3 deamination context (5’-CC or 5’-TC) was
confirmed by DNA sequencing (Table 1). 3D-PCR assays were repeated at least 3 times from
independent infection assays, representative gels are presented. Our results show that hA3G
deaminates both M-MLV and AKV at the same intensity, meaning that the most intensely mutated
sequences have similar numbers of G-to-A mutations (Fig. 2D). Catalytic inactive A3G [E259Q] was used
as a negative control and only displays amplification in the first two conditions, similarly to virus
produced alone or with hA2 (data not shown). On the other hand, mA3 weakly hypermutated AKV as

judged by the presence of amplification in the 3™ lane and did not at all hypermutate M-MLV.

Resistance to deamination maps to the gPr80 accessory protein. In order to identify the regions
of AKV that are responsible for rendering the virus sensitive to deamination by mA3, we generated three
hybrid viruses by progressively replacing the proviral DNA of M-MLV with that of AKV (Fig. 3A). We then
performed an infection assay under the same conditions described above. We found that A3 protein
encapsidation was similar for all hybrid viruses (data not shown). Viral infection assays showed that
hybrid 1, containing an AKV segment spanning from the R region to the N terminus of Gag, spread
similarly to wild-type M-MLV (Fig. 3B). Hybrids 2 and 3, however, displayed a delay in spreading at the

48-h time point, similar to that seen for AKV, with, respectively, 18% and 24% reductions in the levels
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Figure 2.3. M-MLV-AKV hybrid viruses reveal that deamination-resistance maps to the gag

gene.

(A) Schematic illustrations of the M-MLV, AKV, and hybrid proviruses. The segments used to construct
the three hybrid viruses are indicated. Hybrid viruses are composed of M-MLV into which orthologous
segments of AKV have been inserted. Hyb, hybrid; IRES, internal ribosome entry site; PBS, primer
binding site; PPT, polypurine tract. (B) Analysis of spread of hybrid virus infection produced in the
presence of the various A3 proteins. Infection results are from at least three independent transfections
with triplicate infection values for each. Results are presented as the mean * standard deviation. (C)
Comparison of the level of infection with the hybrid viruses relative to that with M-MLV and AKV
produced in the presence of mA3 or mA3 (E73A) at 48 h postinfection. Values were normalized
individually to the value for infection with virus produced in the presence of hA2 at 48 h. Error bars
represent standard deviations. Statistical significance was determined using a two-tailed unpaired
Student t test; P values are indicated on the graph. N.S., not significant. (D) 3D-PCR analysis performed
on genomic DNA extracted from infected NIH 3T3 cells from the 48-h time point. Representative gels

from 3 independent assays are shown.
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of infection relative to that for M-MLV being seen (Fig. 3C). Catalytically inactive mutants A3G (E259Q)
and mA3 (E73A) did not have a significant effect on hybrid virus spread (Fig. 3B and 3C). 3D-PCR analysis
performed on infected target cells revealed that hA3G hypermutated all three hybrids with the same
intensity, while mA3 was able to hypermutate only hybrids 2 and 3 to levels similar to those for AKV (Fig.

3D).

The common DNA segment of hybrids 2 and 3 maps to the gag gene of AKV that includes
sequences coding for both the gPr80 and Pr65 polyproteins. Because the spread curves and deamination
intensities are similar between both hybrids, this led us to hypothesize that all determinants responsible
for the contrasting phenotypes between M-MLV and AKV are located within this region. Two recent
studies have highlighted the involvement of the gPr80 gag protein in resisting restriction by mA3 (224,
225). To distinguish if resistance to deamination was conferred by elements within the Pr65 or gPr80
polyproteins, we generated viral mutants, termed CTA mutants, that do not express gPr80 because their
CTG initiation codon was replaced by a CTA trinucleotide (Fig. 4). Packaging of A3 proteins into these
mutant viruses was similar to that for their WT counterparts (Fig. 4A). Restriction assays and growth
curves of both viruses showed that they had similar profiles that closely resembled the profile for AKV
(Fig. 4B and C). However, there was a small but noticeable decrease in infectivity of these mutants
compared to that of the WT parental viruses. M-MLV and AKV produced with A2 infected 65 to 70% of
the cell population after 24 h (Fig. 2B). With the CTA mutant viruses, this infection was reduced to 40%
when the same amount of input virus (as measured by p30 ELISA) was used (Fig. 4B). Although CTA and
CTG codons both code for leucine, the CTG codon in the viral RNA is located in the stem of one of the
major stem-loops involved in packaging the viral RNA dimer (411). Hypermutation analysis of the M-
MLV CTA and AKV CTA mutants revealed an increase in sensitivity to hypermutation by both mA3 and
hA3G (Fig. 4D). This therefore allowed us to exclude the possibility of any potential roles for elements

within Pr65 to be the cause for the resistance to deamination and to focus our attention on gPr80.
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Figure 2.4. Analysis M-MLV and AKV mutants that do not express gPr80.

Analysis of M-MLV and AKV mutants that do not express gPr80. (A) (Top) Western blots showing the
expression of the various APOBEC proteins in lysates of cotransfected 293T cells used to produce M-MLV
(CTA) and AKV (CTA) mutant viruses are shown; (bottom) viruses (virions) harvested from the culture
supernatant of 293T cells were analyzed for the efficiency of packaging of the various APOBEC proteins.
(B) Analysis of the spread of infection of mutant viruses produced in the presence of the various A3
proteins. Infection results are from at least three independent transfections with triplicate infection
values for each. Results are presented as the mean + standard deviation. (C) Comparison of the level of
infection with the CTA mutant viruses relative to that with M-MLV and AKV produced in the presence of
mA3 or mA3 (E73A) at 48 h postinfection. Values were normalized individually to the values for infection
with virus produced in the presence of hA2 at 48 h. Error bars represent standard deviations. Statistical
significance was determined using a two-tailed unpaired Student t test; P values are indicated on the
graph. (D) 3D-PCR analysis performed on genomic DNA extracted from infected NIH 3T3 cells from the
48-h time point for the various viruses. Representative gels from 3 independent assays are shown.
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Three N-linked glycosylation sites in M-MLV gPr80 are required for complete resistance to
deamination. Because the amino acid sequences of the gPr80 proteins of M-MLV and AKV are highly
similar, we focused our attention on differences in the N-linked glycosylation patterns of the proteins
(Fig. 3). We carried out an in silico analysis of the gPr80 proteins of both viruses using the NetNGlyc
server to identify putative glycosylation sites within a Asn-Xaa-Ser/Thr, (Xaa # Pro) sequon. We
identified 3 possible glycosylation sites in M-MLV gPr80 (N113, N480 and N505), but only two in that of
AKV (N113 and N482). N113 is located in the matrix (MA), while N480/N482 and N505 are located in the

capsid (CA).

Using site-directed mutagenesis, we generated point mutants for each of the predicted
glycosylated amino acids of gPr80 of M-MLV and AKV. We also introduced an additional N-linked
glycosylated site at position S507 of AKV (AKV [S507N]), which is in a sequon favorable for glycosylation.
The asparagine-to-aspartic acid substitutions chosen remove the glycosylated site, while they introduce
a chemically conservative mutation. It should also be noted that changes in the gPr80 sequence
downstream of amino acid 88 are also reflected in the Pr65 Gag protein. We also generated double and
triple glycosylation mutants when appropriate. Western blot analyses of transfected cell extracts clearly
show that the apparent molecular mass of gPr80 shifts according to the number of putative glycosylated
sites mutated (Fig. 5A to C). Glycosidase treatment of the extracts reveals a gPr80 band lower than that
of the gPr80 band of the M-MLV (N113Q/N505Q) double mutant, which indicates that amino acid N480
is also likely glycosylated, as predicted (Fig. 5A and B). The M-MLV (N113Q/N480Q/N505Q) triple
glycosylation mutant demonstrated a band for gPr80 at the same height as that in the glycosidase-
treated sample (Fig. 5C). Western blot analysis of AKV gPr80 showed that the S507N mutation increases

the size of the band, suggesting that N-linked glycosylation at this site was indeed restored (Fig. 5B).
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Figure 2.5. Identification of N-linked glycosylated sites in M-MLV and AKV.

(A - C) Western blot analysis of transfected cell extracts showing altered migration patterns caused by N-
linked glycosylation. The last lane of each blot shows either M-MLV or AKV infected cell extracts treated
with glycosidase. The gPr80 protein band is indicated for each virus by red arrows.
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Restriction assays with the M-MLV single point mutants and the N113Q/N505Q double mutant
clearly showed a delay in infection spread at 48 h with mA3 (Fig. 6A). The N113Q/N505Q double mutant
was about twice as sensitive to mA3 restriction as the single point mutants (Fig. 6C). Mutant M-MLVs
produced with mA3 (E73A) showed little or no difference in infectivity compared to that of the wild-type
virus (Fig. 6C). Restoring glycosylation at position S507 of AKV increased the spreading kinetics to
resemble that of mA3-resistant M-MLV (Fig. 6B); however, the N113D substitution did not render the
virus more sensitive to mA3 restriction (Fig. 6D). Viral mutants M-MLV (N480Q) and AKV (N482D)
displayed very poor infectivity (less than 2%), despite being efficiently released from the cells, as judged

by p30 ELISA (data not shown). For this reason, these mutants were not analyzed further.

Although the sequential mutation of glycosylated residues in gPr80 had an overall modest effect
on the sensitivity to restriction by mA3, a more pronounced impact on hypermutation could clearly be
observed. Both mA3 and hA3G mutated the M-MLV and AKV mutants with an intensity higher than that
for their WT counterparts (Fig. 6E and F). All mutants with N-to-Q point mutations of M-MLV gPr80
became more sensitive to deamination; this effect was slightly increased in the M-MLV (N113Q/N505Q)
double mutant and the AKV (N113D) mutant. AKV (S507N), which had three glycosylated sites, became

resistant to deamination (Fig. 6F).

To further characterize the intensity and frequency of deamination in proviral sequences, we
performed mutation analyses on individual clones isolated from infected cells. We used HyperHRM,
which is a high throughput method we developed to quantify the number of A3-induced mutations in a
PCR amplicon (409). Confirming the 3D-PCR data, we found that there was an inverse correlation
between the number of glycosylated residues in gPr80 and the proportion of hypermutated sequences
in a specific virus (Fig. 7A, 7B and Table 2). Our data also show that the intensity of hypermutation

increases when fewer glycosylated sites are present in either virus.
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Figure 2.6. Intensity of gPr80 glycosylation correlates with sensitivity to deamination by mA3.

(A and B) Analysis of spread of infection of glycosylation mutants of M-MLV (A) and AKV (B) coproduced
with various A3 proteins. (C and D) Comparison of the infection with the mutant viruses relative to that
with M-MLV (C) and AKV (D) produced in the presence of mA3 or mA3 (E73A) at 48 h postinfection.
Values were normalized individually to those for infection with virus produced in the presence of hA2 at
48 h. Error bars represent standard deviations. Statistical significance was determined using a two-tailed
unpaired Student t test; P values are indicated on the graphs. n.s., not significant. (E and F) 3D-PCR
analysis performed on genomic DNA extracted from infected NIH 3T3 cells from the 48-h time point for
glycosylation mutants of M-MLV (E) and AKV (F).
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gPr80 antagonizes both arms of mA3 restriction. Having identified M-MLV mutants that are
sensitive to deamination, we next wanted to evaluate how gPr80 glycosylation affects deamination-
independent restriction by mA3. Here we normalized the infection data at the 48-h time point to those
for the hA2 control independently for each virus set: M-MLV (Fig. 7C) and AKV (Fig. 7D). We found that
viruses were more restricted by catalytically inactive mA3 (E73A) when the gPr80 protein had fewer
glycosylated sites or was not expressed altogether. The increased sensitivity to restriction of the CTA
mutant viruses by mA3 (E73A) could reflect the protective effect of N480 glycosylation. Altogether,
these results clearly show that N-linked glycosylation of gPr80 prevents restriction by deamination and

also by deamination-independent mechanisms.

Endogenous mA3 inhibits MLV infection but is also a source of genetic diversification. Two
reports have already established that the antiretroviral activity of mA3 is inhibited by gPr80 in vivo (224,
225). These studies were carried out by comparing the infectivity of deamination-resistant MLV strains
with coisogenic strains unable to either express or produce a full-length gPr80 protein. Here we asked
whether endogenous levels of mA3 are sufficient to hypermutate deamination-sensitive MLVs so as to
affect viral fitness and replication of released viruses. We performed our experiments only with MLVs
that expressed gPr80 in order to measure the direct contribution of N-linked glycosylation to the

resistance.

We isolated splenocytes from wt (mA3 WT) or mA3-deficient (mA3 KO) C57BL/6 neonatal mice.
The splenocytes were cultured, activated and then infected with a similar MOI with viruses that were
produced in absence of mA3 in NIH 3T3 cells (Fig. 1B). The infectious titer of the viruses released by the

splenocytes was assessed 96 h later as a measure of transducing units per mL of supernatant harvested
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Figure 2.7. N-linked glycosylation inhibits deamination and deamination-independent
restriction.

(A and B) Analysis of mutation intensities in proviral DNA by HyperHRM analysis. The histograms depict
the proportion of total sequences containing the indicated number of mutations. The results of clone
analysis are presented in Table 2. (C and D) Relative infection depicting the effect of gPr80 mutants on
virus sensitivity to restriction at 48 h postinfection. Infection levels from experiments whose results are
presented in Fig. 2B, 4B, and 6A and B were normalized to those for hA2 for each virus. Values
presented are the means + SEMs from three independent transfection experiments with triplicate
infection samples. The Student unpaired t test was performed to assess statistical significance: *, P =
0.05; **, P =0.19; ***, P =0.02.
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Table 2.2. HyperHRM analysis of the editing of M-MLV, AKV and glycosylation mutants by

mA3
Virus Clones Number of Clones Total Predicted G-to-A
analyzed mutated mutated number of mutation
clones (%) mutations frequency
(mutations/kb)

M-MLV 80 3 4 9 0.17

M-MLV [N505Q] 66 29 44 117 2.74

M-MLV 71 30 42 145 3.15
[N113Q/N505Q]

AKV 50 20 40 100 3.09

AKV [N113D] 43 32 74 232 8.33

AKV [S507N] 37 2 5 5 0.16
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(Table 3). M-MLV was generally more efficient at replicating in these splenocytes than AKV. Differences
in titers were also presented as relative infectivity to better illustrate that endogenous mA3 had a
similarly potent effect at reducing the infectious titers of all viruses, including those resistant to
deamination (Fig. 8A). This indicates that deamination by endogenous mA3 has little effect on viral

restriction under these conditions.

To ensure that hypermutation of proviral DNA did occur in the WT splenocytes, 3D-PCR was
carried out on proviral DNA from splenocytes at 96 h postinfection (Fig. 8B). Hypermutated viral
sequences were detected only in WT splenocytes at various intensities for all viruses. Surprisingly, M-
MLV and AKV (S507N) also showed evidence of hypermutation caused by mA3, but the intensity and
frequency of the mutations were very low (Table 1). These data were also supported by HyperHRM
analysis of individual clones, showing that they contained several transition mutations (Fig. 8C and Table

4).

To address whether the replicative fitness of MLVs sensitive to deamination was affected by
being produced in splenocytes expressing mA3, we then used these viruses to infect NIH 3T3 cells with
an MOI of 0.025. We monitored their spread in culture every 24 h for 72 h. These assays revealed that
the pool of infectious viruses released from WT splenocytes did not exhibit a proliferation efficiency
different from that of viruses released from mA3-KO cells (Fig. 8D). These results were confirmed by
statistical analyses indicating that the slopes of the viral spreading curves were similar for viruses
produced in WT or KO splenocytes (data not shown). We also analyzed proviral DNA sequences
amplified from infected NIH 3T3 cells. We found by 3D-PCR clear evidence of hypermutation in viruses
originating from WT splenocytes (Fig. 8E and Table 1). HyperHRM analysis revealed that the intensity

and frequency of the transition mutations were, however, lower (Fig. 8F and Table 4). The mutation
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Table 2.3. Titers of gammaretroviruses released from splenocytes

Virus Source Virus Titer
(TU/ mL) x10° *
M-MLV
WT 0.047 + 0.006
KO 5.099 + 1.964
M-MLV
[N113Q/N505Q]
WT 0.037 £ 0.007
KO 3.896 £ 1.740
AKV
WT 0.025 + 0.005
KO 1.796 £ 0.615

AKV [S507N]
WT 0.012 + 0.002

KO 0.302 £ 0.053

*TU: transducing units; WT: wild type C57BL/6 splenocytes; KO: mA3 -/- C57BL/6 splenocytes. Values
represent the mean of triplicate infection values + standard deviation; KO mice, n =5; WT mice n = 6.
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Figure 2.8. gPr80 glycosylation levels influence the intensity of deamination by endogenous
mA3 expressed in mouse splenocytes.

(A) Relative infectivity of viruses released from infected splenocytes. The viral titers used to generate
the figure are presented in Table 3. (B) 3D-PCR analysis performed on genomic DNA extracted from
infected KO (left) or WT (right) C57BL/6 splenocytes. Representative gels from 3 independent assays are
shown. (C) Analysis by HyperHRM of mutation intensities in proviral DNA isolated from infected C57BL/6
splenocytes. The histograms depict the proportion of total sequences containing the indicated number
of mutations. The results of clone analysis are presented in Table 2. (D) Infection spread in NIH 3T3 cells.
Cells were infected with an MOI of 0.2 with viruses released from the splenocytes for which the results
are depicted in panel A. Infection was measured every 24 h for 72 h. The graphs represent nonlinear
regression curves of the infection. Results are presented as the mean level of infection * standard
deviation. (E) 3D-PCR analysis performed on genomic DNA extracted from infected NIH 3T3 cells.
Representative gels from 3 independent assays are shown. (F) Analysis by HyperHRM of mutation
intensities in proviral DNA isolated from infected NIH 3T3 cells.
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Table 2.4. HyperHRM analysis of the editing of M-MLV, AKV and glycosylation mutants by
endogenous mA3 expressed in C57BL/6 splenocytes

Infected cells  Virus Clones Number Clones Total Predicted G-to-A
analyzed of mutated number of mutation frequency
mutated (%) mutations  (mutations/kb)
clones
WT

Splenocytes

M-MLV 81 12 15 38 0.73
M-MLV 53 15 28 59 1.72
[N113Q/N505Q]

AKV 40 19 48 52 2.00
AKV [S507N] 63 8 13 21 0.51

NIH 373

M-MLV 42 1 3 4 0.15
M-MLV 60 6 10 16 0.41
[N113Q/N505Q)]

AKV 39 10 26 30 1.19
AKV [S507N] 63 5 8 21 0.51

HyperHRM was performed on gDNA from infected WT splenocytes 96 h after infection. NIH 3T3 cells
were infected with viruses released from WT splenocytes. HyperHRM was performed 48 hours later.
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frequency for AKV dropped from 2 mutations per kb in splenocytes to 1.19 mutations per kb in NIH 3T3
cells (Table 4). This indicates that more heavily mutated viruses were selected against and were not
represented in NIH 3T3 cells but a significant proportion of sublethally mutated viruses still continued to

replicate.

Discussion

The aim of this study was to identify what makes AKV different to M-MLV in respect to its
sensitivity to deamination by mA3. Our results have clearly revealed that the number of N-linked
glycosylation sites in the gammaretrovirus-specific gPr80 accessory protein inversely correlates with the
intensity of mA3-induced deamination. This therefore supports the concept that gammaretroviruses
employ the host’s protein glycosylation machinery to protect themselves against innate restriction by
mA3. Considering that the gPr80 protein of MLVs also reduces the potency of the mutator activity of
human A3G, N-linked glycosylation may therefore be part of a broader strategy allowing

gammaretroviruses to increase the success of zoonotic transmission between hosts of different species.

M-MLV is not the only murine retrovirus that is resistant to deamination by mA3. In fact, most
mouse retroviruses, including the prevalent Friend MLV, which has the same number of putative gPr80
glycosylated sites as M-MLV, are resistant (Fig. 9A) (399). The xenotropic MLV-related virus (XMRV) is
perhaps the only other currently known exception along with AKV of a murine retrovirus that is sensitive
to deamination by mA3 (412). However, XMRYV, contrary to AKV, is not an endogenous murine retrovirus
with a long history of co-evolution with its host, but rather a recently emerged laboratory virus that was
inadvertently created through provirus (PreXMRV-1 and PreXMRV-2) recombination during human

xenograft passages in mice (413). What is further interesting about XMRYV is that it has a deletion in the
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Figure 2.9. Phylogenetic analysis of the gPr80 amino acid sequence of various MLVs.

(A) Detailed alignment of MLVs able to produce gPr80. Residues at positions homologous to putative
glycosylated sites for M-MLV are highlighted in orange. Amino acids different from asparagine at these
positions are highlighted in yellow. N60 is a putative glycosylated site for several MLVs of the Friend-
Moloney-Rauscher (FMR) group. (B) The amino acid sequences of exogenous and endogenous MLVs
were aligned by use of the DNAStar Lasergene (version 8) MegAlign program (Clustal W method), and a
phylogenetic tree was generated. Green shading, exogenous retroviruses belonging to the Friend-
Moloney-Rauscher group; yellow shading, endogenous MLVs that produce a full-length gPr80; purple
shading, endogenous MLVs unable to produce gPr80 because of deletions in the sequence. Endogenous
MLV subgroups were xenotropic (Xmv), ecotropic (Emv), polytropic (Pmv), and modified polytropic
(Mpmv). FrMLV and Fr-MLV, Friend MLV.
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leader sequence of the pr80 gene, as do some other murine ERVs, and therefore does not express gPr80
or any alternate form of a glyco-Gag-like protein (318). The mouse mammary tumor virus (MMTV), is a
betaretrovirus that is restricted by mA3 but is resistant to deamination (400). Although MMTV does not
encode a glycosylated Gag protein, it does encode a superantigen (SAg) with multiple N-linked
glycosylated residues that could be packaged into virions and act as a functional surrogate to gPr80
(414). 1t would also be interesting to investigate whether N-linked glycosylation of virion-packaged

proteins other than gPr80 can also inhibit A3 deaminase activity.

The exact role of the gPr80 protein of MLVs has long remained enigmatic. Early studies
investigated various functional aspects of the gPr80 protein by comparing viral release, infectivity and
virulence in presence or absence of the protein, or by exchanging gag gene segments between different
MLV strains (231, 305, 312, 318, 406, 415). The general conclusion of these studies was that absence of
a functional and full-length gPr80 decreases virus release and infectivity in vitro, but especially in vivo.
However, recent studies have revealed new and important roles of this accessory protein in helping the
virus evade innate immune defenses. Two studies have shown that gPr80 inhibits the antiviral activity of
mA3 (224, 225). Stavrou et al. took these findings further by showing that gPr80 acts by preventing mA3
from accessing the reverse transcription complex in viral cores and also by hiding replication
intermediates from cytosolic sensors (225). Our work here adds to current knowledge by showing that
the N-linked glycans attached to gPr80 are in fact essential for its activity against host innate defences.
MLVs that express few N-linked glycosylation sites in gPr80 are more susceptible of being hypermutated

and restricted by mA3.
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In contrast to hA3G that stringently restricts MLV infection and spread in human cells, mA3 does
not inactivate mouse retroviruses with the same potency. All MLVs we tested, including those with
fewer glycosylation sites in gPr80, that were produced in presence of mA3 spread to nearly all target
cells 72 h after infection. Differences in the intensity of the deamination cannot alone explain this
striking difference. In a previous study we reported that hA3G mutated AKV at an average rate of 8
mutations per kb of proviral DNA, here we have shown that AKV [N113D] is also mutated to that level by
mA3 (Table 2) (319). It is therefore more likely that a factor other than deamination intensity, such as
the consensus DNA sequence being deaminated, is the main explanation for the potency of viral
restriction. While mA3 deaminates cytidines preferentially in a 5’TC context, hA3G prefers 5'CC (222,
319, 393). With the tryptophan codon being TGG (5'CCA as read on the minus strand DNA), hA3G is
much better suited at generating all of the three termination codons than mA3. Mutations caused by
mA3 therefore appear to have subtler and less deleterious effects on viral replicative fitness than hA3G-

induced mutations that are almost always lethal for the virus.

An interesting result that emerged from the ex vivo assays is that infectious viruses with low
levels of mutations have replicative fitness similar to that of nonmutated viruses (Fig. 8D). In a previous
study, we showed how AKV released from wt splenocytes expressing endogenous mA3 were restricted
when analyzed 48 hours after infection in NIH 3T3 cells (319). Here we took these results further by
looking at the impact of mutations on virus spread over time. By normalizing input infectious viral titers,
we compared the infection efficiency of a pool of mA3-mutated viruses to that of nonmutated viruses.
Viruses that infected target NIH 3T3 cells had, as would be expected, fewer mutations than those
recovered from the splenocytes, but nevertheless, a relatively large proportion (26% for AKV) had
between 1 and 3 mutations per sequence analyzed (Fig. 8C and 8F). It therefore appears that viruses

containing low levels of mutations can be as infectious as unmutated viruses under these experimental
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conditions. In the context of a natural infection, such mutations could be beneficial and help the virus

evade immune defenses.

These results now raise the question as to whether gammaretroviruses that are permissive to
low levels of deamination, by way of less intensely glycosylated gPr80, have a greater success to infect
and persist in vivo. In support to this concept, a prior study in which the authors performed a
phylogenetic analysis of the nucleotide sequence of various MLV pr80 genes revealed that clade A, B
and C murine ERVs (xenotropic, polytropic and modified polytropic) are descendants of the same
ancestral progenitor, while mA3-resistant viruses of the Friend-Moloney-Rauscher (FMR) group come
from a different progenitor (318). If we now look instead at the amino acid sequence of their respective
gPr80 proteins, we find that clade B and C endogenous retroviruses (containing AKV) cluster together
and that their genomes generally encode a gPr80 with fewer putative glycosylated sites than the gPr80
proteins of the FMR group (Fig. 9A and 9B) The only exceptions are Rauscher MLV and Amphotropic
MLV that only contain 2 putative glycosylation sites. However, it remains to be determined whether
these viruses are sensitive or resistant to deamination by mA3, and also, whether they in fact only
contain 2 glycosylation sites. Additionally, these two viruses have a serine at position 60, whereas AKV
has an arginine, M-MLV has an aspartic acid, and the mA3-resistant Friend MLV has an asparagine in a
perfect N-glycosylation sequon. It would therefore be interesting to investigate the impact of this
variable residue on resistance to deamination, especially if Rauscher MLV and Amphotropic MLV were in
fact shown to be resistant to deamination. Overall, these observations indicate that sensitivity to mA3
deamination may have given a subset of exogenous gammaretroviruses a selective advantage to
become endogenized in the mouse germline. This concept that sublethal levels of A3-induced
deamination could be a driving force behind retroviral/HIV evolution, drug-resistance and immune

escape has been raised several times before (251, 416-420).
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How the N-linked glycans of gPr80 prevent A3-induced deamination is still unknown. Although
gPr80 is cleaved by cellular proteases, with its N-terminal extremity (containing N113) being packaged
into virions (310), it is intriguing that the secreted C-terminal fragment containing putative glycosylated
residues N480 and N505 also prevents deamination. It remains to be established whether gPr80 and
mA3 interact. If mA3 were to facilitate the packaging of the full-length gPr80 protein or even that of
each of its cleaved polypeptides, then a case could be made for gPr80 glycans acting collectively to
physically block A3 proteins from accessing the viral cDNA substrate in the reverse transcription
complex. Further studies are required to fully understand how N-linked glycans on gPr80 impede the
deamination of gammaretroviruses by A3 proteins. Such efforts could potentially lead to the

identification of a new class of A3 inhibitors.
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Abstract

The glycosylated Gag protein (gPr80) of murine leukemia viruses (MLVs) has been shown to exhibit
multiple roles in facilitating retrovirus release, infection and resistance to host-encoded retroviral
restriction factors such as APOBEC3, SERINC3 and SERINCS5. One way gPr80 helps MLVs escape host
innate immune restriction is by increasing capsid stability, a feature that protects viral replication
intermediates from being detected by cytosolic DNA sensors. gPr80 also increases the resistance of
MLVs against deamination and restriction by mouse APOBEC3 (mA3). How the gPr80 accessory protein,
with its three N-linked glycosylation sites, contributes to these resistance mechanisms is still not fully
understood. Here we have further characterized the function of gPr80 and, more specifically, revealed
that the asparagines targeted for glycosylation in gPr80 also contribute to capsid stability through their

parallel involvement in the Pr65 Gag structural polyprotein. In fact, we demonstrate that sensitivity to
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deamination by mA3 and human A3 proteins is directly linked to capsid stability. We also show that full-
length gPr80 is detected in purified viruses. However, our results suggest that gPr80 is inserted in the
NexoCeyto Orientation of a type | integral membrane protein. Additionally, our experiments have revealed
the existence of a large population of Env-deficient virus-like particles (VLPs) harbouring gPr80 inserted
in the opposite (NeytoCexo) polarity which is typical of type Il integral membrane proteins. Overall this

study provides new insight into the complex nature of the MLV gPr80 accessory protein.

Importance

Viruses have evolved numerous strategies to infect, spread and persist in their host. Here we analyze
the details of how the MLV-encoded glycosylated Gag (gPr80) protein protects the virus from being
restricted by host innate immune defenses. gPr80 is a variant of the structural Pr65 Gag protein with an
88 amino acid extended leader sequence that directs the protein for translation and glycosylation in the
endoplasmic reticulum. This study dissects the specific contributions of gPr80 glycans and capsid
stability in helping the virus infect, spread and counteract the effects of the host intrinsic restriction

factor APOBEC3. Overall this study provides further insight into the elusive role of the gPr80 protein.

Introduction

Infection, spread and persistence of retroviruses in an animal population is directly related to their
ability to evolve under the selective pressures of host immune defenses. The success of HIV-1 as a
pathogen is credited, amongst other strategies, to its accessory protein Vif that induces the proteasomal
degradation of APOBEC3 (A3) proteins that are potent host-intrinsic retroviral restriction factors
(Reviewed in (194, 421)). In contrast, murine gammaretroviruses, such as the Moloney murine leukemia

virus (M-MLV), do not express a Vif-like protein, but rather a glycosylated version of their structural Gag
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protein, termed glyco-Gag (gPr80), to defend against the deleterious effects of mouse A3 (mA3) (224,

225, 368).

gPr80 originates from the translation of the structural Gag polyprotein (Pr65) at an alternate (CUG) start
codon upstream of the canonical AUG initiation codon, a process that adds 88 amino acids to the
original sequence (Fig. 1A) (293, 294, 297, 404). This N-terminal leader segment of gPr80 encodes a
signal peptide that directs the completion of polyprotein synthesis to the endoplasmic reticulum where
it undergoes N-linked glycosylation. It also contains a signal/anchor site upstream of the junction of the
leader and MA Gag domains that direct its insertion into the membrane (72, 422). The mature protein
can be further proteolytically processed in the infected cell to yield a membrane-associated ~55 kDa N-
terminal product, and a secreted ~40 kDa C-terminal product (72, 310). While the N-terminal protein
segment associates with the cell membrane as a Type Il integral membrane protein (422), it has also
been detected in released retroviral particles, while the C-terminal fragment has not (310, 422). Three
sites have been experimentally identified in the gPr80 protein of M-MLV that account for all detectable
N-linked glycosylation: N113 located in the sequence of the viral matrix (MA), and N480 and N505

located in the capsid (CA) (Fig. 1A) (368).

Multiple functions have now been attributed to gPr80 that help the virus infect its host. Although
expression of the protein has little effect on viral infection in most in vitro laboratory conditions (225,
296, 305), it enhances late step virus assembly and release through lipid rafts (311, 415), and is also
involved in promoting virus replication, pathogenesis and neurovirulence in vivo (296, 302, 305, 311,
406, 415, 423), especially when mA3 is expressed (136, 224, 225, 368). First reported by Kolokithas et
al., these authors showed that gPr80 is required to support the replication of the neurovirulent CasFrX?

MLV in vivo when mA3 is expressed (224). Murine A3 is a cytidine deaminase that inhibits the infection
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of most MLVs by interfering with the early stages of reverse transcription mainly through enzymatic-
independent strategies (225, 319, 399, 400, 403, 424). In contrast, human A3 proteins acting on MLVs,
and mA3 acting on retroviruses from other species than mice, primarily restrict and inactivate
retroviruses through intense deamination of cytosines in single-stranded DNA replication intermediates
produced during reverse transcription (260, 425). Generation of large numbers of C-to-T mutations in
the targeted minus-strand proviral DNA is a process called hypermutation. While most MLVs are only
modestly susceptible to mA3 restriction in vitro (233, 319, 403), some MLVs such as AKV are more
sensitive to mA3 and this has been associated with fewer N-linked glycosylation sites present on the
gPr80 protein of AKV (319, 368). We have previously shown, through site directed mutagenesis, that
higher numbers of N-linked glycosylation sites on gPr80 appear to correlate with increased resistance to

mA3 deamination and restriction in vitro and ex vivo in murine splenocytes (368).

Another important feature of gPr80 revealed in two studies by Stavrou et al., showed that gPr80
increases MLV capsid stability (136, 225). Capsid integrity is important to create a shielded environment
that protects viral replication intermediates from immune cytosolic DNA sensors that can induce an
interferon response, and also from mA3 expressed in the cytosol of the recipient cells (136, 225). The
importance of gPr80 in antagonizing mA3 was further showcased by demonstrating that gPr80-deficient
viruses with a stop codon in the N-terminal leader peptide reverted back to gPr80-proficient viruses
when passaged through mice expressing mA3, but not in mA3 knock-out mice (136, 225). These studies
therefore suggest that one of gPr80’s primary roles might in fact be to counteract the antiviral effects of

mA3.
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In light of a previous report by our group showing that the state of N-linked glycosylation was involved
in modulating the sensitivity of MLVs to restriction and deamination of mA3 (368), here we further
investigate the specific roles of gPr80 carbohydrates on capsid stability and resistance to editing by
mouse and human A3 proteins. For our study we used a replicative competent M-MLV reporter virus
that has a CTG to CTA mutation to abolish gPr80 translation initiation and M-MLV mutant viruses where
the asparagines targeted for glycosylation have been individually converted to glutamine. We reveal
that gPr80 contributes to increased capsid stability regardless of the presence of glycosylation, however
these asparagines are also essential to maintain the structural integrity of the capsid. Furthermore, use
of glycosylation inhibitors and cells unable to carry out complex N-linked glycosylation show that
diminished capsid stability is required for mA3 to deaminate viral DNA. Finally, we also provide evidence
that full-length gPr80 may provide structural support to virions as a Type | integral membrane protein,
implying the glycosylated C-terminus of the protein may help improve their stability. Our study provides
additional insight into the mechanisms by which the elusive gPr80 antagonizes host innate immune

detection and restriction.

Materials and Methods

Cells
Human Embryonic Kidney Epithelium cells (293T), 293S GnTI- (ATCC, CRL-3022) and mouse embryonic
fibroblasts (NIH 3T3) were cultured in DMEM/High Glucose Medium (Wisent) supplemented with 10%
Fetal Bovine Serum (FBS) (Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin (Multicell, Wisent
Inc., Canada) and propagated at 37°Cin a 5% CO; incubator. 293S GnTI- cells lack N-acetyl-

glucosaminyltransferase | (GnTl) activity and therefore lack complex N-glycans.
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Expression plasmids and viruses
The pMOV-eGFP expression vector encoding replicative M-MLV has been described before (319, 371).
Expression vectors for the FLAG-tagged C57BL/6 allele of mouse APOBEC3 delta-exon5 (referred
throughout as FLAG-mA3), human APOBEC2 (A2), human APOBEC3C (A3C), human APOBEC3F (A3F) and
human APOBEC3G (A3G) have been described before (319, 408). The DNA coding sequences of human
APOBEC3A (A3A), human APOBEC3B (A3B) and human APOBEC3H (A3H) were amplified from mRNA of
human peripheral blood mononuclear cells (PBMCs). Products were then cloned downstream of a FLAG
epitope tag in the pcDNA3.1 expression vector. The cDNA for Human APOBEC3D (A3D) was provided by
the NIH AIDS Research and Reagents program in a pcDNA3.1 backbone (cat. no. 11433). A FLAG epitope

tag was inserted upstream of the A3D coding sequence.

M-MLV [N480Q], M-MLV [N113Q/N505Q], M-MLV [N113Q/N480Q/N505Q] and M-MLV [CTA] were
described in a previous report by our group (368). For cloning of recombinant gPr80 (wild type) and
Pr80[N113Q/N480Q/N505Q], the cDNA sequence was amplified by PCR from their corresponding M-
MLV expression vector. The forward primer contained a Kozak sequence and the ATG initiation codon
instead of the non-conventional CTG initiation codon. The reverse primer contained the cDNA for the V5
epitope tag inserted before the stop codon at the 3’ end of the coding sequence. The sequences of the
primers were as follows: MoMLVPr80-EcoRI-ATG-FWD: 5'-ACAAGAATTCGCCACCATGGGAGACGTCC-3’
and MoMLVpr80-V5-BamHI-REV: 5’-
GTGTGGATCCCTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCGTCATCTAGGGTC-3'. The
PCR amplicon was then directionally cloned using EcoRlI and BamHI restriction sites into the pcDNA3.1

expression vector (Invitrogen). Constructs were sequenced for accuracy.
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For assessing the virion incorporation of gPr80 in M-MLV[CTA], and distinguishing the N-terminal from
the C-terminal fragments, a new construct was developed. As outlined in the primers below, a 3X FLAG
tag was added just prior to the traditional ATG for the Pr65 protein, which was replaced with GGG.
Briefly, the gPr80 leader sequence was amplified with a primer within the CMV promoter and cloned
using the Nhel site in the 5 MCS. This region already contained a Kozak sequence and ATG, as described
above. The reverse primer bound just before the Pr65 start codon and added a Sacll and Agel site after
the leader sequence. A 3X FLAG tag was developed by filling-in the two primers below. These primers
had Sacll and Agel sites on the 5’ and 3’ end respectively. Finally the Pr65 was amplified using a forward
primer with an Agel site on the 5’ end and a GGG instead of the ATG, while the reverse was virtually
unchanged from the parental V5-tagged gPr80 vector. The leader sequence was cloned into a pcDNA3.1
backbone first, then the 3X FLAG tag was inserted using the Sacll Agel sites. The Pr65 was inserted into a
separate pcDNA3.1 backbone and the leader sequence with the FLAG tag was inserted into the 5’ of this
vector using the Nhel and Agel sites. The primers are as follows: Leader sequence Sacll Agel REV:
CATACCGGTCCGCGGATTTTCAGACAAATACAGAAACACAGTCAGACG; Sacll 3X FLAG FWD:
ATTCCGCGGGATTACAAGGACCATGACGGAGACTACAAAGATCACGACA; 3X FLAG Agel REV:
CATACCGGTGCCCTTGTCATCGTCGTCCTTGTAGTCGATGTCGTGATCT; Agel Pr65 FWD:
GGGACCGGTGGGGGCCAGACTGTTACCACTCCC; V5 Sacll REV:
CTAGGTACCCTACGTAGAATCGAGACCGAGGAGAGG. The vector sequence was confirmed by Sanger

sequencing.
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Western blotting and antibodies
Western blot analyses were conducted following procedures detailed in Gerpe et al. (368). Samples
presented in Figures 8 and 9 were run on 4-12% Bis-Tris NUPAGE gels with MOPS-SDS running buffer
(ThermoFisher). The following antibodies were used for this study: HRP-conjugated anti-FLAG (cat. no.
A8592, Sigma), anti-eGFP (cat. no.632381, Clontech), HRP-conjugated anti-mouse IgG (cat. no.7076S,
Cell Signaling), HRP-conjugated anti-rabbit IgG (cat. no. AB6721, Abcam), HRP-conjugated anti-rat I1gG
(cat. no. A5795, Sigma), polyclonal anti-V5 (cat. no. AB3792, EMD Millipore), monoclonal anti-V5 (cat.
no. MA5-15253) and HRP-conjugated anti-B-tubulin (cat. No. AB21058, Abcam). The polyclonal anti-p30
antibody was kindly provided by Dr. Hung Fan (University of California, Irvine). The rat monoclonal anti-

p30 R187 was purified from a B cell hybridoma (ATCC, CRL-1912).

Transfections, infections and p30 ELISA
Transfection and viral infectivity assays were performed as previously described (368). Briefly, 293T or
293S GnTI- cells were seeded at 3.0 x 10° cells per well in a 6-well plate or at 1.0 x 10° cells per 10 cm
dish 24 h prior to transfection. Co-transfections in 6-well plates were performed with 800 ng of viral
expression vectors and varying amounts (50 ng — 250 ng) of the A3-expression plasmids using Geneluice
transfection reagent (Novagen, EMD Millipore) according to the manufacturer’s instructions. For work in
10 cm dishes, 10 pg of viral expression vectors with varying amounts of A3-expression plasmids were co-

transfected using CaCl,. Cells were then cultured for two days before viruses were harvested.

One day prior to infection, NIH 3T3 target cells were seeded at 1.0 x 10° cells per well in 12-well plates.
At the time of infection, the medium was replaced with fresh medium containing Polybrene at a final

concentration of 8 pug/mL and virus-containing supernatants from 293T producer cells were harvested,
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cleared by centrifugation, and passed through 0.45 um filters. Depending on the assays, target cells
were infected with equal volumes of virus-containing supernatant, or the amount of p30 capsid proteins
in each sample was determined by p30 ELISA (QuickTiter™ ELISA Kit, Cell Biolabs Inc.) and normalized
viral supernatants were used to infect NIH 3T3 target cells by spinoculation. Forty-eight hours post-
infection, the infected cells were partitioned for flow cytometry analysis of eGFP reporter gene

expression and for gDNA extraction for subsequent mutation analysis.

To calculate the viral titer in transducing units (TU) / mL, equal volumes of virus-containing 293T cell
supernatant was titrated on 1.0 x 10° NIH 3T3 cells per well in a 12-well plate. Twenty-four hours post-
infection, these cells were analyzed by flow cytometry. Infections ranging from 2-30% were assumed to
have one productive integration per cell, and used to calculated TU/mL with the following formula: TU /

mL = # of infected cells / volume of viral supernatant.

Genome measurements
Viral genomes were extracted from supernatants using the QlAamp Viral RNA Mini Kit (Qiagen)
following manufacturer’s guidelines, with one exception. Just prior to washing, the dried silica column
was incubated with 50uL containing 100U of DNase | (RNase free) with 1X reaction buffer (New England
BioLabs). This was allowed to sit for 30 min at room temperature prior to washing the column to
completely remove the transfected plasmid DNA. The RNA eluate was then reverse transcribed and
analyzed by droplet digital PCR, using the QX200 system (BioRad), for the presence of the GFP coding
sequence. The primers used for this analysis were R279-FWD and R279-REV, as previously described

(409). Data was analyzed using QuantaSoft™ and extrapolated based on the dilutions used for the assay.
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Viral core stability assay
Chronically infected NIH 3T3 cells, were seeded in 10 cm plates and were used to produce M-MLV, M-
MLV [N480Q], M-MLV [N113Q/N505Q], M-MLV [N113Q/N480Q/N505Q] or M-MLV [CTA] over a period
of 96h (368). Supernatants were then collected and filtered through 0.45 um cartridge filters prior to
treatment for 20 min at room temperature with 10% Triton 100-X to strip viral envelopes. Samples were
then layered on top of a sucrose step gradient. The step gradient consisted of 5 ml of 20% (wt/vol)
sucrose-PBS overlaid by 2 ml of 5% (wt/vol) sucrose-PBS containing 2% Triton X-100, or 0.2 % SDS.
Gradients were centrifuged for 2 h at 100 000 x g in a 70 Ti rotor and viral cores were resuspended in
100 pl of RIPA lysis buffer (150mM NacCl, 1% NP-40, 0.2% sodium dodecyl sulfate (SDS), 1ImM EDTA, 0.5%
NA-Deoxycholate, 50mM Tris-HCL pH 8.0) supplemented with complete EDTA-free protease inhibitor
cocktail (Roche) for 20 min on ice. The samples were then mixed with Laemmli loading buffer, boiled
and analyzed by Western blot for the presence of envelope and p30 capsid proteins using anti-eGFP and
monoclonal anti-p30 antibodies respectively. For glycosylation impact on stability, the same was done
with chronically infected NIH 3T3 cells for M-MLYV in the presence of tunicamycin (cat. no. T7765,
Sigma), at a concentration of 0.2 ug/mL. However, in this experiment 3x10° cells were seeded in 10cm
dishes, incubated for 6 hours, washed 3 times with PBS and media was refreshed with the conditional
presence of tunicamycin. This concentration was chosen to allow for virus production for approximately
36 hours, increased exposure or longer incubations had severe impacts on cellular viability.
Alternatively, 293T or 293S GnTI- cells were seeded in 10 cm plates and were transfected with M-MLV,

the supernatants were treated as above.
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MA3 core packaging assay
M-MLV or mutant virus plasmids (10 pg) and 1 pug of mA3 expression plasmid were co-transfected in
293T cells. Three days after transfection, virus-containing supernatants were filtered through 0.45 um
cartridge filters and layered on top of a sucrose step gradient. The step gradient consisted of 5 ml of
20% (wt/vol) sucrose-PBS overlaid with 2 ml of 5% (wt/vol) sucrose-PBS with 0, 2, 5 or 10% Triton X-100.

Gradients were centrifuged and processed as above.

A3-gPr80 interaction assay
293T cells in 10 cm dishes were co-transfected with 5 ug of FLAG-tagged A3G or mA3 and 20 pg of
gPr80-V5 or Pr80[3Q]-V5 (Pr80[N113Q/N480Q/N505Q]-V5) and cultured for 72 h. Three days after
transfection, complexes were purified using anti-FLAG conjugated agarose beads. Following incubation,
bound complexes were spun down at 8,200 x g for 30 sec at 4 2C, followed by four washes with 200 uL
of the Wash Buffer 1 (50mM Tris-HCI (pH 8.0), 150mM NacCl, 1% Igepal CA-630, 0.5% sodium
deoxycholate, 0.1% SDS). A last wash in 100 pL of Wash Buffer 2 (20 mM Tris-HCI (pH 7.4)) was then
performed and the samples were resuspended in 40 pL of 5X Laemmli loading buffer. Protein-protein
interactions were then determined by Western blot analysis using polyclonal anti-p30 and anti-FLAG

antibodies.

Purification of FLAG-tagged A3 proteins
293T cells transfected with 1 ug of FLAG-tagged mA3 or A3G expression plasmids were lysed with M2
(Sigma) affinity gel lysis buffer for 30 min on ice. Following lysis, samples were cleared by centrifugation
at 12,000 x g for 10 min at 4°C and mixed with 40 pl of anti-FLAG-conjugated agarose beads (cat. no.

A2220, Sigma). Mixtures were rotated for 3h at 4°C followed by two washes with cold 1 X PBS prior to
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the elution step. Elution was carried out by incubating the beads twice with 50 ul of 0.1 M glycine pH 3.5
for 5 min and eluates were collected in fresh tubes containing 3 pl of 1 M Tris-HCl pH 8.0. The protein

concentration in immunoprecipitated samples was determined by Bradford assay (Sigma).

Purification of gPr80-V5 and Pr80[3Q]-V5
Two million 293T cells were seeded in a 10 cm dish and cultured in decomplemented media the day
prior to transfecting 20ug of gPr80-V5-pcDNA or Pr80[3Q]-V5-pcDNA plasmids. The cells were harvested
96h later and washed four times with 1X PBS. The cells were then resuspended in 0.8 ml of M2 affinity
gel lysis buffer containing 50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, and 1% Triton X-100. Lysates
were then homogenized by enforced passage through a 19 gauge needle, and then rotated at 4°C for 30
min. Lysates were cleared by centrifugation at 12,000 x g for 10 min prior to adding anti-V5 conjugated
agarose beads (Abcam, ab1229, Cambridge, UK). Stock anti-V5 beads were first spun down at 3,000 x g
for 2 min to remove glycerol and washed with 1X TBS (50mM Tris-HCI, with 150mM NaCl, pH7.4). The
anti-V5 beads (20 ul) were then added to the lysates and rotated overnight at 4°C. The samples were
then spun down at 3,000 x g for 2 min. and washed with 1X TBS before proceeding to the elution step.
Elution was carried out three times with 30 puL 0.1M triethylamine HCl pH 11.5 for 10 min. Samples
containing the eluted proteins were spun after each 10 min. incubation at 3,000 x g for 2min. Eluates
were pooled and added to a tube containing 6L of 1M MOPS-HCI pH 3.0. Before loading on gel, 30uL of

the sample was resuspended in 5X Laemmli buffer and boiled for 5min.
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Oligo cleavage
Varying amounts of purified FLAG-A3 proteins with or without purified gPr80-V5 or Pr80[3Q]-V5 were
incubated with 0.1 pmol/ul of a FAM-labeled oligonucleotide with TTC or CCC target sites in the
presence of 50 pug/ml of RNase A in a final volume of 100 ul for 5 h at 372C followed by an incubation of
1 hat37°Cinthe presence of 5 units of UDG. Both oligonucleotides used as substrates for mA3 and A3G
have been previously described (424, 426). Reactions were terminated by the addition of 60 pl of
formamide loading dye (95% deionized formamide, 0.025% bromophenol blue, 0.025% xylene cyanol FF,
5mM EDTA) containing 0.2M NaOH and heating at 952C for 20 min. Samples were then resolved on 15%
TBE-urea polyacrylamide gels and visualized using a Typhoon Imaging system (GE Healthcare).

Quantification analyses were performed using the ImagelJ software.

3D-PCR analysis and DNA sequencing
This technique was conducted as detailed in Gerpe et al. (368). In brief, a first-round PCR was performed
on 10 ng of genomic DNA from infected NIH 3T3 target cells in a two-step protocol using PrimeSTAR high
fidelity polymerase (Takara) and primers eGFP-FWD; 5’-CGAGGAGCTGTTCACA-3’ and eGFP-REV; 5’-
CAGCTCGTCCATGCCGAGAGTGAT-3'. PCR cycles were 98°C for 1 min, followed by 32 cycles of
denaturation at 98°C for 10 sec, annealing at 58°C for 5 seconds, and an extension at 72°C for 1 min and
a final extension at 72°C for 2 min, 2 plL of a 1:1000 dilution of the first-round PCR products were used
per reaction to perform a second-round gradient PCR using previously described primers (R279-FWD
and R279-REV) (409). The PCR denaturation gradient ranged from 89.5°C to 86°C. Products were
resolved on 2% agarose gels. Proviral DNA integrated into NIH 3T3 cells was isolated, amplified and
cloned as described elsewhere (392). The region amplified corresponds to the 717 bp coding sequence

of the eGFP reporter gene. Cloned DNA was sequenced.
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Fate of Capsid Assay
NIH 3T3 producer cells produced virus as described earlier for 96 h. Supernatants were collected,
0.45um filtered and centrifuged through a 20% sucrose cushion to clear free protein. Virus was
resuspended in fresh complete media and levels of capsid were normalized by ELISA. This assay was
performed similarly to previous groups (197, 225, 427-429), with some slight modifications. Briefly, 2.5 x
10° uninfected NIH 3T3 cells were seeded in 6-well plates one day prior to infection. One plate was
dedicated to each of M-MLV, M-MLV[N113Q/N480Q], M-MLV[N113Q/N480Q/N505Q] and M-
MLV[CTA]. Approximately 1x108 TU of M-MLV was used to infect each well in the presence of 8 pg/mL
polybrene, equivalent levels of p30 was used for each virus. The plates were spinoculated at 1600 x g for
30 min in a pre-cooled centrifuge at 4°C. The cells were then incubated at 37°C in the presence of 5%
CO;for 3 hours. Following incubation, the cells were washed 3 times with ice-cold PBS, followed by
treatment with 1mL pronase (7 mg/mL) for 5 min at room temperature. The cells from each plate were
pooled and then washed 3 times with ice-cold PBS by centrifugation. These pellets were lysed with
2.5mL hypotonic lysis buffer (10 mM Tris—HCI, pH 8.0; 10 mM KCl and 1 mM EDTA) supplemented with
protease inhibitors and incubated on ice for 15 min. A Dounce homogenizer (7 mL) was used with the B
pestle to continue lysis for 15 strokes. Cellular debris was cleared by centrifugation at 1600xg at 4°C. A
100uL aliquot from this cleared lysate was used for ‘input’ analysis by western blot. The remainder was
diluted in cold PBS, centrifuged at 125,000 x g for 2 hours at 4°C through a 40% sucrose cushion in a 70Ti
rotor. This pellet was then analyzed by western blot. For the pellet, signal was enhanced through the use

of a sensitive detection reagent (cat. no. 34095, ThermoFisher).

Intact Virion Immunoprecipitations
For anti-V5 IPs, M-270 epoxy dynabeads (ThermoFisher) were covalently conjugated to a monoclonal
(ThermoFisher) or polyclonal (Millipore) V5 antibody according to manufacturer’s instructions. For anti-

eGFP IPs, a uMACS GFP Isolation Kit (Miltenyi) was used according to manufacturer’s instructions. 293T
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cells were seeded and transfected as described previously in this section, and in accordance to the
parameters outlined in Figure 9. The supernatants from these cells were filtered through a 0.45 um
syringe filter and ultracentrifuged through a 20% sucrose cushion prior to initiating the
immunoprecipitation. Antibody conjugated beads were then incubated with virions for 3 hours at 4°C
with constant rotation. The magnetic beads were then washed with 5mL of PBS before analyzing by SDS-

PAGE. As with gels from Figure 8, these IPs were run on NUPAGE 4-12% gradient gels.

Sequencing
All the DNA sequencing in this study was performed at the McGill University, GEnome Québec

Innovation Centre, Montréal, Canada.

Results

gPr80-deficient MLV exhibits similar replicative fitness as the wild type virus.
We previously demonstrated that substitution of N-linked glycosylated amino acids (N=>Q) of the gPr80
protein of gammaretroviruses increases the virus’ sensitivity to deamination by virion-packaged mA3
and human A3G (368). While one glycosylation site maps to position N113 located in the viral matrix and
the membrane associated segment of gPr80, the two other sites (N480 and N505) map to the viral
capsid and are within the secreted segment of gPr80 (Fig. 1A). Additionally, it has also been reported
that gPr80 expression contributes to capsid stability, thereby increasing protection of replication
intermediates against cytosolic sensors and mA3 (136, 225). However, it is unclear how these glycans
inhibit editing by A3 proteins or whether they also partake in increasing capsid structural integrity. We
first examined the effect of N-linked glycans on various parameters linked to replicative fitness, notably

particle release, infectious titer and spread. Our interest focused on a gPr80-deficient virus with the
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Figure 3.1. Replicative fitness of gPr80-deficient and mutant viruses.

(A) Schematic representation of the gPr80 and Pr65 proteins. The locations of the three N-linked
glycosylation sites are indicated in red. The approximate regions encompassing the N-terminal
membrane-associated domain and the C-terminal secreted domain are indicated with blue lines; the
leader region contains the ER localization signal peptide. (B) Transfection efficiencies of virus expression
constructs in transfected 293T cells. (C) Infectious titers of viruses released from transfected 293T cells.
Viruses were harvested after 48 h and filtered through 0.45-um filters. Equal volumes of the different
viruses were then titrated on NIH 3T3 cells, and infection was measured by flow cytometry 24 h after
infection. (D) Viral genomes released into the supernatants of the same transfected 293T cells as those
described above were measured by digital droplet PCR (ddPCR). Samples were treated with DNase |
prior to RNA extraction. (E) Replicative fitness of M-MLV and its glycosylation mutants. Input virus was
normalized via the number of TU per milliliter. Infection was monitored by measuring EGFP expression
at each time point following infection by flow cytometry. Data are the compilation of five independent
transfection experiments done in triplicate. P values were calculated by Student's t test. *, P <0.05;
**¥* P <0.0001. P values for the data sets in panels B and D were not significant for comparisons to the
M-MLV control (ns, P > 0.05).
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gPr80 CTG (leucine) initiation codon substituted to a CTA (leucine) to prevent translation of gPr80, and
also mutant M-MLV viruses containing a double (N113Q/N5050Q) or triple substitution
(N113Q/N480Q/N505Q) to prevent glycosylation to different degrees (Fig. 1A). We have previously
shown that virus with the N480Q mutation has severely compromised infectivity; this is why we chose
to only use the triple mutant for simplicity and convenience (368). We first investigated how N-linked
glycans affect viral genome release and infectious titer. Virus expression plasmids were transfected in
293T cells, and 48 h later, virus was harvested and passed through a 0.45 um filter. Transfection
efficiency was similar for all constructs, as measured by expression of the viral envelope-eGFP (Env-
eGFP) fusion protein (Fig. 1B). Equal volumes of virus containing supernatant were used to infect NIH
3T3 cells to evaluate the viral titer (Fig. 1C). Titers of wild type M-MLV and the CTA mutant were nearly
identical. A slightly reduced titer was observed for the double mutant, and the triple mutant had nearly
a 10-fold lower titer. To ensure that differences in titer are not a reflection of compromised particle
release, we measured viral genomes in the transfected cell supernatant, which confirmed that particle
release was nearly identical (Fig. 1D). Finally we measured the replicative fitness of the viruses. NIH 3T3
cells were infected with equal TU, and viral replication was monitored for 96 h. The replicative fitness of
M-MLV and M-MLV[CTA] were nearly identical, while both glycosylation mutants M-
MLV[N113Q/N505Q] and M-MLV[N113Q/N480Q/N505Q] had reduced propagation efficiencies (Fig. 1E).
The similar spread curves of M-MLV and M-MLV[CTA] are not surprising, as these data confirm
previously published observations (313, 317). These results are also consistent with our previous report
showing that an N-to-Q substitution at capsid residue 480 severely impairs infectivity of the viruses

harboring that mutation (368).

Mutations at the sites of N-linked glycosylation reduce capsid stability.
We next investigated the effects of the asparagine mutations and absence of gPr80 protein expression

on capsid stability. We first harvested virus-containing cell supernatants from infected cells and treated
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them with 10% Triton X-100 to first remove the viral envelope. The naked capsids were then spun
through a sucrose cushion containing either 2% Triton X-100 or 0.2% SDS and resolved further through a
20% sucrose cushion (Fig. 2A). These concentrations were shown in our preliminary optimization assays
to be at the threshold for destabilizing naked wild type M-MLV capsids (data not shown). Virus pellets
were then resuspended in RIPA lysis buffer and analyzed by Western blot using anti-eGFP to stain the
viral envelope and monoclonal anti-p30 capsid antibodies. In agreement with previous findings (225),
the capsid of the gPr80-deficient M-MLV [CTA] virus was completely dissolved by the detergents
indicating less robust capsid stability than the wild type virus (Fig. 2B). We also observed reduced
recovery of p30 with the glycosylation-null mutant M-MLV [N113Q/N480Q/N505Q] and the single point
mutant, M-MLV [N480Q] (Fig. 2B). This assay does not show an important difference in capsid stability

between the glycosylation mutant M-MLV [N113Q/N505Q] and the wild type virus.

gPr80 does not impact the level of mA3 incorporation in the virion
Our next question was whether mA3 was packaged similarly within the viral cores between all viruses
tested or was excluded because of the gPr80 glycans. Previous studies have clearly shown that
detergent-treated MLVs harbored mA3 proteins within the viral core (233, 403). To investigate this
issue, we produced virus as detailed above but in presence of mA3. We then layered the supernatant
containing enveloped virus directly onto sucrose cushions containing increasing concentrations of
detergent (Fig. 2C). This approach exposes the virions to detergent only a short time, as it passes from
the 5% sucrose to the 20% sucrose, gently and gradually stripping away the envelope, matrix and
proteins located outside the viral capsid core as the detergent concentration increases. Four samples
were analyzed individually, each with either 0%, 2%, 5% or 10% Triton X-100 in the 5% sucrose layer.
Our results show that the capsid of M-MLV [CTA] was easily dissolved using the lowest concentration of

detergent, while the capsids of the triple mutant and wild type viruses remained intact in all conditions
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Figure 3.2. Glycosylation mutants have diminished capsid stability.

(A) Schematic representation of the procedure used for assessment of the stability of envelope-free viral
cores in the presence of mild detergent. Native enveloped viruses were first treated with 10% Triton X-
100 to strip the viral envelope. Envelope-free viral cores were then submitted to velocity sedimentation
through a 5% sucrose step containing either 2% Triton X-100 or 0.2% SDS and then through a 20%
sucrose step. (B) Western blots were carried out on intact core pellets by using monoclonal anti-p30
(R187) and anti-EGFP antibodies. EGFP was expressed as a fusion protein with the viral envelope
glycoprotein (Env). (C) Schematic representation of the methodology used to assess packaging of mA3
inside viral cores. Native, enveloped virions were submitted to velocity sedimentation through a 5%
sucrose step containing 0%, 2%, 5%, or 10% Triton X-100 and then through a 20% sucrose step. (D)
Western blots were carried out on intact viral cores as described above; mA3 was detected using an
anti-FLAG monoclonal antibody.
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as judged by the relative abundance in the blots (Fig. 2D). These results highlight that the capsid of the
gPr80-deficient virus is less stable than the virus with the triple viruses N-to-Q substitution. We can also
conclude from this experiment that the levels of virion-packaged mA3 was comparable for all viruses,
and that mA3 continued to be associated with p30 even when no viral envelope glycoprotein could be

detected.

M-MLYV asparagine mutants have compromised capsid stability
As an alternative approach to evaluate the structural integrity of the mutated viruses, we conducted a
fate of capsid assay (197, 225, 427-429). M-MLV, MLV[N113Q/N505Q], M-MLV[N113Q/N480Q/N505Q],
and M-MLV[CTA] viral preparations were normalized for p30 levels prior to infecting NIH 3T3 cells. Three
hours post-infection, the cells were treated with pronase, washed, lysed, processed with a Dounce
homogenizer and pelleted through 40% sucrose cushion to isolate intact capsid. An aliquot of the input
samples pelleted through the dense sucrose was taken to normalize the pelleted fractions. As illustrated
in Figure 3A and 3B, M-MLV, M-MLV[N113Q/N505Q], and M-MLV[CTA] all have similar levels of capsid
that successfully entered the cell. However, the M-MLV[N113Q/N480Q/N505Q] mutant has
approximately 20% less virus at this early stage of infection, implying there may be additional underlying
defects with this virus. As expected, and in accordance with previous findings (225), M-MLV capsids are
noticeably more stable than those of M-MLV[CTA] (Fig. 3C and 3D). In addition, both M-
MLV[N113Q/N505Q] and M-MLV[N113Q/N480Q/N505Q] were less stable than wild type virus,
approximately 40% and 60% less respectively (Fig. 3C and 3D). These data are directly reflective of our
results with our previous assay in Figure 2B. This, taken together with the measure of viral fitness (Fig.
1), suggests that mutagenesis at key glycosylated residues of gPr80 impacts the structural integrity of

Pr65 products, the matrix protein (N113), and capsid protein (N480/N505). However, the severely
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Figure 3.3. Intracellular fate-of-capsid assay.

(A) Western blot showing levels of CA p30 input protein. (B) Graphical representation of densitometry
measurements for the samples from panel A. (C) Western blot revealing cytosol-derived capsids
recovered following pelleting through a 40% sucrose cushion. (D) Graphical representation of
densitometry measurements for the samples from panel C. Viruses from this assay were produced from
NIH 3T3 cells chronically infected for 96 h, filtered through 0.45-um filters, and further purified through
a 20% sucrose cushion by ultracentrifugation. Capsid levels were normalized by p30 ELISA prior to
infection.
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reduced capsid stability of M-MLV[CTA] coupled with its unaltered replicative fitness suggests that these

parameters are not related, at least for this virus.

M-MLYV capsid stability and sensitivity to mA3 deamination are independent of N-linked
glycosylation of gPr80.

A limitation in studying the glycosylation mutants is that both the gPr80 and the Pr65 polyproteins are
impacted by alterations at the glycosylation residues. To further investigate the isolated impact of post-
translational glycosylation we used two approaches. First, we employed the use of 293S GnTI- cells.
Given that these cells do not have N-acetyl-glucosaminyltransferase | (GnTI) activity, and thus are unable
to conduct complex N-linked glycosylation, they allowed us to uncouple the impact of diminished
glycosylation complexity with gPr80 function. Surprisingly, loss of complex glycosylation was barely
noticeable by SDS PAGE performed on gPr80 in cell lysates (Fig. 4A). M-MLV was produced and isolated
from transfected 293S GnTI- and 293T cells and evaluated for p30 capsid stability as in Figure 2B. No
difference was observed between these viruses (Fig. 4B). However, this does not exclude the possibility
that simple glycans may still impair A3 activity. Infections were carried out with virus produced from
both cell types and genomic DNA from the infected cells were analyzed by 3D-PCR for hypermutation.
There was no important difference in terms of A3 restriction (Fig. 4C) or deamination intensity (Fig. 4D).
This suggests that glycosylation complexity has no or little influence on the antagonistic effect of gPr80

on A3 function, at least in viruses with unaltered capsid stability.

The inhibitor tunicamycin was next used to evaluate the effect of completely preventing N-linked
glycosylation. Figure 4E clearly shows that there is nearly a complete abolition of glycosylation on gPr80.

Capsid stability was next evaluated on viruses produced from tunicamycin-treated infected NIH 3T3
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Figure 3.4. Influence of gPr80 glycosylation on capsid stability and resistance to mA3
deamination.

(A) Lysates from control (untransfected) or transfected 293T and 293S GnTI- cells were analyzed by SDS-
PAGE. Protein expression was detected using the polyclonal anti-p30 antibody. (B) Viruses were
processed as described in the legend to Fig. 2B. Western blots were carried out using monoclonal anti-
p30 and anti-EGFP antibodies. EGFP was expressed as a fusion protein with the viral envelope
glycoprotein (Env). (C) 293T and 293S GnTI- cells were cotransfected with M-MLV and APOBEC
expression plasmids, and supernatants were harvested 48 h later. Infection in NIH 3T3 cells was
measured by EGFP expression 48 h later. (D) Deamination intensity analysis by 3D-PCR. The analysis was
performed on genomic DNAs extracted from the infected NIH 3T3 cells used for panel C. The results
show a 279-bp product of the EGFP gene that was amplified using a decreasing denaturing temperature
gradient (Td) from 89.5°C to 86.0°C. Larger numbers of bands indicate more intensely mutated products.
(E) Western blot analysis of gPr80 expression in tunicamycin-treated cells. Untreated cells (left lanes)
and PNGase F-treated lysates (middle lanes) were compared to tunicamycin-treated (TNM) cells (right
lanes) for both M-MLV and M-MLV[N113Q/N480Q/N505Q]. (F) Capsid stability of viruses produced in
tunicamycin-treated cells, determined as described for panel B.
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cells. Once again, there was no apparent difference in capsid stability between the wild type and glycan-
deficient viruses (Fig. 4F). This leads us to propose that the glycans alone are not responsible for capsid
stability. Unfortunately, 293S GnTI- cells produce greatly diminished levels of virus, which were not
conducive to carrying out quantitative fate of capsid assays. Furthermore, tunicamycin-treated cells

yielded virus that was non-infectious, likely due to collateral effects on the viral envelope glycoprotein.

No detectable interaction between gPr80 and A3 proteins in the cytosol.
To gain further insight into how gPr80 antagonizes mA3 restriction and deamination, we next wanted to
determine if the two proteins interact. It is well established that capsid inclusion of mA3 and human
A3G into HIV-1 virions occurs through binding to the nucleocapsid (NC) region of the Gag polyprotein
(226, 230, 430-433). Mouse A3 is also efficiently packaged into MLV particles (233, 319, 403), however,
the 88 amino acid leader sequence of gPr80 does not appear to be involved, and the exact epitopes of
NC to which mA3 binds have not yet been precisely mapped (224, 230). Here, we asked whether mA3
binds differently to gPr80 and the glycosylation-null Pr80[N113Q/N480Q/N505Q] protein, called
henceforth Pr80[3Q] for simplicity. The gPr80 and Pr80[3Q] expression vectors have an ATG at the site
of gPr80 protein translation instead of a CTG to increase protein translation efficiency. For our analysis,
we prepared cytosolic lysates of 293T cells transfected with viral vectors (first 3 lanes), or with gPr80
and Pr80[3Q] expression vectors (last 2 lanes) (Fig. 5A). Western blot analyses show bands for Pr65, Pr80

and gPr80 can clearly be visualized where expected using our constructs.

Co-immunoprecipitation (Co-IP) analyses were next performed by capturing either FLAG-mA3 or FLAG-
A3G from extracts of 293T cells co-transfected with gPr80 or Pr80[3Q]. The beads were recovered after

overnight incubation and equal sample volumes were loaded on the gels for all Co-IP conditions. The
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Figure 3.5. Binding of gPr80 to mA3 and A3G in the cytosol.

(A) Virus-expressed and plasmid-expressed gPr80 and Pr65 Gag proteins display similar profiles in
transfected 293T cells. gPr80 and Pr80[3Q] were expressed from a CMV promoter. The gPr80 initiation
codon was changed from CTG to ATG to improve expression. The Pr80[3Q] coding sequence was
modified to replace the three glycosylated asparagines (N), at positions 113, 480, and 505, with
glutamines (Q) (33). (B) Coimmunoprecipitation of FLAG-mA3 and FLAG-A3G with gPr80 and Pr80[3Q] in
the soluble fraction of transfected 293T cell lysates. Protein interactions were revealed by Western
blotting using anti-FLAG monoclonal and anti-p30 polyclonal antibodies.
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blots were then stained with a p30 antibody. Our Co-IP results clearly show that mA3 and A3G only bind
to Pr65 (Fig. 5B). Despite repeated attempts, we were unable to detect a signal for gPr80 or Pr80[3Q] in
our experimental conditions. However, these results cannot exclude the possibility that our lysate
conditions are not conducive to detecting an interaction between mA3 and Pr80. Additionally, mA3

interactions with gPr80 inside virions are at this stage unknown.

N-linked glycans do not inhibit A3 deaminase activity.
MLVs that express an unglycosylated Pr80 protein are more sensitive to hypermutation by mA3 (368).
Although unlikely given the results of Figure 4, here we wanted to confirm through a different approach
whether N-linked glycans or the gPr80 protein itself act as catalytic inhibitors of deamination. In order to
address this issue, we purified FLAG-tagged mA3 and A3G, and V5-tagged gPr80 and Pr80[3Q] from
transfected 293T cells. We then performed an oligodeoxynucleotide deamination assay using oligos
containing a central 5’-CCC or 5’-TCC sequence for use in conjunction with A3G and mA3 respectively, as
previously described (424, 426). The activity of both A3 proteins on their respective target oligo was first
tested and showed cleavage efficiency as a function of the amount of input deaminase (Fig. 6A). The
assay was then repeated using 800 ng of A3G and mA3 and by adding increasing amounts of purified
gPr80 or Pr80[3Q]. We did not find any evidence that gPr80 acted as a catalytic inhibitor of A3

deaminase activity in our experimental conditions (Fig. 6B).

Capsid stability impacts susceptibility to deamination by all seven human A3 proteins.
In a previous report, we showed that absence of gPr80 or reduced glycosylation increases susceptibility
to deamination by mA3 (368). Here we tested the sensitivity of M-MLV and M-MLV[N113Q/N505Q] to

mA3 and to each of the seven human A3 proteins. M-MLV[N113Q/N505Q] with two of three possible

112



A
) & A3G &
& ,___-‘

o 100 200 400 800 1000 ° 100 200 400 800 1000 ng A3
szt v v o o | [T o o o @] substrate

&
30 nt - " #» mw » |- Cleaved Product

| ~com® g ot 3

[0 22 34 76 82 86 |[ 0 15 22 36 41 59 | Cleavage (%)

B) A3G mA3
+ gPr8o0 + Pr80[3Q] S + gPr8o + Pr80[3Q]
o \‘\ °o° ‘\ ‘.\
o\\q AN ETL DG &"’ D DD E D N (S Ratio [Prao:A3]

48 -l g T - bE
21ntd - ..'..-....' ’

y s q-Substrate
EE

—Cleaved Product

LT R ppep— & @ &b e & = e = w Flag (Input A3)
peo| SRS e 2 @ V5 (Input Pr80)
Pré5 — G - W s = — — —

Figure 3.6. Oligonucleotide deamination assays.

(A) Oligonucleotide deamination was performed using purified mA3 and A3G. Lysates of 293T cells
expressing FLAG-tagged mA3 or A3G were precipitated with anti-FLAG-conjugated agarose beads.
Proteins were eluted from the beads and then used in oligonucleotide cleavage assays with 0.1 pmol/ul
of FAM-labeled oligonucleotides containing TTC or CCC target sites. Deaminated oligonucleotides were
treated with uracil DNA glycosylase (UDG), boiled, and resolved in an acrylamide gel. Input A3 protein
and the efficiency of oligonucleotide cleavage are shown below the input gels. The percentage of
cleaved oligonucleotide in each sample was determined using Image) software. (B) Oligonucleotide
deamination assays in the presence of purified gPr80-V5 or Pr80[3Q]-V5 and 800 ng of mA3 or A3G were
carried out as described for panel A. Molar ratios of gPr80/Pr80[3Q] to A3 are indicated above the gels.
Input gPr80/Pr80[3Q] was assessed using a polyclonal anti-p30 antibody. The average cleavage
efficiency was 84% for A3G and 46% for mA3 under all conditions in two independent experiments.
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sites mutated was used because it displays only slightly reduced infectivity compared to the wild type
virus, along with a minor reduction in capsid stability, as opposed to the triple mutant which has heavily
compromised infectivity and capsid stability (Fig. 1E, 2B and 3) (368). Viruses were co-produced in 293T
cells along with the various APOBEC proteins (Fig. 7A), harvested from the supernatant and normalized
for p30 content by ELISA. Target NIH 3T3 cells were then infected at an MOI of 1 for the A2 co-
transfection, while the others were infected with the corresponding amount of p30. Infection was
assessed by measuring eGFP expression after 48 h (Fig. 7B). A3 proteins were expressed at comparable

levels in all conditions (Fig. 7A).

Hypermutation analysis of integrated proviral sequences by 3D-PCR revealed an overall increase in
mutation intensity with the M-MLV[N113Q/N505Q] mutant for all A3 proteins except for deaminase-
inactive A2 (Fig. 7C). The increase in mutation intensity was most noticeable for A3A, A3G and mA3 in
the double-mutant virus. DNA editing was confirmed by sequencing individual clones of amplified eGFP
sequences from integrated proviruses (Fig. 7D). G-to-A mutation rates were calculated from 8 mutated
clones and support the 3D-PCR data, whereby the most noticeable increases were seen with A3A, A3G
and mA3 packaged into the MLV double mutant. Despite increases in mutation intensities, the effect on
viral infection in single-round assays was relatively weak for mA3 and some other A3 proteins (Fig. 7B).
Nevertheless, mutated viruses may be damaged in ways not detectable by this flow cytometry assay.
Overall, these results imply that capsid stability has a primary role in influencing the susceptibility of M-

MLV to A3-mediated deamination across multiple animal species.
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Figure 3.7. Impacts of glycosylation site mutations on deamination and restriction by all 7
members of the human A3 family.

(A) FLAG-tagged APOBEC expression plasmids were cotransfected with M-MLV or M-
MLV[N113Q/N505Q] into 293T cells. Two days following transfection, cells were harvested and assessed
for FLAG expression by Western blot analysis. The expression of B-tubulin was used as a loading control,
and viral capsid protein expression was assessed using a monoclonal anti-p30 antibody. (B) NIH 3T3 cells
were infected with p30-normalized amounts of the viruses produced for panel A. Infection was
monitored as a function of EGFP reporter protein expression 48 h later by flow cytometry. Infection
assays were performed for two independent transfections, with triplicate infection values for each.
Results are presented as normalized mean infection values * standard deviations (SD) relative to that for
the A2 control. (C) Deamination intensity analysis by 3D-PCR. The analysis was performed on genomic
DNAs extracted from infected NIH 3T3 cells at 48 h postinfection as described in the legend to Fig. 4D.
(D) Genomic DNAs from infected target cells were amplified by PCR and cloned, and the EGFP gene was
sequenced. Mutation rates reflect the averages for 8 independently mutated clones. P values were
calculated by Student's t test. *, P <0.05; **, P<0.01; ns, P> 0.05.
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Detection of gPr80 in the cell supernatant and virus preparations
Here we investigated how gPr80 glycosylated peptides interact with virions. It has been shown that the
N-terminal cleavage product of gPr80 becomes associated with the cellular membrane and buds off with
virions, while the C-terminus (containing mostly CA and NC) is secreted by the infected cell (72, 310).
The N-terminal leader sequence alone with a functional ER signal and most of its transmembrane
domain intact is insufficient the increase capsid stability (225). This implies that the C-terminus is likely
responsible for capsid stability, either alone or in conjunction with the N-terminal peptide. However,
according to these concepts, it is extremely challenging to explain how the glycosylated secreted C-
terminal peptide has an effect on inhibiting deamination or increasing capsid stability if it is not actually
present in viruses. Equally, it is unclear how the N-terminal peptide of gPr80 influences capsid stability, if
it contains mostly the Leader, MA and p12 constituents, and is directed towards the luminal side of the
viral envelope, as expected from Type Il integral membrane protein (Fig. 1A). Here we generated a new
gPr80 expression construct (gPr93FV) where we changed the Pr65 AUG initiation codon to GGG to
prevent its translation by leaky scanning, and inserted a sequence coding for a 3X FLAG epitope tag
immediately downstream of the leader sequence (Fig. 8A)(72). We also added a V5 epitope tag at the C-
terminus of the protein. The apparent molecular weight of the unglycosylated form of the protein on

our gels is 93 kDa.

The gPr93FV expression vector was transfected in the conditional presence of M-MLV[CTA] to
complement the absence of virus-encoded gPr80. Cell lysates, supernatants and supernatants ultra-
centrifuged through a sucrose cushion (Pellet) were analyzed by SDS-PAGE for gPr93 expression
products using an anti-FLAG (Fig. 8B to 8D) or an anti-V5 antibody (Fig. 8E to 8G). Pr65 was only
detected in cell lysates containing the viral vector (Fig. 8H). The mature p30 CA protein was detected in

both the supernatants and in supernatant pellets, also only when the virus was present (Fig. 8 and 8J).
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Figure 3.8. Association of gPr80-derived proteins with viral particles.

(A) Schematic representation of the dually tagged FLAG-V5-gPr80 protein (gPr93FV). The estimated

g: glycoprotein

positions of the detected peptides are indicated. Western blots were performed on cellular lysates of
gPr93FV-transfected 293T cells (B, E, and H), 0.45-um-filtered supernatants (C, F, and 1), and pellets of
supernatants ultracentrifuged through a 20% sucrose cushion (D, G, and J). Cotransfections with virus
were performed with M-MLV[CTA] (+MLV). UT, untransfected. Samples prepared from cell lysates and
supernatants were treated with PNGase F as indicated. Pellet samples were treated with 2% Triton X-

100 for 30 min prior to ultracentrifugation as indicated. Tick marks to the left of each gel indicate

glycoproteins of interest (g) along with their related unglycosylated forms used to estimate molecular
masses. Samples were resolved by SDS-PAGE in triplicate and probed with anti-FLAG (B to D), anti-V5 (E

to G), and monoclonal anti-p30 (H to J) antibodies. Data are representative of one experiment for at

least three independent transfections.
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The unglycosylated form of gPr93 appeared as a 93 kDa band in our gels (Pr93) due to the presence of
the various tags. Detection of products in the supernatants and pellets when gPr93FV is transfected
alone is indicative of virus-like particles (VLPs) and/or extracellular vesicles (EVs) packaging Pr93 or its

cleavage products.

A number of glycosylated FLAG-labeled proteins were detected (indicated by a g), notably Pr93, Pr60
and Pr48, as evidenced by PNGase F treatment (Fig. 8A - 8D). Pr48 appears to be an N-terminal peptide
that ends near or at the MA p15/ p12 junction. Pr60 appears to be the equivalent to the ~55kDa
membrane-associated peptide of gPr80 (Fig. 1A) (72, 310). These three glycoproteins were clearly
detectable in cell supernatants (Fig. 8C), but only Pr93 was clearly visible in virus pellets (Fig. 8D). Triton
X-100 was used prior to pelleting the samples where indicated to dissolve EVs and strip the viral
envelope. VLPs and virus cores are resistant to Triton X-100 treatment. This procedure ensures that the
proteins detected are firmly associated with viral cores. Despite several attempts, multiple FLAG-
containing cleavage products prevented clear identification of Pr60 and Pr48 in the virus pellets (Fig.

8D). Comparatively, there are much fewer detected bands containing the V5-tag in the pellets (Fig. 8G).

Full-length glycosylated Pr93 was also detected in cell lysates, supernatants and in pellets stained with
anti-V5 (Fig. 8E to 8G). A large amount of this protein appears to be associated with the viral envelope
(and to a much lesser extent, EVs and VLPs) in the pellets, as Triton treatment greatly diminishes, but
does not abolish, the signal (Fig. 8G). An additional glycosylated protein of approximately 45kDa (Pr45)
was also detected in supernatants and pellets only (Fig. 8F and 8G). We believe this protein to be
equivalent to the ~40kDa secreted cleavage product of gPr80 that has also been previously reported

(Fig. 1A) (72, 310). While Pr45 can easily be detected in all supernatants, only a very faint signal could be
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detected in pellets, thereby indicating that most of this peptide is secreted in soluble form. However, in
pelleted samples, the Pr45 peptide does appear to form detergent-resistant complexes, indicating that it
may be cargo or a structural part of the capsid (Fig. 8G). Surprisingly, our p30 monoclonal antibody was
extremely inefficient at detecting the full-length glycosylated Pr93 protein when the plasmid was

transfected alone (Fig. 8H and 8J).

Glycosylated Gag has an unexpected orientation in the viral envelope
It was revealed in Figure 8D that full-length glycosylated Pr93 is detectable in pellets. Because viral
pellets contain a mixture of virus, EVs and VLPs that co-purify by ultracentrifugation, here we sought to
determine which Pr93 fragments are specifically virus-associated. To achieve this, we produced M-
MLV[CTA] viruses in conditional presence of gPr93FV, as described in the previous section, purified them
by velocity sedimentation through a sucrose cushion, and further isolated them with antibodies
conjugated to magnetic beads directed against surface viral epitopes (V5 and eGFP). Full-length gPr80
has been previously characterized as a type Il integral membrane protein, as such, our gPr93FV protein
is expected to have its C-terminal V5 tag exposed to the external surface of the viral envelope (72).
Additionally, our viruses have an envelope glycoprotein fused with eGFP (Env-eGFP) expressed on their
surface (371). Recent work from our lab has revealed that the M-MLV envelope glycoprotein is nearly

undetectable on EVs, and thereby constitutes a robust virus selection marker (373).

The V5 immunoprecipitation (IP) revealed many of the same V5-tagged proteins and fragments
described in the pelleted fraction of the previous section (Fig. 9A to 9D). However, staining of V5-
immunoprecipitated particles with anti-FLAG revealed almost exclusively full-length glycosylated Pr93

products (Fig. 9D). Unconjugated magnetic beads had no detectable binding to Pr93 (data not shown). In
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Figure 3.9. Glycosylated Gag adopts a type | integral membrane protein conformation in the
envelope of viral particles.

293T cells were transfected similarly to those in Fig. 8. Supernatants were pelleted through a 20%
sucrose cushion by velocity sedimentation and resuspended in PBS. (A to D) The viral preparations were
immunoprecipitated by use of anti-V5-conjugated magnetic beads and washed with PBS. Input fractions
(lysates) and anti-V5 IP purified particles were analyzed by SDS-PAGE and probed with p30 (A), EGFP (B),
V5 (C), and FLAG (D) antibodies. (E to H) Viral preparations were also immunoprecipitated using anti-
EGFP-conjugated magnetic beads. Input (lysates), flowthrough (unbound), and anti-GFP (IP)-purified
enveloped particles were analyzed by SDS-PAGE and probed with p30 (E), EGFP (F), V5 (G), and FLAG (H)
antibodies. Data are representative of one experiment for three independent transfections.
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terms of viral constituents, p30 capsid was readily detectable, albeit at much lower levels than input
(Fig. 9A). Most surprisingly, however, was that Env-eGFP levels were below the limit of detection of the
assay in the immunoprecipitated samples (Fig. 9B). This implies that most particles that contain full-
length glycosylated Pr93 with an antibody-accessible V5 tag are largely devoid of the viral envelope

glycoprotein, and therefore constitute VLPs and not infectious virus.

In light of the data from the V5-IP isolation, we sought to analyze the population of particles that have
an accessible Env-eGFP on their surface (Fig. 9E to 9H). Confirming the accessibility of envelope
glycoprotein and the efficacy of this method, the eGFP blot reveals high levels of Env-eGFP in both input
and IP fractions, but none in the unbound fraction (Fig. 9F). This is regardless of the length of the
exposure (data not shown). In agreement with the V5-IP results, readily detectable p30 capsid protein
was present in the unbound fraction of this isolation (Fig. 9E). Otherwise expectedly, abundant p30
capsid protein was detected in the IP fraction. On the search for Pr93, the FLAG blot revealed low levels
of virus-associated full-length glycosylated Pr93 and a range of smaller FLAG-containing cleavage
products (Fig. 9H). However, large amounts of full-length Pr93 and FLAG cleavage products remained in
the eGFP-unbound fraction. Similarly, the V5 blot also showed low levels of full-length Pr93 associated

with the virus and large amounts of it in the unbound fraction (Fig. 9G).

Given that that V5+ particles contained undetectable levels of Env-eGFP, and that full-length V5 and
FLAG products are detected in Env-eGFP+ particles, the data suggest that glycosylated Pr93 is oriented
as a Type | integral protein (NexoCeyto) in a large population of potentially infectious virus. The observation
that glycosylated Gag can insert itself in the cellular membrane in a type | polarity was previously

described by Fujiwara et al., but this study did not report that this phenomenon also occurred in egress
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viruses (72). Finally, relatively large amounts of pelletable V5+ VLPs may also underline the discovery of
a new mechanism whereby gPr80 induces the release of Env-deficient VLPs with exposed Gag sequences

on their surface.

Discussion

Early research on gPr80 dates back to the mid 1970’s when a glycosylated form of MLV gag was
discovered at the surface of AKR lymphomas (292, 434). It was soon established that there were in fact
two almost identical Gag proteins that were distinguishable only by the presence of glycosylation and by
an additional short N-terminal leader sequence found on the glycosylated form (293, 294, 404). The first
functional studies using gPr80-deficient viruses in cell culture systems were somewhat disappointing as
the mutant viruses were replication competent with normal reverse transcriptase activity, and, most
importantly, were nearly as infectious as their wild type counterparts (296, 305). However, these early
infection assays were performed in NIH 3T3 and Mus Dunni cells, which are now known to express
undetectable levels of the mA3 restriction factor. It is currently understood that one of the important
roles of gPr80 is to antagonize restriction and deamination by mA3 (224, 225, 368). Looking back at early
reports of infections assays in mice, it is clear that gPr80 has an important role in infection, spread and
disease pathogenesis in vivo where mA3 is naturally expressed in cells targeted by murine retroviruses

(302, 311, 423).

Several studies have clearly shown that mA3 restricts retroviruses in vivo and in primary mouse
splenocytes (319, 399, 400). The strongest evidence that mA3 exerts selective pressure on retroviruses
is the reversion of gPr80-deficient viruses to wild type in mA3-expressing mice but not mA3 knockout

mice (225, 423). However, the impact of deamination by mA3 may not be as prominent as that of

122



human A3G, which restricts MLVs and HIV mainly through intense hypermutation (194, 421). Most
murine retroviruses, like M-MLV, Friend MLV and MMTV, generally show no or very little signs of
hypermutation; AKV MLV, on the other hand, shows clear but very modest levels of mA3-induced
mutations (319, 399, 400). Nevertheless, even a mild increase in MLV susceptibility to deamination by
mA3 would likely contribute to extinguishing the virus infection over time, as MLVs do not encode an A3
antagonist like HIV Vif. Although we found but a small decrease in infectivity as the mutation frequency
increased by altering asparagine at position 113 and 505 in our assays (Fig. 7B), it is possible that the
true effect of these mutations on viral replicative fithess may not have been observed in our
experimental conditions. Single round infection assays, such as the ones used in this part of our study,
are unable to reveal if overall virus replicative fitness and viral spreading are compromised by A3
mutations. Mutations in other parts of the virus could be deleterious, for example if critical residues of
the catalytic centers of the integrase or reverse transcriptase genes were mutated. If this were the case,

these in vitro assays would not immediately detect these perturbations.

In light of our previous observation that the number of N-linked glycans directly affects MLV sensitivity
to mA3 deamination (368), we were curious to better understand the mechanism behind this
phenomenon. It has now been ruled out that gPr80 negatively affects virion packaging or core
localization of mA3 ((Fig. 2) and (224)). We also asked whether gPr80 or its sugars could interfere with
the catalytic activity of mA3. We found no evidence that catalytic activity was affected, regardless of the
mA3-to-gPr80 ratio in an oligo cleavage assay with purified proteins (Fig. 6). In fact, we found no
evidence that mA3 and gPr80 naturally interact inside the cytosol (Fig. 5). mA3 is selectively packaged
into MLV virions through an interaction with the MLV Gag protein. Lack of detectable protein
interactions using the soluble fraction of cytosolic extracts may be indicative that gPr80 is maintained in

an isolated cellular compartment up until the moment it reaches the cellular membrane when it is
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recruited into assembling viral particles. In support of this, recent work has shown that gPr80 is
produced in the rough endoplasmic reticulum and traffics through the Golgi apparatus to the cell
surface (317). Given that neither the N-linked glycans nor the gPr80 protein itself affect the catalytic
activity of mA3 in a test-tube assay, and that mutations at glycosylation sites on both the N-terminus
and C-terminus of gPr80 influence deamination intensity (368), we proceeded to evaluate the role of
capsid stability in more detail. Absence of gPr80 expression had an important impact on capsid stability,
as did mutations at all three glycosylation residues (Figs. 2 and 3). Decreased capsid stability is the
common feature of all MLVs displaying increased sensitivity to A3 deamination. What has not been fully
resolved is the importance of N-linked glycosylation in preventing this mutator activity. Isolated
disruption of glycosylation using inhibitors or GnTl-deficient cells appeared to have no impact on
deamination intensity and/or capsid stability. If glycosylation does play a role in preventing A3

deamination in some manner, it does so in concert with decreased capsid stability.

Along these same lines, the improved capsid stability provided by gPr80 has been shown to prevent the
premature decapsidation and cytosolic exposure of replication intermediates that could trigger innate
immune responses (136, 225). Up until now, there was only evidence that the ~55 kDa N-terminus
cleavage product of gPr80 could be detected in viral particles (224, 310). Furthermore, a previous study
has shown that expression of the leader sequence of gPr80 alone did not rescue diminished capsid
stability (225). The mystery as to how gPr80 increases capsid stability therefore remains. Our efforts to
detect gPr80 peptides associated with viral particles have revealed several new pieces of information
(Figs. 8 and 9). By expressing a dual tagged construct along with gPr80-deficient M-MLV, we were able
using high affinity antibodies to detect interactions that have not been characterized before. We clearly
showed that the full-length gPr80 (i.e. gPr93) and several of its C- and N-terminal domain peptides are

associated with viruses, and more specifically with detergent-resistant viral cores. Additionally, full-
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length gPr80 was also detected in cell supernatants and in pellets using antibodies against both V5 and
FLAG epitope tags (Fig. 8). However, most of gPr80 appeared to be part of the envelope of viruses, VLPs
and EVs, as the signal is greatly diminished upon detergent treatment. More in depth dissection of this
issue using antibodies to capture external epitopes revealed that nearly all full-length gPr80 is present as
a type | integral membrane protein in the envelope of infectious virus, and as a type Il protein in Env-
deficient VLPs (Fig. 9). However, this does not exclude the possibility that some infectious viruses harbor
the previously observed ~55 kDa N-terminal peptide of gPr80 as a Type |l membrane protein (72, 310).
In fact, there is evidence that this fragment exists in our eGFP pull downs stained with anti-FLAG,
however the abundance of FLAG-containing cleavage products makes it difficult to clearly resolve it (Fig.
9H). Importantly, however, a demonstration that complementation of the M-MLV [CTA] virus with
gPr93FV restores capsid stability and deamination resistance will be essential to lend support to the
physiological relevance of the observations made using the current laboratory system. Additionally, a
formal demonstration that gPr80 also adopts such an unusual topology on the surface of the replicative

wt virus is essential.

While the absence of the envelope glycoprotein on VLPs implies that these particles are non-infectious,
it is entirely possible that they are still endocytosed, given the conserved YXXL motif present in the
leader sequence of gPr80 (314). However, unlike Env-eGFP containing particles, they will not be able to
escape the endosome. The presence of these VLPs stuck in endosomes could explain results observed in
our fate of capsid assay. While normalizing to the same level of capsid input, gPr80-deficient M-MLV had
noticeably less endocytosed intact capsid when compared to the WT virus (Fig. 3). Prior to this finding,
the equal infectivity of these two viruses (Fig. 1C and 1E) was somewhat perplexing. Now it is clear, that
an endocytosed intact virion, or VLP, may not be indicative of a productive infection when gPr80 is

present. While this applies to our ecotropic MLV, it may vary with other amphotropic or xenotropic
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strains (313, 317). This begs the question as to whether VLPs (and EVs) that express gPr80 as a Type I

membrane protein influence adaptive and humoral immune responses in mice.

Given the very low levels of envelope glycoprotein on these VLPs, the role of gPr80 in antagonizing
SERINC3 and SERINCS incorporation into virions comes to mind. Recently, in a similar fashion to HIV-1
Nef, gPr80 has been shown to antagonize the effects of newly-identified restriction factors, known as
SERINC3 and SERINCS, by preventing their incorporation into virions (215, 269, 270, 317). In fact, a Nef-
deficient HIV-1 has its infectivity fully restored when complemented with gPr80 when SERINC3 or 5 is
present (269, 270, 317). However, it is clear that the roles of gPr80 and Nef do not fully overlap, as Nef
complementation does not rescue infectivity of gPr80-deficient MLV in some conditions (313). But given
the Nef-like effect of gPr80 is mediated by its cytoplasmic N-terminal domain, dependent on the
presence of the YXXL motif (314), and the type of viral envelop glycoprotein present (213, 317), itis
tempting to speculate that VLPs may serve as decoys for the incorporation of SERINC proteins,
sequestering them away from infectious virus. In all regards, further work should explore this new and

intriguing avenue.

Overall our findings provide added insight into the mechanism behind gPr80 protection of MLV from
host restriction. However, our understanding of gPr80 is not yet complete. /n vivo or ex vivo evidence for
gPr80 membrane orientation and VLP release must be confirmed. Additionally, if gPr80 is associated
with EVs and VLPs alike, what are their impacts on host immune responses? Moreover, the relationships

between Env, Nef, gPr80 and SERINC3 and 5 are still largely unresolved.
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ABSTRACT

Retroviruses and small EVs overlap in size, buoyant densities, refractive indices and share many cell-
derived surface markers making them virtually indistinguishable by standard biochemical methods. This
poses a significant challenge when purifying retroviruses for downstream analyses or for phenotypic
characterization studies of markers on individual virions given that EVs are a major contaminant of
retroviral preparations. Nanoscale flow cytometry (NFC), also called flow virometry, is an adaptation of
flow cytometry technology for the analysis of individual nanoparticles such as extracellular vesicles (EVs)
and retroviruses. In this study we systematically optimized NFC parameters for the detection of
retroviral particles in the range of 115 - 130 nm, including viral production, sample labeling, laser power
and voltage settings. By using the retroviral envelope glycoprotein as a selection marker, and evaluating
a number of fluorescent dyes and labeling methods, we demonstrate that it is possible to confidently

distinguish retroviruses from small EVs by NFC. Our findings make it now possible to individually
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phenotype genetically modified retroviral particles that express a fluorescent envelope glycoprotein

without removing EV contaminants from the sample.

Introduction

Retroviruses, such as the human immunodeficiency virus (HIV), are enveloped RNA viruses that range
between 90 — 150 nm in diameter, depending on the species(435-437). When nascent virions egress
from infected cells, they bear contents of the cytosol (e.g., proteins, mRNAs, miRNAs), as well as a
portion of the cell membrane embedded with surface receptors to form the viral envelope(344, 438,
439). The phenotypic analysis of host-derived markers on the surface of individual viruses is of
considerable interest, as it can provide information on the identity of the specific cell types that are
infected in a host. However, a major hurdle in purifying retroviruses for single-particle characterization
studies is the removal of EVs that are concomitantly released by the cells(345, 351, 440-442). EV is a
broad term that describes all particles with a membrane bilayer released from cells; these can include
exosomes, microvesicles, and apoptotic vesicles(325, 443-446). Small EVs, that are in the size range of
retroviruses constitute a major contaminant of virus preparations as they are biochemically and
biophysically similar to retroviruses in terms of their refractive indices, buoyant densities, and surface
markers(344, 345, 447-449). Additionally, EVs can also package retroviral proteins and RNAs that further

complicate discrimination(337, 450-453).

Nanoscale flow cytometry (NFC), also called flow virometry, is a new and powerful tool in the field of
virology that enables the phenotypic analysis of the markers at the surface of individual virions(357, 361,
363, 365, 370, 442, 454-456). Virus populations can now be profiled and sorted in multi-parameter
analyses, much in the same way as cells(361, 365, 370, 455, 457). However, NFC analysis with current
instrumentation can be challenging due to the fact that these particles are at the limit of detection for
flow cytometers. The research community is working towards the standardization of flow cytometer

requirements, as well as acquisition settings and labeling procedures for NFC analysis, but there is yet to

129



be a consensus(458-460). To complicate matters, instruments of different make will have different
optics, fluidics, electronics, detectors, and software. Even using the same instrument model, variations
in sensitivity and resolution are common given that the instruments are operating at the threshold of
their physical limits of detection. This can be much lower than the published manufacturer’s
specifications, but the onus falls on individual users to achieve this. Despite these caveats, several
groups are currently using conventional flow cytometers originally designed for cells to analyze
nanoparticles in the 90 - 150 nm size range(357, 361, 363, 365, 370, 442, 454-458, 460-464). Common
instrument hardware additions for small particle detection include lasers with higher power and the use
of photomultiplier tubes (PMTs) instead of photodiodes for forward scatter detection. Most commercial
flow cytometers that claim small particle detection capabilities have a lower size limit in the 100 to 300
nm range based on detection of beads. However, there is currently no consensus in the field as to the
minimum laser power required for the consistent detection and resolution of nanoparticles. While
conventional flow cytometers clearly have the capacity to detect nanoparticles to varying degrees of
sensitivity, standardization of instrument settings and sample acquisition procedures is necessary for

cross-laboratory data validation and reproducibility.

Here we undertook a systematic approach to analyze viruses by NFC using a special order research
product (SORP) BD LSR Fortessa flow cytometer. The model virus for our study is the Moloney murine
leukemia virus (MLV), as it is a well-studied and characterized retrovirus that is non-infectious for
humans. We identified the optimal settings for laser power and voltage to provide maximum particle
enumeration and resolution, as well as sample dilutions and flow rates to minimize coincidence. We
then compared data acquired using either fluorescence or side scattered light (SSC) as the threshold for
detection. Finally, we compared various dyes and staining methods that can be used to discriminate

MLVs from the EV contaminants.
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Results

Analysis of single virions by NFC. For this study, we used the Moloney MLV expressing a chimeric
envelope-eGFP surface glycoprotein (MLVeGFP). Moloney MLV is an enveloped virus that is nearly
spherical with a mean diameter of 124 nm as measured by cryo-electron microscopy(436). It is
estimated that there are approximately 100 envelope glycoprotein spikes per MLV virion, which is nearly
an order of magnitude more than the 7-14 gp120 spikes found at the surface of HIV-1(465-467). We
have shown previously that enveloped viruses can form aggregates when subject to centrifugation and
repeat freeze thaw(370). For this reason, and to reduce other contaminants and purification artefacts,
virus-containing supernatant from chronically infected NIH 3T3 cells cultured in 0.1um filtered, serum
and phenol red-free media was analyzed directly by NFC. We used a sample acquisition time of 60
seconds in all experiments of this study. The production of non-infectious particles was minimal with
MLVeGFP, as there was a direct correlation between genome counts and infectious units (Fig. 1A).

Similar high-efficiency viral genomic RNA (gRNA) packaging was previously reported for HIV-1(355).

To ensure that cellular debris is removed and that virus was present in single-particle suspensions, we
used microfiltration (Fig. 1B). Virus-containing supernatants were passed through 0.45, 0.2 and 0.1 um
filters, diluted 100-fold in 0.1um-filtered PBS, and analyzed by NFC. Filtration through a filter with a
0.45um pore size removed approximately 10% of total eGFP+ particles, while filtering through a 0.2um
cartridge removed 30% of eGFP particles (Fig. 1B and 1C). Passing the sample through a 0.1um filter
removed nearly all eGFP particles, as expected, and displayed an overall residual particle profile similar

to 0.45um-filtered uninfected cell supernatant (Fig. 1B).

Because EVs can acquire viral proteins and nucleic acids when they are released from cells, we next
sought to determine what proportion of all eGFP+ particles constitute virus. To measure the degree of

MLV envelope-eGFP (Env-eGFP) incorporation into EVs, we cloned the coding sequence of Env-eGFP into
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Figure 4.1. Analysis of MLVeGFP virions by NFC.

(A) MLVeGFP viral particles from chronically infected NIH 3T3 cell supernatants were filtered through
0.45 um pore-sized PES cartridge filters and titered on NIH 3T3 cells for TU analysis. The same
supernatant was analyzed by ddPCR for genome analysis. Both of these values were related back to the
input volume of supernatant. (B) MLVeGFP from chronically infected NIH 3T3 cell supernatants were
filtered through 0.45 um, 0.2 um and 0.1 um pore-sized PES cartridge filters. eGFP+ particles are
depicted in green and background noise and/or non-fluorescent particles in black. The number of eGFP+
events in the top right quadrant gate are indicated in green. (C) eGFP+ particle count post filtration as a
percentage of the total eGFP+ particles in the unfiltered virus preparation. Statistical significance was
calculated by 1-way ANOVA. (D) 293 T cells were transfected with expression plasmids for eGFP or Env-
eGFP, or with the MLVeGFP expression plasmid. eGFP+ particles were analyzed by NFC as above.
Transfection efficiency was approximately 75% in all conditions (data not shown). (E) eGFP+ particles
from three independent transfections experiments as described in C, were tabulated. Average particle
counts with standard deviation (S.D.) are presented. Statistical significance was calculated by 1-way
ANOVA. (F) SSC intensity comparison of eGFP+ eGFP+ EVs and virus shows that MLVeGFP displays a
more homogenous particle population that scatters light more intensely. (G) Quantification of SSC
intensities (MFI) from three independent experiments with S.D., as described in F. P values were
calculated by Student’s t-test. (H) Representative size profiles of particles released from transfected
293 T cells expressing eGFP, Env-eGFP, and MLVeGFP. Samples were analyzed by nanoparticle tracking
analysis (NTA). Results are displayed as the percentage of particles within 25 nm segments. (1) eGFP
expression in EVs (eGFP and Env-eGFP) and MLVeGFP virus was abrogated by treatment with 0.05%
Triton X-100. (J) Comparison of polystyrene green fluorescent beads and MLVeGFP on SSC vs.
Fluorescence (Green 488-530/30).
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an expression vector and transfected it into 293T cells. As a control for this experiment, MLVeGFP was
produced by transfection as well. Transfection efficiencies for the eGFP and Env-eGFP plasmids were
consistently between 45% and 55%, the transfection efficiency of the plasmid coding for MLVeGFP was
around 8% - 10%. All samples were passed through a 0.45um filter and diluted 100-fold in PBS prior to
NFC analysis. Here we found that eGFP+ particles were 450-fold more abundant in the virus-containing
cell supernatant than in supernatant containing EVs released from Env-eGFP transfected cells (Fig. 1D
and 1E). Interestingly, when the cells were transfected with an expression plasmid coding only for eGFP,
the number of eGFP+ particles was higher, representing 10% of the total eGFP+ count of the viral
sample. These results indicate that by NFC analysis, Env-eGFP appears to be almost exclusively present
in the culture supernatant when the virus is present. However, very low levels of particles clearly do
express Env-eGFP when virus is absent. Particles released in cells transfected with eGFP or Env-eGFP
displayed different side scatter (SSC) and fluorescence intensities than particles in the MLVeGFP
containing supernatant (Fig. 1F and 1G). Viral particles had a higher SSC mean fluorescent intensity (MFI)
and a more homogenous distribution, despite having a similar size distribution profile as measured by

nanoparticle tracking analysis (NTA) (Fig. 1H).

To confirm that detected eGFP+ particles are indeed EVs and viruses, and not protein aggregates, all
samples were subjected to treatment with Triton X-100 detergent, which is a effective way to dissolve
EVs and strip the retroviral envelope leaving capsids intact (Fig. 11)(354, 468). The eGFP fluorescent
signal was lost in all samples. Therefore, the data presented in this figure support that most of the

eGFP+ particles produced from MLVeGFP infected cells appear to be virus.

Finally, to emphasize the disparity of refractive indices and fluorescence between synthetic bead size
standards and biological particles, we compared MLVeGFP with green fluorescent polystyrene bead
populations that ranged from 160-240nm (Fig. 1J). Although MLVeGFP is only 40nm smaller in diameter

than the 160nm beads, it displayed a SSC MFI that was approximately ten-fold lower. In comparison, the
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difference in SSC intensity between the 160nm and 240nm bead populations was only about 3-fold. This
comparison serves to demonstrate that a population of biological particles of similar size to a

polystyrene bead population tends to display a much lower SSC MFI.

Impact of thresholding and sample dilution on electronic aborts and event counts. In order
to have analyzed eGFP+ particles in the previous section, several NFC parameters had first needed to be
optimized which include voltage, laser power, flow rates and sample dilutions. The following sections

describe in detail how these settings were determined and also how they affect data acquisition.

Coincidence occurs when two or more particles are interrogated simultaneously(460-462, 469, 470).
Flow cytometers are specifically designed to create a stream of single cells that are individually analyzed
by the instrument. Because nanoparticles are much smaller than cells, it is more likely that several
particles are coincidentally interrogated at the same time if the sample is too concentrated. Each event
where the signal is above the designated threshold is registered as a voltage pulse with a height, width,
and area parameter. The height is the intensity of the pulse, while the width is the time of flight of the
particle during laser interrogation. Area is the integrated value under the voltage pulse, which
represents the intensity of the signal over time as calculated using the height and width values. In BD
FACSDiva, each pulse is assigned a windows extension, which is a specific measure of time at the
beginning and end of each voltage pulse. If the windows extension of two events overlap, as in the case
of coincident events, the signals will not be processed and will instead be aborted. This is what is called
an electronic abort(471). Therefore, if a very concentrated sample is analyzed, a large number of
electronic aborts will occur and data events will be discarded. This constitutes a major concern when

analyzing nanoparticles by NFC.
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Additionally, since the signal generated by biological nanoparticles is very dim (Fig. 1)), the threshold for
detection is set at or near the lower limit. Low threshold values translate into reduced stringency of
what is considered an event and this results in an increased likelihood of coincidence and background
noise. Thresholding off of SSC will result in more particles analyzed by virtue of the fact that all particles,
including any sample contaminants (i.e. PBS crystals, protein aggregates), will have size. On the other
hand, a fluorescence threshold will generally be set at a slightly higher value to visualize only the
fluorescently labeled particles of interest. This theoretically should result in fewer electronic aborts
when comparing identical samples since there will be less total events processed. However, the
compromise is losing information about total particles in the sample (i.e., very dim or unlabeled
particles). Here we have systematically compared the effects of sample dilutions and flow rates on both

SSC and fluorescence thresholding on total counts for our particles of interest.

Serial dilutions of a single sample of 0.45um-filtered supernatant containing MLVeGFP produced from
chronically infected NIH 3T3 cells was analyzed using the low sample flow rate setting. The undiluted
sample was further analyzed on medium (med) and high settings to further exaggerate and emphasize
the effects of coincidence and electronic aborts. The average virus titer in the undiluted filtered
supernatant remained constant throughout replicate experiments at approximately 1.5 — 3 x 10°
transducing units (TU)/mL. The samples were analyzed using fluorescence thresholding (Fig. 2A) or SSC
thresholding (Fig. 2B), and the electronic abort rates were manually recorded. The optimal sample
concentration and flow rate are where signal intensities stabilize and event rates linearly correlate with

changes in sample concentration(460-462, 469, 470). Sample acquisition data was plotted to display
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Figure 4.2. Effect of fluorescence and SSC thresholding on particle counts and electronic
aborts. Effects of sample dilutions and flow rates on data acquisition.

(A) MLVeGFP was analysed with the event threshold set at a fluorescence intensity of 500 on green

fluorescence channel (488—530/30) (FL-Threshold) and (B), SSC from the 488 nm laser at a fluorescence
intensity of 200 (SSC-Threshold). Serial dilutions were performed on 0.45 um-filtered cell supernatants:

0

undiluted: 1; 1/2: 0.5; 1/5: 0.2; 1/10: 0.1; 1/20: 0.05; 1/50: 0.02; 1/100: 0.01. All diluted samples were
analyzed with the sample flow rate set to low. Undiluted samples were analyzed with flow rates set to
low, medium (med) and high. (C) Electronic aborts, Total eGFP events and median fluorescence intensity
(MFI) of eGFP+ particles were plotted as function of the dilution factor and flow rate. SSC-threshold
(dotted line) and FL-threshold (solid line). Total counts of eGFP+ particles were plotted for SSC-

thresholding (D), and FL-thresholding (E), against a linear regression plot of predicted events (grey area)
based on counts measured for the 1/100 dilution for each thresholding condition. Data is representative
of two separate experiments.
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electronic aborts, total events and median fluorescence intensity as a function of sample dilution and
increasing flow rates for the undiluted sample (Fig. 2C). Total events acquired using SSC (Fig. 2D) and
fluorescence (Fig. 2E) thresholding were separately plotted against a linear regression curve in order to
emphasize the dilutions in the linear range. Linear regression of the predicted number of eGFP+ events
(shaded area) was extrapolated using the eGFP+ counts from the most dilute sample for each
thresholding condition. Our data shows that electronic aborts steeply rise as the samples become more
concentrated. Consistent with coincidence, an increase in electronic aborts correlates with a rise in
mean fluorescence intensity (MFI) of particles (Fig. 2C). Surprisingly, the increase in MFI is not seen until
the undiluted sample is run at medium or high sample pressures. Total and eGFP particle counts are
inversely proportional to the dilution factor of the sample when in the range of 0.01 to 0.05 (Fig. 2D and
2E). Contrary to what would be expected, particle counts appear to be slightly lower using SSC
compared to fluorescence thresholding by a factor of 3. This is likely due to the higher rate of electronic
aborts using SSC thresholding, even at a dilution of 0.01 (Fig. 2C). Taken together, the data shows that a
stable MFI alone does not necessarily indicate that the sample is running at an optimum event rate.
While there is a wide window of dilutions that provide constant MFI values, event count analysis

provides a more accurate way of determining optimal flow rates and sample dilutions.

Effects of voltage and laser power settings on particle detection, resolution and electronic
aborts. Here we systematically measured the effect of increasing voltage and laser power on our virus
preparation (Fig. 3A). We began with the 488 nm laser at full power (300 mW) and increased the SSC
voltages in increments of 50 V, and then gradually reduced laser power all the way while keeping eGFP
MFI of our population of interest constant. In a subsequent acquisition set, we also increased green
fluorescence (488-530/30) detector voltage in increments of 100V (while keeping the SSC MFI constant)
to determine the range of settings at which eGFP+ particles are detected (Fig. 3B). Threshold was set on

SSC off the 488 nm laser at the lowest value permitted by our acquisition software, which is 200 relative
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Figure 4.3. Effects of laser power and PMT voltages on fluorescence and SSC.

MLVeGFP was analysed with systematic adjustments of voltage for detection of green fluorescence and
SSC off the 488 nm laser. (A) Increments of 50 V were made on SSC off the 488 nm laser from 225V to
425 V while maintaining a consistent MFI for the eGFP+ population on the green fluorescence channel
(488nm-530/30), while simultaneously increasing laser power from 50 to 300 mW. Threshold was set at
SSC fluorescence intensity 200. (B) The same voltage and laser power adjustments were made on the
green fluorescence channel while maintaining constant the MFI in SSC of the eGFP+ population. (C)
Tabulation of the number of eGFP+ events in gates set in A. (D) Tabulation of the number of electronic
aborts generated during the acquisition of each condition described in A. (E) Fluorescence Index
calculated for each condition portrayed in B. FL-index = (MFleGFP+ — MFleGFP-)/SDeGFP-. Data is
representative of three separate experiments.
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fluorescence intensity units. We chose to threshold off of SSC to include detection of all fluorescent and
non-fluorescent events. Because acquisition is carried out on the same sample, changes will reflect the
effects of the settings. When voltages were increased on SSC, the noise and event rate also increased to
a certain limit (Fig. 3C), which correlated with increased electronic aborts (Fig. 3D). The increased
electronic abort rate at higher SSC voltage settings resulted in a diminished number of total eGFP+

particles being acquired.

When comparing data collected for a given SSC voltage setting, increase in laser power resulted in an
increase in the separation of the MFI of SSC signal intensities between the eGFP+ and eGFP- populations
(Fig. 3A). This is most evident in the voltage range between 325 to 425 V for SSC, where the eGFP+
population is above threshold on SSC. Furthermore, peak particle counts was reached at a lower voltage
as laser power increases (Fig. 3C). This tracked with electronic aborts, which were at their maximum

when laser power and PMT voltages were at their highest settings (Fig. 3D).

When laser power and voltage on the green fluorescence channel were increased, it was evident that
signal intensities of both the eGFP+ and eGFP- populations were also increased (Fig. 3B). To determine if
the increase of laser power resulted in an increase in separation of the positive and negative
populations in the green fluorescence channel, a fluorescence index (FL-index) value was calculated. This
value is based on the difference in the MFI of the eGFP+ and eGFP- populations divided by the standard
deviation of the eGFP- population (Fig. 3E). Samples where there was no clear resolution of an eGFP+
population were omitted (grey boxes). When comparing samples acquired at the same voltage, higher
laser power provided improved resolution of the fluorescence signal (defined by the separation of the
positive population from the negative) as represented by a higher FL-index value (Fig. 3E). These results
clearly indicate that our virus can be detected over a wide range of voltage and laser power settings,

however greater laser power more noticeably improves fluorescence and scatter resolution.
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Discrimination of retroviruses from extracellular vesicles using fluorescent dyes. To date,
several groups have demonstrated the ability to label EVs and viruses through the use of commercially
available dyes(370, 454, 457, 460, 472). Dyes that target different cellular components, such as proteins,
lipids and nucleic acids, have been proven effective to stain EVs and viruses in flow cytometry
applications. However it has yet to be demonstrated that these methods can be used to discriminate

between viruses and EVs.

To identify both virus and EV populations in our infected cell supernatants, we used fluorescent dyes
that target cellular membrane components. Dyes were selected over the use of antibodies due to their
ability to stain particles based on their biochemical constituents. Dyes are also not subject to some of
the limitations of antibodies such as low surface antigen expression, epitope heterogeneity, and particle
aggregation(370). There is currently a large number of commercially available dyes that target different
molecules and cellular components. Using supernatants containing MLVeGFP, we first tested lipid dyes
DiD, Dil, FM4-64, fluorescent sphingolipid (Ceramide-BODIPY TR) and fluorescent phospholipid (DHPE-
Rhodamine). Several groups have published methods to directly label virus with dye(473-476), however
these studies did not account for EV contamination in virus sample preparations. In our system, virus
particles are distinguished from EVs by the surface expression of Env-eGFP. EVs are largely devoid of
Env-eGFP on their surface (Fig. 1D), and therefore will only emit fluorescence at the wavelength of the

dye.

For all the dyes tested, the direct sample staining approach discriminated virus from EVs by strongly
labeling EVs while not detectably labeling virus (Fig. 4). Ceramide-BODIPY TR was the only dye that
labeled the virus population at a low level, which was not completely resolved from background (Fig.
4E). Since excess dye was not washed away in this method, stained particles were detected in the PBS

controls for Dil, DHPE-rhodamine and Ceramide-BODIPY TR, but not with DiD or FM4-64. This may
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Figure 4.4. Direct staining of virus.

MLVeGFP viruses from chronically infected NIH 3T3 cell supernatants were labeled with (A) DiD, (B) Dil,
(C) FM4-64, (D) Rhodamine-1,2-DihexadecanoylPhosphatidylethanolamine (DHPE-Rhodamine), and (E)
Ceramide-BODIPY TR. Samples were then analyzed by NFC without purification. eGFP+ particles are
depicted in green, background noise or non-fluorescent particles in black, dye-labeled particles in color
(other than green). The distribution of total dye-labeled and unlabeled eGFP+ particles is indicated in
green. Included in each panel: unstained virus (MLVeGFP), stained virus (MLVeGFP+ dye), dye alone
(PBS + dye), and uninfected supernatant with dye that serves as an EV-only sample (Uninf Sup + dye).
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reflect insoluble dye aggregates or micelle formation as evident with other lipophilic dyes(472). In this
method of direct labeling, we show that the majority of viruses did not uptake dye, except for a small

fraction of dual labeled particles that consistently represented between 8 — 17% of the virus population.

Our next approach was to stain virus-infected cells in vitro such that virus and EVs would egress directly
from fluorescently labeled lipid membranes. To our knowledge, this method has been shown to label
EVs, but has yet to be shown to label retroviruses. The same panel of dyes as above were tested.
Staining on cells was confirmed by fluorescence confocal microscopy (Fig. 5A-5E, right panels). The
population of MLVeGFP virions indirectly labeled with DiD, Dil and FM4-64 was nearly completely
resolved from noise by each of these dyes (Fig. 5A, 5B, and 5C). However in this indirect staining
method, virus as well as EV populations were labeled by the dyes, as seen with the EVs released from
uninfected cells. DHPE-Rhodamine did not significantly label MLVeGFP (Fig. 5D), while Ceramide
appeared to label similarly to the direct staining method, and again, was unable to resolve the virus

population from the background (Fig. 5E).

Next we assessed if dye-labeled viruses remained infectious. This could be of use for downstream
applications. Dil stained cells were excluded from this assessment, as it is chemically analogous to DiD.
The effects of solvents were included as controls. The infectivity of viral supernatants produced in DiD
and Ceramide labeled cells was abrogated, while DHPE-Rhodamine and FM4-64 labeled cells produced
virus with significantly reduced infectivity (Fig. 5F). Although, virus infectivity may be compromised by
the dyes, we also assessed whether treating the infected cells with the dyes affected viral particle
release. Indeed, fewer viral particles were released with most of the dyes (Fig. 5G), however this did not
account for the total loss of infectivity. To confirm that fluorescent particles were indeed viruses and
EVs, samples were treated with 0.05% Triton X-100. The EV population was abolished by detergent

treatment, as was eGFP fluorescence emitted by the virus (Fig. 5H).
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Figure 4.5. Indirect staining of virus.

Supernatants of chronically infected and uninfected cells labeled with (A) DiD, (B) Dil, (C) FM4-64, (D)
DHPE-Rhodamine, and (E) Ceramide-BODIPY TR were analyzed by NFC. (F) Relative virus infectivity
(transducing units (TU) per mL) and (G) counts of eGFP+ particles released from the supernatants of
infected cells labeled with the different dyes. Infectivity and counts are presented as the percentage of
total number of eGFP+ particles released from unstained virus-infected cells. Data depicts the mean
with S.D. from three independent experiments. (H) Supernatants from DiD-stained infected and
uninfected cells were treated with 0.05% Triton X-100.
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Discriminating enveloped viruses from EVs by nucleic acid labeling. We next attempted to
discriminate EVs from viruses based on their nucleic acid content. MLVeGFP, similarly to other
retroviruses, packages two copies of its “9Kb single-stranded RNA genome. In addition, retroviruses also
package large amounts of cellular mRNAs, tRNAs and non-coding RNAs that represent approximately
50% of total RNA in the virion(148, 477). While EVs are known to also package nucleic acids, both DNA
and RNA, the total amount of nucleic acids they package in comparison to retroviruses is unclear (446,
478, 479). SYBR Green is a dye that has a strong affinity for nucleic acids, with chemical variants that
have been developed with higher affinities and quantum yields for RNA (SYBR 1l) or DNA (SYBR ).
Nucleic acid dyes such as SYBR Green have been shown previously to label virus, however in those
studies, it was unclear whether the dye-labeled virus samples were contaminated with EVs(363, 454,

457).

To attempt to discriminate EVs from viruses, MLVeGFP was first labeled with the lipid membrane dye
DiD followed by SYBR II. The nucleic acid labeling procedure, as described previously(363, 454), requires
fixation of the virus followed by staining at 80°C. This exposure to heat denatured eGFP on the surface
of the MLVeGFP virus and it was no longer fluorescent (Fig. 6A), while fixation with 2%
paraformaldehyde (PFA) alone had no significant impact on eGFP fluorescence (data not shown).
MLVeGFP and uninfected cell supernatants were labeled alone with DiD (indirect) (Fig. 6B and 6C), or
SYBR Il (direct) (Fig. 6D and 6E), or dual labeled (Fig. 6F and 6G). When the DiD+ population in the
MLVeGFP sample was compared with that of the uninfected supernatant control, the two populations
exhibited different MFI peaks despite largely overlapping (Fig. 6C). The same was true for the SYBR II-
positive and DiD/SYBR Il double labeled populations (Fig. 6E and 6G). Vaccinia virus (VV) is an enveloped
DNA virus with a much larger genome of 192 kbp(480). VV harboring close to 20 times more nucleic acid
content was used as a positive control for nucleic acid staining. The combined use of SYBR | with Dil

distinctly resolved three populations: Dil-SYBR+ (1), Dil+SYBR+ (2), and Dil+SYBR- (3) (Fig. 6H and 6l). This
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Figure 4.6. Discrimination of enveloped viruses from EVs by a combination of membrane and
nucleic acid dyes.

(A) MLVeGFP was treated with 2% PFA at 80 °C to fix the virus and permeabilise the envelope and
capsid, rendering the content of the particles amenable to staining by nucleic acid dyes. MLVeGFP
infected and uninfected cells were stained with DiD, and then particles in the supernatant were
analysed directly (B), or further stained with SYBR Il following fixation and heat treatment (F). (D)
Supernatants from infected and uninfected cells were stained with SYBR Il only and analysed.
Comparison of fluorescent intensities between supernatants from infected (coloured histograms) and
uninfected cells (black histograms): (C) DiD stained cells, (E) SYBR Il stained supernatants, (G) histogram
and dotplot overlay of dual stained DiD/SYBR Il nanoparticles from infected and uninfected cells.
Nanoparticles from uninfected cells are depicted in black, and from infected cells in blue. (H) Direct
labeling of VV with Dil or SYBRI alone, or in combination (fourth panel). (I) Relative sizes of nanoparticle
populations 1 to 3, displayed as a comparison of SYBRI vs SSC. (J) Overlay of SYBR fluorescence intensity
from stained MLVeGFP, VV and EV-containing cell supernatant.
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was not completely surprising, as it is known that VV can be released as single-membrane and dual-
membrane particles, and can also produce genome-deficient viral particles(481-483). When plotting VV
alongside MLVeGFP and EVs, we can clearly discern differences in SYBR staining between these three
populations (Fig. 6J). These data indicate that nucleic acid staining is an effective way to distinguish virus

with a large genome but not retroviruses from EVs.

Discussion

Careful optimization of instrument settings is often underappreciated to obtain the best performance
from a flow cytometer. In conventional flow cytometers, this optimization is standardized with beads as
a reference material. In BD instruments like ours, this is achieved with the automated BD CS&T program
and beads, however CS&T target values are optimized for cells. Therefore voltages and laser settings for
the analysis of nanoscale particles need to be optimized manually with relevant reference materials,
especially since the particles of interest are at the limit of detection of current instruments (90 - 200nm).
In fact, there exists a large discrepancy in both fluorescence intensity and refractive index (Rl) between
most calibration beads and biological nanoparticles of interest(484-486). As such, we chose a
fluorescently tagged virus as the standard, which allowed us to optimize our instrument settings on a
biologically relevant particle. Alternatively, other groups have been successful at analyzing nanoparticles
through conjugation with fluorescent beads(442). The obvious benefit of these bead conjugates are that
they are easily detected on a wide range of flow cytometers, however their multivalent nature may also
be a source of bias introduced during data acquisition. Antibody labeling of nanoparticles can in some
circumstances induce aggregation(370). For this reason, we carried out our study on fluorescent viruses
having undergone a minimal amount of manipulations that were limited to dye-loading, followed by
filtration and dilution. As such, the limits of our method to discriminate between retroviruses and EVs
are, for the moment, reserved for research applications where the use of a genetically engineered virus

with a fluorescent envelope glycoprotein are possible, such as in cell lines or animal models.
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There are advantages and disadvantages in selecting light scatter as the threshold parameter. On the
one hand it allows for the detection of all non-fluorescent particles, but on the other hand, with our
instrument and software, we see an increase in the overall abort rate. This increased abort rate resulted
in a 3-fold reduction in the total eGFP+ events in comparison to fluorescence thresholding (Fig. 2D and
2E). The choice between SSC and FL for threshold is therefore application-dependant. In an experiment
where the enumeration of a population of interest is required, samples should be collected using FL-
thresholding; the caveat being that this population must be fluorescently labeled. On the other hand, if
the goal of the study is to analyze different populations labeled with mutually exclusive fluorescent
marker combinations, then SSC thresholding should be chosen to collect all relevant data, and better

appreciate small differences in population relative sizes, clustering and distributions.

When analyzing MLVeGFP viruses that contain approximately 100 Env-eGFP molecules on their
surface(467), we see the greatest gain in fluorescent particle resolution when the power of the 488nm
laser increases from 100mW to 200mW (Fig. 3B and 3E). Nonetheless, for the detection of antigens at
the surface of nanoparticles that are less abundant than Env-eGFP, like for example gp120 on the

surface of HIV-1 virions(465, 467), the higher power laser will likely greatly improve signal resolution.

As mentioned earlier, retroviruses share many physical properties with EVs. Yet despite these
similarities, MLVs, as a population, are distinct from EVs in that they are more homogeneous in light
scattering properties (Fig. 1F). They are also more resistant to the uptake of membrane dyes when
directly labeled (Fig. 4), and appear to contain slightly more nucleic acids than the EVs (Fig. 6E). These
small differences are important in the context that EVs will contaminate even the purest of retrovirus
preparations, as fractionation, filtration, and size exclusion techniques are not entirely effective(344).
Furthermore, given that EVs are known to harbour viral proteins and nucleic acid fragments, and share

numerous surface markers, it is most challenging to discriminate them using standard biochemical
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approaches(344). If single-particle characterizations are carried out on viruses, it is therefore essential to

develop methods to discriminate them from EVs.

In this work, we clearly demonstrate that a fluorescent tag on the retroviral envelope glycoprotein of
MLV can serve as an excellent identifier. While providing specificity to detect viral particles, our
MLVeGFP virus enabled us to evaluate the efficacy of various membrane dyes and staining methods. We
found that retroviruses released in the cell supernatant were generally poorly amenable to staining with
membrane dyes, in contrast to EVs (Fig. 4). This may be indicative of small, but significant biochemical
differences in the membranous envelope of retroviruses and EVs. However, approximately 8 — 17% of
viruses do appear to have been labeled by the dyes. This does not come as a complete surprise since it
has been previously documented that a small fraction of MLVs are released through the endosomal
pathway rather than budding at the cell surface and these viral particles might take up dye more
efficiently than virus budding at the cell surface(120, 487). This would suggest that these dual-stained
retroviruses share even greater biochemical similarities to small EVs, which are mostly comprised of
exosomes(447). In comparison, the indirect staining method may label the viruses non-specifically
through uptake of unbound dye present in the cytosol or indirectly through packaging of

macromolecules stained by the dye (Fig. 5).

Fluorescent labelling of the virus with dyes had a severe impact on its infectivity (Fig. 5F and 5G). Even
DHPE-Rhodamine, which stained very poorly, had a negative impact on infectivity. Our data indicate that
membrane dyes are imposing a defect at egress in the producer cells or are directly affecting the
infected cell metabolism (Fig 5G). It is clear that these staining methods are not suitable for some
downstream applications that require infectious virus, and caution should be taken when analyzing viral
fitness using chemically stained particles. Similarly, the same caution should be taken when using these

dyes with EVs for functional studies.
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In a further attempt to differentiate retroviruses and EVs, we investigated if nucleic acid packaging could
be a discriminating factor. Though MLVeGFP was unable to be clearly resolved from EVs by dual lipid
and nucleic acid staining, it did show superior particle homogeneity and slightly more fluorescence (Fig.
6C, 6F and 6G). In contrast, VV which has a much larger physical size (250x270x360nm)(488) and

genome than MLVs is clearly resolved by using a fluorescent nucleic acid dye and SSC (Fig. 61 and 6J).

With technical advancements in flow cytometry it is now possible to visualize nanoparticles in the 90 —
120 nm size range using NFC. This innovation opens a wide array of new possibilities that result from
single particle analysis of viruses and EVs that include the individual profiling of surface antigens, sorting
of particles with distinct markers, and even the precise enumeration of particles displaying certain
fluorescence or light scattering characteristics. NFC has the potential to bring new understanding to the
fields of virology and EV research, as it provides a tool to answer questions that were not previously

possible to address.

Methods
The datasets generated during and/or analysed during the current study are available from the

corresponding author on reasonable request.

Flow cytometer features and specifications. SORP BD LSRFortessa for small particle detection with
a PMT for forward scatter detection. Specifications for laser wavelengths and power are as follows: 405
nm —50 mW, 488 nm —300 mW, 561 nm — 50 mW, and 640 nm — 40 mW. Acquisition was done with BD
FACSDiva version 8.0.1. BD Coherent Connection software was used for laser power adjustments.
Samples, unless otherwise indicated, were acquired on the Jow sample pressure setting (at 5 turns on
the fine adjustment knob), which equated to a measured flow rate of 20 pl/min. This instrument is run
with a BD FACSFlow Supply System (FFSS) for day to day acquisition of cells, however for small particle

detection, a dedicated steel sheath tank with a 0.1um inline filter was used along with a separate waste
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tank. This was done because we found the FFSS contributed to excess fluctuations in instrument
background noise. Surfactant-free, ultra-filtered, low particle count sheath fluid was used for acquisition
(Clearflow Sheath Fluid — Leinco). CS&T was run using the dedicated tank to obtain appropriate laser
delays for use with the tank, since there is a difference in pressure between the FFSS and the steel tank.
Instrument cleaning procedure prior to acquisition: 10mins distilled water, 30 min FACSClean (BD
Biosciences), 10min distilled water, 60 min 10% Decon™ Contrad™ 70 Liquid Detergent (Thermo Fisher

Scientific), and 10 min distilled water.

Fluorescence Index calculation. The fluorescence index was calculated as the difference of the
median fluorescence intensity of the positive and negative population divided by the standard of

deviation of the negative population. Fluorescence index = (MFIpos — MFIneg)/SDneg.

Data acquisition and analysis. Flow cytometry data was displayed in height for all figures. For small
particle analysis, height is the preferred parameter over area. Area is the integrated value of an

electronic pulse based on the height and width (time of flight). However, since the particles of interest
are very small, the width or time of flight measurements become less precise. This leaves height as the

intensity of the signal as the most accurate parameter for analysis of submicron-sized particles.

In our instrument platform, side-scatter was chosen over forward-scattered light detection for the
approximation of particle sizes. As approximated by Mie Scatter Theory, the angle of light scatter from a
particle in the 100-200 nm size range is such that more light is captured at the side-scatter angle rather
than forward, whereas with a cell-sized particle (10um) the opposite is true(469, 489). We found that
despite having a PMT for FSC detection, resolution in SSC was still superior for our particles of interest.
Flow cytometry data was analysed using Flowjo VX (FLOWJO, LLC). GraphPad Prism v6 was used for the

generation of graphs (GraphPad Software).
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Fluorescent polystyrene beads. Megamix-Plus SSC fluorescently labeled beads (Biocytex, Marseille,
France #7803) with 160nm, 200nm, 240nm, and 500nm size populations was used. The 500nm bead

population was off scale when run at settings optimized for MLVeGFP resolution.

Cells, Plasmids and Viruses
Cell Culture: Human embryonic kidney (HEK) 293T and mouse embryonic fibroblast NIH 3T3 cells
were cultured in DMEM High Glucose Medium (Wisent, St Bruno, Canada), supplemented with 10%
Fetal Bovine Serum (FBS, Gibco by Thermo Fischer Scientific, Waltham, MA), 100 U/mL penicillin and 100
ug/mL streptomycin (Wisent, St Bruno, Canada). This media will be referred to as complete media.

Propagation was continued at 37°Cin a 5% CO, incubator.

MLVeGFP: Replicative Moloney-MLYV, referred to as MLVeGFP throughout this study, was produced
from the pMOV-eGFP expression plasmid(319, 371, 372). The eGFP reporter is inserted in frame within
the proline-rich region of the viral envelope glycoprotein, is expressed on the exterior surface of the

virus, and does not alter infectivity nor ecotropic receptor specificity(372).

Production of MLVeGFP from chronically infected cells. Aside from MLVeGFP used in Fig.1D —
1H that was produced by plasmid transfection in 293T cells, MLVeGFP virions were otherwise produced
from chronically infected NIH 3T3 cells. For the generation of chronically infected cells, NIH 3T3 cells
were infected with MLVeGFP at a very high multiplicity of infection (MOI). In short, 10mL of MLVeGFP-
containing cell supernatant was produced by transfection of 293T cells in a 10cm dish for 72h. The
supernatant was cleared through a 0.45um filter and was ultra-centrifuged at 100,000xg for 3h in a 70Ti
rotor at 4°C. The entire viral pellet was resuspended in DMEM and used to infect NIH 3T3 cells seeded at
500 000 cells /well in a 6-well dish. For virus production, uninfected control cells or chronically infected
NIH 3T3 cells were seeded at a density of 5 x 10° cells/well in 6-well plates in complete media. After 18h,

cells were washed three times with 0.1um filtered PBS and incubated in 1.5 ml of 0.1um filtered, serum-
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, antibiotic- and phenol red-free DMEM for 3h. Unless otherwise stated, the cell supernatant was passed
through a 0.45um acrodisc syringe filter with SuPor (PES) membrane (Pall Corporation, Port Washington,

NY, cat. #PN4614) and diluted 100-fold in 0.1um ultrafiltered PBS before NFC analysis.

Production of MLVeGFP by transfection. The plasmid eGFP-C3 (Clontech, Mountain View, CA)
was used for cytoplasmic eGFP expression. For the construction of an Env-eGFP expression plasmid, the
Env-eGFP gene of pMOV-eGFP was amplified by PCR using the following primers: 5’-
GCTAGCGCCGCCACCATGGCGCGTTCAACGCTCTCAAAACC-3’ (forward) and 5'-
CTCGAGCTATGGCTCGTACTCTATAGGCTTCAGCTGGTG-3’ (reverse). The amplification product was then
inserted between the Nhel and Xhol restriction sites of the expression vector pcDNA 3.1 (-) downstream

of the CMV promoter.

For virus or EV production, 293T cells were transfected with pMOV-eGFP, pEnv-eGFP or peGFP-C3. 24h
before transfection, 293T cells were seeded at a density of 1.25 x 10° cells/well in a 24-well plate in
complete DMEM media. For each well, a total of 500 ng of DNA was transfected using GenelJuice
(Novagen, EMD Millipore, Billerica, MA) according to manufacturer’s instructions. After 36h, the cells
were washed with PBS and media was changed to 0.1um-filtered, serum and phenol red-free DMEM
(Wisent), to allow for virus or EV production with minimal contaminants. After 3h, the cell supernatant
was harvested and cleared through a 0.45um acrodisc syringe filter with SuPor (PES) membrane (Pall
Corporation) unless otherwise specified. For analysis of the effects of microfiltration on viral sample,
supernatants were filtered through 0.1um (cat. #PN4612), 0.2um (cat. #PN4612) or 0.45um filters (Pall
Corporation). Samples produced from transfections were diluted 1:10 in 0.1um-filered PBS prior to

analysis by NFC.

Virus titer calculations. To calculate of the viral titer in transducing units (TU) / mL, known volumes

of 0.45um-filtered viral supernatant was titrated on 1.0 x 10° NIH 3T3 cells per well in a 12-well plate.
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Twenty-four hours post-infection, these cells were analyzed by flow cytometry. Infections ranging from
2-30% were assumed to have one productive integration per cell, and used to calculate TU/mL with the

following formula: TU / mL = # of infected cells / volume of viral supernatant.

Viral genome quantifications by ddPCR. Viral RNA genomes were isolated from infected cell
supernatants using the QlAamp Viral RNA Mini Kit (Qiagen) following manufacturer’s guidelines. The
RNA eluate was then reverse transcribed using the Advanced cDNA Synthesis Kit (Wisent) and analyzed
by droplet digital PCR, using the QX200 system (BioRad), for the presence of the eGFP coding sequence.
The primers used for this analysis were R279-FWD and R279-REV, as previously described by our
group(409). Data was analyzed using QuantaSoft™ and extrapolated based on the dilutions used for the

assay.

Vaccinia virus stock preparation. VVDD-mCherry stocks were obtained from John C. Bell. Briefly,
virus stocks were produced by infecting Hela cells at a low MOI (0.01). Infected cells were lysed by
repeat freeze-thaw cycles (-80°C/37°C), cell debris was removed by centrifugation, and virus was

clarified through a sucrose cushion at 20,700 x g with a JS-13.1 rotor for 80 min at 4°C (370, 490, 491).

Nanoparticle tracking analysis and zeta potential measurement. Nanoparticle tracking analysis
(NTA) was carried out using the ZetaView PMX110 Multiple Parameter Particle Tracking Analyzer
(Particle Metrix, Meerbusch, Germany) in size mode using ZetaView software version 8.02.28. Samples
were diluted in PBS to ~107 particles/ml. The system was calibrated using 105 and 500 nm polystyrene
beads and then videos were recorded and analyzed at all 11 camera positions with a 2 second video
length, a camera frame rate of 30 fps and a temperature of 21° C. Analysis was performed using Particle
Explorer version 1.6.9 (Particle Metrix). Analysis parameters were: segmentation-fixed, centroid
estimation-blob, drift compensation-auto, log detection threshold-0.0175, max particle size-1000, min

particle size-6.0, segment threshold-18. Results are displayed as the percentage of particles within 25
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nm segments and as mean particle size. Zeta potential was measured using the ZetaView PMX 110
Multiple Parameter Particle Tracking Analyzer (Particle Metrix) in zeta potential mode as described
previously (492). All measurements were performed at 21°C using samples diluted in 0.1x phosphate
buffered saline (diluted in double-distilled H,O to ensure conductivity of approximately 500 pS/cm.
Uninfected supernatants were diluted 1:10 and MLVeGFP was diluted 1:100 to achieve equivalent
particle concentrations. Data were analysed using ZetaView software (version 8.02.28). Instrument
settings were as follows, sensitivity: 85, frame rate: 30 frames per second, shutter speed: 100. Post-
acquisition parameters were set to a minimum brightness of 20, a maximum size of 200 pixels, and a
minimum size of 5 pixels. Temperature, conductivity, electrical field, drift, and pH of the diluent were
consistent for all samples. The zeta potential of particles released in the supernatent of non-infected

cells was -23.2 + 2.5 mV, and -33.6 + 2.6 mV for particles in the infected cell supernatant.

Lipophilic membrane dyes and nucleic acid labeling
Direct labeling with lipid dyes: Dyes were added directly to undiluted control or MLVeGFP
containing supernatant at optimized concentrations indicated below. The dye-labeled control or viral
supernatants were diluted 1:10 and 1:100 in 0.1um filtered PBS, respectively. These were then filtered
with a 0.45um pore-size syringe filter prior to acquisition on the cytometer. DiD and Dil solutions were
used at 10uM, while DHPE-Rhodamine, FM 4-64X and BODIPY TR Ceramide were used at 10ug/mL (all

Thermo Fisher Scientific).

Indirect labeling with lipid dyes: Uninfected and infected NIH 3T3 cells were cultured overnight
with dye. The following day, cells were washed 3 times with 0.1um-filtered PBS to remove excess dye.
Following washing, the cells were placed back in the 37°C incubator with 0.1um filtered, serum and
phenol red-free media. After 3h, supernatant was collected, 0.45um-filtered (unless otherwise

indicated), and analyzed by NFC. As before, control or viral supernatants were diluted 1:10 and 1:100 in
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0.1um filtered-PBS, respectively. DiD and Dil solutions were used at 25uM, DHPE-Rhodamine and FM 4-
64X were used at 25ug/mL, and BODIPY TR Ceramide was used at 12.5ug/mL. DiD and Dil were dissolved
in ethanol, while DHPE-Rhodamine, FM 4-64X and BODIPY TR Ceramide were dissolved in methanol.
Titrations were performed for both the direct and indirect labeling methods and optimal concentrations

were chosen (data not shown).

Nucleic acid labeling. The protocol for nucleic acid labeling with SYBR Green was adapted from
Brussard et al. (363, 454). Briefly, supernatants were fixed in 2% methanol-free paraformaldeyde (PFA)
solution (Thermo Fisher Scientific, cat. #28906). Virus samples were stained with 1x SYBR Green | (DNA)
or SYBR Green Il (RNA) at 80°C for 10 minutes. For dual labeling of MLVeGFP, lipophilic dye was loaded
onto the virus by indirect labeling prior to nucleic acid staining. For dual labeling of VV, virus particles
were labeled using the direct method post SYBR Green | staining. Samples were diluted and 0.45um-

filtered after staining for analysis by NFC.

Fluorescence Microscopy. Uninfected NIH3T3 cells were labeled as described above for the indirect
staining method, but scaled down to fit 35 mm dishes (lbidi, Fitchburg, WI). The Zeiss LSM 880 was used

for live imaging confocal microscopy, ImagelJ (1.8.0) was used to generate the images.
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ABSTRACT

Murine leukemia viruses (MLVs) have long been used as a research model to further our understanding of
retroviruses. These simple gammaretroviruses have been studied extensively in various facets of science
for nearly half a century, yet we have surprisingly little quantitative information about some of the basic
features of these viral particles. These include parameters such as the genome packaging efficiency and the
number of particles required for a productive infection. The reason for this knowledge gap relies primarily
on the technical challenge of accurately measuring intact viral particles from infected cell supernatants.
Virus infected cells are well known to release soluble viral proteins, defective viruses and extracellular
vesicles (EVs) harboring viral proteins that may mimic viruses, all of which can skew virus titer
quantifications. Flow virometry, also known as nanoscale flow cytometry or simply small particle flow
cytometry, is an emerging analytical method enabling high throughput single-virus phenotypic

characterizations. By utilizing the viral envelope glycoprotein (Env) and monodisperse light scattering

157



characteristics as discerning parameters of intact virus particles, here we analyzed the basic properties of
Moloney MLV (M-MLV). We show that less than 24% of total p30 capsid protein measured in infected
cell supernatants is associated with intact viruses. We calculate that about one in five M-MLYV particles
contain a viral RNA genome pair and that individual intact particle infectivity is about 0.4%. These findings
provide new insights into the characteristics of an extensively studied prototypical retrovirus, while

highlighting the benefits of flow virometry for the field of virology.

IMPORTANCE

Gammaretroviruses, or more specifically murine leukemia viruses (MLVs), have been a longstanding
model for studying retroviruses. Although being extensively analysed and dissected for decades, several
facets of MLV biology are still poorly understood. One of the primary challenges has been enumerating
total intact virus particles in a sample. While several analytical methods can precisely measure virus protein
amounts, MLVs are known to induce the secretion of soluble and vesicle-associated viral proteins that can
skew these measurements. With recent technological advances in flow cytometry, it is now possible to
analyze viruses down to 90nm in diameter with an approach called flow virometry. The technique has the
added benefit of being able to discriminate viruses from extracellular vesicles and free viral proteins in
order to confidently provide an intact viral particle count. Here we used flow virometry to provide new

insights into the basic characteristics of Moloney MLV.

INTRODUCTION

Murine leukemia viruses (MLVs) were first discovered as a result of their oncogenic effects over half a
century ago (18, 21, 22). Shortly thereafter, it was revealed that infections of germline cells led to the
heritable and ubiquitous nature of endogenous retroviruses (ERVS) (34, 35). In this regard, ERVs account
for 8-10% of the mouse genome (493). Typically most mouse ERVs were found to be closely related to
gammaretroviruses resembling MLV (493). The broad popularity of MLV as a model retrovirus began with

its critical role in David Baltimore’s research that led to the shared discovery of the reverse transcriptase
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with Howard Temin who was focusing on another retrovirus, Rous sarcoma virus (38, 494). The role of
MLV as a prototypical retrovirus has been escalated by its genomic simplicity, originally thought to encode
only the bare necessities for retroviral replication and infection: Gag, Pol and Env (63). Dissection of the
function of these three proteins and of the retroviral replication cycle of MLV has been invaluable for the

field of retrovirology (157, 495).

Much of the knowledge acquired by studying MLV family members has been relatable to more complex
retroviruses, as well as those with more direct relevance to humans, such as the human immunodeficiency
virus (HIV) and the human T-cell lymphotropic virus (HTLV). These findings include the process of
reverse transcription, integration, viral genomic RNA dimerization, and selective viral RNA packaging
(Reviewed in (496-498)). An enhanced understanding of retroviruses has also created the opportunity of
using MLV as a gene therapy vector in the laboratory, given its well-documented genome and versatility
in stable gene delivery. In the clinic, however, HIV-based lentiviral vectors have become more favorable
candidates for gene therapy in humans due to their reduced oncogenic potential compared to MLV vectors
(499). Despite a wide array of data revolving around MLV and other retroviruses, there remains important
knowledge gaps in the field. These include quantitative assessments of the physical viral titer, the viral
genome packaging efficiencies and the number of particles required for a productive infection. These issues

can easily be addressed if a method could rapidly discriminate and enumerate intact viral particles.

Generally, methods that quantify physical viral titers target individual viral components (i.e. nucleic acids
or proteins) within a homogenized virus sample. While being invaluable tools, these types of approaches
do not provide direct information on individual virus particles. Secreted proteins, degraded virions and
extracellular vesicles (EVs) represent sources of impurities within a viral sample. EVs are an important
confounding factor, given their propensity to incorporate viral protein and genomic content in a similar
fashion as viruses (344, 500, 501). The concern of EV contamination in this regard is further emphasized
when considering the significant overlap between EV and virus biogenesis (337, 451, 502). This is

especially true for retroviruses, which have evolved to assemble and egress using largely shared synthesis
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and secretory pathways as EVs (116, 120, 340). In fact, our group and others have highlighted the
incorporation of MLV proteins into EVs (310, 369). It is therefore clear that in order to effectively quantify

viral samples, a robust discrimination between EVs and intact viral particles must be achieved.

In this report we demonstrate that small particle flow cytometry performed on viruses, an approach called
flow virometry (FVM), can be used as a rapid, high throughput and effective method to quantify intact viral
particles released by an infected cell. To validate this approach, we employed the use of a model retrovirus,
the Moloney murine leukemia virus (M-MLV). The laboratory strain used here has been modified to contain
a superfolder green fluorescent protein (sfGFP) within the proline rich region of the viral envelope
glycoprotein (Env). We confirm our previously published results that MLV Env is an effective
discrimination marker to distinguish virus from EVs based on fluorescence intensity and side scattered
(SSC) light profiles by FVM (369, 373). We then compared virion titer quantifications by FVM to other
common analytical techniques and demonstrate the importance of discriminating intact virions from EVs
and from free viral proteins. Finally, to further highlight the value of FVM, we correlated intact MLV
particle counts to the infection rate and to the absolute amount of viral genomic RNA (gRNA). These
parameters then enabled us to calculate the infectivity of M-MLV and its genome packaging efficiency,

which to this point was unknown.

MATERIALS AND METHODS

Cells
Human embryonic kidney epithelium cells (293T) and mouse embryonic fibroblasts (NIH 3T3), were
cultured in DMEM high glucose medium (Wisent) that has been supplemented with 10% Fetal Bovine
Serum (FBS) (Corning), 100U/mL penicillin and 100pg/mL streptomycin (Wisent) and propagated in an

incubator at 37°C with 5% CO..
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Plasmids and Viruses
The plasmid encoding M-MLV-sfGFP was generated through restriction-free cloning to replace the eGFP
in the M-MLYV vector which has been described by our group previously (368, 369). FWD Primer: 5’-
TTCAGTCACCAAACCACCCAGTGGGAGCAAGGGCGAGGAACTGTTCACC-3’, REV  Primer: 5’-
CGGTACGTACGCACCGGTGGACTTGTACAGCTTGTACAGCTCGTCCATGCCGTGGG-3’. This plasmid
originated from the pMOV-eGFP vector, which has been described before (371, 372). To create MLV-
DsfGFP, an R96C mutation was  created within sfGFP. FWD Primer: 5°-
GCTACGTGCAGGAATGCACCATCAGCTTCAAGGACGACGGC-3; REV Primer: 5°-
CTTGAAGCTGATGGTGCATTCCTGCACGTAGCCCTCGGGC-‘3. For M-MLV-V5, which was created in
this study, restriction-free cloning was conducted to insert the V5 tag within the proline-rich region of MLV
Env. FWD Primer: 5°-

GTGGGGGTATACGCGTGGGCAAGCCGATTCCCAATCCTCTGCTTGGCCTCGATTCAACTACGCGTGGG

GCGATCGCGCCCGGG-3 and REV Primer: 5’-

CCGAAGAGCAAAATCATTAGGAGTACAATGAGGGGTCCC-3.

Generation of MLV-sfGFP producer clones and virus production
The principal virus used throughout this study is M-MLV with sfGFP inserted in the proline-rich region of
Env creating a fusion protein (Env-sfGFP) with sfGFP being exposed on the surface of the virus (368, 369,
372, 373, 503). We call this virus MLV-sfGFP throughout our study for simplicity. Virus was produced
from chronically infected NIH 3T3 cells as previously described (368, 369, 373). However, in order to
monitor possible heterogeneity between individual virus particles, these chronically infected cells were
single-cell sorted based on sfGFP expression and expanded. For this investigation, virus released from ten

different monoclonal expansions of chronically infected cells were randomly selected and scrutinized.

To produce virus, chronically infected NIH 3T3 cell clones were seeded at a density of 2x10° cells per well
in a 6-well plate. Exactly 2mL of media was provided for the incubation period of 72hrs. Supernatants were

collected, cleared of cellular debris and passed through a 450 nm cartridge filter for downstream analysis.
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Infected producer cell clones were analyzed by flow cytometry or SDS-PAGE to measure relative protein
levels. For SDS-PAGE analysis, the following antibodies were used: R187 anti-p30 (CRL-1912; ATCC),
anti-EGFP (JL-8; Clontech), HRP-conjugated anti-rat 1gG (Sigma), HRP-conjugated anti-mouse IgG (Cell
Signaling) and HRP-conjugated anti-B-Tubulin (Abcam). For transducing unit (TU) calculations, cells were
infected at several multiplicities of infection (MOI) using spinoculation and polybrene as previously
described (369). Flow cytometry analysis was conducted at 24hrs post-infection to mitigate the impact of
viral spreading for a more accurate measurement of TU/mL in the initial stock. TUs were calculated using

the following equation:
Transducing Units / mL = number of infected cells (#) / volume of viral supernatant (mL)

Generation of stably transduced sfGFP and Env-GFP expressing cells
To generate NIH 3T3 stably expressing sfGFP and Env-GFP, we used the M-MLV-based pMXs-Puro
retroviral system (Cell BioLabs) to transduce the cells. The coding sequence of sfGFP or Env-GFP was
inserted in the multiple cloning site of pMX-Puro. Virus particles were produced by co-transfection of the
packaging plasmid pOGP (Gag-Pol) and pMDG (VSV-G), as described previously (504). Transfection of
293T cells were conducted with polyethylenimine (PEI) as described (505). Briefly, 5x10° cells were seeded
24 hrs prior to transfection. A total of 2ug of plasmid DNA was transfected at a ratio of 1:0.7:0.3 (pMXs-
Puro:pOGP:pMDG). Cells were incubated to produce virus for 72hrs before the supernatant was collected
and cleared of cellular debris by centrifugation and microfiltration. NIH 3T3 cells were infected as
described earlier. After 72hrs of expansion, the bulk of the fluorescent sfGFP- and Env-GFP-expressing

infected cells were sorted by flow cytometry. These were then expanded and used as controls for this work.

Gag and Env Quantifications by ELISA
Commercially available ELISA Kits were purchased from Cell BioLabs to analyze the levels of p30 (MuLV
Core Antigen ELISA Kit; VPK-156) and Env-GFP (GFP ELISA kit; AKR-121). Manufacturer’s

instructions were closely followed. These kits provided a reliable concentration of protein content by mass
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for p30 and GFP. The molar mass of p30 (Table 1) was used to determine moles of p30 in each sample.
For theoretical viral particle titer calculations, an average of 2187 p30 molecules were assumed to constitute
a single MLV virion (101). The molar mass of the GFP standard within AKR-121, which contains a His-
Tag, was considered to determine moles of GFP, and therefore Env-sfGFP, within each sample. Similarly,
to infer the viral particle titer, an average of 300 Env-sfGFP molecules were assumed to be expressed on

the surface of a single virion (115).

Viral Genome Quantification
The QlAamp viral RNA mini kit (Qiagen) was used to isolate RNA from viral supernatants according to
manufacturer’s instructions, with the slight modification that an RNA standard (VetMAX) was added to
the lysis buffer prior to initial lysis. RNA was eluted in nuclease free water and reverse transcribed using
QScript with RNaseH activity. RNaseH was kept to avoid synthesis of multiple copies of cDNA per RNA
molecule. The cDNA was diluted and analyzed by droplet digital PCR (ddPCR) of packaging signal (Psi)
and Env-sfGFP sequence targets within each sample. Psi FWD: 5’-TGGGGGCTCGTCCGGGAT-3’; Psi
REV: 5’-CCGGGTGTTCCGAACTCGTCAGTTC-3’; Psi Probe: 5’-
ACCCCTGCCCAGGGACCACCGACCCACC-3’; Env-sfGFP FWD: 5°-
CCGACAAGCAGAAGAACGGC-3’; Env-sfGFP REV: 5’-CTTGTACAGCTCGTCCATGCCG-3’; Env-
sfGFP Probe: 5’-CCCCGTGCTGCTGCCCRACAACCACTACC-3’. Additionally, the RNA standard was
monitored in each column to evaluate the extraction efficiency for each individual sample. A primers /
probe mixture was provided and used according to the manufacturer’s instructions (VetMAX). Data was
analyzed using QuantaSoft™ and extrapolated based on the determined extraction efficiency and dilutions

used for the assay.

Nanoparticle Tracking Analysis
Nanoparticle tracking analysis (NTA) was carried out using the ZetaView PMX110 Multiple Parameter
Particle Tracking Analyzer (Particle Metrix) in size mode using ZetaView software version 8.02.28.

Samples were diluted in PBS to ~107 particles/mL. The system was calibrated using 105 and 500 nm
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Table 5.1: Reported p30 capsid and Env content within an MLV particle.

Viral Protein  Molecular Mass  Proteins per

(kDa) virus particle
Capsid (p30) 30.61* 1100 - 1800
(436)
1860 — 2514
(101)
Envelope 73.30* 60 — 210 (506)
g'yi‘é?]rvo)te'n 240 — 360 (115)
~300 (467)

*Molecular mass without post-translational modifications.
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polystyrene beads and then videos were recorded and analyzed at all 11 camera positions with a 2 second

video length, a camera frame rate of 30 fps, a shutter of 70 and a temperature of 21°C.

Flow Virometry analysis
A detailed description of the instrument settings and the MLV particles used in this study by FVM was
published recently and uploaded to the BioRxiv preprint server (503). FVM was conducted using a
Beckman Coulter CytoFLEX S using 405nm SSC-H as a threshold parameter (threshold typically at 1500
a.u.). All virus samples were passed through 0.45um cartridge filters, unless otherwise stated, and analyzed
without additional concentration or enrichment. Antibody staining was carried out with an aliquot of virus
using PE-conjugated anti-GFP (FM264G; BioLegend) at a final concentration of 0.2ug/mL, this was then
diluted for analysis. Optimal antibody concentrations for staining were previously established (373, 503).
PE-conjugated polyclonal anti-V5 (Abcam; ab72480) was used at a concentration of 0.8ug/mL. Non-viral
supernatants are analyzed at a 1 in 250 dilution, while viral supernatants are diluted 1 in 1000 using 100nm
filtered PBS. Samples were acquired for 1min on the slow flow setting for a total of 10uL of each diluted

sample. Concentrations are then extrapolated based on dilution factors.

RESULTS

Generation of ten unique virus producer cell clones. When retroviruses infect a cell population, a
large proportion of cells will harbor proviruses integrated in unique positions in their genome (179, 180).
Furthermore, transduced cells may harbor one or several integrated proviral genomes. These factors may
affect both host and viral gene expression and result in cell-to-cell variabilities in regards to virus gene
expression, virus production, efficiency, and virus infectivity. For this study, we used M-MLV that
expresses sFGFP on its surface as a fusion protein with Env (MLV-sfGFP). MLV-sfGFP viral particles were
used to infect NIH 3T3 cells and then infected fluorescent cells were isolated by single-cell sorting by flow
cytometry. Ten fluorescent virus-producing cell clones (C1 to C10) were then randomly selected, expanded,
and used throughout this study. Virus-containing supernatants from these clonal cell populations were

directly used in our experiments without further enrichment and constitute the viral clone stocks.
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Assessment of the MLV particle titer by ELISA. ELISAs were conducted to measure the amount
two viral protein constituents: the viral capsid (p30) protein and Env in each of the viral clone stocks.
ELISA is routinely used in the field to normalize virus input. Through the use of commercially available
p30 and GFP ELISA kits, we found that each of the ten MLV-sfGFP clones displayed levels of p30 and
Env within less than an order of magnitude of each other (Fig. 1A). With knowledge of the molar mass for
these proteins, a concentration of molecules can be calculated (Fig. 1B). Guided by published literature
values for the number of p30 and Env molecules in a single MLV virion (Table 1), ranges of inferred viral
particle concentrations within these stocks were estimated (Fig. 1C). For our calculations, we used 2187
p30 molecules and 300 Env molecules per virion, which both constitute the median of published reported
values (Table 1) (101, 115). If all p30 and Env molecules measured by ELISA were virus-associated, the
average virus titer would be 2.55+0.06 x 10 particles/mL based on p30, or 2.53+0.10 x 10%° particles/mL
based on Env. However, this is likely to be an overestimate due to the presence of soluble or EV-associated
viral proteins. The ratio of p30-to-Env is also constant among all ten clones tested averaging at 7.4 + 0.8,

except for one outlier at 5.4 + 0.3(Fig. 1D).

Viral RNA genome content. As an alternative to protein content, measuring viral genomic content is
another typical approach to estimate quantities of virus. MLV has been well-defined to specifically package
zero or two copies of its viral RNA genome (gRNA), with no specific affinity for monomeric viral gRNA
(77,78, 127, 507). Here, we sought to determine the relative abundance of viral gRNA in each viral clone
stock by amplifying two different regions of the viral genome: the packaging signal (Psi) and Env. Viral
gRNA was isolated from an aliquot of each stock using a commercially available silica-based extraction
column with carrier RNA to increase recovery. To account for possible nucleic acid loss during the
purification process, a set amount of a commercial RNA standard was spiked into the lysis buffer before
each extraction. The purified nucleic acid was then reverse transcribed into a cDNA that was then used as
a template for probe-based droplet digital PCR (ddPCR) to determine the absolute copy number of viral

gRNAs.
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Figure 5.1. Viral titer measurement by ELISA.

(A) Protein content in viral supernatants was assessed using commercially available ELISA to quantify
both p30 and Env (GFP) levels. (B) The concentration in (A) was converted to protein molecules using
corresponding molecular masses (Table 1). (C) Number of protein molecules in (B) were converted to an
inferred virus titer based on the stoichiometry outlined in Table 1. An average of 2187 p30 molecules and
300 Env molecules per virion is assumed based on the published literature. (D) The ratio of p30: Env protein

molecules is illustrated for each viral stock.
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While total isolation efficiency was monitored using the internally spiked RNA standard, the efficiency of
each individual step was also monitored. Free RNA spiked into culture supernatants was rapidly degraded,
while monitoring the isolation efficiency was made possible by spiking the RNA standard directly into the
viral lysis buffer where RNase activity has been inactivated (Fig. 2A). In our system, we determined the
RNA extraction efficiency to be approximately 50%, while reverse transcription (RT) maintained an
efficiency of over 70%. Tracking the spiked RNA standard allowed us to determine the total procedural
efficiency of viral cDNA synthesis for each independent sample, which averaged to be around 33% (Fig.
2A). Through this determination of total isolation efficiency, the absolute number of viral gRNA copies
was calculated for both Psi and Env amplicons (Fig. 2B). Similar to the ELISA results, the level of viral
gRNA in each stock was quite consistent between each of the ten clones tested with on average 2.19 + 0.22

x 10° genomes/mL.

MLV infectious titer. Not all viruses released from a transduced cell are infectious. Some viruses are
devoid of genomes, others may harbor inactivating mutations or may be defective. Furthermore, given that
the supernatant of infected cells contains soluble viral proteins, degraded virions, virus-like particles (VLPS)
and EVs containing viral components, determining the true viral titer can be very challenging. As such, the
infectious titer is often used for practical and functional reasons. Here, NIH 3T3 cells were infected with
each of the viral clones and monitored for GFP fluorescence 24 hours post-infection by flow cytometry. By
knowing the number of target cells infected and the volume of supernatant used, it is simple to determine
the overall concentration of infectious or transducing units (TU) in the sample. Our data shows that the ten

clones exhibited an average infectious titer of 2.18 + 0.20 x10” TU/mL (Fig. 2C).

Characterization of sfGFP, Env-GFP and MLV-sfGFP producer cells and their
supernatants. The accuracy of the various viral quantification methods is in large part limited by the
ability to enumerate intact viral particles. Importantly, given the ‘bulk’ nature of these analytical methods,
it is extremely challenging to discern the influence of soluble or EV-associated viral constituents. As a

result, little robust information is currently available, for instance, about the genome packaging efficiency
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Figure 5.2. Measurement of viral gRNA and of the infectious titer.

(A) Efficiency of RNA column extraction and reverse transcription was monitored using an RNA standard.
(B) Using the efficiency from (A), the absolute number of viral genomes was determined using a ddPCR
strategy targeting the packaging signal (Psi) or Env. (C) Transducing units (TU) were measured for each
viral stock clone. Virus was analyzed from 10 independent cell clones producing MLV-sfGFP. Each data
point is representative of 2 independent experiments. P values were calculated by paired Student’s t test.
**, P<0.01.
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of M-MLYV or the actual infectivity of released particles. This is because such calculations require an exact
enumeration of intact viral particles in a sample (i.e. the physical titer). However, we have shown in a recent
publication that Env expressed on the surface of M-MLV produced by cell transfection is a robust

discrimination marker that can distinguish intact MLVs from EVs by FVM (373).

Here we wanted to determine if this discrimination between EVs and viruses holds true if Env is expressed
by a retroviral vector in transduced cells, in contrast to episomal plasmid-expressed Env as we previously
reported (373). To investigate this issue, we cloned sfGFP or the Env-GFP fusion protein into a retroviral
vector to stably transduce NIH 3T3 cells. Infected fluorescent cells were then sorted to purity by flow
cytometry. For sfGFP, we established cell populations expressing low and high levels of fluorescence by

cell sorting. Cells labeled as control in the figures represent untransduced NIH 3T3 cells.

Transduced cells and their supernatants were analyzed by SDS-PAGE and blotted for GFP, B-tubulin and
p30. As expected, transduced cells showed the appropriate sizes for GFP (~27kDa), unprocessed Env-GFP
(~115kDa; gPr85-GFP) and the furin-cleaved surface (SU) moiety of Env-GFP that contains the fluorescent
reporter protein (~100kDa; gp70-GFP) (Fig. 3A). The Env-GFP transduced cells also displayed an
additional band of unknown nature (~60kDa). Expression of p30 was not detectable in either the cell lysates
or in the supernatants, as would be expected (data not shown). Importantly, we did not detect GFP
expression by Western blot analysis in the supernatants of transduced sfGFP or Env-GFP cells, not even
when the supernatants were concentrated by ultracentrifugation (data not shown), which is not completely

unexpected (361).

We then analysed each of the ten MLV-sfGFP producing cell clones and their supernatants by Western blot
analysis (Fig. 3B and 3C). Our results show that the cell lysates of all ten clones also exhibit unprocessed
and processed Env-GFP of the same size as the Env-GFP control, and p30 capsid protein in similar
proportions to their respective Env-GFP (Fig. 3B). Similarly, supernatants from the various clones all had
detectable levels of Env-GFP (SU) and proportional levels of their respective p30 (Fig. 3C). Despite
differences in virus protein expression, egress viruses from all ten cell clones nearly completely resolved
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Figure 5.3. Comparative uptake of sfGFP and Env-GFP by MLV and EVs.

SDS-PAGE analysis of (A) sorted NIH 3T3 cells transduced with a retroviral vector expressing sfGFP or
Env-GFP or (B) ten infected cell clones producing replicative MLV-sfGFP. (C) Viral supernatants from
the cell clones were analyzed by SDS-PAGE and probed for p30and Env-GFP content. C1-C10depicts a
unique chronically infected MLV-sfGFP cell clone isolated by single-cell sorting. (D) Supernatants from
each of the ten clonal producer cells were analyzed by FVM. The gated region highlights GFP-positive
particles. Each dot plot is representative of two independent experiments. (E) Histograms illustrating the

GFP fluorescence intensity profiles from each of the ten clones analyzed in (D).
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from instrument noise and non-fluorescent particles in the sample by FVM (Fig. 3D), and all viruses

exhibited a highly homogenous fluorescent intensity (Fig. 3E).

Discrimination of MLV-sfGFP from EVs by FVM. The supernatants from MLV-sfGFP infected
cell clones and from the sfGFP and Env-GFP transduced cells were directedly analyzed by FVM without
further enrichment as previously described (373, 503). To minimize particle coincidence during sample
acquisition, MLV-sfGFP samples were diluted 4-fold more than samples from sfGFP and Env-GFP
transduced cells (Fig. 4A). Low frequency and dispersed fluorescent events were detected in supernatants
from the sfGFP cells that corelate with their respective level of cytosolic sSfGFP expression (Fig. 4A and
4B). These events likely correspond to EVs that incorporate cytosolic sSfGFP as cargo. Env-GFP expressing
cells also display low frequency fluorescent events with heterogenous SSC patterns. These are likely EVs
with Env-GFP on their surface (369). In contrast, MLV-sfGFP infected cell clones release large numbers
of highly monodisperse particles that are roughly 100-fold more abundant and 2-fold brighter than Env-

GFP particles released from producer cells (Fig. 4B and C).

Viral incorporation of Env is highly consistent. Several studies have investigated MLV assembly
and Env incorporation into the viral envelope (93, 508). Since the number of virion-associated Env
molecules may affect virus infectivity, evaluating Env levels on individual virions is of significant interest
in virology. However, until now, Env expression has primarily been calculated based on total protein
content in virus lysates (509). Given that the fluorescence intensity of each virus is directly proportional to
Env-GFP expression on its surface, it is now possible to measure relative levels of Env expression on

individual viruses by FVM.

FVM analysis shows that the fluorescence intensity of the viruses is not directly related to Env expression
levels in the infected cells (Fig. 4C and 4D). Also, MLV-sfGFP viruses acquire higher and much more
homogenous densities of Env-GFP on their surface compared to EVs (Fig. 4C). This is exemplified by two

MLV-sfGFP infected clones, each with a lower or higher relative fluorescence levels than the average in
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Figure 5.4. Enumeration and analysis of MLV and EV particles by FVM.

(A) Supernatants produced from uninfected NIH 3T3 cells (Control), sorted sfGFP and Env-GFP
transduced cells, and MLV-sfGFP producer clone 6 were analyzed by FVM. The gated region highlights
GFP-positive particles. The particles gated in (A) were analyzed for (B) number of GFP+ particles, and (C)
GFP mean fluorescence intensity (MFI). (D) The producer cells from (A) were analyzed by flow cytometry
for differences in GFP MFI. Dashed line indicates background levels established with the control sample.
Virus was analyzed from 10 independent clones producing MLV-sfGFP; each data point is representative

of two independent experiments.
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the group (Fig. 4D), whereas all viral stocks display very similar Env-sfGFP incorporation levels
(Fig. 4C). These data clearly highlight the tightly regulated nature of Env incorporation onto these

viruses.

Intact particle enumeration by FVM can be achieved by antibody staining. Using FVM to
characterize viruses may have limited use when virions do not exhibit intrinsic fluorescence such as MLV-
sfGFP. Here we attempted to stain fluorescent and non-fluorescent viruses using a PE-conjugated anti-GFP
antibody to compare intact particle counts. We generated a non-fluorescent MLV-sfGFP by mutating a
single amino acid within the sfGFP sequence (MLV-DsfGFP). The mutated MLV exhibits no detectable
GFP fluorescence but is clearly discernable by 405-SSC (Fig. 5A). Using a PE-anti-GFP antibody, we
stained virus stocks of MLV-sfGFP and MLV-DsfGFP prior to direct FVM analysis (Fig. 5B). Appropriate
concentrations of the antibody were previously established (503). Stained MLV-sfGFP and MLV-DsfGFP
viruses displayed similar profiles of scattered light and fluorescence intensity. Our results show that not
only does this display the potential of FVM for characterizing surface antigens on viral particles, but it

enables an equally accurate way of enumerating non-fluorescent virions (Fig. 5C).

Intact viral particle counts reveal a large abundance of free viral protein and non-infectious
virions. A valuable feature of FVM is its ability to provide an intact viral particle count, provided EVs are
discernible. Here we aimed to correlate intact viral particle counts to viral gRNA and virus infectivity. We
then used this information to compare the overall accuracy of FVM in parallel to some of the various other

analytical methods used to measure virus titers.

The same ten viral stocks were quantified in parallel by FVM and nanoparticle tracking analysis (NTA)
(Fig. 6A). The data was then directly compared to the other bulk analytical methods used in this study.
While NTA did reveal a slightly higher particle count, the results were not statistically different to FVM
(Fig. 6B). This highlights that the main particles in these viral stocks, from these specific producer cells,

are indeed viral particles. ELISA analysis consistently overestimated the viral particle concentration, while
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Figure 5.5. Viral particle quantification using antibody staining.

(A) FVM analysis comparing fluorescent (MLV-sfGFP, clone 6) to non-fluorescent (MLV-DsfGFP) virus.
(B) Both viral supernatants were labelled with a fluorescent phycoerythrin (PE) antibody targeting an
exposed epitope on GFP. (C) Quantification of virus stocks from three independent experiments are shown.

P values were calculated by Student’s t test. n.s.: not statistically significant, P > 0.05.
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Figure 5.6. MLV particle infectivity and viral grRNA packaging efficiency determined by FVM.

(A) All ten MLV-sfGFP stocks were quantified by FVM and nanoparticle tracking analysis (NTA).
Absolute viral counts obtained from each method is compared. Virus counts for ELISA reflect the total
number of viruses obtained if all the p30 was associated with intact virus particles. (B) Zoomed in view
from (A) to compare results obtained from FVM, NTA and Genome Pairs analysis. (C) Relationship of
virus-associated compared to free viral protein (capsid p30 or Env) is shown using the information from
(A), Figure 1B and Table 1. (D) Viral gRNA packaging efficiency calculated from information in (A) and
Figure 2B. (E) Number of virions required for a productive infection using information from (A) and Figure
2C. (F) Number of viral gRNA-containing virions required for a productive infection. Each data point is
representative of two independent experiments. P values were calculated by paired Student’s t test. **, P <
0.01; **** P <0.00001; ns, P > 0.05.
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viral genomic and TU analyses reported much lower values. With this in mind, the physical viral particle
counts obtained from the FVM analysis were used to establish their relationship to viral constituents (e.g.
protein and viral gRNA). With considerations given to published levels of p30 and Env expected in
individual MLV particles (Table 1), the ELISA data indicates that each viral stock contains a surprisingly

large amount of protein, over 76%, that is not associated with intact viral particles (Fig. 6C and Table 2).

Similarly, considering the necessity for the pairing of viral RNA genomes for efficient packaging into the
capsid, the absolute genome count can be used to determine the packaging efficiency (77, 78, 127, 507).
We illustrate that there is between a 16-21% (18% average) viral gRNA packaging efficiency for M-MLYV,
depending on whether the packaging signal (Psi) or Env sequences are used as targets for the amplification

(Fig. 6D and Table 2).

Assessment of intact particle counts by FVM can also be related to TU values to determine the number of
virions required for a single productive infection. The individual virion infectivity seems surprisingly low,
with roughly 200-400 particles required for a single productive infection of NIH 3T3 cells (Fig. 6E and
Table 2). By using the average packaging efficiency of both Psi and Env, we determined that approximately
50 genome-containing viral particles are required to productively infect a single NIH 3T3 cell (Fig. 6F and

Table 2).

sfGFP insertion into Env does not alter virion stability. An interesting finding from Fig. 6C was
the revelation of a large amount of soluble viral protein in infected cell supernatants. To determine if
the insertion of sfGFP within Env influences virion stability, we sought to compare soluble and virus-
associated p30 ratios of MLV-sfGFP to that of native M-MLV (referred to as WT) and to MLV-V5. This
latter virus has a minimally modified Env containing a 14 amino-acid V5 epitope tag insertion in place of
sfGFP (238 amino acids). Additionally, an important difference to note is that unlike MLV-V5 and MLV-
sfGFP producer cells that are clones generated through single-cell sorting, the cells producing native WT

MLV are a heterogenous and unsorted population of infected NIH 3T3 cells.
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Table 5.2: Moloney MLV infectivity, virus-associated p30/Env, and viral gRNA packaging
efficiency.

Virus- Virus- Viral gRNA Overall Virus Infectivity of
Associated p30  Associated Env  packaging efficiency? Infectivity? genome-containing
(%) (%0) (%0) (%) viruses®

(%)
23.8+22 23.9+38 18.2+1.1 0.37 £0.03 1.98 +0.13

*Per individual virion as determined by FVM, ELISA and ddPCR. Results are displayed as an average +
standard error of viral stocks analyzed in duplicate from ten unique MLV clones. Pairwise analysis was

conducted for each viral stock

! Proportion of intact virus particles containing two copies of the viral genome. Based on the literature, we assume a
retrovirus has either 0 or 2 copies of the viral genomic RNA (77, 78, 127, 355, 507). The value represents the
combined average packaging efficiency of the Psi and Env amplicons.

2Proportion of intact viral particles that generate a single transducing unit (TU) in NIH 3T3 cells.

3Proportion of genome-containing intact viral particles that generate a single transducing unit (TU) in NIH 3T3 cells.
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Due to the lack of a commercially available fluorophore-conjugated MLV Env antibody, we were unable
to directly stain WT MLV. Despite this shortcoming, enumeration of unmodified and unlabeled virus is
still possible due to its distinct and uniform SSC characteristics by FVM (Fig.7A). Staining of surface
epitopes within Env was conducted for both sfGFP and V5 (Fig. 7B). We then calculated as before
inferred particles counts by p30 ELISA (Fig. 7C), and intact particle counts for both SSC analysis and
epitope tag staining (Fig. 7D). The WT virus displayed more than 4-fold less p30 content compared to
the clones (Fig. 7C), and as a result there were fewer intact viruses in the same proportion by SSC
analysis (Fig. 7D). When comparing virus-associated to free p30 in infected cell supernatants, we notice
that the WT virus has more virus-associated p30 (28%) than MLV-sfGFP (17%) and MLV-V5 (18%) (Fig.
7E). Overall, all three types of virus produce a large amount of p30 that is not associated with intact
virus particles, while sfGFP and V5 insertions in MLV Env do not appear to exert a major impact on virus

particle stability.

DISCUSSION

Most analytical techniques in virology are incapable of differentiating intact virus form free soluble or EV-
associated viral components in a sample. It is now well established that EVs associate with viral proteins
and nucleic acids in a variety of systems (337, 344, 369, 451, 500-502). These phenomena emphasize the
importance of developing techniques to separate EVs from viral particles, either physically or analytically.
One such method to achieve this, as demonstrated here, is the use of FVM. We and others have shown the
capabilities of FVM to detect and enumerate viral particles (361, 364, 370, 373, 442, 510-513). In this work
we took the technology further to quantify intact M-MLV particles and learn more about the biology of this

important virus for the field of virology.
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Figure 5.7. Impact of Env insertions on MLV stability.

(A) FVM analysis of fluorescent MLV-sfGFP and non-fluorescent MLV-WT and MLV-V5 viruses. (B) Viral
supernatants were labelled with an antibody targeting an exposed epitope on Env (Top:anti-GFP PE;
Bottom:anti-V5 PE). (C) Viral protein concentration as determined by ELISA was converted to an inferred
virus titer based on the stoichiometry outlined in Table 1, as in Figure 1. (D) Physical titer quantification
of virus stocks based on SSC analysis and PE staining. (E) Relationship between virus-associated and free
capsid p30 protein based on data from panels C and D. The data represents four technical replicates
from one experiment. **, P <0.01; n.s., P >0.05.
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Importantly, this work was conducted with ten clonal expansions of single-cell sorted, chronically infected
NIH 3T3 cells to capture possible diversity between individual virus particles. Furthermore, demonstrating
that MLV can be distinguished from other cell-derived particles was critical. Env-GFP transduced cells
were key to demonstrate that the relative frequency of Env accumulation on EVs is only about 1% when
compared to MLV. However, one must keep in mind that the diversity, abundance and composition of EV's
are likely to vary under different infection conditions or even in other cell types. Furthermore, it is clear
that MLV incorporates a consistent amount of Env in each viral particle, more than twice that occurring in
EVs. Cytosolic or Env-fused GFP expressed at similar or even at higher levels in cells than MLV-sfGFP
do not produce EVs with the fluorescence intensity seen on the virus particles. Combined with our
previously reported virus microfiltration and NTA data (373), we are very confident that the population

visualized by FVM is in very large majority intact MLV.

Given that flow cytometer used in this work is set to threshold from SSC, only particles of a given size and
light scattering properties will trigger a perceived and recorded event. While there is understandably some
smaller EVs and various other types of particles that are below our limit of detection, free proteins or small
aggregates will also go undetected. This is an important advantage of FVM because physical removal of
these particles or even staining antibodies from samples becomes unnecessary. Additionally, MLV is
confidently identified by both its surface expression of Env and its typical monodisperse SSC profile, which
is granted by the highly controlled structural composition of the virus. These specific features thus greatly
facilitate virus particle gating confidence in FVM applications. Even among the ten MLV-sfGFP producer
cell clones analyzed, there is a disparity in Env expression of nearly 100-fold. Yet, this does not translate
into a discernable variation in Env accumulation on individual virions, highlighting the tightly regulated
incorporation of Env into MLV (Figs. 3E and 4D). Through a direct comparison of viral particle counts by
FVM and protein levels measured by ELISA, we identified that there is an abundance of free viral protein

in the chronically infected cell supernatants.
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We then addressed valid concerns that the sfGFP sequence inserted in Env could be altering the stability of
MLV. By using a WT virus and a virus with a short V5 epitope tag, we confirmed that this observation is
indeed a general feature of MLV (Fig. 7). Other groups have also investigated the effects of insertions in
MLV Env and Gag, and did not find those specific modifications to significantly alter particle structure or
infectivity (120, 130, 514). However, we did observe that cells chronically infected with the WT virus
produced fewer viruses and these displayed slightly more virus-associated p30 in their supernatants. It
should be noted that the method we used to generate the cells chronically infected with the WT virus is
slightly different to the way we produced the infected clones. Given that there is no direct way to monitor
the infection by the WT virus in live cells due to the absence of a reporter or a commercial fluorescent Env
antibody, we infected NIH 3T3 cells at a lower MOI than what was used with the clones and allowed the
infection to blindly spread over 6 weeks. The infected cell population that resulted was used for the
experiment presented in Figure 7. As such, there is a possibility that not all cells were in fact infected, or
maybe the transcription of the virus in some cells was silenced. But, more likely, fewer cells were multiply

infected which could easily explain the lower levels of virus produced overall.

Furthermore, given that the ratio of p30:Env is remains relatively constant in the supernatant of all viral
clones (Fig. 1C), we posit that the vast majority of this free protein source is composed of degraded virions,
as opposed to secreted soluble viral proteins. MLV has a relatively short half-life of 4.5hrs at 37°C, in
contrast to >200hrs at 4°C (129). To obtain sufficient amoutns of virus for all the different types of analyses
in this study, we harvested virus after 72hrs. This may have led to the accumulation of protein from

degraded virions.

By relating the genome pair analysis with intact MLV particle enumeration, we calculated a viral genome
packaging efficiency of between 16-21%, depending on the amplicon (Psi or Env). Viral genomes released
by damaged particles are likely a minor source of experimental bias given that free RNA was entirely and
rapidly degraded in our system. But yet again, viral genomic RNA is coated by nucleoproteins and ruptured
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capsids may still offer some level of protection against nucleases. If this were the case, the true genome
packaging efficiency of MLV would be lower than what we have calculated. EVs could also be potentially
packaging viral RNAs, but we clearly demonstrated that there is minimal presence of EVs in our samples
(Figs. 4 and 6). A small difference of 5% in packaging efficiency is seen when considering Psi (20%) and
Env (15%) sequences. Possible explanations include: 1) amplification efficiency of the Psi sequence is
slightly better than that of Env; or 2) a minor Psi+ and Env- splicing variant of the viral gRNA is recruited
into virions. Although co-packaging of full-length viral gRNA and a subgenomic RNA has been reported,
both these RNAs contain Psi and Env sequences and would unlikely contribute to the discrepancy in
packaging efficiency (515). Regardless of the small 5% difference, both Psi or Env amplicons indicate that

a large proportion of virions are lacking a RNA genome pair.

The low gRNA packaging efficiency that we have measured for MLV is in sharp contrast with the ~95%
packaging efficiency observed for HIV-1 gRNA (355). However, it must be noted that the study
referenced above was carried out with HIV-1 containing a heavily modified retroviral genome with several
gene deletions and the insertion of 18-24 stem-loops that bind to a bacteriophage viral coat protein-
fluorophore chimera. This system was used because it has the distinct benefit of single-copy resolution and
direct visualization of genomic RNA within a virion. In perspective, our present study uses a minimally
modified MLV genome that enabled us to correlate viral gRNA to intact particle counts by FVM to provide
a quantitation of genome packaging efficiency. As a next step, analysis of HIV-1 genome packaging

efficiency by FVM would be an interesting way to confirm previously published results.

A point of major intrigue that was revealed by this study is why does MLV have such poor gRNA packaging
efficiency and produces such a large abundance of virus-like particles (VLPs)? Our group has also
previously made similar observations concerning VLPs when studying the MLV glycosylated Gag
accessory protein (369). One possibility is that MLV uses genome-deficient virions, degraded virions and
EVs expressing viral proteins as decoys to overwhelm humoral immune responses. Or perhaps it is the

opposite. Maybe these VLPs act in a similar fashion as defective-interfering particles (DIPs) that have been
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recognized for a variety of other viruses to attenuate pathogenicity by stimulating viral neutralization and
antiviral immune responses for the benefit of host survival (516-520). Either of these concepts could be

contributing factors to the low pathogenicity of MLV in vivo.

Measuring viral titers has always been a primary requirement, a time-consuming chore and a challenge in
virology. For practical reasons, it is the infectious titer that is usually measured, which corresponds to the
infectious component of the total viral population in a sample. However, it has now become clear that the
physical titer of the virus population is an equally valuable parameter. Non-infectious viral particles,
especially in living animal model studies, can stimulate immune reactions to eliminate the virus (i.e.
vaccines), divert them away from the infectious viruses (i.e., immunological decoys), or even attenuate
virus pathogenicity for the benefit of the host and pathogen (i.e., DIPs). This is why classical titer
measurements such as the MOI or the Tissue Infectious Dose 50 (TCID50), that correlates infectious titers
to cytopathic effects, only describe part of the features of a given virus stock. Intact particle counts by FVM
therefore offers a quick and simple way to measure the overall physical titer which can then be more

accurately correlated to infectivity and cytopathic effects.

Precise enumeration of intact viral particles has also enabled us to calculate the number of particles required
for a single productive infection. This varied between 200-400 particles for our ten clones, resulting in
about 0.37% infectivity on average (Table 2). Albeit seemingly low, these values do fall in line with the
reported ranges for retroviral particles per infectious unit (P/IU) observed in various other systems (521).
This being said, we should emphasize that our experiments were carried out in controlled and optimized
conditions, with the use of the polycation polybrene and spinoculation to enhance infections. Regardless of
these technical efforts and because of mobility limitations of free virus in a liquid suspension that are
governed by Brownian motion, there is a distinct possibility that some of the viruses in our assays still did
not come into contact with a potential target cell (522). This scenario would result in an underestimation of
the actual number of infectious units in our samples. Thus, measurements of infectivity will vary
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considerably depending on the cells used and the experimental conditions. In sum, FVM now provides a
new and easy way of monitoring the infectious titer under different experimental conditions. Importantly,
we also demonstrated that intrinsically fluorescent viruses are not essential for use in FVM. Native viruses
can be enumerated SSC analysis, but preferably, for more accurate results, should be stained using a
fluorophore-conjugated commercial antibody (for inter-laboratory consistency) targeting highly expressed

epitopes on the surface of the virus.

Further development of FVM and much needed improvements to the fluorescence detection sensitivity of
flow cytometers will likely enable the scientific community to address new and unanswered questions about
individual virus heterogeneity inside a virus population, in the same way as it is routinely done for cells
using standard flow cytometry. As illustrated in this work, FVM can provide rapid and high throughput
information about physical and infectious virus titers, packaging efficiency, presence of defective or
interfering particles, and surface antigenic uptake. The minimal sample processing and time required to
obtain results may even make this technique suitable for clinical diagnostics, especially given its higher

sensitivity when compared to other common diagnostic methods (361).
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Chapter 6: General Discussion and Concluding Remarks

In this thesis research, | contributed to the deciphering of numerous functions of the enigmatic
Glycosylated Gag (gGag) accessory protein of the Moloney strain of murine leukemia virus (MLV). This
has implications for its role with regards to in vivo pathogenesis, as well as a restriction factor
antagonist. Furthermore, using MLV as a model, | developed flow virometry as an innovative new tool
within the repertoire of services offered by the Flow Cytometry and Virometry Core Facility at the
University of Ottawa. With this tool, | evaluated numerous aspects of MLV and uncovered biologically
relevant quantitative data that is independent of gGag expression. Altogether, the novelty of the
discoveries presented within this thesis research highlights that there are ongoing discoveries to be

made to elucidate further intricacies of retroviral infection, both simple and complex.

In Chapters 2 and 3, | investigated the role of post-translational modifications, more specifically
N-linked glycosylation, on the functionality of gGag with regards to its antagonism of APOBEC3. These
studies used a gGag-deficient virus with a mutated alternative start codon (CUG = CUA), as an
APOBEC3-susceptible control. This is notably different than conventionally used barriers of translation,
which may invoke a premature stop codon. In fact, some gGag-deficient MLV strains (i.e. Ab-X-MLV)
contain a premature stop codon located five amino acids upstream of the initiation site for MLV Gag
(305). Unfortunately, the precise positioning of the premature stop codon is rather complicated. It is
located immediately downstream of the predicted transmembrane domain, but upstream of the Gag
region. Thus, there is a high degree of likelihood that this protein is expressed and may function similarly
to the native type Il membrane protein, as they both have an identical cytoplasmic tail. This is supported
by evidence that the leader sequence of gGag is a functional protein independent of the Gag region
(314, 415). By removal of the alternative start codon, the complicated effects of a truncated gGag are

ablated in this model. Additionally, to remove N-linked glycosylation, the targeted residues were
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mutated to a structurally similar amino acid (N=>Q). Alternatively, to observe the effects of an additional
glycosylation on AKV, another MLV strain, the opposing contextual mutation was made (S>N). An
important caveat to this approach, is that these mutations also impact Gag, the essential structural
component of MLV. Through the use of these different mutants, the role of gGag within the context of
circumventing APOBEC3-mediated mutagenesis was clarified. The most novel aspect uncovered in
Chapter 2 was the gradient of susceptibility that was dependent upon the level of glycosylation of gGag.
In simpler terms, this is the order of viruses from highest to lowest levels of observable deamination and
restriction in the presence of mA3: gGag-deficient > 1 glycan > 2 glycans > 3 glycans, where 3 glycans is
the native state of gGag within Moloney MLV. This result remained true even with endogenous levels of
murine APOBEC3 (mA3) in an ex vivo setting. Albeit the levels of mutations that occurred within the
genome of AKV, an ERV with 2 glycans on gGag, in the presence of mA3 was significant, they did not
lethally impact the viral replicative fitness. This data implies that some viruses may have evolved to
allow for minor APOBEC3-induced mutagenesis to advance their rate of evolution. Indeed, there is a
plethora of evidence to support an evolutionary advantage with regards to APOBEC3-mediated
mutagenesis pushing for drug resistant and immune-escape HIV-1 variants (249, 255). This is especially
true when considering the context of mutations preferred by mA3, as this APOBEC3 rarely induces stop
codons (246, 523). Aside from the evolutionary implications, the findings herein were the first

implication that the C-terminal region of gGag was involved in the retroviral resistance to APOBEC3.

In Chapter 3, | aimed to decipher the mechanism behind the observed protection phenotype
from gGag and the glycosylations (369). Given the role of gGag that had already been established with
viral core stability and the associated protective phenotype with APOBEC3, | evaluated the core stability
of our gGag mutant and that of the glycosylation mutants (136, 225). With combined in vitro and
intracellular core stability assessments, it was determined that increasing the number of glycans on

gGag was linked with an increase in core stability. This finding has a remarkable correlation with the
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aforementioned susceptibility to mA3 restriction. However, mutations that occur within the capsid
domain of Gag may impose a reduced core stability by disrupting multimerization (97, 99). This often
imposes a defect on replicative fitness, as we observed with both AKV and Moloney strains when
mutating the residue equivalent to N480 on Moloney. With this in mind, | intended to distinguish
between the effects of mutating amino acid residues and the direct glycosylation. To accomplish this,
tunicamycin was used to completely block N-linked glycosylation during synthesis of the native gGag.
This virus is produced with gGag that is devoid of glycans, but still maintains the original amino acid
sequence. Interestingly, | did not observe any differences in viral core stability via an in vitro assessment
using detergents. This implies that gGag, and not the glycans, provide a structural stability to the
retrovirus. Given the conservation of these sites and their requirement for core stability, along with the
recognized phenomenon of gGag-exposure of Gag antigens on the surface of infected cells, these may
imply that the glycosylation sites were an adaptation to selective pressures. Since the glycosylated
residues, especially N480 in Moloney MLV, is required for core stability, it suggests that the surrounding
residues were selected to contain the recognized context for N-linked glycosylation. By exposing a
glycosylated protein, it will protect these conserved residues from immune recognition — much in the
same fashion of envelope glycoproteins (524). Overall, this work exemplified the role of viral core
stability, and not exclusively gGag, in resisting the effects of APOBEC3. Even in the presence of gGag, but
with mutated Gag (i.e. N=Q), this work revealed an increasing susceptibility to APOBEC3, both of
mouse and human origins, that directly correlated with core stability. The observation itself may shed
light on the protective means of other retroviruses, such as mouse mammary tumour virus, that have

limited restriction by mA3 — despite no recognized viral antagonists, as of yet.

Up until this point, an important question remained unanswered: how does gGag influence
capsid stability? To address this question, | had to determine which forms of gGag are present within a

virion compared to EVs. Thus, bringing together all aspects of this dissertation, EVs and viral particles
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had to be separated. As discussed in more detail later, in Chapters 4 & 5 | determined that EVs
incorporated minimal amounts of the MLV Env. This enabled an immunomagnetic capture of virions
based on significant levels of Env. By targeting Env, | revealed a virtually complete capture of all Env-
containing entities within the viral supernatants. Intriguingly, | discovered a co-association of full-length
gGag with virions. Furthermore, given the traditionally observed type Il membrane orientation of gGag, |
attempted to immunocapture the viral particles based on the presence of the exposed C-terminal region
of gGag. Virions, in the traditional sense, were not captured with this method. All particles containing
the gGag type Il membrane protein were devoid of Env, containing only a fraction of the total structural
proteins. Altogether, these findings indicated that EV-associated gGag was in the traditional type Il
membrane protein orientation, exposing the C-terminus, whereas virion-associated gGag was in the
orientation of a type | membrane protein, inserting the structural Gag region into the virion core (Figure
6.1). The original finding of gGag on EVs correlated with the presence of viral structural proteins in the
same fraction (310). Furthermore, the identification of gGag as both type | and type || membrane
proteins has been observed before in vivo (72). Additionally, the functionality of gGag in terms of SERINC
antagonism is entirely conserved within the region upstream of the Gag domain (304, 314). This implies
there must be some replicative benefit to attaching the Gag structural polyprotein to the small
transmembrane domain encoded by the leader sequence. A few studies have indirectly addressed this
guestion already, by assessing the role of gGag in mA3-deficient mice (224, 225, 238). These works were
conducted using a gGag-deficient MLV with a premature stop codon immediately upstream of the
initiation codon of Gag, potentially retaining the SERINC antagonism activity of that domain. Even still,
these works directly linked the gGag-deficient viruses reduced core stability with a susceptibility to mA3,
implying either a total loss of function for gGag or a specific function of the Gag region. | hypothesize the
latter, that the ability of gGag to improve the structural stability of a viral core would come from its

resistance to cleavage by the viral protease, which has been observed in vitro (298, 308). This is
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Figure 6.1. Membrane orientations of gGag.

Within Chapter 3, it was observed that full-length gGag as a type | transmembrane protein (A) can
associate virtually exclusively with virions, whereas the type Il transmembrane protein (B) associated
virtually exclusively with VLPs or EVs containing significant levels of Gag. Presumably only the type II
membrane protein can act to modulate the endocytic system due to the internalized YXXL motif. Blue
lightning bolts represent glycosylation sites on Moloney MLV gGag.
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supported by the fact that immature virions have enhanced mechanical stability, likely due to the
covalent linkages between all domains (126). Altogether, this indicates that the orientation of gGag on
virions, and specifically its structural Gag region, is the determining factor for viral core stability and
therefore APOBEC3-resistance. The exact mechanism of protection has yet to be determined, but it may

involve the steric hinderance of APOBEC3, preventing its access to the reverse transcription complex.

Unexpectedly, this thesis research has also revealed insights into some of the Nef-like effects of
gGag. Details into the functional overlap between gGag and Nef has recently been documented (271,
315). Overall, it has been shown that Nef and gGag both support the endocytosis and lysosomal
degradation of another potent restriction factor, SERINC. Through its manipulation and dysregulation of
the cellular endosomal system, it was also reported that Nef is associated with exosomes (337). It was
therefore not surprising to find that gGag associates with EVs, likely exosomes, with gGag in the
traditional type Il membrane protein orientation (Figure 6.1). In this orientation, the cytosolic tail of
gGag is implicated to be essential for its control over the endosomal sorting pathway. This may allow for
the exosomal delivery of gGag into potential target cells, allowing for viral priming prior to infection. In
fact, the delivery of exosomal Nef has been noted to significantly alter the lipid raft metabolism of target
cells (525). Furthermore, the Nef-like effects of gGag extend to its modulation of lipid rafts (312). Thus,
like Nef, gGag may exacerbate the presence of lipid rafts on bystander cells, which upregulates TLR4 and
pro-inflammatory signaling. Additional evidence suggests that MLV Env has evolved to directly interact
and activate TLR4, leading to B cell activation in vivo (526, 527). Thus, MLV uses gGag and Env to
independently induce a state of activation within the immune cells of an infected host. This
demonstrates the delicate balancing act of a retroviral infection, as immune induction directly increases
the pool of target cells due to the mitotic requirement of MLV, while at the same time increasing risk of

neutralization (139).
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More surprisingly, however, was the association of MLV structural proteins within these gGag-
exposing EVs. Considering the association of MLV Gag with the viral genome and Env may occur within
the endosomal system, some intersections can be expected (108). The findings portrayed in this thesis
indicate that gGag associates with Gag by means of EVs but prevents the incorporation of Env. This is a
unique finding, yet both gGag and Env have been previously identified to associate with EVs of similar
buoyancy (310). Further to this point, Gag accumulation at the membrane seems more widespread than
that of Env, implying some independence (528). While this particular dissection involved co-transfection
of individual components in our two-plasmid system, with gGag transcription and translation being
independent of Gag, this is not the case during a true infection. Nevertheless, the existence of another
subpopulation capable of delivering capsid molecules to a cell may explain the substantial differences
observed between gGag-sufficient and gGag-deficient viruses. By this, | refer to the bewildering
observation that a gGag-sufficient virus delivered markedly increased levels of capsid to cells with no
detectable difference in rate of infection when compared to a gGag-deficient virus. This was exposed by
relating a fate of capsid assay to the viral infectivity assessments. The presence of such an abundant
level of retroviral capsids, with no detectable Env, may indicate that these EVs represent a population of
previously unidentified VLPs. Moreover, the orientation of gGag on these particles positions it with a
cytoplasmic YXXL motif, which has been proven to markedly enhance endocytosis (529). Other groups
have uncovered some phenotypical evidence to suggest this role for gGag, however the mechanism was
unclear until now. By this, | refer to the illustration that Nef directs the trafficking of HIV-1 Gag and
correspondingly gGag rescues Nef-deficient HIV-1 (314, 530). It remains to be determined if these VLPs
or EVs contain substantial levels of SERINC. This may indicate another retroviral effort to remove SERINC
from the producer cell or a consequence of a dysregulated endocytic system. Further investigation is
required to confirm the presence of these so-called VLPs, or Gag delivering EVs, in a more natural

setting.
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Glycosylated Gag is an intriguing example of a convergent evolution between retroviruses;
similar selective pressures within the hosts, both humans and mice, have pushed HIV and MLV to
develop and maintain mechanisms to counteract intrinsic defenses. While gGag is functionally similar to
Nef in terms of SERINC antagonism, the mechanism for resistance to APOBEC3 is still not entirely clear.
The work presented herein provides further support to the hypothesis linking viral core stability directly
with resistance to APOBEC3. Differences in susceptibility of MLV towards different APOBEC3 family
members, such as the seven human members tested within these studies, has revealed the specificity of
gGag towards mA3. The levels of mA3-induced deamination within MLV with a competent gGag is
virtually undetectable, while the protection imposed towards human APOBEC3 (hA3) proteins is only
partial. This finding may imply differing mechanisms of action of the APOBEC3 proteins, as gGag has
evolved through selective pressures imposed exclusively by mA3. Therefore, the evolutionary pressure
forced upon the HIV relative, SIV, to develop Vif, an antagonist capable of recognizing and ubiquitinating
numerous hA3 proteins, was more complex than the pressure on MLV (531). In contrast, the antagonism
of SERINC is remarkably similar between gGag and Nef. This is likely due to the numerous members of
SERINC proteins within both mice and humans, though only two of which have detectable antiretroviral
activity (213). An interesting difference between Nef and gGag, however, is the recognition and
targeting of SERINC for degradation. While Nef selectively downregulates only antiviral SERINC, gGag has
a broader approach (315, 532). It would be interesting to reveal if gGag, or MLV, has the potential to
evolve a broader approach towards counteracting APOBEC3 under different evolutionary pressures. This
can be provoked in vitro using murine cell lines expressing hA3 proteins, human cell lines expressing the
MLV receptor (mCAT1) or through the use of transgenic mice. Additionally, the role of Nef can be
functionally replaced by gGag, whereas Nef is not capable of rescuing gGag-deficient MLV under certain
conditions (313). This is either reflective of the capsid stabilizing component, which should be provided

by the Gag region of gGag, or an as of yet unidentified function of this protein. Regardless, its role in an
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in vivo setting is undeniable. The strongest evidence for which is the reversion of gGag-deficient viruses
to express a functional gGag in vivo, though not in the presence of mA3-deficient mice (224, 225, 238,
302-304, 423). Yet the selective pressure enforced by SERINC has not yet been proven in such a

definitive manner.

Independently of gGag, in Chapters 4 & 5 | sought to advance the scientific knowledge on MLV
through the adaptation of small particle flow cytometry, also known as flow virometry. In Chapter 4, |
collaborated with Dr. Vera Tang to develop this technique on MLV within the University of Ottawa Flow
Cytometry and Virometry Core Facility (373). The laboratory strain of MLV chosen for this study has a
GFP incorporated within the SU region of the Env (371, 372). Given the abundance of Env on the surface
of virions, this acted as a robust distinguishing characteristic to highlight MLV from EVs (115). This
selectivity is likely mediated by the cooperation of Env with multiple regions of Gag (93, 111). Using a
transfection-based approach, | illustrated that Env does not freely associate with EVs in a high
abundance. This is likely due to the coordination of Gag and Env within the endosomal sorting
machinery (93, 108). Further discrimination was made possible by illustrating the discrepancy in side
scattered light (SSC) profiles of MLV compared to EVs. While EVs vary in size, the homogenous nature of
the SSC profile of MLV is attributed to its controlled assembly and consistent size (101). | also verified
the apparent size of the virus population using nanoparticle tracking analysis and a microfiltration
approach. While | sought to identify a staining technique that is capable of distinguishing MLV from EVs
independently of the fluorescent Env, my efforts were ultimately unsuccessful using lipophilic and
nucleic acid dyes, though | did verify the efficacy of this approach with a vaccinia virus. Ultimately, |
hypothesize that the lipid and nucleic acid content of the EVs and MLV particles may not be
sufficiently different to target with such a broad dye-based approach. This may be for the best,

considering the illustration of the negative impacts of efficient staining on the replicative fitness of MLV.
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In Chapter 5, | took advantage of the knowledge gained from Chapter 4 to effectively
enumerate MLV particles by flow virometry (374). By retroviral transduction of NIH 3T3 cells, the same
cells used for virus production, | verified that MLV Env incorporation into EVs was minimal when
compared to its directed association to MLV particles. This type of control was chosen for three main
reasons: 1) Integration into the genome of the host cell occurs using the MLV machinery, 2)
Transcription is directed under the control of the MLV LTR, and 3) Host origin is maintained (i.e. murine
cells are used for production). Importantly, to illustrate the broad application of flow virometry,
antibody surface staining of MLV was shown to be equally as effective to discern Env incorporation as
inherent Env fluorescence. Furthermore, the SSC profiles of MLV were confirmed to be quite consistent
when compared to the heterogeneity of EVs. Flow virometry with SSC triggering limits perceived events
to those of adequate size, which suggests that MLV (approximate diameter 110-120nm) is near the limit
of detection of our instrumentation using this approach (for more details, see Appendix 3). This does
exclude the possibility of analyzing smaller viruses and EVs based on SSC triggering, however flow
virometry has the advantage of ignoring the presence of free proteins and low magnitude protein
aggregates. Furthermore, the two-pronged identification of MLV involves both size homogeneity and
Env incorporation, which I illustrated to have an approximate 99% confidence in the selective
identification of MLV over EVs and other particles. Thus, | have validated flow virometry as a rapid
approach to discriminate intact MLV particles from soluble proteins and EVs based on SSC profiles and

Env as a discrimination marker.

Through correlation of flow virometry quantification and total viral protein content, | revealed a
substantial amount of soluble viral proteins within MLV preparations. On average, approximately 25% of
total protein content was calculated to be associated with intact virus particles when considering both
capsid (p30) and Env content within a sample. Importantly, these calculations are based on robust

microscopy studies that have counted the levels of each of these proteins associated with an intact

197



virion (101, 115). This suggests that a striking majority of viral protein content within these biological
samples are soluble. To gain an idea of the origin of these soluble proteins, one may bear in mind the
theoretical ratio of capsid : Env within the context of an intact viral particle, as inferred from the
aforementioned reports, which is 7.29. Within this study, | calculated the capsid : Env ratio within the
viral supernatants to be approximately 7.4 £ 0.3. The conservation of this ratio within the supernatants
implies the bulk of soluble proteins likely originates from degraded virions. This is likely due to the
experimental settings which provided 72hrs of virus production time. Considering the half-life of MLV
and disparities in virus production, proportions of soluble to virus-associated proteins are likely to vary
(129). Thus, flow virometry has the added benefit to discriminate intact virus particles and provide more

insight into viral titers when compared to ELISA, a conventionally used technique.

Determination of the genome packaging efficiency of a virus is of great interest to the field.
However, this remains a challenging quantitative technique to achieve. Nonetheless, using high
resolution microscopy-based analysis, the genome packaging efficiency of HIV-1 has been determined to
be approximately 95% (355). Qualitatively, however, MLV is well-characterized to selectively incorporate
dimeric genomes through interactions between the nucleocapsid region of Gag and the packaging signal
(77,78, 127, 507). Furthermore, the correlation of total MLV genomic content was related to the viral
particle enumeration to infer a packaging efficiency. In this regard, virions were assumed to package
either 0 or 2 copies of the viral genome. EV-associated viral nucleic acids were assumed to be negligible
in this case, due to the non-significant difference between MLV and total particle counts when
comparing flow virometry to nanoparticle tracking analysis. Altogether, genome packaging efficiency
was calculated to be approximately 15-20% for MLV. Though this PCR-based approach is limited in the
sense that it detects only fragments of the viral genome, both the packaging signal and Env regions were
targeted to improve confidence. Especially considering the abundance of endogenous retroviruses

(ERVs) within the murine genome, it is possible that MLV infection may reactivate their transcription
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(377). Given the targeted activation of TLR4, and documented evidence of ERV reactivation in LPS-
induced cells, this is highly likely (533). This has been illustrated in the context of HIV-1 infection and
human ERVs (534). Thus, it is possible that the lack of detection of MLV genomes is due, at least in part,
to the incorporation of ERV genomes with sequence variations that avoid this PCR-based detection.
Moreover, if we consider the work from Dr. Alan Rein’s group, it was originally posited that an MLV
particle contains approximately 7-8 RNA bases per Gag molecule (109). Though originally thought to be
half of the nucleic acid content within a viral particle, this can be revisited with the more robust
knowledge of MLV structure and Gag composition (101). This suggests that a genome pair accounts for
over 90% of the RNA capable of fitting within a single virion. Together with the levels of cellular mRNA
species detected within MLV, some of which have enrichment as high as the viral genome, this indicates
that some virions are lacking a genome pair in favour of cellular RNA (109). Overall, this leads me to
theorize that the vast majority of MLV particles produced within these experimental settings are devoid
of its specific genome pair, in favour of cellular RNA, such as mRNA and, possibly, ERV genomes. While
this is in line with the current understanding of infectious units per viral particle based on microscopic

studies, further work is required to determine the specific content of these virions (535).

Evidence of decoy or defective, interfering particles (DIPs) have been proposed for numerous
other species of viruses (516-520). Similar evidence has even been illustrated for the case of HIV
infection (376, 536). It is highly possible that a proportion of these MLV virions devoid of a genuine, full-
length genome pair are representative of high levels of DIPs. Intracellularly, these DIPs have been
suggested to competitively inhibit the virus of origin due to limiting resources. This type of inhibition is
desirable in circumstances that would otherwise lead to cytotoxicity for the host cell. This represents a
likely scenario, as despite variations in viral protein content at the producer cell level, all ten clones of
virus producer cells released a similar magnitude of virus particles by all means of quantification. This

phenomenon demonstrates that there must be a limiting resource or inhibiting factor within the cells. In
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vivo, these decoy or DIPs may play several roles. As previously discussed, the MLV Env has the potential
to activate immune cells through TLR4 interactions (526). This may be a priming of potential target cells,
due to the mitotic requirement of MLV (139). Given the activation of immune cells, these incompetent
particles may act as decoys to sequester the antibody response, reducing the likelihood of neutralization
for true infectious virions. Contrarily, along the lines of expected roles for DIPs for other viruses, these
particles may act in an immunostimulatory and MLV inhibitory fashion to curb viral pathogenesis and

enhance host survival.

Though the presence of DIPs has not been conclusively shown for MLV, occurrence of defective
genomes within the host chromatin has been recognized as a naturally occurring event (87, 515). This
has been attributed to the alternative splicing sites within the viral genome (86). In direct support of
these defective genomes acting as functional DIPs, mutational deletion of the respective splice sites
results in an expanded pathogenic effect for multiple strains of MLV (85, 537). The sequence of these
defective genomes encodes a partial Gag, missing the C-terminus of capsid and entire nucleocapsid,
fused to a C-terminus of integrase. However, there is potential still for additional splicing and translation
of Env. It is important to note that these proteins lack the independent capability for genome packaging,
self-assembly and reverse transcription. Complementation alongside a functional viral genome, these
defective genomes have been found to associate within virions. Accumulation of these defective
polyproteins would result in a corresponding lack of replicative fitness for those virions, representing a
competitive proteomic interaction. Furthermore, as these defective genomes have an intact Psi
sequence, competitive genomic packaging will also occur. Even heterodimerization has been
demonstrated between defective and full-length MLV genomes (515). Thus, these defective genomes
have the potential to competitively inhibit productive infections in a dose-dependent manner, at both
the RNA and protein levels. This is very much in accordance with the traditional functionality of DIPs and

corresponds with mathematical modelling within the context of VSV infection, another RNA virus (376).
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Given the lack of detection of a laboratory strain genome within 80-85% of these particles, this leads me
to the hypothesis that many of these DIPs are generated from the activated transcription of ERVs within
the infected cells. Additionally, the presence of several uncharacterized host proteins, Gm46894,
Gm39972 Gm43305, that bear a remarkable resemblance to the coding sequences within this potential
DIP genome indicates a true in vivo relevance (538, 539). Further work is essential to confirm and dissect

the role of these particles within a host.

In closing, though we have come a long way from the original identification of MLV as a
filterable pathogenic agent, there are still many questions left unanswered. With the culmination of
knowledge acquired during the course of this thesis, we are now one step closer to understanding the
many complexities of a simple retrovirus. The work demonstrated within this thesis has uncovered
numerous aspects of the Moloney murine leukemia virus (MLV). With regards to the enigmatic
accessory protein of MLV, Glycosylated Gag (gGag), | have revealed previously undiscovered functions
that advance our knowledge about retroviral infection. Firstly, this work solidifies the use of MLV as a
functional small animal model for the understanding of the intricacies of retrovirus-host interactions and
antagonism. This is highlighted through striking examples of convergent evolution between MLV and
HIV, developing differing mechanisms to similarly antagonize the pressures exerted by homologous
restriction factors of mice and humans. On a more general note, the works presented herein emphasize
the importance of viral core stability within any retrovirus species. Deciphering the mechanisms behind
retroviral restriction factors and pathogen-associated antagonists represents a desirable, but as of yet
clinically unexplored avenue of potential therapy. Development of therapeutics along these lines will
have the benefit of a broader acting effect, potentiating the inhibitory phenotype of intrinsic factors on
a wide range of retroviral threats. At the same time, | have underlined the capability of flow virometry to
identify and quantify a viral agent based on size and antigenic composition. Secondly, from these results,

| have provided convincing evidence on the presence of defective, interfering particles within the
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context of MLV. Preparations of DIPs have become a promising avenue for treatment of existing viral
infections, especially for those wherein vaccination strategies exhibit challenges and the viral
evolutionary rate permits significant immune and therapeutic escape (i.e. influenza, dengue, HIV, etc.)
(540). DIP prophylaxis will compete, inhibit and steal resources from the replicative virus, while at the
same time stimulating the immune response to promote clearance. Flow virometry represents a
uniquely positioned tool to both identify and purify DIPs from within any given viral stock. Thirdly, the
rapidity, sensitivity and minimal manipulation required for this technique, enables it to be easily
adapted into a clinical setting (361). While currently the clinical diagnosis of a viral infection is time
consuming and error prone, this type of work has the potential to rapidly and accurately characterize
viral infections from clinical samples, bridging the gap between diagnosis and treatment. Similar studies
are currently underway to establish EVs with varying antigens as biomarkers for earlier diagnosis of
cancers (541). Finally, though the applications herein were modelled after a murine retrovirus, we have
demonstrated the broad capability of antibody staining for host markers on viral membranes in an
additional study (503). Thus, through antigenic profiling there is a potential for the identification of the
originating virus producer cell. This is highly desirable for the characterization of the latent reservoir in

HIV-1 patients, allowing for a more targeted therapy rather than the current systemic approach.
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Vaccinia virus (VV) is an oncolytic virus that is currently being evaluated as a promising cancer vaccine in
several phase I, Il and III clinical trials. Although several quality control tests are performed on each new
batch of virus, these do not routinely include a systematic characterization of virus particle homogeneity,
or relate the infectious titer to the total number of submicron sized particles (SSPs) present in the sample.
SSPs are comprised of infectious virus and non-infectious viral particles, but also cell contaminants
derived from the virus isolation procedures, such as cellular vesicles and debris. Here we have employed
flow virometry (FV) analysis and sorting to isolate and characterize distinct SSP populations in therapeu-
tic oncolytic VV preparations. We show that VV preparations contain SSPs heterogeneous in size and
include large numbers of non-infectious VV particles. Furthermore, we used FV to illustrate how VV
has a propensity to aggregate over time and under various handling and storage procedures.
Accordingly, we find that together the infectious titer, the total number of SSPs, the number of viral gen-
omes and the level of particle aggregation in a sample constitute useful parameters that greatly facilitate
inter-sample assessment of physical quality, and also provides a means to monitor sample deterioration
over time. Additionally, we have successfully employed FV sorting to further isolate virus from other par-
ticles by identifying a lipophilic dye that preferentially stains VV over other SSPs in the sample. Overall,
we demonstrate that FV is a fast and effective tool that can be used to perform quality, and consistency
control assessments of oncolytic VV vaccine preparations.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Viruses are best known as harmful pathogens that cause dis-
ease. However, some viruses are uniquely capable of promoting
anti-tumor activity and cancer remission, these are called oncolytic
viruses (OVs). Cancer cells commonly display defects in interferon
signaling which is a critical mechanism for antiviral defense. OVs
exploit this deficiency to infect and destroy cancer cells specifically
[1,2]. Vaccinia virus (VV) is an enveloped double-stranded DNA
virus of the poxviridae family that is best known as the active
ingredient in the smallpox vaccine used for global eradication of
the disease. The potential of VV as an OV was revealed by showing
that it displayed a natural tropism for a broad range of tumors

* Corresponding author at: Department of Biochemistry, Microbiology and
Immunology, Faculty of Medicine, University of Ottawa, 451 Smyth Road, Ottawa,
Ontario K1H 8M5, Canada.

E-mail address: langlois@uottawa.ca (M.-A. Langlois).

http://dx.doi.org/10.1016/j.vaccine.2016.08.074
0264-410X/© 2016 Elsevier Ltd. All rights reserved.

when injected in experimental animals [3-7]. Further engineering
of VV to increase safety and tumor-specificity was achieved by
removing its genes coding for thymidine kinase (TK, J2R) and Vac-
cinia growth factor (VGF, C11R). The resulting double-deleted VV
(VVDD) is unable to replicate in healthy cells or induce the prolif-
eration of nearby cells [4]. Replication of VV in cancer cells leads to
tumor regression, tumor antigen exposure, and stimulation of host
anti-tumor immunity, thereby positioning it as a promising anti-
cancer biotherapeutic agent [2,8,9]. The US Food and Drug Admin-
istration has recently approved the first OV treatment for mela-
noma, with an increasing number of OVs in clinical development
[10,11].

In contrast to some viruses that are released from infected cells
in large quantities, the infectious pool of VV particles exists pri-
marily as intracellular mature virions (IMVs), also sometimes
referred to as mature virions (MVs) [12,13]. However, small
amounts of VV particles also bud from infected cells as cell-
associated enveloped viruses (CEV) and extracellular enveloped
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viruses (EEVs) [14,15]. To prepare VV stocks, IMVs are harvested by
lysing infected cells and then purifying the virus by density gradi-
ent centrifugation or tangential flow filtration [16,17]. Lysis of
infected cells releases large amounts of cellular debris and mole-
cules that may bind and co-purify with the virus if not properly
eliminated. Additionally, it has long been established that VV
self-aggregates, thereby altering the biophysical properties of the
virus during the purification process [18,19]. As such, a reliable,
accurate and rapid method to assess OV sample purity and integ-
rity would be of significant value, especially for clinical and thera-
peutic applications.

Use of a flow cytometer to analyse individual viral particles is
called flow virometry (FV) [20]. The ability to perform single-
particle analysis on cell-derived vesicles and viruses smaller than
300 nm is relatively new and only possible on customized instru-
ments equipped with more powerful lasers, improved optics and
photomultiplier tubes (PMTs) optimized for small particles. The
advantages of FV over other submicron-sized particle (SSP) analy-
sis technologies are the abilities to estimate the size of virion by
light scatter, to visualize the different particle subpopulations,
and perform multi-parameter profiling analyses of surface anti-
gens. Additionally, FV can be used to isolate and sort virus subpop-
ulations [21,22]. As such, FV can be employed to characterize a
virus preparation, especially for sensitive applications such as vac-
cine development [23].

Here we demonstrate FV as an effective method to quantify and
characterize SSPs and inter-sample variability of VV stocks used in
OV vaccine preparations. By sorting the various subpopulations of
particles in a sample, we were able to measure the ratio of particles
to viral genomes and correlate this with the infectious titer. Addi-
tionally, we show that virus aggregation can be used as a physical
indicator of sample deterioration. Finally, we identified a lipophilic
dye that preferentially stains the infectious pool of VV that could
prove to be a useful tool in the future for carrying out a detailed
characterization of VV surface antigens by FV.

2. Material and methods
2.1. Calibration beads

The following beads were used as per manufacturer’s instruc-
tion: Fluoresbrite Plain YG, Silica Microspheres (Polysciences), Cal-
ibration Bead Mix (Apogee), Latex/polystyrene beads (Sigma-
Aldrich), SPHERO™ Fluorescent Yellow Particles, and Nano Fluores-
cent Yellow Particles (Spherotech). 123count eBeads were used as
per manufacturer’s instruction to determine particle count in virus
samples (eBiosciences).

2.2. Viruses: strains, production and purification

VVDD-eGFP, derived from Vaccinia virus VSC20 [4,5], is the par-
ent strain of VVDD-mCherry (named VVDD for simplicity) used
throughout this study. We created VVDD-mCherry by homologous
recombination by transfecting VVDD-eGFP infected cells with a
plasmid expressing mCherry cloned within the VV TK gene. IMVs
were isolated and mCherry-expressing plaques were selected on
U20S cells. Additional details about VVDD-eGFP and how the
viruses were cloned are published in the following references
[1,24-27]. To produce stocks of the VVDD-eGFP, VVDD-mCherry
and B5R-eGFP stains, HeLa cells were grown in 15 cm dishes and
infected at a multiplicity of infection of 0.01. Infected cells were
pelleted by centrifugation at 2000 rpm for 10mins and resus-
pended in Tris 1 mM, pH 8.0. Cell pellets underwent three freeze-
thaw cycles (—80 °C/37 °C) before cell debris were pelleted. Super-
natants containing virions were then purified by centrifugation on

a 36% sucrose cushion (11,500 rpm, ]JS-13.1 Swinging Bucket Rotor,
80 min., 4 °C) [28]. Concentrated VV was then resuspended in Tris
buffer (1 mM, pH 8.0), aliquoted and stored at —80 °C. For Modified
Vaccinia Ankara (MVA) stocks, BHK21 cells were used instead of
Hela. Clinical grade JX594 was purified by tangential flow filtra-
tion. After extensive buffer exchange, purified virus was resus-
pended in Tris 1 mM, pH 8.0.

2.3. Virus titration

Purified VV stocks were serially diluted in serum-free DMEM
and 500 pl of each dilution was plated onto a monolayer of U20S
cells, established by seeding 10° cells/well in a 6-well plate the
day before initiating the plaque assay. After 2 h of incubation at
37 °C, 5% CO,, the plates were overlaid with a semi-solid 1:1 ratio
of carboxymethylcellulose 3% and DMEM 2 x supplemented with
20% FBS. Plates were then incubated for an additional 48 h, fixed
with 80% methanol, stained with 0.1% Crystal violet and plaques
counted.

2.4. FV analysis and sorting

Analysis and sorting were performed on a MoFlo® Astrios™ EQ
(Beckman) equipped with 405 nm (55 mW), 488 nm (200 mW),
532 nm (150 mW), 561 nm (200 mW), 592 nm (200 mW), and
640 nm (100 mW) lasers. A 100 pum nozzle was used for both anal-
ysis and sorting at a sheath pressure of 27 psi, with a sample differ-
ential pressure of 0.3 psi. We triggered off of FSC with a threshold
of 0.006%, which routinely gives <50eps with no sample being run.
Data were analyzed using Flow]Jo data analysis software.

All virus stocks were diluted to 10° PFU/ml with 0.1 um-filtered
PBS (Gibco) prior to analysis unless otherwise indicated. Where fil-
tration was required, unless otherwise indicated, stocks were
diluted to 107 PFU/ml prior to filtration using 0.45 um, 0.22 pm
(Millipore), or 0.1 um (Pall) syringe filters. All virus samples
labeled with dye were stained for 20 min at 4 °C and analyzed
immediately post-labeling. DiO/DiD labeling solutions from
Vybrant®Multicolor Cell Labeling Kit were used at 5 pl/mL of virus
sample. Virus was labeled with 1 pl/ml of CellTraceViolet Cell Pro-
liferation dye. FM4-64FX fixable lipophilic styryl dye was used at a
concentration of 5 pg/ml (ThermoFisher). VV was passed through a
0.45 um filter and labeled with rabbit polyclonal anti-VV-FITC
(Abcam, #ab19970) and a polyclonal isotype control with no
known specificity (Abcam, #ab37406). VV was incubated with
antibodies for 18 h at 4 °C for all indicated dilutions.

2.5. Vaccinia genome extractions and quantification

Viral genomes were extracted using QIAamp UltraSens Virus Kit
(Qiagen) according to manufacturer’s methods and used as the
template for droplet digital PCR (ddPCR) quantification. The
20 pL reaction mix consisted of 5 pL of purified viral DNA, Eva-
Green ddPCR MasterMix (BioRad) and a final concentration of
200 nM of the primer set targeting the DNA polymerase gene
(E9L) (Forward: 5'-GAACATTTTTGGCAGAGAGAGCC-3’, Reverse: 5’
-CAACTCTTAGCCGAAGCGTATGAG-3'). The ddPCR reaction was car-
ried out using a QX200 ddPCR System (BioRad) and following a
previously described protocol [29]. The absolute viral genome copy
number in each reaction was related back to the input DNA
volume.
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3. Results
3.1. SSP characterization

To evaluate the ability of our flow cytometer to characterize VV
particles, we first needed to set our acquisition gates. The lower
limit was positioned immediately above that of instrument noise
(Fig. 1A), and below the debris in 0.1 pm-filtered PBS (Fig. 1B). As
a mock control, we purified SSPs released from uninfected cells
in the same way as if they were infected with VV. Mock samples
were passed through a 0.45 pum filter (Fig. 1C), or left unfiltered
(Fig. 1D) and then analyzed. We detected a large number of parti-
cles derived from the cell lysis procedure required to release IMVs,
despite sample purification. Filtration of the samples did little to
reduce the number of particles, indicating that the majority are
smaller than 450 nm. We then set the lower acquisition gate to
encompass the filtered mock particles and the upper gate to
encompass the rest of the acquisition spectrum.

VV-containing samples were passed through 0.22 um (Fig. 1E)
and 0.45 pm (Fig. 1F) filters and analyzed. A VV particle has an
expected overall dimension between 250 nm and 360 nm [30,31].
Therefore, VV particles are retained by the 0.22 pm filter, leaving
but the smallest SSPs in the sample to pass through (Fig. 1E). We
also confirmed that these particles did not form plaques (Suppl.
Fig. 1). Passing the sample through a 0.45 pm filter yielded a pop-
ulation of particles assumed to be singlet virions and cell-derived
SSPs (Fig. 1F). The unfiltered stock of this same VV preparation con-
tained particles of a broader range of sizes, spanning most of the
dynamic range of the FSC detector (Fig. 1G). To demonstrate that
larger SSPs are in fact aggregates, we attempted to dissociate them
by sonication and by enzymatic subtilisin digestion. Sonication
was modestly successful at reducing aggregates (Suppl. Fig. 2A-
D), resulting in a 1.8-fold increase in the infectious titer (Suppl.
Fig. 2H). Subtilisin treatment almost completely dissolved the
aggregates by digesting proteins expressed on the surface of the
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viral envelope (Suppl. Fig. 2E-G) [32], but was also detrimental
to viral infectivity (Suppl. Fig. 2I). These data confirm that singlet
viruses are detected in our lower gate and aggregated virus
appears in our upper gate.

3.2. Estimation of VV size by FV

Light scatter, as measured by FSC or SSC, provides a relative
indication of size compared to a known standard, which is inferred
from the amount of light collected at a specific angle of detection.
The refractive index of a given particle strongly influences the way
light is scattered and is determined for the most part by its mate-
rial composition. Here we used commercial size calibration beads
to estimate the size of particles as measured by FSC. Beads in the
submicron size range were selected from four manufacturers.
The fluorescence intensities of the beads were measured and plot-
ted against FSC (Fig. 2A). Silica and polystyrene have different
refractive indices (Fig. 2B), it is therefore not surprising that beads
of similar physical size made from these different materials exhibit
different FSC values (Fig. 2C).

The reported physical size of wild type VV s
250 x 270 x 360 nm, as measured by cryo-electron tomography
(Fig. 2D) [30,31]. FV analysis of VVDD virions passed through a
0.45 pm filter revealed three populations of defined sizes by FSC
(Fig. 2E). We estimate that the sizes of populations 2 and 3 are
respectively 204 nm and 268 nm using silica beads, and 214 and
262 nm using polystyrene beads (Fig. 2E). These populations possi-
bly represent two of the planar dimensions of the virus passing
through the flow cell of the cytometer. We were unable to accu-
rately estimate the apparent size of population 1 because of the
lack of an appropriate standard in that size range. The underesti-
mation of the size of the virus is likely due to the differences in
refractive indices between synthetic beads (1.59 polystyrene,
1.43 silica) and virus (1.36) [33]. To gain further insight into the
makeup of these three SSP populations, we sorted them followed

A |Instrument Noise B | PBS-Filtered (0.1um) C |Mock-Filtered (0.45um) D |Mock-Unfiltered
Lower Upper Lower Upper Lower Upper Upper
E |VV-Filtered (0.22um) F |VV-Filtered (0.45um) G |VV-Unfiltered
Upper Lower Upper Lower Upper
FSC

Fig. 1. Gating strategy for flow virometry analysis of VV. (A) Instrument noise; delineates the lower limit of the lower gate. (B) Filtered PBS (0.10 pm). (C) Mock control,
filtered (0.45 um); delineates the upper limit of the lower gate. (D) Mock control, unfiltered. (E) VV, filtered (0.22 pm). (F) VV, filtered (0.45 pm). (G) VV, unfiltered. Sample

run time was the same for all samples analyzed.
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Fig. 2. Filtered VV appears as distinct populations by flow virometry. (A) Apparent size distribution of commercial fluorescent beads displayed as fluorescence intensity as a
function of Forward Scatter (FSC). (B) Refractive indices of VV, whole cells, cellular components, polystyrene and silica beads. (C) Relative FSC mean fluorescence intensity
(MFI) in respect to bead manufacturer, reported size, and composition. (D) Graphical representation of the dimensions of a VV capsid. (E) Size estimate of VV using
polystyrene and silica beads. Linear regression was used to calculate VV size values for both types of beads. (F) The three dominant SSP populations of panel E were sorted by
flow virometry and analyzed. Open blue circles: vgDNA copies in each sorted population was evaluated by ddPCR; black hexagons: the viral titer was measured by plaque
assay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Conditions promoting VV aggregation. (A) A filtered VVDD stock was subjected to: up to 4 cycles of freeze-thaw (—80 °C/37 °C); stored at 4 °C and sampled over
8 days; incubated at 37 °C and sampled over 18 h; centrifuged at 26,000g for 90 min. (B) A representative FSC scatterplot displays the degree of aggregation post anti-VV and
isotype labeling of 0.45 um-filtered VVDD (left: 0.5 ug/100 pl of isotype control antibody; right: 0.5 ug/100 pl anti-VV). (C) Aggregation as a function of the antibody
concentration used for staining (isotype control and anti-VV antibodies). (D) Two unfiltered VVDD stock preparations were compared using FSC to evaluate the degree of
particle aggregation. (E) Analysis of the proportion of SSPs in the upper and lower gates. (F) Concentration of SSPs in the lower and upper gates for the two different VVDD

stock preparations.

by ddPCR amplification of the VVDD viral genomic DNA (vgDNA).
Our results revealed that all three SSP populations contained viral
genomes, with the two larger populations containing the highest
ratio of vgDNA-to-particles (Fig. 2F). The abundance of infectious
viral particles was approximately 10-fold lower than that of the
genomes, indicating a large percentage of defective viruses
(Fig. 2F).

3.3. Experimental conditions that influence VV aggregation

We next sought to determine whether VV aggregation is influ-
enced by various experimental procedures. A stock of VVDD was
passed through a 0.45 pum filter to generate singlet particles, then
submitted to conditions presented in Fig. 3A. All conditions tested
induced the formation of aggregates to varying degrees, with
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Table 1

Characterization of various VV stock preparations by flow virometry.
Stock VV strain Viral titer (PFU/mL) Total particles (particles/mL) Infectious particles (%) Singlets (%)
VVDD stock 1° 3.3E+09 1.3E+11 3 87
VVDD stock 2* 2.5E+09 1.1E+10 24 50
B5R-eGFP 2.7E+09 2.6E+10 11 90
JX594 2.0E+09 2.6E+10 8 75
MVA 1.2E+09 1.7E+10 7 84
VVDD-eGFP 4.9E+08 1.1E+10 4 88

2 VVDD-mCherry.
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Fig. 4. Labeling and sorting of VV using membrane dyes. (A) Top row, histogram overlays of labeled (gray) vs. unlabeled (color) virus. The optimal excitation and emission
wavelengths of the dyes are indicated on the histogram plot. The laser and filters used for detection are indicated below the plots. Middle row, scatter plots of stained VV
displayed as fluorescence intensity as a function of FSC. Bottom row, unstained VVDD using the optimal laser and filter for each dye. (B) Scatter plot of DiO-stained VVDD
shows three distinctly labeled particle populations: A: (DiO+), B: (DiO-FSC"&") and C: (DiO-FSC'%). (C) Histogram plots comparing FSC of populations A, B, and C. (D) Virus
titer determined by plaque assay for each of the three sorted particle populations. (E) VVDD genome copies per particle in each of the sorted particle populations, n = 3. For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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storage at 4 °C having the smallest impact on aggregation. Interest-
ingly, centrifugation at 26,000g for 90 min had the most pro-
nounced effect, whereby over 30% of SSPs became aggregated.

Staining of VVDD using a polyclonal antibody also induced
aggregation, but to a greater extent. Over 50% of SSPs analyzed
appeared as aggregates when treated with an antibody at a con-
centration of 0.5 pg/100 pl (Fig. 3B). Higher amounts of antibody
did not increase aggregate formation, indicating viral epitope satu-
ration by the antibody (Fig. 3B and C).

3.4. Assessment of viral stock consistency

Here we asked whether aggregate composition and the total
number of SSPs in different VV stock preparations were consistent.
We randomly selected two VVDD stocks prepared on different
dates for analysis (Fig. 3D). Aggregates accounted for 13% of total
SSPs in Stock 1 and about 50% in Stock 2 (Fig. 3E), while the total
particle count was 1.3 x 10'! particles/mL for Stock 1 and
1.1 x 10'° particles/mL for Stock 2 (Fig. 3F and Table 1). Investiga-
tion of the physical characteristics of other VV strains in our collec-
tion by FV followed a similar trend where the infectious titer of the
stocks were similar, but demonstrated a large variability in the
percentage of infectious particles and particle aggregation
(Table 1). Differences in sample characteristics may be of signifi-
cant importance for vaccine preparations as total SSPs and aggre-
gation intensity could influence immunogenicity, infectivity and
oncolytic efficacy of the viruses in patients.

3.5. Enhancing VV detection using lipid dyes

We next sought alternative methods of labeling VV that do not
induce aggregation. We tested three cell permeable fluorescent
lipid dyes (DiO, DiD and FM4-64) and one amine dye (CellTrace
Violet). Fig. 4A depicts histogram overlays of labeled (coloured)
and unlabeled (gray) VVDD Stock 2 using various dyes (top row),
scatter plot of labeled virus presented as fluorescence vs. FSC (mid-
dle row), and unlabeled virus analyzed by FSC with the relevant fil-
ters (bottom row). SSP labeling was achieved with all dyes, however
DiO was the only dye that selectively labeled a specific population

of the sample and created a bimodal distribution. This resulted in
three distinct particle populations when displayed against FSC:
DiO+ (54%), DiO-FSC'°% (35%), DiO-FSCM&M (11%) (Fig. 4B). Impor-
tantly, DiO staining did not induce further aggregation of the sam-
ple compared to the unstained control as judged by the total events
in the upper gates (Fig. 4A, bottom row).

VVDD stained with DiO was then sorted into three populations
labeled as A: DiO+, B: DiO-FSCM&" and C: DiO-FSC'°% (Fig. 4B). A
comparison of populations A, B, and C using FSC shows that parti-
cles in population A have a broad size distribution, while particles
in B and C are more homogeneous (Fig. 4C). The sorted SSP popu-
lations were next analyzed for infectivity and vgDNA content.
Almost all of the infectious particles localized in population A
(Fig. 4D), as well as the bulk of the vgDNA (Fig. 4E).

4. Conclusion

Virus aggregation and cell-derived contaminants such as vesi-
cles and debris are recurrent concerns when preparing stocks of
VV for therapeutic use, primarily because of the risk of adverse
immunological effects in the recipient. Additionally, there is a need
for a rapid and simple test to monitor the integrity of VV stocks
overtime, and control inter-sample variations when preparing
new batches of the virus. Here we have provided experimental evi-
dence that FV is an effective method to measure the abundance
and heterogeneity of SSPs in a VV sample. Furthermore, we have
demonstrated that it is possible to sort VV in a sample, which
allows for further downstream analyses such as the quantification
of vgDNA. These measurable characteristics of a VV sample,
together with the infectious titer, can provide information to assess
the physical quality of VV particles in a sample.

In Fig. 5, we modelled the relationship between the percentage
of infectious particles (IP) in a sample in relation to total SSPs (n),
the infectious titer (PFU), and the percentage of singlet particles
measured in the lower gate (Sg). If we postulate that aggregates
form randomly, then infectious virus will bind equally to virus
and other particles. As the particles in a sample aggregate, the per-
centage of IP increases but the infectious titer drops, as all the
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infectious particles aggregate together to create one large infec-
tious unit (Fig. 5, Red box).

One of the challenges in FV is locating the particle population of
interest. Fluorescent beads are often used as size markers. The
caveat to this approach is that commercial silica or polystyrene
beads have different light refraction properties than biological
materials. In the case of the VV, the beads lead to an underestima-
tion of the published size of the virus (Fig. 2). These observations
are consistent with other studies that attempted to measure the
size of viruses and SSPs using flow cytometry [21,23,34]. Develop-
ment of size standards that more closely mimic the refractive
indices of biological material could prove to be highly useful for
the analysis of small particles by flow cytometers.

An alternative way of locating VV in a cluster of SSPs is by selec-
tively staining the virus with fluorescent antibodies. However,
staining of VV poses a special challenge as anti-VV antibodies
cause the virus to aggregate (Fig. 3B and C). To overcome this prob-
lem, we tested a number of fluorescent dyes and determined that
DiO can preferentially stain VV particles (Fig. 4). However, because
DiO is a lipid dye, it will likely also stain extracellular vesicles, as
well as other types of particles with a high lipid content.

In conclusion, here we have showcased the utility of FV as an
effective method to sort and evaluate the physical properties of
VV sample preparations. FV stands out as a potentially valuable
tool for carrying out routine quality control assessments for a
broad range of OVs used in therapeutic applications.
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Engineered Retroviruses as Fluorescent
Biological Reference Particles
for Small Particle Flow Cytometry
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ABSTRACT

There has been renewed interest in the use of flow cytometry for single particle phenotypic analysis of
particles in the nanometer size-range such as viruses, organelles, bacteria and extracellular vesicles
(EVs). However, many of these particles are smaller than 200 nm in diameter, which places them at the
limit of detection for many commercial flow cytometers. The use of reference particles of diameter,
fluorescence, and light-scattering properties akin to those of the small biological particles being
studied is therefore imperative for accurate and reproducible data acquisition and reporting across
different instruments and analytical technologies. We show here that an engineered murine leukemia
virus (MLV) can act as a fluorescence reference particle for other small particles such as retroviruses
and EVs. More specifically, we show that engineered MLV is a highly monodisperse enveloped particle
that can act as a surrogate to demonstrate the various effects of antibody labeling on the physical
properties of small biological particles in a similar diameter range.

KEY TERMS: Small particle flow cytometry (FCM), nanoscale flow cytometry (NFC), retroviruses, biological
reference particles, extracellular vesicles (EVs), exosomes.

Flow cytometry (FCM) analysis of viruses less than  these  include:  variations in  instrument

500 nm in diameter has been reported since the late
70’s (1-3). Much of this foundational work required
customized cytometer configurations, including
high powered lasers, large collection angles, and
very low sampling rates. Advances in the technology
of modern cytometers now allow for some
conventional commercial instruments to detect
biological particles down to the 100 nm diameter
range with minor to no modifications to default
instrument configurations (4-14). However, several
key challenges remain for small particle FCM and

configurations and detection capabilities across
platforms and facilities, widely differing sample
processing and labeling methods, and a lack of
consensus for data reporting (15).

One of the major factors impeding these efforts for
standardization is the paucity of available reference
particles with fluorescence intensities relevant to
that of biological samples (16). Reference particles
are important for daily quality control of instrument
performance, as well as internal positive controls for
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optimization of sample labeling protocols. Particles
with low levels of fluorescence are needed to ensure
optimal signal to noise resolution for dim signals.
Biological reference particles have the advantage of
possessing similar biochemical composition and
antigen density levels, and can therefore act as
suitable positive staining controls for antibody and
dye labeling assays.

The development of calibration particles is also
critical for the standardization of reference particle
and sample data analysis and reporting in standard
units. Although fluorescent reference particles in the
form of polystyrene beads are commonly available,
these are several microns in diameter and generally
do not exhibit comparable fluorescence intensities
(i.e., they are too bright) as EVs or even viruses. The
calibration of fluorescence axes for small particle
analysis using molecules of equivalent soluble
fluorophore (MESF) units will require a set of
populations that are smaller and dimmer than those
currently available. Light scatter calibration using
Mie modeling on the other hand requires
homogeneous, well-characterized particles, with a
variety of diameters and refractive indices (RIs) that
are not necessarily the same as biological particles.
Currently there are few sources of well-
characterized light scatter reference materials for
small particle FCM. Calibration particles and
reference particles are therefore two distinct groups
of materials that fulfill different roles with small
particle standardization; the development of both,
however, is required in the pursuit of standardized
small particle FCM assays.

The murine leukemia virus (MLV) is symmetric and
roughly spherical in shape, with a diameter of
124+14 nm as measured by electron cryo-
microscopy (17). The specific strain used in this
current study, Moloney MLV, is an ecotropic
murine gammaretrovirus, meaning that it can only
infect certain strains of susceptible mice(18). The
viral envelope is primarily derived from the plasma
membrane of infected cells, acquired during viral
egress; a process that shares several common
pathways with EV release into the extracellular
medium (19,20). The precise and consistent
stoichiometry involved in virion capsid assembly
results in the release of particles that are

monodisperse in structure. This is a critical and
highly desirable feature, which distinguishes viruses
from other biological reference particles. MLV
naturally expresses on its surface host cell-derived
markers, along with the viral envelope glycoprotein
(Env). Env is expressed as a trimeric structure with
a transmembrane domain (TM) and a surface (SU)
antibody-accessible subunit (21,22). For most
retroviruses, Env constitutes the only viral protein
expressed on their surface. The number of Env
trimeric structures, termed spikes, is a feature that
has been characterized for several retroviral species.
For example, while the human immunodeficiency
virus type I (HIV-1) expresses approximately 14 - 21
spikes per particle, the simian immunodeficiency
virus (SIV) was shown to have 73-98, the Rous
sarcoma virus (RSV) ~82, and MLV ~100 (23-26).

For this study, we engineered a fluorescent MLV
expressing superfolder GFP (sfGFP) as a fusion
protein with Env (8,27). The fluorescence of Env-
sfGFP was quantified using MESF beads (28,29).
The unique features of viral homogeneity for both
diameter and Env-sfGFP expression levels enabled
the use of MLVsfGFP as a prototypic small vesicular
particle to demonstrate quantification of
fluorescence expression as a means to enumerate
viral surface protein expression, as well as address
pertinent questions regarding antibody labeling of
small particles using Env-sfGFP as the target
antigen. These include: 1) the relationship of
fluorophore diameter and brightness to the
resolution of small particle populations, 2) the
impact of antibody labeling on diameter and RI, and
3) whether the use of multiple antibodies can
impede optimal labeling and fluorescence
intensities.

The use of this strain of MLV as a reference particle
poses no biosafety concerns since they are ecotropic
mouse viruses that are readily inactivated with
formalin. They can also be lyophilized for stable
storage and transport. The ability for them to be
engineered to express surface epitopes of choice,
fluorescent or otherwise, make these ideal controls
for EV and virus immunophenotyping experiments.
Based on these characteristics, we conclude that
MLV particles exhibit essential features of a
biological reference particle, and provide a much-
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needed tool for daily quality control, positive
controls for select protein markers, and a simple
method for evaluating cytometer sensitivity.

MATERIALS AND METHODS

MLV production. Generation of chronically
infected NIH 3T3 cells and the production and
preparation of MLV samples for flow cytometry
analyses were described previously (8). MLVsfGFP
was engineered from a glycogag-deficient MLV
using overlapping primers to insert the sfGFP
sequence into the proline-rich region of Env using a
restriction-free cloning strategy, hence allowing for
its surface expression as a chimera with the viral
protein (27). Viruses were harvested from the
supernatant of chronically infected NIH 3T3 mouse
tibroblasts and directly analyzed by FCM. Briefly, for
virus production, 2.5 x 10° chronically infected cells
were seeded into a 10-cm dish and cultured for 12
hrs. Cells were then washed to remove the serum-
containing media and further cultured for 72 hrs in
10ml of phenol red-free DMEM (WISENT Inc.)
supplemented with 10% (v/v) EV-depleted fetal
bovine serum. The cell supernatant was collected and
passed through a 0.45 pm filter. The supernatant was
then diluted with 0.1 um-filtered PBS (WISENT Inc.)
as required for analysis.

Quantification of MLV particle concentration and
coincidence detection. Viruses are produced at a
constant rate by chronically infected cell lines. The
concentration of virus in the supernatant from
infected cells correlates directly with the number of
infected cells seeded (Suppl. Fig. 1A). Particle
concentration of viruses was determined based on
virus-gated events using 1:1000 dilution, which
usually yields a concentration of particles ~1-5x10°
particles/ml as determined by the Beckman Coulter
CytoFLEX S with a sampling rate of 10ul/min.
Volumetric counts obtained from the CytoFLEX
were validated by NTA (Suppl. Fig. 1B and 1C).
Serial dilutions of the MLV containing supernatants
show consistent SSC and fluorescence intensities at
dilutions below 1:500, with <1% electronic abort rate
(Suppl. Fig. 1D to 1F).

Flow cytometer set-up, beads, and data
acquisition. Unless otherwise indicated, all samples
were acquired on a Beckman Coulter CytoFLEX S

with 4 lasers (405 nm, 488 nm, 561 nm, 640 nm),
using 405 nm SSC-H (405-SSC-H) as the threshold
parameter (threshold at 1400 a.u.). Detector gain for
fluorescence and SSC detection were optimized
using MLVsfGFP, with 0.1 pm-filtered PBS used as
the background control for threshold determination.
The gains for the respective detectors associated with
the following spectral filters: 405-SSC, 405-450/50,
488-525/40, 561-580/30, and 640-670/30 were 1400,
1200, 3000, 1600, and 1200 a.u. respectively. A 405-
SSC vs. time plot was used during acquisition to
monitor, and ensure, consistency of the event rates.
All samples were acquired for 1 min at a sampling
rate of 10 pl/min. The sampling volume was
validated by weight using the CytExpert volumetric
calibration tool. The CytoFLEX Sizing Mix
(prototype) (Beckman Coulter, Brea, CA) was
analyzed undiluted and ApogeeMix (Apogee Flow
Systems, Hemel Hempstead, UK) was diluted 1:5
with 0.1 um-filtered PBS for analysis. FlowJo v.10
(FlowJo, LLC, Ashland, OR) was used for analysis of
flow cytometry data.

Imaging Flow Cytometry (IFC). All MLV samples
were acquired on a two camera ImageStreamX MKII
(LuminexCorp.) according to the method previously
described (12), with the modification of using the
405 nm laser (120 mW) for scatter measurements.
Briefly, samples were acquired with 60X
magnification, eGFP excitation with a 200 mW 488
nm laser, and scatter with the 405 nm laser described
above. Emissions were collected for scatter in CH07
(bandpass 405-505nm) and CHO02 for eGFP
(bandpass 480-560 nm). All samples were acquired
using the Inspire software and collected for a period
of two minutes using a scatter acquisition gate that
eliminated the speed beads (1pum polystyrene beads
used for camera synchronization). Instrument
sheath and sample dilution buffer was a 0.1 pm
sterile filtered DPBS/Modified (HyClone cat.
#SH30028.02). Buffer only controls were also run for
the same amount of time to be sure that the same
volumes were acquired as the samples. All virus
samples were run in triplicate. 500 nm Si 7 peak
FITC-MESF beads were also acquired using the same
instrument settings as the virus samples. Data was
processed using IDEAS 6.2 software (LuminexCorp)
and FCS data files created for the scatter and GFP
parameters and submitted for further analysis by the
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University of Ottawa
Virometry Core Facility.

Flow Cytometry and

Fluorescence standardization and quantification
using MESF beads. Calibration curves were
generated using a linear fit by plotting the known
MESF values vs. their respective fluorescence
intensities in linear scale for each of the MESF bead
sets used in these studies. The beads used were
500nm Si FITC-MESF (30), BD QuantiBrite PE (Lot
73318, BD Biosciences, Mississauga, ON), and
Quantum-5 FITC MESF Beads (Bang Laboratories,
Fishers, IN). Autofluorescence was measured using
the blank bead population, and this was subtracted
from the fluorescent-bead values. The uncertainties
of the fluorescence values for each bead population
was accounted for in the generation of the calibration
curve and is represented as the standard error (SE),
derived from the division of the standard of
deviation (SD) by the square-root of counts obtained
in each gated bead population. The linear fit of the
calibration curve was weighted with the SEM of each
bead population. The slope and intercept of each
calibration curve for the 500 nm Si FITC-MESF and
7 um PS FITC-MESF beads (Suppl. Fig. 2), was used
to deduce the molecules of FITC equivalence for
MLVS{GFP.

The virus population used for fluorescence
quantification was identified based on its SSC and
GFP fluorescence intensity and background
fluorescence of the virus was subtracted using the
fluorescence values of the gated MLVnoGFP. The
mode of the sfGFP fluorescence intensities was used
in determining the FITC-MESF value of MLV sfGFP.
This statistic was chosen because it best represents
the maximum of the unimodal distribution of our
monodisperse virus population and is also the
statistic most resistant to contributions from
background noise events, which can be variable
between day-to-day flow cytometer operations. The
reported MFI and MESF values for MLVsfGFP was
based on three separate experiments with a total of
n=8 and n=9 samples. Calibration fits were produced
using a C++ macro compiled with ROOT under the
general public license

(https://root.cern.ch/downloading-root). The slope

and intercepts from the calibration fits were inputted

into FlowJo to display the data as a derived
parameter in terms of MESF units.

Antibody labeling of MLV and MLV infected cells.
For antibody labeling of MLV, the concentration of
viral particles harvested from the supernatants of
cells infected with MLVstGFP and MLVnoGFP was
adjusted to 10° viral particles/ml for staining.
Fluorophore-conjugated antibody aliquots were
centrifuged at 17,000 x g for 10 min prior to use to
reduce the presence of aggregates. For each antibody
labeling reaction, 50 pl of virus supernatant was
labeled with anti-GFP antibodies unconjugated or
conjugated with PE, AF647 (clone FM264G, Bio
Legend, San Diego, CA), or BV421 (clone 1A12-6-
18), anti-mCD63-PE (clone NVG-2), anti-mCD81-
PE or BV421 (clone Eat2), or anti-mCD?9 PE (clone
KMCS8, BD Biosciences, Mississauga, ON) at the
indicated concentrations for 1 hour at 37 °C in a total
volume of 100 ul. For titration of all anti-GFP
antibodies, 5 x 10" MLVsfGFP viral particles were
mixed with an equal number of MLVnoGFP
particles, and a range of antibody staining
concentrations from 0.0125pg/ml to 1.6ug/ml was
tested for each anti-GFP conjugate. Unlabeled virus
and antibody alone samples were run as controls for
antibody labeling experiments. Labeled virus and
controls were diluted 1:500 (~10° particles/ml) for
analysis in 0.1 pm-filtered PBS for analysis by FCM.
For antibody labeling of MLV infected cells, 10° cells
were labeled with a concentration of 1 ug/ml of the
same anti-tetraspanin antibodies used for MLV
labeling in a 200 pl staining volume of 0.2% BSA-PBS
for 20 min at 4°C. Excess antibody was removed by
washing with 0.2% BSA-PBS. The SI was calculated
for each anti-GFP conjugate at each concentration
and the optimal staining concentrations associated
with the highest SI value for anti-GFP PE, BV421,
and AF647 were 0.2 pg/ml, 0.8 pg/ml, and 0.4 pg/ml
respectively. The SI is defined as the difference of the
MFI of the stained MLVsfGFP and MLVnoGFP
divided by the standard of deviation of MLVnoGEFP.

To assess the expression of cell-derived tetraspanins
on MLV, MLVSsfGFP was labeled with anti-mouse
CD9, CD63, or CD81 antibodies conjugated with PE
because this fluorophore was found to produce the
highest SI. Gating strategy used to identify
tetraspanin stained vs. negative particles is shown in
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Supplementary Figure 3 (panels A & B). Non-
specific labeling with rat IgG-PE on MLV occurs at
antibody concentrations greater than 1.6 pg/ml
(Suppl. Fig. 4A). Lower concentrations of each
antibody were also tested and confirmed that the
optimal staining concentration (highest SI) was
indeed 1.6 pg/ml (Suppl. Fig. 3C). Virus was
identified by SSC intensity and gated to remove
antibody aggregates using the antibody-only control
samples (Suppl. Fig. 5A: red gates, and 5B: red
events). PE and GFP intensities of anti-tetraspanin
PE labeled fluorescent virus was converted to MESF
using QuantiBrite PE and 500nm Si FITC MESF
beads. QuantiBrite PE beads were chosen in this case
because there are no commercially available small
particle PE MESF beads.

Nanoparticle Tracking Analysis. NTA was carried
out as previously described (8). Briefly, samples were
diluted with 0.1 um-filtered PBS and analysed using
the ZetaView PMX110 Multiple Parameter Particle
Tracking Analyzer (Particle Metrix, Meerbusch,
Germany) in diameter mode using ZetaView
software version 8.02.28. Camera gain: 938, Shutter:
70, Frame Rate 30 fps, Temperature 24.5, Brightness:
30. Videos were taken from all 11 camera positions.

Light scatter modelling using Mie Scatter. Effective
RI was approximated using the scatter-diameter
curves based on the CytoFLEX S collection geometry
as previously published (31). Briefly, instrument
light scatter calibration was performed by fitting
acquired 405 nm light scatter data to predicted values
using the reported diameters and refractive indices
of Apogee Mix beads (Apogee info) and NIST-
traceable beads (Beckman Coulter, Brea, CA). These
ranged in diameter from 80 nm polystyrene to 1300
nm silica (Fig. 1C).

Data Sharing. All List-mode data files have been
made available on FlowRepository.org in compliance
MIFlowCyt Checklist item 4.1. Repository ID:
http://flowrepository.org/id/FR-FCM-Z24Y.

RESULTS

MLV virions are monodisperse. The ecotropic
Moloney MLV used for this study was modified to
prevent the expression of the membrane-associated
accessory glycogag protein (27). This alteration

ensured that the only viral protein expressed on its
surface is Env. This virus is termed MLVnoGFP in
our study. MLVsfGFP consists on this same virus but
with the insertion of sfGFP in the Env protein
sequence. MLV virions were detected as a highly
monodisperse population that could be resolved by
side-scatter (SSC) intensity alone and further
identified by GFP expression (Fig. 1A, red gates).
Next, the 405-SSC intensity of the virus was
compared to two types of sizing beads: CytoFLEX
Sizing Mix (prototype, Beckman Coulter) (Fig. 1B)
and ApogeeMix (Fig. 1C). The virus gate (red) from
Figure 1A was superimposed to panels 1B and 1C to
delineate where the fluorescent MLV population
would appear with reference to the bead populations
on our instrument system. MLV has a similar SSC
intensity to 80 nm polystyrene beads (Fig. 1D). A
comparison of the standard deviation (SD) in
diameter distribution of MLVsfGFP and 100 nm
polystyrene bead by nanoparticle tracking analysis
(NTA) show a greater variability in diameter sizes in
the beads versus virus, 44.3 and 32.9, respectively
(Fig. 1E). This reflects the homogeneous and
consistent stoichiometry of virus assembly, and
suggests that formation of monodisperse MLV is
more consistent than the manufacturing methods
currently used for production of NIST-traceable
100 nm polystyrene beads.

Fluorescence quantification and enumeration of
GFP molecule expression on MLVsfGFP. The
fluorescence signal was analyzed from MLVsfGFP
viral particles, using MLVnoGFP as the auto-
fluorescence control and MESF calibration beads for
fluorescence quantification (Fig. 2A). 500 nm silica
spheres containing known MESF values of
fluorescein isothiocyanate (500 nm Si FITC-MESF)
(30) were used in lieu of GFP given that GFP-MESF
beads in the relevant diameter and fluorescence-
intensity range are currently not commercially
available. The GFP intensity expressed by
MLVSstGFP, quantified using the 500nm Si FITC-
MESF beads, was found to be 637+3 FITC-
equivalent molecules. Due to the mismatch of
fluorophores between the FITC-MESF calibration
beads and the MLVsfGFP, we could not report the
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fluorescence intensity of the virus in terms of GFP-
MESF.  Env-sfGFP expression was therefore
quantified on MLV by an alternate method using
anti-GFP-PE antibody labeling and fluorophore-
matched QuantiBrite PE beads (Fig. 2B). A titration
of the anti-GFP-PE antibody was performed to
determine the concentration that would produce
optimal labeling of Env-sfGFP using MLVnoGFP as
an internal non-specific binding control (Fig. 4B and
4E). The brightest population of QuantiBrite PE
beads were off-scale and only the first three
populations were used. Anti-GFP-PE labeled
MLVSsfGFP had a PE-MESF value of 306+13,
corresponding to 102 Env spikes. However, this
quantification method also has potential limitations
because it could underestimate the expression level
of Env-sfGFP for several reasons: 1) inaccuracies
associated with the use of MESF beads that are not
calibrated for use with small particles, 2) quenching
of PE molecules due to the proximity of target
epitopes, 3) steric hindrance could prevent binding
of all available epitopes, and 4) the bivalent nature of
the antibody.

Cross-institution and cross-platform assessment
of fluorescence quantification. To compare the
impact of 1) instrument variability, 2) user data
acquisition variability, and 3) technological platform
variations on the consistency of fluorescence
quantification of the viruses, MLVsfGFP and
MLVnoGFP viruses were sent to two different
research institutions. The first institution operated a
Beckman Coulter CytoFLEX S (Inst. 1) where virus
fluorescence was quantified using 7 um PS FITC-
MESF beads (Fig. 3A). The second institution (Inst
2), operated a Luminex ImageStream X (ISX) where
fluorescence quantifications were performed using
500 nm Si FITC-MESF beads (Fig. 3B). The values
for FITC-MESF obtained on the sfGFP-expressing
virus by Inst. 1 were very similar to our own, within
a 0.25-fold difference, while Inst. 2 (ISX) produced
values that were 2.6-fold higher (Fig. 3C). This
apparent disparity was most likely due to differences
in spectral filters between the two platforms. The
width of the 525/40 bandpass filter used in the
CytoFLEX S for collection of signal from FITC and

GFP limits the collection of emitted photons to
62.7% and 59.2%, respectively (Fig. 3D and 3E). The
wider filter on the ISX (520/80) is collecting 83.3%
and 88.9% of photons emitted from FITC and GFP,
respectively. This would suggest that the ISX was
disproportionately collecting more signal from GFP
than FITC (1.5-fold more compared to 1.3-fold),
which could contribute to MLVsfGFP appearing
brighter with respect to the FITC-MESF beads,
highlighting a potential caveat of using mismatched
fluorophores for fluorescence quantification.

Antibody labeling of MLV surface antigens. FCM
is the preferred method for immunophenotyping of
cells. However, immunophenotyping of small
particle populations, such as EVs and viruses, is
inherently challenging due to low surface antigen
abundance as a result of their restricted surface area.
For optimal resolution of these populations,
fluorophore selections are therefore limited to the
brightest options, with minimal spectral spillover,
thereby reducing the number of antigens that can be
targeted in one antibody panel. In cells, fewer than
1000 molecules/cell is considered low antigen
(32). According to
measurements, Env-sfGFP expression on MLV is
potentially in the order of 10* molecules (Fig. 2).
Compared to a cell, this may seem low in total
abundance, yet when integrated over surface area,
this amount of antigen on a nanoparticle of ~100 nm
in diameter actually translates to very high antigen
density; the equivalent of several millions of
molecules on a 10 um cell. As a result, labeling of
small particles with high antigen density could
potentially present the challenge of steric hindrance
issues that may occur for antibodies conjugated to
larger fluorophores.

abundance our own

Many factors contribute to the number of photons
detected by a flow cytometer from a fluorescently-
labeled particle. These factors include: excitation
wavelength, spectral filters, quantum efficiencies of
detectors at increasing wavelengths, and the
fluorophore to protein ratio (F:P ratio) of antibodies
used to label the particles of interest. For the
purposes of our study, instrument-specific
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considerations, such as excitation wavelength and
spectral filters, are negated since analyses were
performed on the same instrument. Avalanche
photodiodes (APDs), the detectors used in the
CytoFLEX §, also have a similar quantum efficiency
over the range of visible light (400-800 nm) (33). The
F:P ratio of conjugated antibodies, however, is a
factor that should be considered, aside from the
brightness, when choosing fluorophore conjugates
since it is affected by the size of the fluorophore.
Larger fluorophores such as PE typically have a 1:1
ratio due to steric hindrance, whereas smaller
fluorophores could have a higher F:P ratio (34).
Hence, a particle labeled with an antibody
conjugated to the brightest fluorophore maybe not
necessarily result in the greatest number of photons
detected if the F:P ratio is low.

To assess the contributions of fluorophore size and
brightness to resolving MLVsfGFP, an antibody
against the high-density Env-sfGFP surface antigen
was tested. Three different fluorophores that range in
diameter and emission spectra, conjugated to an
anti-GFP antibody were tested: PE, Brilliant Violet
421 (BV421), and Alexa Fluor 647 (AF647). The
characteristics of each fluorophore, including
brightness (e¢) and size (kDa), are summarized in
Figure 4A. PE is the largest and brightest of the three
fluorophores, followed by BV421, and AF647. A
titration was performed for the three conjugates of
anti-GFP antibodies and the stain index (SI) was
calculated for each (Fig. 4B to 4E). At optimal
staining concentrations (highest SI), both the PE and
BV421 conjugates identified an equivalent frequency
of GFP* viruses (52%), while the AF647 conjugate
labeled slightly fewer GFP* viruses than the other
two fluorophore conjugates (46%) (Fig. 4F). As with
labeling of cells, increase of the cell or particle
concentration will decrease the SI of optimized
antibody concentrations. We confirmed that at the
optimal staining concentration of 0.2 pg/ml for anti-
GFP PE, increasing the particle concentration of the
sample does indeed decrease the SI, however this was
only observed when particle
increased by more than a factor of 2 (Suppl. Fig. 4B
and 4C). We also observed that staining saturation is

concentrations

reached for the MLV sfGFP virus at a concentration
of 1.6 pg/ml of the anti-GFP antibody (Suppl. Fig.
4A).

Although PE is a very bright fluorophore, one major
caveat in using PE-conjugated antibodies for small
particle FCM is its potential to form aggregates (35).
In fact, PE* particles were detected in samples
containing only anti-GFP PE antibody which
increased in number with rising concentrations of
antibody used (Suppl. Fig. 5A). The majority of these
PE" aggregates were located in two populations
(coloured events); one lower and the other higher
than the labeled virus in SSC intensity (gray events)
(Suppl. Fig. 5B). At the optimal staining
concentration of 0.2 pg/ml for anti-GFP PE, the
number of aggregates was negligible in comparison
to the number of stained particles (Suppl. Fig. 5A &
B). However, it is important to note that these
samples were stained at 0.2 pg/ml, but then further
diluted 1:500 for analysis, resulting in an actual
antibody concentration of 0.4 ng/ml when analysed
on the flow cytometer. Aggregates can also be seen
with the anti-GPF BV421 conjugate, but not with the
AF647 conjugate (Suppl. Fig. 5C and D).

Antibody labeling of MLV modulates scatter
and the
refractive index. During the analysis of our
antibody-labeled MLVs in the previous section, we
noted that the GFP" virus populations increased in
SSC intensity with increasing amounts of anti-GFP
PE antibody (Fig. 5A; red gates). This increase in SSC
was also observed with BV421 and to a lesser extent
the AF647 conjugate (Fig. 5B). Conceptually, it is
that labeling with antibodies
significantly increase the apparent diameter of a
small particle such as MLV. The diameter of an IgG
antibody has been reported to range from 14 to 40
nm in diameter by 2 to 4 nm in height depending on
the measurement method used (36,37). IgG
conjugated with PE, which is 250 kDa and
considered one of the larger fluorophores used in
flow cytometry, has been reported to measure 60 nm
in diameter by 5 nm in height by atomic force
microscopy (35). To determine if the increase in SSC

intensity, hydrodynamic diameter,

feasible could
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intensity is due to an increase in particle diameter,
NTA was used to determine the hydrodynamic
diameter of antibody-labeled MLV sfGFP at the over-
saturating concentration of 1.6ug/ml. The median
particle diameter and distribution were compared
for unstrained MLVsfGFP and MLVsfGFP labeled
with unconjugated anti-GFP, as well as PE, BV421,
and AF647-conjugated antibodies (Fig. 5C). A
scatter-modeling program based on Mie theory was
used to calibrate the SSC intensity, to relate the SSC
intensity to the measured hydrodynamic diameters
of antibody-labeled and unlabeled MLVsfGFP
determined with NTA (38), and to infer the RI. Data
on the 405 nm scatter intensities acquired from
polystyrene (RI=1.6333) and silica (RI=1.448) beads
of known diameter (NIST-traceable) were used for
calibration of our instrument (Fig. 1B). Our analyses
showed high correlation (R*=0.9999) of acquired
values (geometric symbols) with theoretical values
(solid lines) down to 80 nm for PS (Fig. 5D).
Theoretical lines represent Mie-theory simulations
for materials of specific RIs with increasing particle
diameter, scatter intensity, and scattering cross-
section. Measured values for the diameters and
scatter intensities of particles with the same RI are
predicted to fall on the same lines as seen with the PS,
fluorescent PS (FL PS), and Si beads (Fig. 5D).
Figure 5E, generated from the gray inset in Figure
5D, depicts the collected data of antibody labeled
MLV with respect to the RI values for PS (solid blue
line) and Si (dashed red line).

Although individual MLV particles are not
homogeneous in composition like a bead, their
effective RI was calculated with this assumption to
simplify the modeling of particles with multiple
refractive indices due to mixed compositions (Fig.
5F). Here, the effective RI assumes the scattering
intensity of each particle is related only to its
refractive index and has no contributing extinction
coefficient, as seen with fluorescent polystyrene
beads (Fig. 5E). The dotted line, which passes
through the unstained MLVsfGFP represents the
effective RI of unstained virus (RI=1.519). The SSC
intensity of antibody-labeled viruses falls below the

iso-RI line of the unlabeled virus, indicating that

labeled viruses have a lower effective RI than
unlabeled virus. These results clearly show that
antibody labeling can increase the diameter and,
interestingly, reduces the effective RI, and therefore
light scattering properties, of small particles. This
may be related to the extinction coefficient of the
fluorophore conjugated antibodies.

Quantification of host cell-derived tetraspanins on
MLV. Host-derived antigen expression on the
surface of the virus by antibody labeling was next
assessed to determine whether the observations from
anti-Env-sfGFP labeling held true for other antigens
on the surface of the virus. We chose to target cell-
derived tetraspanins on the surface of MLV because
these transmembrane glycoproteins are ubiquitously
expressed as they contribute to fundamental
processes of cellular trafficking (39). Tetraspanins
CD9, CD63, and CD81 have been used as markers to
identify subtypes of EVs due to their association with
mechanisms of EV egress, such as the endosomal
sorting complexes required for the transport
(ESCRT) pathway (39). More specifically, these
pathways have also been implicated in both cellular
entry and egress of retroviruses (40-44).

The PE MESF of anti-tetraspanin-labeled viral
particles were compared to show the relative
expression levels of CD9, CD63, and CD81 on MLV
(Fig. 6A-E). This comparison is possible because, in
contrast to other fluorophores, only one PE molecule
is likely to be conjugated per IgG due to its large
diameter (34). CD81 was most abundantly expressed
on MLVSsfGFP with a median PE MESF of 18.7+0.2,
followed by CD63 with 13.1+0.3 PE MESF, and CD9
with 6.4+0.02 PE MESF. It is important to note that
these values should be taken as a measure of relative
tetraspanin abundance between the three types, and
not as actual molecules of tetraspanins expressed per
virus, since QuantiBrite PE beads were not intended
for use with such dimly expressed antigens and so are
not accurately calibrated for this purpose (45). It is
unclear whether CD9 expression was actually
present on MLVsfGFEP since the signal was similar to
unstained virus (3.6£0.02 PE MESF) and could
potentially be the result of non-specific labeling.
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However, CD9 was confirmed to be expressed on the
cells producing MLVsfGFP, therefore it is possible
that MLVsfGFP indeed express CD9 at very low
levels, below the detection limit of our flow
cytometer (Suppl. Fig. 3D).

The level of staining produced by the same anti-
CD81 antibody conjugated to PE vs. BV421 was
compared (Fig. 6F). Labeling of MLVsfGFP with
anti-GFP-PE resulted in a higher SI than with the
BV421 conjugate, although both equally resolved the
MLVSfGFP  population at optimal staining
concentrations (Fig. 4B, 4C, and 4F). At optimal
staining concentrations, labeling MLVsfGFP with
anti-CD81-PE resulted in approximately 20% higher
frequency of CD81"GFP* viruses than anti-CD81-
BV421 (Fig. 6G). The resolution of CD81 expression,
an antigen expressed at lower levels than Env-sfGFP,
benefited significantly from the use of a brighter
fluorophore.

To assess whether double-labeling, the targeting of
two different antigens with two different antibodies,
would result in reduced staining for each individual
antigen due to possible steric hindrance between the
fluorophore-conjugated antibodies. A comparison
was made between the percent of resulting
CD81*GFP* and CD63*GFP" viruses (based on the
gating strategy used in Fig. 6F; dashed gates) when
the virus was labeled with anti-CD63 PE and anti-
CD81 BV421 individually or with both antibodies
together. There was no significant difference
between the numbers of CD81"MLVsfGFP or
CD63"MLVSsfGFP events, or in the percentage of
CD81" or CD63* GFP* events, obtained using single
versus double-labeling (Fig. 6H and 6I). This
suggests that steric hindrance did not affect in this
case the individual binding of two antibodies
targeting distinct antigens.

SSC intensities for single and double-labeled virus
populations (Fig. 6]) were compared to determine if
fluorescence labeling of lower-density antigens
would similarly impact scatter intensity and, thus,
the apparent diameter and RI. Although there was an
appearance of a correlation between the highest SSC

intensities and the highest degree of labeling
(CD81+CD63>CD81>CD63>CD?9),
were not statistically different from those of the
unlabeled virus. Therefore,
suggest that the labeling of low-density antigens with
fluorophore-conjugated
significantly alter the scatter intensities of small
particles.

these values
these observations

antibodies does not

DISCUSSION

Current challenges for the analysis of small biological
particles by flow cytometry are multi-faceted. To
reliably single-molecule  resolution,
technological advancements are needed to further
improve instrument sensitivity. Development of
brighter and smaller fluorophores is required for
multi-parameter analyses of small particles where
surface area is highly restricted. But more urgently,
different types of reference particles with low
fluorescence levels relevant to small particles are also
needed for: 1) positive controls for stainings
(antibodies and dyes), and 2) instrument calibration
to allow reporting across
instruments and technological platforms.

achieve

standardized data

At present, few references particles are available for
small particle FCM. Many FCM reference beads,
such as compensation beads, are made mostly of
polystyrene exhibit
autofluorescence intensity levels that are much
higher than those attainable with small biological
particles. Chemical conjugation of biological
molecules to synthetic beads for use as positive
controls can be technically challenging and often
result in very high levels of expression that are
biologically Currently
calibration beads are also too large and too bright for
accurate small particle fluorescence standardization
using MESF axes calibration. Biological particles,
such as retroviruses, on the other hand, have long
been adapted for use as vectors to safely express
proteins of interest in cells. MLV particles are small,
monodisperse, and have minimal autofluorescence.
The potential of MLVs for use as fluorescence
calibration particles in FCM is obvious because they

and fluorescence  and

irrelevant. available

252


http://dx.doi.org/10.1101/614461
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint first posted online Apr. 19, 2019; doi: http://dx.doi.org/10.1101/614461. The copyright holder for this preprint

(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-ND 4.0 International license.

Tang et al., 2019

can be engineered or labeled to have multiple levels
of fluorescence expression. We showed here, with
titrating levels of anti-GFP antibody, that
MLVSfGFP can be easily labeled with different
intensities of fluorescence.

In this study, MLV was engineered to express sfGFP
in fusion with the viral surface glycoprotein, Env.
These virus particles were used to showcase the
importance of FCM best practices, such as antibody
titration and fluorophore selection, when
conducting immunophenotyping assays on small
biological particles. Additionally, we demonstrated
that when a highly-expressed surface antigen on a
small particle is labeled with an excess of
fluorophore-conjugated  antibodies, these can
change the physical properties, including the
diameter and effective RI of that small particle.
Additionally, this study emphasized the importance
of fluorescence standardization with matching
fluorophores to compare data between different flow
cytometry platforms. Taken together, our
observations on antibody labeling using MLV as a
prototypical small particle, enabled us to identify and
address specific challenges relevant to the antibody-
labeling of small biological particles. These
observations were only made possible due to the
stringent uniformity in diameter and fluorescence,
and high viral surface antigen expression on MLV
particles. These critical features decisively qualify
MLYV as a candidate biological reference particle for
the FCM analysis of other enveloped viruses and
small biological particles such as EVs.
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FIGURE 1. MLV virions are highly monodisperse. (A) MLVstGFP and MLVnoGFP virions are a discrete
population that can be resolved by 405-SSC intensity (a.u.) and green fluorescence intensity (a.u.). (B)
Prototype CytoFLEX Sizing Mix (1: 80 nm PS, 2: 100 nm PS, 3: 214 nm Si, 4: 152nm PS, 5: 296 nm PS, 6:
1020 nm Si, 7: 100 nm PS fluorescent, 8: 196 nm PS fluorescent) and (C) ApogeeMix (1: 180 nm Si, 2: 240
nm Si, 3: 300 nm Si, 4: 590 nm Si, 5: 880 nm Si, 6: 1300 nm Si, 7: 110nm PS fluorescent) were analysed using
the same settings as those for the MLV viruses. The “Virus” gate in red is the same from panel A. (D)
Comparison of the 405-SSC intensity (a.u.) of MLVsfGFP and 80 nm polystyrene (PS) beads. (E) NTA on
the diameter distribution of 100 nm PS beads and MLVsfGFP; SD: standard deviation.
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FIGURE 2. Fluorescence quantification of GFP expression on MLVsfGFP. (A) Green fluorescence from
MLVSsfGFP was quantified with 500nm Si FITC-MESF beads with MLVnoGFP as an autofluorescence
control. Representative histogram overlay of MLVsfGFP and MLVnoGFP in FITC-MESF units with FITC-
MESF beads (n=5). (B) Fluorescence quantification of anti-GFP PE labeled MLVsfGFP with QuantiBrite
PE beads using MLVnoGFP as an internal control for non-specific labeling (n=3).
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FIGURE 3. Cross-institution and cross-platform comparison of fluorescence intensity quantification
of MLVSfGFP. (A) Comparative analysis of MLVsfGFP and MLVnoGFP viruses on two CytoFLEX S flow
cytometers from two different institutions using 7um PS FITC-MESF beads (top panel: uOttawa, bottom
panel: Beckman Coulter (Instl)). (B) Comparative analysis of MLVsfGFP and MLVnoGEFP viruses on a
Luminex ImageStream X (ISX) and a CytoFLEX S using 500nm Si FITC-MESF beads (top panel uOttawa
CytoFLEX S, bottom panel uVirginia (Inst2) ISX). MLVnoGFP was not detected on the ISX. Data is
displayed as fluorescence intensity. C) FITC-MESF values were calibrated for MLVsfGFP on both platforms
and compared to values obtained with uOttawa CytoFLEX S, with uOttawa values set to “1” (dashed line).
(D and E) Filter sets for the ISX and CytoFLEX S that were used for detection overlaid with the emission
spectrums of FITC (D) and GFP (E); CytoFLEX S: n=9; ISX; n = 3.
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FIGURE 4. Evaluation of antibody-fluorophore conjugates for the detection of MLV. (A) Diameter and
brightness information for PE, BV421, and AF647. Titration of anti-GFP (B) PE, (C) BV421, and (D) AF647
antibodies from 0.0125 pg/ml to 1.6 pg/ml, performed on a mixture of equal proportions of MLVnoGFP
and MLVSsfGFP virus particles. (E) The SI, displayed is a representative graph of n=6, was calculated for
each antibody at each concentration to determine the optimal staining concentration. (F) Representative
dot-plots showing the frequency of anti-GFP* events labeled at optimal staining concentrations for each
fluorophore conjugate.
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FIGURE 5. Antibody-fluorophore conjugates impact SSC intensity, hydrodynamic diameter, and
effective refractive index of labeled viruses. (A) Antibody labeling of MLVsfGFP increases the SSC intensity of
virus particles in a concentration-dependent manner. Representative scatter plots of MLVsfGFP (gated) mixed with
MLVnoGFP that were unstained (Unst) or labeled with anti-GFP PE antibody at 0.2ug/ml and 1.6ug/ml (left panels).
Histogram overlay of the gated GFP* populations that were labeled with anti-GFP PE, for all antibody concentrations
from 0.0125ug/ml to 1.6ug/ml (right panel). (B) SSC intensity of GFP* viruses labeled with anti-GFP conjugated with
PE, BV421, and AF647 at increasing antibody concentrations. Dashed line denotes SSC intensity of unstained
MLVS{GFP. (C) NTA-measured diameter distribution of unstained MLV sfGFP separately compared to MLV sfGFP
labeled with unconjugated anti-GPF, anti-GFP-PE, BV421, or AF647 at a concentration of 1.6pg/ml; n=3. (D) Mie-
theory analysis for the calculation of the Rls for data points acquired using different silica (Si; red) and polystyrene
(PS; blue) beads. The plot represents a correlation of the scattering cross section, hydrodynamic diameter, and SSC
intensity of the virus particles. The gray-shaded box indicates the range where the MLV data points were acquired. (E)
Gray-shaded box inset from (D), Mie-theory analysis of unstained MLVsfGFP and viruses labeled with various anti-
GFP conjugated antibodies. The estimated effective RI of unlabeled virus is demonstrated as a dotted black line; n=3.
(F) Cartoon to illustrate the complex and heterogeneous composition of a virus compared to the homogenous
composition of a bead.
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FIGURE 6. Phenotypic analysis of cell-derived tetraspanins expressed on the surface of MLV virions.
(A) Unstained MLVsfGFP was compared to virus labeled with (B) anti-CD63-PE, (C) anti-CD9-PE, and (D) anti-
CD81-PE at a concentration of 1.6 pg/ml of antibody per sample. QuantiBrite PE beads and 500nm Si FITC MESF
were used to convert fluorescence intensity to PE and FITC MESF. (E) Median PE-MESF values of anti-tetraspanin
labeled MLVsfGFP (n=3), 1-way ANOVA, P<0.001. (F) Gating strategy for identification of GFP*CD81" population
from MLV sfGFP labeled with anti-CD81 BV421 and anti-CD81 BV421. (G) Comparison of GFP*CD81" events from
anti-CD81 PE and anti-CD81 BV421 labeling, n=3, Unpaired t-Test, p<0.001. (H) Comparison of the frequency of
CD63"GFP* virus in single- (anti-CD63 alone) vs. double-labeled (anti-CD63 + anti-CD81) viruses, Unpaired t-Test,
non-significant, p = 0.34. (I) Frequency of CD81"GFP* virus in single- (anti-CD81 alone) vs. double-labeled (anti-
CD63 + anti-CD81) viruses, Unpaired t-Test, non-significant, p = 0.15. (J) SSC intensities (405-SSC) for anti-
tetraspanin labeled viruses, 1-way ANOV A, non-significant, P = 0.16.
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Supplementary Figure 1. Coincidence detection and determination of virus particle concentration
through serial dilutions using FCM and NTA. A) Analysis of equivalent volumes of supernatants collected
from an MLV infected cell line correlating seeding densities of cells to the amount of virus produced; n=6.
B) Calculated particle concentration of MLVsfGFP in undiluted supernatant based on concentrations
measured by NTA in serial dilutions (n=3). C) The calculated concentration of undiluted MLVsfGFP
supernatant based on measurements determined by NTA and FCM using samples diluted 1:1000 (n=3). D)
Flow cytometry analysis of MLV dilutions showing the abort rates and increase in measured GFP
fluorescence intensity and 405-SSC intensity of MLVsfGFP at the highest concentrations. E) An overlay of
the events from the highest dilutions to compare 405-SSC scatter intensities. F) Linear correlation of GFP+
events (gated in (Fig. 1A) with dilution factor.
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Supplementary Figure 2. Calibration Curves for MESF calculations for Figures 2 & 3. (A to C)
Calibration curves for 500nm Si MESF beads for data collected on 3 separate dates for MESF values
summarized in Figure 2G. (D) Calibration curve for uOttawa CytoFLEX S using 7 um PS FITC MESF Beads.
(E) Calibration curve for Institute 1 CytoFLEX S using 7 um PS FITC MESF Beads. (F) Calibration curve
for uOttawa CytoFLEX S using 500 nm Si FITC MESF Beads. (G) Calibration curve from Institute 2 ISX
using 500 nm Si FITC MESF Beads.
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Supplementary Figure 3. Anti-tetraspanin labeling of MLVsfGFP and MLVsfGFP infected cells. (A)
Gating strategy for virus events to remove antibody aggregates using antibody only controls. All events are
displayed as PE Intensity vs. 405-SSC Intensity for anti-mouse PE conjugates for CD9, CD63, and CD8I.
(B) Gated events from (A) are displayed as GFP vs. PE Intensity. These events were then calibrated to be
displayed as FITC MESF vs PE MESF in Figure 6. (B) Gating strategy used to identify stained and negative
populations used to calculate SI. (C) SI for anti-CD81-PE, anti-CD81-BV421, anti-CD63-PE, and anti-
CD9-PE at concentrations from 0.1 ug/ml to 1.6 ug/ml. D) Anti-tetraspanin labeling of chronically infected
producer cells for MLVsfGFP, representative histogram of n=3.
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Supplementary Figure 4. Effect of changes in particle and antibody concentration on the stain index of
antibody labeled MLVsfGFP. (A) Histogram overlay of MLV sfGFP labeled with anti-GFP-PE at increasing
virus concentrations while maintaining staining concentration of 0.2 ug/ml. 1x is the original virus
concentration used to obtained optimal stain index at 0.2 ug/ml. (B) Stain index calculated from (A). (C)
Histogram overlay of anti-GFP-PE antibody-alone at 1.6 pg/ml and 6.4 ug/ml (left panel) and anti-GFP-PE
labeled MLVsfGFP + MLVnoGFP (right panel) showing staining of the MLV sfGFP population is saturated

at 1.6 pg/ml.
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Supplementary Figure 5. Detection of antibody aggregates in anti-GFP conjugates. (A) Dilutions of anti-
GFP-PE antibody alone were analyzed at 0.2ug/ml (optimal staining concentration), 1.6pg/ml and
6.4ug/ml. The first panel on the left denotes MLVsfGFP stained at a concentration of 0.2ug/ml.
Concentrations in black indicate the actual concentration of antibody as it is diluted for analysis on the
cytometer. Values in red are PE+ event counts within the red gate. (B-D) Overlays of MLVsfGFP labeled at
optimal staining concentration (gray events) with increasing concentrations of (B) anti-GFP-PE; (C)
1.6pg/ml of anti-GFP-BV421; and (D) anti-GFP-AF647. Representative plots for three independent
experiments are shown.
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A Novel Semiconductor-Based Flow
Cytometer with Enhanced Light-
Scatter Sensitivity for the Analysis
of Biological Nanoparticles

George C. Brittain IV, Yong Q. Chen?, Edgar Martinez?, Vera A. Tang®*, Tyler M. Renner*,
Marc-André Langlois®3** & Sergei Gulnik*

The CytoFLEX is a novel semiconductor-based flow cytometer that utilizes avalanche photodiodes,
wavelength-division multiplexing, enhanced optics, and diode lasers to maximize light capture and
minimize optical and electronic noise. Due to an increasing interest in the use of extracellular vesicles
(EVs) as disease biomarkers, and the growing desire to use flow cytometry for the analyses of biological
nanoparticles, we assessed the light-scatter sensitivity of the CytoFLEX for small-particle detection.
We found that the CytoFLEX can fully resolve 70 nm polystyrene and 98.6 nm silica beads by violet side
scatter (VSSC). We further analyzed the detection limit for biological nanoparticles, including viruses
and EVs, and show that the CytoFLEX can detect viruses down to 81 nm and EVs at least as small as

65 nm. Moreover, we could immunophenotype EV surface antigens, including directly in blood and
plasma, demonstrating the double labeling of platelet EVs with CD61 and CD9, as well as triple labeling
with CD81 for an EV subpopulation in one donor. In order to assess the refractive indices (RIs) of the
viruses and EVs, we devised a new method to inversely calculate the Rls using the intensity vs. size data
together with Mie-theory scatter efficiencies scaled to reference-particle measurements. Each of the
viruses tested had an equivalent RI, approximately 1.47 at 405 nm, which suggests that flow cytometry
can be more broadly used to easily determine virus sizes. We also found that the Rls of EVs increase as
the particle diameters decrease below 150 nm, increasing from 1.37 for 200 nm EVs up to 1.61 for 65 nm
EVs, expanding the lower range of EVs that can be detected by light scatter. Overall, we demonstrate
that the CytoFLEX has an unprecedented level of sensitivity compared to conventional flow cytometers.
Accordingly, the CytoFLEX can be of great benefit to virology and EV research, and will help to expand
the use of flow cytometry for minimally invasive liquid biopsies by allowing for the direct analysis of
antigen expression on biological nanoparticles within patient samples, including blood, plasma, urine
and bronchoalveolar lavages.

Extracellular vesicles (EVs) are small, naturally occurring cell fragments that range in size between 30-1000 nm.
They are generated in large numbers by living cells throughout the body, and are released as part of both normal
and pathological processes. EV's are present in all bodily fluids, and their potential for use as disease biomarkers
is the subject of active research in areas of major therapeutic importance, including cancer and cardiovascular
disease. However, due to their small size, EVs are difficult to purify and analyze by traditional techniques' .

The most commonly used techniques for purifying EVs from blood and other bodily fluids are ultracen-
trifugation, size-exclusion chromatography, and PEG precipitation. Each of these are known to have biases for
particular small-particle populations based on their densities, sizes, surface charges, or other properties, and
each result in variable levels of residual protein and lipoprotein contamination®®. Moreover, experimental char-
acterization of the resulting samples generally consists of bulk methods, including western blots, bead-based

1Beckman Coulter Life Sciences, Life Science Research, Miami, FL, USA. Beckman Coulter Life Sciences, Particle
Characterization, Miami, FL, USA. 3University of Ottawa Flow Cytometry and Virometry Core Facility, Ottawa,
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Figure 1. Optical Innovations in the CytoFLEX. (A) Wavelength-division multiplexing is a method for parsing
ranges of light wavelengths, adapted from fiber-optics technology used in the telecommunications industry.
Input light from the fiber-optic cable is sequentially reflected by bandpass filters until the particular wavelength
range encounters a permissive filter that allows the light to pass through to its associated APD. This design
minimizes the loss of light, as occurs with dichroic mirrors. (B) The catadioptric flow-cell design maximizes
light collection. Approximately 110° of side-scatter and fluorescent light is focused by a plano-concave mirror
on the back of the flow cell. The light path is then shaped by a lens designed similar to a Schmidt corrector
plate, which directs light originating from the different lasers to their respective fiber-optic pinholes, while also
minimizing the cross-mixing of light.

sandwich assays, genomic assays, dynamic light scattering (DLS) and nanoparticle tracking analysis*”®. While
these methods may provide insights into EV biology, they ultimately obscure individual particle characteristics
and, thus, the ability to properly analyze EV populations and subpopulations. In contrast, flow cytometry is the
method of choice for single-particle analyses within suspension samples, and may be uniquely suited to address
the needs of the EV field">.

Flow cytometry can enable the quantitative, multiparametric characterization of EVs and other biological
particles, including viruses and bacteria®!?. However, EVs and other biological nanoparticles typically fall within
the background noise of conventional flow cytometers, which limits how useful they may be for analyzing such
samples. In fact, the most sensitive conventional flow cytometers have been suggested to be unable to detect EVs
smaller than roughly 300 nm in diameter®!'2 Since the microvesicle size range actually extends down to 150 nm,
and exosomes are said to be between 30-150 nm in diameter, this results in the common notion that only the tip
of the EV iceberg can be detected by flow cytometry™.

Improving upon the sensitivity of conventional flow cytometers, we have developed a semiconductor-based
flow cytometer, called the CytoFLEX, which pairs silicon avalanche photodiodes (APDs) with wavelength-division
multiplexing (WDM), an optimized flow-cell design, and diode lasers in order to maximize signal and mini-
mize noise. Silicon APDs are semiconductor photodetectors that have a higher quantum efficiency and lower
electronic noise than traditional photomultiplier tubes, resulting in increased light-detection sensitivity across a
larger wavelength range’*-'°. The WDM design, adapted from fiber-optic technology used in the telecommunica-
tions industry, eliminates the dichroic mirrors that are traditionally used to divide light into color bands within
filter trees, preventing the 20-50-+% signal losses that occurs in a typical flow cytometer prior to even reaching
the bandpass filters (Fig. 1A)'®. The CytoFLEX flow cell is specially designed to maximize light capture using cat-
adioptric optical features similar to those found within astronomical telescopes, collecting approximately 110° of
side-scatter and fluorescent light, while also reducing optical noise that normally results from the cross-mixing of
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light from alternative laser sources (Fig. 1B)". Collectively, these innovations enable the use of low-power diode
lasers and small-area APDs, which further reduce electronic and thermal noise!*!8. As a result, the performance
of light-scatter detection on the CytoFLEX is so sensitive that the blue side-scatter (SSC, 488 nm) channel actu-
ally requires an attenuation filter to reduce the signal to a range useful for cells and other large particles. As an
alternative, violet SSC (VSSC, 405nm) on the CytoFLEX is unfiltered and can be used to take full advantage of
the increased sensitivity for small-particle detection. Using VSSC versus SSC for small-particle detection has an
added benefit that the shorter-wavelength light actually increases the amount of light scattered by small particles
due to increasing the relative refractive index (RI)".

In order to formally assess the light-scatter sensitivity of the CytoFLEX, we set up a series of experiments
to test the detection limit for a variety of synthetic and biological nanoparticles. First, we analyzed the differ-
ent modes of light-scatter detection on the CytoFLEX using a mixture of polystyrene (PS) and silica (Si) size
standards, with a size range extending from 81 nm to 2 um. We then tested a variety of small and low-scatter
particles, including both synthetic beads and viruses, in order to better assess the resolution limit for VSSC on
the CytoFLEX. Next, we developed a new method for converting scatter-intensity measurements to sizes and/
or RIs using scaled Mie-theory curves in order to enable better characterization, and even the prediction of the
sensitivity limits, for particles of different compositions. Using this method, we determined the RI of a variety of
viruses and then determined the precise sizes and size ranges for the viruses. Finally, we analyzed plasma-derived
EVs and compared the VSSC intensity measurements to dynamic light scattering (DLS) in order to correlate the
median scatter intensities to bulk size measurements. These measurements were also used to analyze the distri-
bution of RIs for EVs of different sizes, and we confirmed prior observations in literature suggesting that the RI
of EVs increases with decreasing size.

Results

Assessing the different modes of light-scatter detection on the CytoFLEX. The CytoFLEX flow
cytometer has 3 modes of light-scatter detection: FSC, SSC, and VSSC, which increase in sensitivity in that order.
In Supplementary Fig. 1, we demonstrate the differential sensitivity of these 3 modes using a prototype mix of
micro- and nanoparticles, called the CytoFLEX Standards Mix.

FSC on the CytoFLEX is not traditional small-angle light scatter, but rather a comparative signal analysis
called axial light loss detection!®?. It functions by directly analyzing the 488 nm laser beam without an obscu-
ration bar in order to calculate intensity differences as particles pass through the interrogation point, similar to
how transit photometry is used in astrophysics to discover and characterize exoplanets in distant star systems?!.
This method has been optimized for larger particles and cell-sized events, with baseline separation for parti-
cles larger than 500 nm in diameter (Supplementary Fig. 1A). While this level of FSC sensitivity is lower than
some flow cytometers, this approach was specifically designed to minimize variance and eliminate the need for
routine alignment, making it more user friendly. This approach also has an added benefit that the resolution of
different-sized particles using FSC is mostly independent of the RI of the particle. Indeed, while 1020 nm Si beads
(RI=1.45 at 488 nm)* had a lower SSC intensity than 490 nm PS beads (RI= 1.6 at 488 nm)?, the FSC intensities
were proportional to the volume of the particles regardless of the RI. This can be very helpful for reducing the
variations in the FSC signatures of biological particles that occur due to differences in membrane integrity, such
as with damaged or apoptotic cells**?°.

The sensitivity of SSC and VSSC on the CytoFLEX can be seen in Supplementary Fig. 1B. We found that SSC
could resolve down to 214 nm Si and at least 152 nm PS particles with complete baseline resolution. The unfil-
tered VSSC detection was even more sensitive and could fully resolve 81 nm PS particles. Both SSC and VSSC on
the CytoFLEX are true scatter-based detection methods, and the sizes of the particles that can be detected and
resolved depends on their RI.

Assessing the sensitivity of VSSC on the CytoFLEX. In order to better assess the baseline sensitivity
of VSSC on the CytoFLEX, we next tested a variety of synthetic and biological nanoparticles with different RIs
(Fig. 2). For PS nanoparticles, we found that the CytoFLEX could detect PS beads as small as 60 nm, though these
beads did not achieve baseline separation (Fig. 2A). PS beads as small as 70 nm were resolved from noise. For Si
nanoparticles, the CytoFLEX could fully resolve 98.6 nm Si beads with a RI of 1.44 (Fig. 2B). Analyses of viral par-
ticles revealed that the CytoFLEX can fully resolve Human Adenovirus-5 (HAdV-5), Human Immunodeficiency
Virus-1 (HIV-1), and Murine Leukemia Virus (MLV) (Fig. 2C). HAdV-5 is a non-enveloped DNA virus that is
approximately 95 nm in diameter?»”. HIV-1 is an enveloped retrovirus that has a peak diameter of approximately
100 nm?*%, but a broad size range resulting in a heavily skewed mean. MLV is another enveloped retrovirus with
a diameter of approximately 110 nm****!. Herpes Simplex Virus-1 (HSV-1) is a larger DNA virus, with a diameter
range between 125 to 250 nm, and a peak tegument distribution between 138 to 176 nm, averaging 157 nm?>>*,
Vaccinia Virus (VV) is a large, ellipsoidal DNA virus, with highly variable size characteristics in literature. In
order to assign an approximate spherical diameter to VV for Mie-theory analysis, we calculated the ellipsoidal
volumes for VV with size characteristics from 5 references, estimated the diameters for spheres of equivalent
volumes, and then determined the average spherical diameter to be 237.5 nm (Supplementary Table 1)**-3%. The
average measurements for each particle are listed in Supplementary Table 2, and more detailed information is in
Supplementary Fig. 2.

A method for converting scatter intensity to size or Rl.  The quantity of light scatter produced by
particles depends directly on their RI, which complicates the ability to determine the size of particles based on
reference standards with a different RI. Synthetic reference standards are still useful, though, because they have
well-defined characteristics that remain constant regardless of the instrument or detection method. In order to
help improve the characterization of small particles with different compositions by flow cytometry, we devised
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Figure 2. VSSC Sensitivity. (A) The detection of 60-296 nm PS particles by VSSC. The CytoFLEX can detect

as small as 60 nm PS nanoparticles, and can resolve as small as 70 nm. (B) The detection of 98.6-293 nm Si
particles by VSSC. 98.6 nm Si particles with a RI of 1.44 can be fully resolved by VSSC. (C) VSSC detection of
viruses. Unlabeled 95nm HAdV-5, 100 nm HIV-1, and 110 nm MLV can be fully resolved by light scatter on the
CytoFLEX. (D) A contour plot prepared using Mie-theory RI curves scaled to the CytoFLEX VSSC intensities.
The data from (A-C) were overlaid on the plot to verify the accuracy of the scaling. All samples were collected
in triplicate and these data represent the population means. VSSC gain =400; VSSC-H threshold = 3000. The
VSSC-H threshold for HSV-1 and Vaccinia was 40 K and 100K, respectively.

a simple method for approximating the size or RI of particles based on their scatter intensity and one or the
other parameter. Standard approaches to determining particle characteristics based on light scatter and inverse
Mie-theory calculations require a variety of instrument variables that may not be known or readily available®*.
Because all of these variables are contained within the real scatter intensities produced by the instrument, we
hypothesized that we could actually use reference standards to scale Mie-theory curves to the scatter intensities
expected for the flow cytometer. We calculated the expected scatter intensities by creating ratio equivalencies of
the real intensities for the reference particles divided by their theoretical scatter efficiencies, and then solving for
the intensities of particles of the same sizes but different RIs. Since the conversion of scatter intensities between
RIs involves a simple ratio of real-versus-calculated intensities, any unknown variables that contribute to the
signal cancel out as constants.

A proof of concept for our conversion method is demonstrated in Fig. 2D for the VSSC detection of a vari-
ety of nanoparticles on the CytoFLEX. We first measured a set of reference particles with known character-
istics, including 60, 81, 100, 125, 152, 203 and 296 nm NIST-traceable PS beads (Supplementary Fig. 3). The
RI of PS was calculated to be 1.627 at 405 nm*!, while the RI for water was calculated to be 1.3388%. The aver-
age scatter intensities and theoretical scatter efficiencies for each particle are listed in Supplementary Fig. 4A.
Next, we prepared a matrix of theoretical scatter efficiencies for the particle sizes with RIs between 1.35 and 1.80
(Supplementary Fig. 4B), and then calculated the approximate VSSC intensities for each particle at the different
RIs (Supplementary Fig. 4C). Finally, the matrix of calculated VSSC intensities was plotted versus size, with the
different curves representing contours of RI equivalencies (Fig. 2D). The accuracy of our method was confirmed
by plotting the nanoparticles from Fig. 2A-C into the contour plot: the PS and Si particles fall right into their
expected RI ranges, around 1.63 and 1.44, respectively*’. Interestingly, the Rls for all of the viruses were found
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Figure 3. Sizing Viruses by Flow Cytometry. (A-D) VSSC-H population statistics for (A) HAdV-5, (B) HIV-
1, (C) MLV, and (D) HSV-1. Each virus was read in triplicate and the data represent the average. (E) Fitting a
VSSC-H Intensity vs. Size curve for RI 1.47 at 405 nm in order to calculate virus sizes. (F) The calculated size
characteristics for each virus in (A-D). In the chart above, the calculated peak diameter is displayed along with
the size range. The mean and median sizes are also included in the table below, £the SEM.

to be approximately 1.47 based on the contours. While the RIs for these viruses are not available in literature,
and viral characteristics vary, this value is within the middle range for viruses that have been characterized by
alternative methods*. The exact sizes and RIs can be more precisely calculated by fitting equations to the curves
and solving for the unknown variable. In this case, using more precise calculations based on the virus sizes from
literature, we determined the RIs at 405 nm to be: 1.474 for HAdV-5, 1.484 for HIV-1, 1.469 for MLV, 1.470 for
HSV-1, and 1.466 for VV (Supplementary Figs 5 and 6), averaging 1.473. A common refractive index between
viruses would appear to suggest that it correlates to their protein content because the differences in virus size
largely represent different quantities of protein. The minor differences in the calculated RIs may be due in part
to the imprecision of using approximate sizes from literature. The lower detection limit for additional parti-
cles with a RI of 1.47 would be approximately 81 nm at the threshold and 86 nm at the level of 60 nm PS beads
(Supplementary Fig. 7).

Characterizing virus sizes by flow cytometry. Since each virus appears to have a common refractive
index, and because virus sizes are variable and sometimes imprecise in literature, we next set out to calculate
the size characteristics for each virus tested based on their VSSC measurements. The mean, median, and mode
VSSC measurements, as well as upper and lower limits can be found in Fig. 3: HAdV-5 (A), HIV-1 (B), MLV
(C), and HSV-1 (D). VV was excluded simply due to its asymmetrical shape. The equation fitting the estimated
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Figure 4. Preparation of Plasma EVs. (A) PBS + antibody cocktail as a control to demonstrate the absence of
fluorescent-antibody aggregates. (B) CD61" EV's and platelets in whole blood. (C) CD61* EVs in PPP, with
RBC:s eliminated and platelets depleted. (D) CD611 EVs in PPP filtered through a 0.2 pum filter, with platelets
eliminated. (E-H) CD61* EVs in the 5 through 8" 200 uL fraction from 0.2 um-filtered PPP passed through an
Izon qEV column. Serial dilutions were performed and all samples were acquired in triplicate. VSSC gain =400;
VSSC-H threshold = 3000.

VSSC intensities for 81-200 nm particles at a 1.47 RI can be found in Fig. 3E. Using this equation, the sizes of the
viruses were calculated in Fig. 3E Each of the calculated diameters and size ranges conforms well to literature,
and may actually have improved accuracy due to sampling hundreds of thousands of intact events rather than a
few-hundred hand-selected events from micrographs of highly-processed samples.

Analyzing plasma-derived EVs on the CytoFLEX. In order to determine the detection limit for
plasma-derived EVs on the CytoFLEX, we combined a series of sample-preparation approaches to narrow down
the size range of the plasma-EV sample fractions. First, we prepared platelet-poor plasma (PPP) by centrifuga-
tion. Then, we filtered out any residual large particles using a 0.2 um filter. Finally, we performed size-exclusion
chromatography (SEC), using Izon columns with a 70 nm pore size, to reduce proteins and lipoproteins. Using
this approach, we narrowed the size range down to roughly 70-200 nm for comparison between DLS and flow
cytometry.

The effectiveness of this approach can be seen in Fig. 4. CD61" platelets and platelet EVs in whole blood
are shown in Fig. 4B*. The RBCs were then eliminated, and the platelets reduced, by centrifugation to prepare
PPP (Fig. 4C). By filtering the PPP through a 0.2 pum filter, the residual platelets and larger microvesicles were
eliminated (Fig. 4D). The filtered PPP samples were then passed through Izon columns, and fractions 5 to 8
were collected as the purified-EV sample fractions. In each of these samples, the amount of background pro-
tein and lipoprotein appears reduced, and the relative % of CD61% EVs increased between 2- to 5-fold over
plasma (Fig. 4E-H). Titrations of the Izon fractions, together with the population statistics, can be found in
Supplementary Fig. 8. The CD61" EVs prepared using this method were roughly 50% CD9 double positive, while
they were predominantly CD63 and CD81 negative (Fig. 5A and Supplementary Fig. 9). Approximately 8.7%
of the CD61" EVs from Donor 2 were CD81 double positive, including 7.5% that were CD9, CD81 and CD61
triple positive (Fig. 5B). However, the majority of donors appear more similar to Donors 1, 3 and 4. The RBC
marker, CD235a, was included as a negative control for platelet EVs, while the PE conjugate was specifically used
to control for antibody or protein aggregation in the case of multi-labeled events, since PE is particularly prone
to aggregate: the CD61" EV's were all negative for CD235a-PE, which supports the specificity of the double and
triple labeling.

A portion of each sample from Fig. 4E-H was also analyzed by DLS in order to characterize the sizes of each
sample fraction. Figure 6A shows representative overlays for both the flow-cytometry and DLS data from the
EV fractions. The average median VSSC and size readings can be found in Supplementary Figs 8 and 10. The
median sizes for the EV fractions were determined to be between 65-194 nm, confirming the expected bounds
for the purification approach. These data were plotted on the scaled Mie-theory RI contour plot prepared in Fig. 2,
and interestingly had a perfect linear correlation for each donor within this size range, with R? values between
0.930-0.997 (Fig. 6B). If this linear trend for the EV fractions extends lower, then EV detection on the CytoFLEX
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Figure 5. Tetraspanin Expression on the CD61% plasma EVs. (A) CD61" plasma EVs from human donors were
tested for their expression of CD9, CD63 and CD81. The CD61*" EVs were around 50% CD9", while CD63 and
CD81 expression was mostly absent. 8.7% of the CD61" EV's from Donor 2 were CD81*. The PBS + antibody
control demonstrates the lack of fluorescent-antibody aggregates. (B) Further analysis of the CD81" EVs
revealed that these were predominantly CD9, CD81 and CD61 triple positive. This is reciprocally demonstrated
by analyzing the CD81 expression on CD9* CD61" EVs, and the CD9 expression on CD81* CD61" EVS. In
total, 7.5% of the CD61 EV's from Donor 2 were triple positive. The percentages in bold are in reference to the
overall CD61" EV population. These samples were serially diluted and acquired in triplicate. VSSC gain = 400;

VSSC-H threshold = 3000.

should extend down to at least 32.6 nm at the level of 60 nm PS beads, and 12 nm at the threshold level, depending
on donor-specific differences in the EV RIs. However, it must be noted that these EV characteristics are average
population statistics composed of a distribution of many individual characteristics. We actually calculated the RIs
for each EV fraction and found them to range between 1.608 at 64.8 nm and 1.367 at 194.3 nm (Fig. 6C). Further
details on the RI calculations for each donor can be found in Supplementary Figs 11-14. This increase in the RI
of EVs at smaller sizes is expected due to the increasing ratio of macromolecules to H,O content®, and comports

well with literature®.
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Figure 6. Analysis of the VSSC Sensitivity for EV Detection. (A) Analysis of the purified EV fractions by VSSC
intensity and DLS sizing. The overlay plots demonstrate the differential VSSC intensities and DLS sizes for
representative measurements of the EV fractions from Donor 2. (B) Overlay of the average VSSC intensity vs.
DLS size measurements for each EV fraction on the scaled Mie-theory RI curves prepared in Fig. 2. The sample
distributions are almost perfectly linear, with R? values between 0.930 and 0.997 relative to linear trendlines. (C)
The RIs of the EV fractions increase progressively as their sizes decrease. All samples were serially diluted and
the VSSC-H intensity measurements were acquired in triplicate or quadruplicate, while 100 DLS measurements
were acquired per sample. VSSC gain =400; VSSC-H threshold = 3000.

Discussion

We demonstrated that the CytoFLEX flow cytometer can effectively detect and resolve nanoparticles and
plasma-derived EVs well in to the exosome range: 30-150 nm. By VSSC, we were able to fully resolve 70nm PS
beads and 98.6 nm Si beads, as well as HAdV-5, HIV-1 and MLV. To our knowledge, no other flow cytometer has
ever been demonstrated to resolve adenoviruses and HIV, or PS and Si beads within this size range, by light scat-
ter. MLV detection has been demonstrated on another flow cytometer®, but the CytoFLEX has much improved
resolution and consistency by comparison. Moreover, we found that the CytoFLEX can detect EVs at least as small
as 65 nm, triggering with VSSC and immunophenotyping to identify the smallest EV populations. This level of
sensitivity can greatly benefit exosome and EV research, as most flow cytometers have been suggested to be una-
ble to detect EVs smaller than 300 nm in diameter'!. In fact, while our results demonstrate that the CytoFLEX is
more sensitive than even dedicated microparticle analyzers*>*%, it is indeed a full-fledged flow cytometer with a
complete dynamic range for cells and other large particles.

The single biggest innovation that enables such dramatic performance improvement on the CytoFLEX is the
use of small-area APDs for signal detection. Small-area APDs have a higher quantum yield, increased linear
dynamic range, and minimal dark-current electronic noise'*-'>. The CytoFLEX was the first-in-class flow cytom-
eter to replace traditional PMTs with APDs, and the performance and sensitivity improvements that have been
demonstrated ever since have paved the way for others to follow suit. Due to the enhanced sensitivity provided
by the APDs, the rest of the optical bench was built around enhancing performance on the lower end of the sig-
nal spectrum, rather than brute-force modifications to increase signals, such as with the use of higher-powered
lasers. The design of the WDM module on the CytoFLEX, another first-in-class, is an innovative adaptation of
fiber-optic technology from the telecommunications industry, allowing for the light signals on the CytoFLEX
to be directed to their respective APDs without passing through any light filters or mirrors prior to reaching
their final destination (Fig. 1A)'°. This design allows for maximal signal collection. Conversely, the filter trees in
traditional flow cytometers lose 20% or more light per dichroic mirror used to divide the light into color bands,
which can result in >50% signal losses for some channels. The design of the flow cell similar to a miniature cat-
adioptric telescope is another first-in-class innovation to maximize light collection, enabling the collection of
110° of side-scatter and fluorescent light (Fig. 1B)"’. Traditional flow cytometers generally collect only 30-60°
of side-scatter and fluorescent light, typically using focusing lenses. Finally, the enhanced signal collection and
sensitivity improvements provided by the combined use of small-area APDs, WDMs and the optimized flow-cell
design allows for the use of low-power diode lasers, which results in less electronic and thermal noise'®. The
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combined result is a novel, 21*-century, semiconductor-based flow cytometer with robust performance, extreme
reliability without the need for constant maintenance and alignment, and improved light-scatter and fluorescence
sensitivity, largely enhancing the signal detection on the lower end of a 7-decade dynamic range.

Interestingly, there has been a recent trend where researchers and companies are shifting toward utilizing VSSC
for small-particle detection on a variety of instruments. This is presumably due to an increased awareness of the
enhanced VSSC sensitivity found on the CytoFLEX, together with knowledge of the Sellmeier observation that the
refractive index of a material depends on the wavelength of incident light, particularly that using lower-wavelength
light can increase the light scatter of small particles'®. However, VSSC alone may not provide much benefit toward
increasing the sensitivity of such instruments beyond a marginal enhancement in light refraction, which can be
easily offset by differences in laser power and other factors. The biggest factor contributing to the enhanced sensi-
tivity of VSSC on the CytoFLEX is simply that the VSSC signal is not attenuated like SSC. The enhanced sensitivity
of the CytoFLEX vs. other instruments, even when using diode lasers with less than half of the power output of
traditional lasers, is again due to the enhanced optics collecting approximately 110° of orthogonally scattered light,
the WDMs minimizing signal losses, and the small-area APDs having a high quantum yield with minimal elec-
tronic noise. Some of these factors may have no substantial benefit on their own, but they combine to great effect.

The approach that we developed for converting light-scatter intensity measurements to approximate sizes or
RIs is relatively simple and should work with any light-scatter parameter. While forward Mie-theory calculations
to predict the light-scatter efficiency of particles can be complex, they are much easier than the inverse calcula-
tions needed to determine particle characteristics based on light scatter*>*. Indeed, solving Mie-theory equations
to determine specific particle characteristics typically requires a variety of complex variables pertaining to the
internal engineering of the flow cytometer, which may not be readily available®>**4>5132, Moreover, Mie-theory
solutions have been said to provide a lot more information than necessary, such that relying too heavily on the-
oretical calculations rather than real measurements can complicate the interpretation of results; e.g., predicting
ripples in scatter profiles that may be due to imaginary or radiative components, but are not observed in actual
measurements*>>>. With our approach, scaling the forward Mie-theory calculations to actual reference-particle
intensities, we addressed the inverse source problem by simply canceling out any unknown instrument variables
as constants. Using this approach, we were able to effectively characterize the sensitivity of the CytoFLEX for bio-
logical and synthetic particles of different compositions, and even found that flow cytometry can be an effective
tool for rapidly and accurately sizing viruses based on their apparent common RI: approximately 1.47 at 405 nm.
Further testing will be needed to verify this result since it is certainly possible that there are deviations, particu-
larly outside of the size range tested or with different experimental conditions.

Our current research on the CytoFLEX optics involves further improving the scatter and fluorescence sen-
sitivity, with the goal of developing an analyzer that can provide complete baseline resolution for the smallest
biological nanoparticles, including exosomes and small viruses. However, with thoughtful sample preparation
and proper instrument operation, we have found that the current state-of-the-art CytoFLEX can already enable
the detection and analysis of a variety of nanoscale viruses and EVs at the single-particle level, including EVs
directly in whole blood and plasma. This enhanced functionality is perhaps uniquely capable of helping scientists
and clinicians to achieve their goal of developing EV-based liquid biopsies for hard-to-detect diseases, such as
tissue-resident cancers, minimal residual disease, and even neurological disorders. EV-based companion diag-
nostics also promise to provide for earlier diagnoses of diseases, such as heart attacks and strokes, better stratifi-
cation and prediction of therapeutic outcomes, and improved analyses of disease progression, any one of which
would revolutionize the future of personalized medicine"**.

Methods

Blood. Fresh blood was collected onsite daily by Blood Services using K3-EDTA Vacutainers (Becton
Dickinson, Franklin Lakes, NJ). All samples were obtained from normal adult human donors under signed
informed consent, as per Western Institutional Review Board-reviewed and -approved protocol. All methods
were performed in accordance with the relevant guidelines and regulations.

Reagents. The CytoFLEX Standards Mix is a prototype bead mix from Beckman Coulter (Brea, CA), consist-
ing of 81, 100, 152, and 296 nm NIST-traceable polystyrene (PS) beads, 214, 1020 and 2000 nm NIST-traceable
silica (Si) beads, and 100, 196 and 490 nm green-fluorescent PS beads. The 60 (3060A), 70 (3070A), 81 (3080A),
92 (3090A), 100 (3100A), 125 (3125A), 152 (3150A), 203 (3200A) and 296 nm (3300A) NIST-traceable PS
beads were from ThermoFisher Scientific (Waltham, MA). The 68.6 (NS-0070A) and 98.6 nm (NS-0100A)
NIST-traceable Nanosilica beads were from MSP Corporation (Shoreview, MN). The 110 nm Si beads were from
Sigma Aldrich (803308, St. Louis, MO). The 160 (S502000) and 293 nm (SS02001) Si beads were from Bangs
Laboratories (Fishers, IN). The 214 nm Si beads were obtained from Corpuscular (140140-10, Cold Spring, NY).
Live HAAV-5 was purchased from Vector Biolabs (1060, Malvern, PA). Formalin-inactivated HIV-1 (HV-H-Zero)
and MLV (MV-M-Zero) were obtained from ViroFlow Technologies, Inc. (Ottawa, Canada). The HSV-1 and
VV were custom viral preparations prepared by freeze/thaw cell fracturing®, also from ViroFlow Technologies,
Inc. CD9-FITC (IM1775U), CD235a-PE (IM2211U), CD61-PC7 (IM3761), and CD81-PB (B19717) were from
Beckman Coulter (Brea, CA). CD63-APC was from BioLegend (353008, San Diego, CA). Izon qEVsingle/70 nm
SEC columns were purchased from Izon Science LTD (SP2, Oxford, United Kingdom).

Nanoparticle preparation. Nanoparticles were diluted from their stock concentrations into HPLC water
(WXO0008-1, MilliporeSigma, Burlington, MA) before running on the flow cytometer. In order to find the appropri-
ate working concentrations, initial 1:100 or 1:1000 concentrations were prepared, and these were then serial diluted
at a 1:2 ratio until swarming was minimized or eliminated and the signal-to-noise ratios were optimal.

SCIENTIFIC REPORTS |

(2019) 9:16039 | https://doi.org/10.1038/s41598-019-52366-4 277


https://doi.org/10.1038/s41598-019-52366-4

www.nature.com/scientificreports/

Plasma EV sample preparation. Plasma was prepared from fresh human blood by a combination of
centrifugation and filtration. Whole blood was aliquotted into 12 x 75 mm tubes and then PPP was prepared
using a 2-step process. First, the blood was centrifuged for 5min at 160 x g in an Allegra 6 R Centrifuge (366816,
Beckman Coulter, Brea, CA), and the upper supernatant was collected as PPP, careful to avoid collection of
platelet-rich plasma near the WBC layer. Rather than subjecting the PPP to additional centrifugation steps that
can also eliminate EVs, the residual platelets and larger particles were then eliminated by filtering the collected
PPP through a 0.2 um Acrodisc syringe filter #4612 (Pall Corporation, Port Washington, NY). The filtered PPP
was then passed through Izon gEVsingle SEC columns with a 70 nm pore cutoff in order to eliminate the abun-
dance of proteins and lipoproteins present below the size cutoff for the columns, while further narrowing the size
distributions in the different column fractions. SEC was performed according to the manufacturer’ instructions.
Briefly, the columns were first flushed with 1x PBS (1408, Sigma-Aldrich, St. Louis, MO), 150-200 pL of PPP was
then applied to the column, and this was followed by the addition of PBS to elute the sample fractions. The initial
800 pL of column eluate was voided, while further 200 pL fractions were collected for analysis by both DLS and
flow cytometry.

Antibody labeling. Immunophenotyping was performed on the plasma-EV samples to identify the popu-
lations of interest. To label with antibodies, the antibodies were first mixed in their appropriate concentrations
in a master mix. The optimal concentrations were empirically determined for each antibody. 50 uL of plasma or
EV samples were aliquotted into different 12 x 75 mm tubes, and an aliquot of the antibody mixture was added to
each sample. The samples were then allowed to incubate for at least 1-hour in the dark at RT. After labeling, the
samples were diluted into flow-cytometry resuspension buffer (1x PBS +0.2% PFA) and aliquotted into a 96-well
plate for flow-cytometric analyses. Depending on the preparation method and particular donor, the appropriate
dilution for the plasma-EV samples prior to analysis was typically within the range of 1:1K to 1:4 K relative to the
initial plasma when running at a medium sample rate (30 nL/min). In order to accommodate for donor-to-donor
differences, all samples were serially diluted and acquired at a variety of dilutions between 1:250 and 1:4 K.

Flow cytometry. All experiments in this study were performed using a 13-color, 4-laser CytoFLEX S
N-V-B-R Flow Cytometer, equipped with 375 nm, 405 nm, 488 nm and 638 nm lasers (B78557, Beckman Coulter,
Brea, CA) (research use only; not for diagnostics), and operated using CytExpert Software v1.2 (Beckman
Coulter, Brea, CA). For small-particle analysis, the configuration was modified for VSSC detection. Briefly, the
405/10 VSSC filter was moved to the V450 channel in the WDM, while the V450 and V525 channels were each
shifted (eliminating the V610 channel), and the detector configuration was modified in the CytExpert software
to assign the VSSC channel within the WDM. The Event-Rate Setting was set to High prior to initiating analyses,
tightening the pulse window and thus reducing the background for small-particle analyses. Finally, the trigger
channel was set to VSSC-Height and the threshold level was manually set as appropriate for the small particles.
The particular threshold setting for different instruments directly correlates to the laser power and VSSC gain,
and depends on how much optical noise the particular user prefers in the background, but it is usually in the
range of 10x the gain setting. The optimal threshold setting for the CytoFLEX S N-V-B-R was determined empiri-
cally using 81 nm PS nanoparticles at their optimal dilution. Most experiments in this study were conducted using
a VSSC gain of 400 with a VSSC-H threshold of 3000.

Prior to running the small-particle experiments, the sample probe was cleaned to reduce any debris. This step
is particularly important for small-particle experimentation because any debris in the sample lines will increase
the background noise and potentially swarm with the population of interest. Most noise of this nature resides in
the scatter range below 100 nm PS beads, so this may not be a notable issue for less sensitive flow cytometers. For
semi-automatic acquisition mode, cleansing was performed using a panel of bleach, FlowClean Cleaning Agent
(A64669, Beckman Coulter, Brea, CA) and then two tubes of clean water to flush out the remaining detergent and
debris, at the max rate for 1-2 minutes each. For plate-loader mode, this was performed using 2x alternating wells
of FlowClean and water, followed by two additional wells of water to finish flushing any residual detergent and
debris prior to the first sample. These steps were repeated if necessary.

Dynamic light scatter. DLS experiments were performed using a DelsaMax Pro Analyzer (B29164, Beckman
Coulter, Brea, CA) according to the manufacturer’s instructions. Following SEC, 100 uL of sample was aliquotted
into a cuvette, and each sample was read 10x with 10 acquisitions per read (100 acquisitions in total). If necessary,
the samples were diluted as much as 1:20 in 1x PBS. All acquisitions were performed for 2-seconds each at 25°C,
with the peak radius between 0.5 to 10,000 nm and the autocorrelation function set to between 2.0 to 200,000 ps.
The median diameter for each sample was calculated using cumulants analyses on the % Intensity measurements
from Brownian motion using the Rayleigh Spheres model. Outliers and skewing were minimized for the DLS
readings by preparing the samples with narrow size distributions, as previously described. The DelsaMax Pro was
standardized using 68.6 (NIST), 98.6 (NIST), 160 and 214 nm Si particles (Supplementary Fig. 15).

Data analyses. All flow cytometry data were analyzed using CytExpert v2.3 and Kaluza v1.5 (Beckman
Coulter, Brea, CA). First, the compensation matrix was fine-tuned for the samples, if applicable. Next, the pop-
ulation gates were adjusted for each sample, a statistics table was prepared, and the population data were then
exported to prepare charts and graphs using Excel 2013 (Microsoft, Redmond, WA). DLS data were analyzed
using DelsaMax Software v1.6.1.17 (Beckman Coulter, Brea, CA).

Statistical analyses. Al statistical analyses were performed in Excel 2013. Each sample was read in tripli-
cate or more, and the population means were calculated by averaging the median or mean intensity measure-
ments from each individual data point. The standard deviation for each sample was calculated using the STDEV
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function, which calculates SD = . 72%\(”6’:’?)2 . The coefficients of variation (CVs) as a percentage,
_ SD N . _ SD
CV(%) = (—Mean) x 100%. The standard error margin (SEM) = =

Mie-theory conversions. The scatter efficiencies were calculated using the Fortran-based, Wiscombe
Mie-theory code, MIEVO0, available online from the Oregon Medical Laser Center (omlc.org/software/mie/).
The theoretical scatter efficiencies at 405 nm were calculated for a variety of particles sizes (equivalent to the PS
standards), and at multiple RIs between 1.35 and 1.80 (in 0.05 increments). The RI for PS was calculated to be
1.627 at 405 nm*!, and the RI for water was calculated to be 1.3388 at 405 nm*2. After the VSSC-H intensities were
measured for the PS reference particles, the matrix of Mie-theory scatter efficiencies was converted to scaled
VSSC intensities by calculating equivalency ratios between the reference standards and the values for equivalently
size particles at the different RIs. The theoretical intensities were calculated by solving the equivalency ratios for
the unknown variable, as follows:

Actual VSSC Intensity
Reference Scatter Efficiency

Theoretical Intensity = x Theoretical Scatter Efficency.

This scaling approach does not require an exhaustive number of reference beads, but the more points that are
included within the targeted size range, the more accurate the contours and calculations will be.

Calculations of either the RIs or the sizes of the different particles can be accomplished in a similar manner. If
multidimensional analysis software is not available, the unknown values can be calculated manually by focusing
in on one dimension at a time. In order to calculate the RI of particles based on their intensity measurement
and size, an equation should first be best fit to the reference curve. This equation can then be solved for the
approximate scatter intensity of a reference particle at the size of interest. Next, a matrix of Mie-theory scatter
efficiencies is prepared for different RIs using the size of interest, and this matrix is converted to scaled instrument
intensities as above, using the approximate scatter intensity previously calculated as the reference intensity. The
best-fit equation for this intensity curve can be solved to determine the RI of the particle at the experimentally
measured intensity. Since determining small differences in the decimal places of a RI vs. non-linear differences
in scatter intensities many orders of magnitude greater can be difficult and inaccurate using polynomial equa-
tions, a simpler alternative is to focus in on the estimated RI range based on the main contour plot, and then use
smaller RI increments, such as 0.01, focused within the range of interest. The 2 RI increments on either side of the
experimentally measured intensity can be identified, and a linear equation between these 2 points can be easily
solved to closely approximate the RI of the sample. This method is similar to solving for the tangent of a curve in
calculus, where the tighter the interval gets, the more the curve approaches a straight line that provides for a rea-
sonably accurate localized slope. Curves demonstrating such a linear tangential fit were prepared by overlaying 2
separate charts with equivalent scales: one with the main curve and the second with a linear trendline connecting
only the two RIs closest to the target range. Equations with scatter intensity as one of the variables will be specific
to the instrument and settings used for analysis, and will need to be scaled using empirical reference-particle
measurements.
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All of the flow-cytometry data are archived at FlowRepository.org. Other data are available upon request.
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