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ABSTRACT

Viruses inherdotstyxmreedyndaeaxdn ptulaendi maopsvir
can ismivectal Tcheel It ytpyepeos. cel | used to produce &
has been shomacmdoloe cadlteaerr cddmeposi tion of the vir
alterations can change the capacity of wvirion
with the i mmune system HEIWPES 8i mpl gui Vousgs h'

tdt cadi e¢asceé ramtfdrotgees devebopmaoiabdbfbleismndmess
or encepTrialnsgtei s0if g ads ssiebalsee HeepuseatH&8Y pl e cel |
To studyr EBgVication and di sease, researchers
used to establish infection in cell culture o
l ine used for tHher@sepraglat vearlnot lcdeul gli® Mtsh ea mong t
used cell types for this purpose. -1Wea lhtyeprost htehse

macmool ecul ar composition andgriodfuecectdi.v iTtoy te@fstt h
hypothesis, wd promaddtredaHSyYrevenomonkeyoki dh
human keratinocyt edwriddra Cfadr) e s lainrdl jpir b immab lyaap ac (
for virions to replicata@gelmaes empavstmed nlpy oqgquwan
antdhoeut put of infectious virions from infected
chromat-mgsapépect-MD/mMdIqruya nfbiGtyei ns t hat are i n
virions der i vedWef rf oom naedaldhb ad evlel& Vifsppaend HHa € amor e

viral protein and infectious-ldieri oevdrbrom inf
HFA c®EIl al so mamyhtafi add cel |l ul ar proteins th
i ncorporatledviirntomsHSWepepdeducemanoekl This da
producer cellalttypres o¥i HSVocempestitt vohy whdch
i mpl neatbo how the virus spreads in humans. |
possibility that the pxKpduc eaential | sotuuwdoieensmatyh at

i nvest i-Draetpel iHSgMait ho gaeme si s .
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| NTRODUCTI ON

A brief history of hedpesn$emplern vhnrus

humans
HSM has a |l ong history of infecting human
HSM is currently under debate. Some estimates

mi gration out of Africa,l whreirgiarsa togd édb@recxiama
ago (1, 2). Regardl ess of the €lx acatv et il minmgg bcefe n
bedfell ows.-1R®ONAniwvhyg, edMBEYacted and sequenced
individuals from the UK, Russsiwe,r eanodb ttah en eNde tfhr
individuals that had died as early as 253 CE
prevalence of the virus throughout human hi st
worl dwide in thelmbdser hodmiybed hag eldS¥gausal f ac

di sease and is among the first virugse)s of hum

HSM Di sease

HSM has a broad cell tropism, meaniing t he
viwoln the majolriitryf eodt icoams eiss, ediStVher asympt oma
recurr-eesol gieh g, |l esions of the orofacial or
broad trofdi €semnoftadS¥ a wi de rpaantgiee notf(si8ldQi Fsiega.s el )
Severe disease is more common i n Til@muHIEY compr
di sease i s most seveme twleereytehe cweintusalr evelrivoal

di sseminates to multiple organs. I nfection of



(HSK). Al though HSK typicdl lcyanr €«esaalswe 3,ecrueg a @tn
the corneal stroma.llomnausezx!l mlpierdd mead s oinrs rHEVe
pat hogen each yeaal $§8)t h & SNMefa dsipnogr addiiacg nvoi sread ce;
referred to as herpes simplex encephalitis (H
when treatment is administered. HSE is caused

bulb to the tteamr@CN3eyr voasulstying in forebrai:

trigeminal sensory ganglia resultingdg is brain
perhaps best observed, tragically, in neonat e
wiht HHEVi nf ection within the genital tract <can
neonates that become infected, the virus can

and multiple -bthbatohgandi abl8Wi nat ed s$het emiac
is typically | ethal without treatment, and su

|l ifelong neurological disorders.



HSV-1 Disease Outcomes

Encephalitis

|Keratoconjunctivitis ———

* Gingivostomatitis
* Tonsillitis
+ Labialis

+ Pharyngitis

+ Esophagitis

* Tracheobronchitis
* Gladiotorum

Genital herpes

Whitlow ——
Figure-11di 889 s édSalutccaonmeisn.f ect several tissue t
associated with the skin, peripheral nervous
others. Viral replication within these tissue:
HSM replication and structure

HSM i s astdoawnmbdleed DNA virus with a 152 kb ge
encapsul ated by a proteinaceous icosahedr al C
proteins composed of a combination of mostly

layer, capsid, and genome are contained within
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bil ayer decorated with viral glycoproteins (F
the virus primarily infects keratinocytes ass

spreading to neurons assocem.t eldSMnftercttihen paefrir

neur onal cells results in lytic replication i
mature infectious virions are formed. These m
establish infection in new cells (19).

Glycoproteins

Capsid

Lipid envelope

Tegument layer

Double-stranded DNA genome

Figure-12viHS89YmMHSsM riusctauamposed of a protein cafj
dsDNA genome. The capsid is surrounded by a t
and -sntornuctural viral proteins. The outer | ayer
dectoeda with glycoproteins that are required foc
cell s.

HSM can |ytically replicate in neuronal ce
|l atent infection in peripherlali mfeauatoinsn (dfi gneL

is described as the persiscéproas of the wiewvalbn
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absence of viral protein synthesis. Few viral

| atency associated transcri pt22L)ATheahdnat sab:

LAT during viral |l atency is not well under st o
viral gene expression and reactivation in neu
|l atent infection., TWhe cthricpeamiisdls gdngleinegmry n
for -HSIVat ency Neruhomanshat are |l atently infect
t he human host, and viral spiteiad caeunrocsur The

mechani sms of reactivation are currently wunde
conditions of stress can result in reactivatio
of HSWithin the |l atently infected neuron. Ma t

ot her newmewmenalhomel |l s and other hosts (19).
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H&®Mry infecHbSdni ahectsesa&&eiraainogcyt e
r or al mucosa during primary infect
encounter neurons of the periphera
dergporttfogmadieetnawmr onal axon to
d into the neuronal nucl eus, where
viral prodcfeimhe@rwidnecd i oaus A alcyt iva
l ts i n anterograde transport of <cap
virions egress. Virions derived fr
s

blish infecliwinriwon hmumsta fcied st ainnd
xpressed on the outer surface of th
-inahddeheekbéi pesvi r.usBienndtirnyg noefd itahteos
is required for entry of the virion

rotein glycoprotein D (gD) is respo
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additional viral glycoproteins aartet arcehgnueinrte.d f
Ultimately, the virion enters the cetlpeia en:
dependen(t24ma.nnépon viral entry, the virion is

tegument proteins dissociate from the capsid.
virion host shutoff (VHS) serve termasebBpukate
viral repl i catciusrms.edl GRO tvhielr]l -ilne ¢dchies exptessi o
a viral RNase that degrades cellular transcr.i
inhibits antiviral responses. Other tegeument

beginning st dgds cofr efin$tVroyat il CP4post a transacti
expression and is required for the regulation
remain attached to the capsbdupBbe. nEhawocapséio
the nucleus. After docking withl tdenonmeliemtro pt

nucl eus to initiate viral gene expression (26
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Figure-l14red86Vca)Yi d8\Wbce¢ ynadlse.an appropriate cellu
cell wusing plasma membrane fusion or endocyto
capsid and the virion uses motor proteins to

2 Upon docking with the nuclear pore, the dscLC
nucl eus. 2)arllmmgeinetse are expressed, and the p
downstream early and | ate genegsrall) pEpeesasi o
required for thelregphomati ®n bdt ¢ hge HEVeXxpr es:
structural capsid proteins that. 6) The viral
capsid egresses fromnthepnocksassknonwa @abepcym
and acquires proteins associated with the inn
membr anes that contain proteins of the outer
process knownnvaesl sspeprceomtd.ariyhese membranes are |
Gol gi network. 8) The virus egresses from the
new cel l s

HSM | ytic gene expression takeseallage aar la
and | ate expression threaghguigeinekseeniconde( 27h

activators and repressors thanesaraend erqaug uleat ifc

HSM transcription. {demragdigteinen,| CtPlDe fiumme dioatse
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responses by the cell and also oper d988) as a
Expression of early genes are required for th
encode proteins that are responsible for the

uL30/UL42, which make up the vnaogade DWNIAr olo | ytmret

proteins, such as the major capsid protein VP
and delivers tHAdevilradle gememe al 3®) encode t he
among other functions, are required for bindi
contain a viral genome egress from the nucl eu

ar eemlslsed onto the capsid either upon or direc
are then enveloped within a |ipid bilayer tha
envel ope proteins prior to egsrevsisriinogn ftrhornmo u ghhe

pl asma membrane (25, 36)

Propagat Flonf oaf rHS\W ar ch

HSM was first isolated in 1919, and it was
transmissible agent by i nf elctriengguirraebsbiltisvi(nsg) .c
replicate. This made the abil iet ycetlol sctuuldtyu rteh en

in its infancy. The sci-anmeant ahdt memddebhb we"
study viral infection, replication, dnd di sea
replication is derirgenmotfebsm. wArd&eliln Iciemé wuéd
viruses needs to be relatively cheap and easy
and still are widely used for the study of vi

divideinghyermany of the cell | ines that are
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derived from other species and ti ss(u37)t.yples t
primary example of this would be the widely wu
HSM in | aboratories. The vero cell line is ar
growt h-lofantiSWther virusesreamteaper usmedt sn( 88
l ine was initially isolated from the kidney o
rel atively ear Ityi oinsonMiathi otnh ei ne acsoemhboifnagr owt h, i
infection and ability to produce high viral t
(39). It was even used by-2s ewheernali tl & btsestto epmea
2019, although this practice general 2y ffrelm 0
vero cells select for mutationgédtphbatDéepmidt ¢ ot |
popul arity of the verobeelnl usseavdral tdtehemr opa
of HSV These cell-20i aed HetkRudelsBHK Blkkiortal i z
fibroblast cell l' ine first isolated from Syr.
cancer celll95Mheandcdodartwad ians the firstl human
can infect mainwi mreiddi oy meerkesctth ngly, the type
a virus, i.e. the producer cell type, has bee
mol ecul ar composition of the virions that are
have | edt ouque@stoiupgn whet her tlhealpreadsucverr icoenl Ip
specifically comparing virions derived from t

from cel |l |l ines that-lade smadiecal |y relevant t
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I nfectious virion composition

Maturel WSMions consist of both viral and c
sed mass spectrometry to del evimiin@eng hley pp ot ief
irions away from cell ul ar mat erviiala.l Tpheosteeianns
9 cellular proteins that are incorporated in
i rraoynoci ated proteins vari(dd4e6pgreatly dependir

The viral proteins that make up a virion p
nfection within a cell. There are structur al
ouses tshter adnoduebdt eDNA ( dsDNA) geeqmer wddi tbr acap
or mati on. I n addition, as previously discuss
nvel ope that are critical to viral entry int
irions featur easy tofe pmosteidisvearnsda haerrvirion as
f these functions were described earlier in

CP4, and VHS. The function of the cellular p

argely unknown in the context of wviral I nfec
reventing the incorporation of a subset of t
eplication capacity of progeny virions (49).

There may be several reasons as tol why the
irions feature inconsistencies in the specif
everal purification schemesl|l halvarbmabhevseael. t

urification schHHemeg odtoigliiszed rkey yYHIIWONn ul trac

radient or cushion formed by various substra
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this gradient based on their unique density r

components. The substrates that are chosen fo
sucrose or Ficoll, and therct4d4a)e Setoandbsthaeaet
identification of wviral proteins often relies
has greatly increased in sensitivity over tim

detecti omsodcivdted o s\pirorri onnmonassoci ated contami na
previously not detected (51). Third, each set
proteins of a di.ff@Rtrreaitn swaraiiabiolfi tHVL s not we
However, strains differ in their iIinflestiraussp
can have varying replicatiorucamacti ctiees itypleas
di fferent disease selvestidkgiare FMepkekampks, at hbi
the nervous system and causes more severe dis
str@i®&) Replication differences between strai
happening within infected cells to the point

di stinct for each strain. Fourtoh ,g ediieft fad ree rHtS Vt

virions for mass specdromebrporateachodht ai sa

preitns i nto virions. Because different cell ty
interactions that occur between viral and cel
change in thd4 coheexi oof HMHEW¥Ssa ndiefrfaecrtd nocness mary
change the pool of both viral and cellul ar pr

virions.
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The problems highlighted i n ref elr evnicrei otnos ,t
specifically regardi nje ppd mdaa mt adidf fperoadruacees tclee
composition, 4xtenervourlkeealS¥ nwhdlee .f i ®dide rotfit
produce contradictory findings because of the
these experimental sydtems ainaealsy fopomnndiefctémean
types to ArdbducesHEHS¥Y¥pesumeergaendeamre Whehte str a
di fferences in viral replication havel,beaeire ex
effect that the prdduicerofdelnl otvyepd olbkse dan VESY
whet her t het yppreodecuacneralcteelrl t he macromol ecul ar ¢
Furthermore, a dearth of knowl edgel ewiirsitosnsas
i mpacts the infectious properties of the viru

thermamol ecul ar composition andliwnifrricamno®us pro

Research aims and hypotheses

HSM virology has historically relied upon
HSM for research. Previous studies have found
alter virion properties (43).onThins tphlee momd reoxn
1, but a previ oudls ssttruadiyn uKsGSn gp rtehvei oHUSSM v s howed
| CPO and I CP4 are incorpoqdatpeddiemtt o mainmieang 5i9
i mpact of t Hiepemrdeducigomcamaniplomd ecti vity was ne
study also relied on western blot for protein
analysis with undefined sensitivity for virio

cell HYWweabters the capacity of the virions t
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target cells. This includes the ability of vi
infectious virions. We also hypothesize that
into virions is produgernt aretl It d yipeet edremiemea emh e t
cell typeabteHSVvirion quality for several re

HSM propagation in the | aboratory. This | ack

interpoét 6Memssarch and | ead to a |l ack of rep
Second, this questl odi heass @ eil re vialnman ¢ ob édSa/u s e
cell iny.pelsfo the produleal tcerld tthyg eprodt eHBMWiIi ¢ c o
infectious capacity of virions, this could ha

spreads within and between hosts.

Chapter 2 is a manuscript published in Fut
producdkepenrddnt effects on viruse€ordhagier vda e
FIl avi yHerripdeaseWir t ihdbang xRet ro diadodaei rTlhhaer evi ew
di scus s es -dperpoednudceenrt caelltler ati ons to the macr oma
including the genome, | ipidome, glycome, and

dependent changes to vmonenreobguoitivobhy, Ther s

|l iterature in this review offers-lgmagacbanipgamet
virion quality and which experiments we shoul

Chapter 3 is a manuscript that has been su
Virology. The experiments in this chapter dir

of HSWlIters the infectious c anppaocsiittyi oconf. vTi hrei ocni

for -HStVo replicate was tested by producing t he
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keratinocyte (HaCaT) <cell s, anld) pcve tnbasrcye |hlusma n
were chosen due to their cdrrestaacdéh Risstbopiro
l ine for experimedtaeilos. wda€aTFTedradtldBFas a c
more closely resemblwouwl cedndawrpdmailegpt i AV i on
was measured by quantifying viral protein pro
infected target celtlhrate®ut hadaat a hel @la oad yt cedresm ateh
infectious properti esMS/fMSv ibraisoends .q ulann taidtdaittiivoen
and cellular prot-é@imnsrasssescparedti wdt hr B&Veach
that odbeeprcell type alters virion protein co

Chapter 4 provides further data supporting
alterl iHSfVecti vity. This chapilet ousestt wardihfyf
Two separate assays werctepsredestot amoaangalr geod
expression. First, vidMMdKr ae awasrmpasabeddancm
usi ng quanttirtans crei prtePVORr) sRCRed gqmRd, a filuoresce
strain 17 was employedetexpissalorzeushegtli mva
mi croscopy. The data not only reaffirms that
shows that-dppeddeat eéfFlkct sl agptprlayi tso. mul ti pl e

Chapter 5 provides an overall conclusion t
what it might mea-fi i nfebheioantéeéktabboHBVfers
test how the produckrvicril dn tiempfed satasiy caamddt gmaoccd & Wh

composition. Some of the future experiments p
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study prddpeadent!l X feaxd sneowmr i85 ar e tlhe resert

nfection.
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ABSTRACT

The cells infected by a virus in vivo are critical determinants of infection and disease. These same
susceptible cells can also provide a wide range of options for viral propagation. The type of cell used to
produce a virus, i.e. the producer cell type, can change the macromolecular composition of viruses and
other factors associated with viral inoculum independent of genetic selection. Changes in the post-
translational modifications of viral proteins, virion protein and lipid composition, and the types of viral
structures released from different producer cells have been observed for several virus families. These
producer cell-dependent changes can have wide ranging consequences on subsequent infection by
altering viral tropism, antigenicity, and overall infectious capacity. The changes imparted by the
producer cell impact experimental outcomes and influence viral spread and disease in vivo. In this
review, we discuss the literature documenting the effects that producer cell type has on the macro-
molecular composition and infectious properties of virions and viral inoculum. We discuss the evidence
of producer cell-dependent changes on the outcome of infection and antigenicity from diverse viral
families. These observations highlight the need to better understand the impact producer cell type has
on viral infections and disease.

PLAIN LANGUAGE SUMMARY

Viruses need cells to make copies of themselves and to make people sick. The kind of cell used to make
a virus, called the producer cell, can change what the virus is made of. This review presents information
about how producer cells have been seen to change with six different virus families. These changes are
seen in the different proteins, fats, and sugars that go into the virus. The producer cell can also change
the make-up of material used to infect other cells. All these changes can alter how easily the virus
infects cells, how our bodies fight the virus, and how sick we get. We need to study more about how
producer cells change viruses. This will help us understand how viruses spread and cause sickness.
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Knowing this could help us make better vaccines and drugs to stop viral infection.

1. Introduction

The infectious particle produced over the course of a viral
infection, the virion, is necessary for the propagation of infec-
tion from cell-to-cell, within tissues, and between hosts. Virions
can be simple in composition, consisting solely of a nucleic acid
genome surrounded by a proteinaceous capsid shell. They can
also be extraordinarily complex, containing multiple layers of
viral and cellular proteins enclosed within lipid bilayers that are
studded with viral proteins. Despite differences in virion com-
plexity, all viruses ultimately rely upon the machinery of a host
cell to replicate virions and propagate infection. The ability to
infect and produce infectious virions in specific cell types is
a defining feature of the tropism of a virus. Viruses can exhibit
narrow or broad cellular tropisms both in vivo, where disease
manifests, and in vitro, in the use of experimental models [1]. In
this review, we will refer to the cell type used to produce virions
as the producer cell type.

Experimentation with viruses requires propagation of infectious
material, i.e, viral inoculum, which can be used to establish infec-
tion in subsequent experiments. Propagation of viral inoculum

typically involves inoculation and harvest of infectious virus from
cultured cells. In addition to infectious virions, viral inoculum can
consist of noninfectious viral materials and cellular components
depending on the method of harvest. Infectious virions are some-
times purified away from noninfectious viral materials and cellular
components to refine interpretations of experimental infection.
Some viruses are limited to a few selected cell types that can be
used for propagation in vitro. However, other viruses can be reli-
ably grown on a wide variety of cell types, many of which may not
closely resemble the natural host cells that the virus would typically
encounter and infect. Ultimately, the choice of cell line used to
generate viral inoculum can depend on several factors. First and
foremost, the cell line must be capable of producing high quan-
tities of infectious virus. Second, the cell line should be relatively
easy and cost-effective to maintain in the laboratory. Third, the cell
line must be readily available. This may seem straightforward, but
early virology research faced limitations in cell culture techniques,
which restricted the types of cells available for viral propagation
and infection studies [2]. These three factors are commonly con-
sidered when selecting cell lines for viral inoculum production.

CONTACT Matthew P. Taylor @ mptaylor@montana.edu @ Department of Microbiology & Cell Biology, Montana State University, 211 Cooley Laboratory,

Bozeman, MT 59717, USA
© 2025 Informa UK Limited, trading as Taylor & Francis Group
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Article highlights

The type of cell used to produce viruses can alter the macromo-
lecular composition of the virions that are produced. Producer cell-
dependent alterations to virion macromolecular composition
include changes in glycosylation patterns of viral envelope pro-
teins and differential incorporation of proteins and lipids into
viruses.

The producer cell type can alter the composition of viral inoculum
that is used to infect cells. This does not necessarily involve altera-
tions to virions, but instead retention of factors within the producer
cell or changes to non-virion secreted factors.

Producer cell-dependent changes to virions or virion inoculum can
alter the outcome of immunogenic responses, viral tropism, and
overall viral infectivity and spread within both in vitro and in vivo
models.

Evidence of producer cell-dependent effects on viruses affiliated with the
Coronaviridae, Flaviviridae, Herpesviridae, Orthomyxoviridae, Retroviridae,
and Togaviridae are discussed in this review.

However, other factors may be considered for various purposes
including generation of attenuated virus for vaccine production or
reproduction of scientific results from previous studies [3-5]. While
these factors are important in choosing a producer cell type, an
often-overlooked aspect is how the cell line used for viral propaga-
tion can influence the qualities of the viral inoculum that is
produced.

Cell types that have been used for viral propagation in the
literature have been derived from an array of different species and
tissue types. These cell lines often become immortalized through
spontaneous mutations or deliberate genetic manipulation [6].
Cells derived from different species will retain the genome from
the host organism and therefore possess a transcriptome and
proteome unique to that host. Furthermore, transcriptomic and
proteomic profiles differ between cell types derived from the
same species based on the differentiation of those cells to perform
specialized functions, such as neurons or immune cells [7]. These
dissimilarities are variables that the virus must contend with to
successfully replicate and spread. The physiological differences
between cell types can lead to producer cell-dependent changes
to virion morphology [8] and the macromolecular composition of
progeny virions including the glycome [9,10], lipidome [11-13],
proteome [14-16], and genome [17-21] (Figure 1). Moreover, the
overall content of the viral inoculum, including factors beyond just
the virions, can be influenced by the producer cell type [22-24].
Ultimately, these producer cell-dependent alterations can result in
shifts in viral infectivity and immune recognition.

Beyond in vitro experiments, understanding how the pro-
ducer cell type alters infectious properties of virions helps us
to understand how viruses spread between different tissues
and hosts to ultimately cause disease. A summary of known
producer cell-dependent alterations to virion macromolecular
composition, antigenicity, and infectivity can be found in
Table 1. A description of the producer cell types discussed in
this review, including their species and tissue of origin, can be
found in Table 2. This review will specifically examine how the
producer cell type alters virion envelope protein glycosylation,
virion proteomic content, lipidomic changes, and the overall
composition of the viral inoculum, extending beyond just the
progeny virion. It will also discuss the ramifications of these

Producing Cell Type

%
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\ J
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Figure 1. Producer cell-dependent effects on viruses. The type of cell used to
produce the virus can result in changes to virion composition and subsequent
attributes of infection. Virions produced from different cell types can exhibit
alterations to protein glycosylation, lipid composition, and the viral and cellular
proteins that are incorporated. These producer cell dependent changes can
subsequently impact recognition by immune products such as antibodies and
complement, restrict virion entry into some cell types, result in reduced capacity
of viral replication, and limit pathogenesis in in vivo infection models.

producer cell-dependent variations, highlighting their impact
on viral infection.

2. Producer cell-dependent changes to virion
protein glycosylation

Enveloped viruses depend upon virally encoded glycoproteins
to both evade host immune responses and bind to cellular
receptors to establish infection [1,25]. Some cell types can be
selected for genetic changes in viral glycoproteins that alter
the antigenicity, cellular tropism, and overall infectivity of
a virus. An example of this phenomenon has been covered
with an in-depth review of rapid mutation in the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein
when propagated in Vero cells. Briefly, the propagation of
SARS-CoV-2 in Vero cells selects for mutations within the
spike protein furin-cleavage site that results in a loss of infec-
tivity in several animal models [17]. However, the function of
viral glycoproteins is not completely dependent upon the
genetic sequence of the protein. Virally encoded glycoproteins
rely upon host cell glycosylation pathways for glycan modifi-
cation [26]. Eukaryotic glycosylation pathways are very diverse.
This diversity is evident when comparing protein glycosylation
in insect and mammalian cells, and even human cell lines to
those derived from other primates. Insect cells typically pro-
duce glycoproteins that are made up of short mannose
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Table 1. Summary of producer cell effects on virions/viral inoculum and viral infection.

FUTURE VIROLOGY (&) 3

Virus

Producer cell
types used in
study

Description of virion or viral inoculum alteration

Observed effects from producer cell-dependent alterations

Coronaviridae

Severe acute respiratory
syndrome cornavirus
(SARS-CoV 272

Flaviviridae

Dengue virus (DENV)'>*

Japanese encephalitis
virus?'

West Nile virus (WNV)®*'

Herpesviridae
Epstein-Barr virus
(EBV)*°

Herpes simplex virus-1
(HSV—1)Z£23

Herpes simgplex virus-2

(HSV-2)!

Human cytomegalovirus
(HCMY)*

Orthomyxoviridae

Influenza A virus
(IAV)8,33—35,39.61

Influenza B virus
(|BV)32A35

Retroviridae

Human
immunodeficiency
virus (HIV-1)""142

Togaviridae

Barmah Forest virus®®

Ross River virus
(RRV)36‘37

Venezuelan equine
encephalitis virus®®

Vero, Vero E6,
Vero h-Slam,
Calu-1, Calu-3

A549, Vero

A549, Calu-3

C6/36, LLC-MK2
C6/36, Vero, DC
C6/36, BHK

C6/36, Vero,
BHK-21

AGS gastric
carcinoma,
Akata-Burkitt
lymphoma

Vero, HEp-2,
BHK-21

DC, BHK-21

HaCaT, Vero

HUVEC, Human
foreskin
fibroblast (HFF)

Vero 76, Vero
1008, BHK-21,
HEC-1

Egg, MDCK, Vero,
AGE1.CR, A549,
HepG2

Egg, MDBK

Egg, MDCK
Sup-T1, Thp1
MT4, Hela
T-cells, monocyte-
derived
macrophages
C6/36, BHK-21

C6/36, BHK-21

C6/36, Vero

C6/36, BHK-21

Genomic mutation-Deletions in Furin-cleavage site
of Spike protein in Vero and Vero E6-derived
SARS-CoV 2

Lipid composition of viral envelope-differential
incorporation of lipids

Virion proteome-differential incorporation of viral
and host cellular proteins

Lipid composition of viral envelope
Envelope protein glycosylation
Differential selection of genetic variants

Envelope protein glycosylation

Glycoprotin incorporation-reduced incorporation of
gH-gL-gp42 into virion envelopes of B cell-
derived EBV

Virion proteome content-loss of ICP0O and ICP4
when produced from BHK-21
High ratio of L-particles:mature virion in
BHK-21-derived inoculum compared to HEp-2

Change to proteomic content of DC-L-particles
compared to BHK-21-L-particles

Selection for greater quantity of minor variants
when produced on HaCaT

Cellular retention of endothelial cell-tropic virion
population when propagated in HUVEC but not
HFF

Virion morphology-production of filamentous
virions by Vero C1008 and HEC-1 but production
of mostly spherical virions by BHK-21

Changes to Hemagglutinin through glycosylation

Virion proteome-differential incorporation of host
cellular proteins into virions

Changes to Hemagglutinin through either mutation
or glycosylation

Virion proteome-differential incorporation of viral
and host cellular proteins into virions

Lipid composition of viral envelope-differential
incorporation of lipids

Different recombination and mutation rates of
HIV-1 genome

Envelope protein glycosylation

Envelope protein glycosylation

Envelope E2 protein glycosylation

Envelope protein glycosylation

Loss of infectivity in hamster and primate animal models by
Vero and Vero E6-derived SARS-CoV 2

n.d.

n.d.

nd.
Loss of DC tropism by DC-derived Denv
nd.

Loss of immune recognition by lectin complement system of
Vero or BHK-derived WNV

Cell tropism switch-B cell-derived EBV has higher affinity for
epithelial cell infection and loss of infectious capacity for
B cells

n.d.

n.d.
n.d.

HUVEC-derived HCMV inoculum unable to infect endothelial
cells

n.d.

Altered infectivity and antibody recognition

n.d.

Altered antibody recognition

n.d.

n.d.

n.d.

Increased type | interferon secretion and decreased
infectivity when infecting DC's with BHK-21-derived virus
compared to C6/36-derived virus

Increased type | interferon secretion and decreased
infectivity when infecting DC’'s with BHK-21-derived virus
compared to C6/36-derived virus

Results come from infected mice. Differences in viral
dissemination within multiple tissues. More abundant
antiviral signaling and immune cell infiltration of infected
tissues when infected with Vero-RRV. Exacerbated disease
outcome when infecting with C6/36-RRV.

Increased type | interferon secretion and decreased
infectivity when infecting DC’s with BHK-21-derived virus
compared to C6/36-derived virus

List of viruses where an observed phenotype is associated with the type of cell producing the infectious material. Viruses are organized alphabetically by family. n.d.

means no data provided.
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Table 2. Summary of producer cells used for propagation of viral inoculum covered in review.
Cell type or
Cell Line/Type Species Tissue/Organ morphology Virus propagated
A549 Homo sapien (human) lung epithelial 1AV, SARS CoV-2
AGE1.CR Cairina moschata (Muscovy retina 1AV
duck)
AGS (gastric Homo sapien (human) stomach epithelial EBV
adenocarcinoma)
Akata-Burkitt Homo sapien (human) B cell EBV
lymphoma
BHK-21 Mesocricetus auratus (Syrian  Kidney fibroblast Barmah Forest virus, HSV-1, Japanese encephalitis virus RRY,
golden hamster) Venezuelan equine encephalitis virus, WNV
C6/36 Aedes albopictus (Asian tiger larva Barmah Forest virus, DENV, Japanese encephalitis virus, RRV,
mosquito) Venezuelan equine encephalitis virus, WNV
Calu-3 Homo sapien (human) lung epithelial SARS CoV-2
Dendritic cell Homo sapien (human) Dendritic cell DENV, HSV-1
HaCaT Homo sapien (human) epidermis keratinocyte HSV-2
HEK 293T Homo sapien (human) kidney epithelial DENV
Hela Homo sapien (human) cervix epithelial HIV-1
HEp-2 Homo sapien (human) Hela cell line epithelial HSV-1
contaminant
HepG2 Homo sapien (human) liver epithelial IAV
Human foreskin Homo sapien (human) foreskin fibroblast HCMV
fibroblast
HUVEC Homo sapien (human) umbilical vein endothelial HCMV
Macrophage Homo sapien (human) peripheral blood macrophage HIV-1
MDBK Bos taurus (cow) kidney epithelial 1AV
MDCK Canis familiaris (dog) kidney epithelial 1AV, IBY
MT-4 Homo sapien (human) blood T cell HIV-1
NIH/3T3 Mus musculus (mouse) embryo fibroblast DENV
Sup-T1 Homo sapien (human) T lymphoblast ~ HIV-1
THP-1 Homo sapien (human) peripheral blood  monocyte HIV-1
Vero Chlorocebus aethiops (African  kidney epithelial DENYV, HSV-1, RRV, SARS CoV-2, WNV

green monkey)

Information regarding cell types was obtained from the American Type Culture Coll
not comprehensive and reflects the cell lines used for virus propagation in the s

glycans, called paucimannosidic glycans, and oligomannose-
type glycans. These are considered less complex than the
N-glycans produced by mammalian cells that often terminate
in N-acetylneuraminic acid (NeuAc) [27,28]. Further evidence
of divergence in glycosylation pathways can be found in
primates. The enzyme responsible for N-glycolylneuraminic
acid (Neu5Gc) formation, a type of sialic acid added to pro-
teins post-translationally, is expressed in most mammals
including old world primates but not new world primates or
humans [27,29]. As evidenced by these examples, host species
and cell type are important factors in determining viral glyco-
protein composition. Viruses that exhibit changes in envelope
protein glycosylation based on the producer cell type include
viruses of Flaviviridae [30,31], Orthomyxoviridae [32-35], and
Togaviridae [36,37]. Changes in envelope protein glycosylation
within these viruses have a range of outcomes including
changes to host cell tropism [30], antigenicity [31,32,38,39],
and infectivity [33,36,37].

Influenza A virus (IAV) exhibits a wide host range and can
circulate between populations of birds and mammals. This host
range is mediated by the viral receptor-binding protein hemag-
glutinin (HA) which binds cellular sialic acids for viral entry [40].
Previous studies have revealed that the glycosylation pattern of
HA can change in a producer cell-dependent manner [34,35].
Schwarzer et al. 2009 observed that HA of both IAV subtypes
H1N1 (H1) and H3N2 (H3) is variable in molecular weight when
grown on MDCK (M-H1 or M-H3), AGE1.CR (C-H1), Vero (V-H1 or
V-H3), A549 (A-H1), and HepG2 (H-H1) cells. The changes in
glycosylation of IAV HA protein produced from these cells were

ection (ATCC) and Cellosaurus. The list of cell lines used for viral propagation is
tudies covered in this review.

observed by capillary gel electrophoresis-laser induced fluores-
cence [35/41,42]. HIN1 and H3N2 hA glycans, both undigested
and digested, showed differences in N-glycan fingerprints based
on migration time and peak number when derived from the cells
presented earlier. Further work utilizing similar assays to
Schwarzer et al. 2009 verified that the HIN1 hA glycosylation
pattern is indeed changed when propagated from different cell
types, specifically when comparing HA of M-H1 and V-H1 [34].
The impact of these producer cell-dependent changes to HA
glycosylation on the overall infectivity and antigenicity of the
virus remains to be demonstrated. However, several past studies
relied on simpler assays to determine that the producer cell type
elicits changes to 1AV [33,39] and Influenza B virus [32,38] anti-
genicity and infectivity, likely due to alterations of HA.
Flaviviruses are a type of arbovirus transmitted from mosqui-
toes to a vertebrate host as part of the sylvatic cycle or as
a zoonotic infection of people [43]. At least one flavivirus, West
Nile virus (WNV), has been shown to have its envelope glycan
composition altered by host cells in a species-dependent manner
[31]. This change to glycoprotein composition was detected
when comparing WNV derived from mammalian cells to WNV
derived from mosquito cells. The producer cell-dependent
change to protein glycosylation caused alterations to immune
recognition by the lectin complement pathway. Proteins of the
lectin complement pathway recognize pathogen-associated car-
bohydrates and can prevent cellular entry of several viruses [44-
46]. A cell line isolated from Aedes albopictus mosquitoes, C6/36,
is frequently used as a producer cell for flaviviruses, including
WNV. WNV derived from C6/36 cells (C-WNV) was bound by
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naive C57BL/6 [31] mouse serum complement proteins C3 and
mannose-binding lectin (MBL). WNV derived from mammalian
cells, including BHK21 (B-WNV) and Vero (V-WNV), was not
bound by MBL. B-WNV and V-WNV were capable of plaque
formation after incubation with mouse serum, but not C-WNV.
C-WNV regained the ability to form viral plaques when incubated
with serum from MBL-A/C KO mice, which lack a functional
lectin-dependent complement pathway. A membrane fusion
assay was used to show that loss of plaque formation by
C-WNV was most likely due to inhibition of viral entry into cells
after serum treatment. It was determined that this loss of infec-
tivity by C-WNV may be due to a difference in glycosylation of
viral envelope proteins. A follow-up experiment demonstrated
that the inhibition of N-glycosylation in BHK cells with deoxy-
mannojirimycin [47] (DMJ) rendered B-WNV susceptible to MBL
binding. Exposure of B-WNV derived from DMJ treated cells to
mouse serum resulted in a significant loss to infectivity as
demonstrated by plaque assay.

Changes to glycoprotein content induced by the producer
cell have also been characterized in the flavivirus dengue virus
(DENV), which results in a change of cell tropism [30]. DENV
produced in mammalian cells including Vero (V-DENV) and
HEK 293T (H-DENV) was able to infect dendritic cells (DCs).
Interestingly, DENV produced in DCs (DC-DENV) retained
a tropism for Vero cells but was incapable of producing infec-
tious virus or viral proteins in DCs. DENV is known to utilize
DC-SIGN and L-SIGN as viral receptors for entry [48]. Infection
of NIH/3T3 cells transfected with L-SIGN or DC-SIGN revealed
that DENV produced in C6/36 (C-DENV) was able to bind and
infect both transfected cell lines. DC-DENV was only capable of
binding and infecting 3T3 cells expressing L-SIGN but not DC-
SIGN. Researchers relied on a lectin blot analysis to distinguish
differences in glycosylation of C-DENV, V-DENV, and DC-DENV
envelope (E) protein. This analysis employed a panel of plant
lectins that each has binding affinities for unique glycosylation
patterns. From this analysis, researchers observed that each
cell type produced a unique pattern of glycosylated E protein.
More specifically, DC-DENV was found to lack high- and pauci-
mannose-type N-glycans that are present in C-DENV and
V-DENV. Digestion of DENV E protein with endoglycosidase
H or peptide-N-glycosidase F further revealed differences in
the molecular weight of glycosylated DENV E protein on wes-
tern blot when comparing E protein of each producer cell
type. These producer cell-dependent changes to glycosylation
of DENV E protein likely give rise to the differences observed
in binding and infectivity of DCs by DENV. Producer cell-
dependent effects on glycosylation have also been described
for other arboviruses including togaviruses. Shabman et al.
found that three different togaviruses including Ross River
virus (RRV), Venezuelan equine encephalitis virus, and
Barmah Forest virus infect DCs less efficiently when the virus
is produced from mammalian cells as opposed to mosquito-
derived cell lines [36]. This reduction in infectivity of mamma-
lian-derived togavirus (MA-T) was due to significantly greater
amounts of type | interferon secretion by DC's when infected
with MA-T as opposed to mosquito-derived togavirus. Like
DENV, these differences were attributed to producer cell-
dependent changes to envelope protein glycosylation.
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The previous studies are important for understanding produ-
cer cell-dependent changes to viral envelope protein glycosyla-
tion and how it might impact viral tropism and immunity.
However, few studies have tested whether these glycosylation
changes influence viral spread and disease outcome in vivo.
Tharmarajah et al. used glycan mass spectrometry to identify
changes to glycosylation of the E2 protein of RRV when pro-
duced from Vero cells (V-RRV) or C6/36 cells (C-RRV) [37]. Both
C-RRV and V-RRV E2 protein contained high-mannose glycans.
However, V-RRV E2 protein also exhibited more complex glyco-
sylation that featured galactosylation, fucosylation, and sialyla-
tion. Importantly, the producer cell type of RRV had a significant
impact on viral dissemination and disease outcome in mice.
Disease severity, duration of infection, and the distribution of
virus in different organs were all affected by the producer cell
type of the viral inoculum. Gene expression profiles of the skin
and skin-draining lymph nodes showed that V-RRV stimulated
earlier and more robust antiviral responses and greater immune
cell infiltration of infected tissues than C-RRV. While these studies
are compelling, more research is required to connect producer
cell-dependent changes to protein glycosylation and the altered
capacity to replicate and spread in vivo.

3. Producer cell-dependent changes to the virion
proteome

Viruses encode multiple structural and non-structural proteins
that are vital to re-programming host cells for viral replication,
antagonizing immune responses, and producing mature infec-
tious virions. Virions incorporate genomically encoded viral pro-
teins and several viruses have been shown to incorporate cellular
proteins into progeny virions [14,49-55]. The function of these
cellular proteins in the context of virion incorporation and sub-
sequent virion infection remains largely unclear. However,
a subset of studies have shown host cell proteins that associate
with progeny virions influence viral replication [56-58]. The pro-
ducer cell type has been shown to impact the incorporation of
both viral and cellular proteins into virions for some viruses
including those of the Coronaviridae [53], Herpesviridae [23,59],
Orthomyxoviridae [60], and Retroviridae [14].

Herpes Simplex virus-1 (HSV-1) is an alphaherpesvirus known
to infect several cell types in vivo and in vitro. In vivo, HSV-1
primarily infects keratinocytes of the epidermis and oral mucosa
prior to establishing latency in neurons of the peripheral nervous
system [61]. In vitro, many cell types are used to propagate HSV-1
for downstream experiments. HSV-1 encodes 84 known viral
proteins and incorporates at least 44 virally encoded and 49
cellular proteins into virions [1,22,52,62]. Yang & Courtney pur-
ified HSV-1 from Vero (V-HSV), BHK-21 (B-HSV), and HEp-2
(H-HSV) cells and found that HSV-1 virions derived from these
cell types differed in the composition of virally encoded proteins
[23]. Specifically, western blot analysis showed that the immedi-
ate-early tegument proteins Infected Cell Protein 0 (ICPO) and
ICP4 were present in V-HSV and H-HSV but not B-HSV. Both ICPO
and ICP4 exhibit multiple functions, and their gene expression is
required for successful viral replication. These functions include
regulation of viral gene expression, evasion of cellular antiviral
responses, and ubiquitination of host cell proteins [63,64].
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Furthermore, this producer cell-dependent incorporation of ICPO
and ICP4 may be a strain-dependent phenomenon. Yang &
Courtney did not detect ICPO and ICP4 in purified B-HSV using
the KOS strain. However, other studies detected both proteins in
purified B-HSV when using strain 17 [22,65] or strain F [52].
Although it seems likely that a lack of ICPO and ICP4 incorpora-
tion into virions would reduce the infectious capacity of HSV-1
virions, the consequences of these missing proteins have yet to
be demonstrated.

As mentioned previously, SARS-CoV-2 can undergo selec-
tion for mutation in the furin cleavage site of the spike protein
based on the producer cell type [17]. There is evidence sug-
gesting that producer cell-dependent changes to SARS-CoV-2
virions can happen independently from viral genome muta-
tion. Murigneux et al. identified and quantified proteins asso-
ciated with SARS-CoV-2 virions derived from A549-ACE2
(A-SARS) and Calu-3 (C-SARS) using LC-MS [53]. The abun-
dance of viral and cellular proteins in purified virions changed
based on the producer cell type. All known SARS-CoV-2 struc-
tural proteins were detected in virions derived from each cell
type. However, one viral non-structural protein was detected
in A-SARS, ORF7a, but was not detected in C-SARS. ORF7a
antagonizes antiviral responses and may be involved in reg-
ulation of autophagic flux [66-68]. A total of 284 and 120
cellular proteins were identified in A-SARS and C-SARS, respec-
tively, only 48 of which were incorporated into virions derived
from both cell types [53].

The detection of incorporated cellular proteins can depend not
only on cell type but also on the method of virion purification.
Within this study, subsequent LC-MS analysis of A-SARS utilized an
alternative method to purify virions away from cellular material.
The subsequent LC-MS analysis of purified A-SARS detected only
70 cellular proteins in comparison to the 284 that were originally
detected, 57 of which were identified in both analyses. This same
analysis was not performed with C-SARS, but it is indicative that
differences in purification schemes may provide varying levels of
virion purity that can elicit divergent results when analyzing the
proteomic contents of virions. Nevertheless, producer cell-
dependent differences within the virion proteome have also
been detected by mass spectrometry in Human immunodefi-
ciency virus-1 (HIV-1) and IAV. Similar to SARS-CoV2, propagation
of HIV-1 in different human cells including Sup-T1 T lymphocytes
and the monocyte model cell line THP-1 result in differential
protein incorporation [14]. Furthermore, IAV contains cellular pro-
teins that are unique or differentially incorporated into virions
depending on whether they are produced from mammalian or
avian cell lines [60]. Like HSV-1 and SARS-CoV-2, the consequences
of differential protein incorporation into IAV and HIV-1 virions are
unknown. Collectively, these results may indicate that producer
cell-dependent changes to virion proteomic composition is
a common feature of viruses. This topic requires further study to
understand its full implications to viral spread and disease
outcomes.

The consequences of producer cell-dependent alterations
to virion proteomes have remained elusive for most viruses.
This is not the case for the gammaherpesvirus Epstein-Barr
virus (EBV). EBV undergoes lytic replication in epithelial cells
and establishes a latent infection in B cells. EBV latency, and
subsequent reactivation from a latent to lytic state, is

a feature that allows EBV to persist and spread to new
hosts [69]. EBV cell tropism is determined by producer cell-
dependent alterations to the virion proteome. More specifi-
cally, lytic replication in B cells results in a tropism switch
from B cells to epithelial cells [59]. The viral envelope requires
a three-part complex of glycoprotein H (gH), gL, and gp42 for
successful entry into B cells [70,71], but gp42 is inhibitory to
EBV entry of epithelial cells [71]. Borza & Fletcher found that
EBV produced from gastric adenocarcinoma (AGS) epithelial
cells (E-EBV) produced greater quantities of EBV in B cells
than EBV produced from the B cell-like Akata-Burkitt lym-
phoma cell line (B-EBV) [59]. They also found the inverse to
be true, in which B-EBV was more infectious toward epithelial
cells when compared to E-EBV. Antibody staining of EBV gp42
and gH in combination with flow cytometry revealed that
B-EBV possessed less gp42 but equivalent quantities of gH
in comparison to E-EBV. The reduced gp42 in B-EBV virions is
related to cell type-specific expression of proteins. Human
leukocyte antigen class Il (HLA 1I) is primarily expressed in
immune cells including B cells, but the majority of epithelial
cells lack HLA Il expression [72]. The authors hypothesized
that the degradation of gp42 in HLA Il expressing cells influ-
ences the loss of B cell infectivity by B-EBV. An experiment
that relied on HLA Il expressing AGS cells for EBV production
resulted in a similar loss of virion B cell infectivity as B-EBV
from the produced virions. This data shows that producer
cell-dependent changes to the virion proteome can alter
the tropism of viruses.

Proteomic analysis of virions is challenging, and analysis of
virions have yielded different results for protein composition
within and across studies of several viruses including HSV-1
[22,52,62], human cytomegalovirus [51,73] (HCMV), SARS-CoV
-2 [53], and HIV-1 [14,15]. The differences in virion protein
content of the same virus across studies could be due to
a multitude of factors. As already mentioned, different cell
lines are often utilized to propagate virions for analysis which
likely drive changes in virion protein content. Differences
between viral strains may also cause deviation in virion protein
incorporation. In addition, several methodologies exist to purify
virions away from cellular material. Common virion purification
techniques often rely upon density ultracentrifugation, filtra-
tion, or affinity purification [74]. As discussed previously regard-
ing SARS-CoV 2 virion purification, these different purification
methodologies may not result in equivalent virion purity or
yield. Although the identification of virion proteins is most
reliably performed using mass spectrometry, various other
assays have been employed for protein detection in virions
including western blot, flow virometry [75], or immunoelectron
microscopy [16]. It is also important to highlight that sensitivity
of mass spectrometry analysis has greatly improved over time
[76], making it difficult to compare results between older and
newer studies. This increase in sensitivity may also allow detec-
tion of contaminating proteins that were not previously
detected in purified virions, and it has become increasingly
difficult to determine whether a protein is incorporated into
virions or whether said protein is a contaminant co-purifying
with virions. Follow-up experiments are often warranted to
delineate candidate proteins of interest as either contaminants
or virion incorporated and assess their function.
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4. Producer cell-dependent changes to the lipidome

Enveloped viruses acquire at least one lipid bilayer that
engulfs the protein capsid of the virion prior to egress from
an infected cell. The source of the lipid envelope is dependent
on the virus and can include the plasma membrane or internal
membranous structures such as the Golgi apparatus or the
endoplasmic reticulum. A viral envelope can be composed of
several classes of lipids. In addition to protective effects, such
as shielding virion components from antibody binding, the
envelope plays an important role in virion stability and entry
into cells. After the virus has bound a viable cellular receptor
and with the aid of fusion proteins, the lipid envelope facil-
itates entry into the cell by fusing with the plasma membrane
or the membrane of an endocytic vesicle. The role of lipids
within the producer cell in the context of viral infection and
their function post virion incorporation has been reviewed
extensively [77-81]. The lipid composition of viral envelopes
is critical to viral infectivity. For example, depletion of choles-
terol can lead to membrane permeability and virion inactiva-
tion [82,83]. Cholesterol also directly interacts with some viral
envelope proteins and can be a critical mediator of envelope
protein distribution and viral entry [84-87]. In addition, the
lipid phosphatidylserine is exposed on the surface of several
viral envelopes, and this lipid is implicated in inhibition of
antiviral responses in DCs [88]. Importantly, the lipid composi-
tion of the viral envelope can be altered in a producer cell-
dependent manner in some viruses including those of the
Coronaviridae [13], Flaviviridae [12], and Retroviridae [11].

The retrovirus HIV-1 acquires its lipid envelope from the plasma
membrane of the infected cell upon virion egress. The lipid com-
position of the HIV-1 envelope has been determined by mass
spectrometry for HIV-1 isolated from Hela (H-HIV) and MT-4
(M-HIV) cells [11]. H-HIV and M-HIV envelopes featured lipid con-
tents that were distinct from the overall lipid composition of the
plasma membrane derived from their producer cell. Similarities
were observed in the HIV-1 envelopes derived from both cell lines,
including enrichment of cholesterol, sphingomyelin, phosphatidyl-
serine, and plasmalogen-phosphatidylethanolamine. Despite
these similarities, many of the lipids that were identified within
the envelopes of HIV-1 in this study were found to be incorporated
at different abundances including sphingolipids and glyceropho-
spholipids. In addition, dihydrosphingomyelin (DHSM) was
uniquely incorporated into M-HIV. Interestingly, DHSM is known
to inhibit HIV-1 entry into cells by causing rigidity within the
plasma membrane [89]. Whether DHSM incorporation in the
M-HIV virions impacts viral envelope rigidity and subsequent
entry remains to be determined. Similar reports of differential
lipid incorporation into viral envelopes have been published that
compare the lipidome of SARS-CoV-2 virions derived from A549
and Vero cells [13] as well as DENV derived from C6/36 and LLC-
MK, cells [12]. The functional impact that producer cell-dependent
alterations to virion lipid content has on overall viral infectivity
requires further study. Future experiments are warranted to test
whether these differences in lipid composition can alter processes
such as viral entry, virion stability, and susceptibility to disinfectants
and detergents. Furthermore, it is important to note that the lipid
content of the viral envelope often does not match the lipid
content of the producer cell plasma membrane or the producer
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cell as a whole. Indeed, the aforementioned lipidomic studies
determined that each virus was enriched for and diminished of
specific lipid types compared to the host cell. This would indicate
that producer cell-dependent effects on the lipid content of the
viral envelope may not be predictable purely based on the lipid
content of the producer cell or the membranes that are associated
with the viral egress pathway.

5. Producer cell-dependent changes to viral
inoculum

The effects of the producer cell type described in this review thus
far have been focused on the direct alteration of virions. However,
producer cell-dependent differences have also been identified in
the viral inoculum itself, independent of changes to the virion’s
macromolecular composition. These producer cell-dependent
changes in the viral inoculum can manifest in different ways
depending upon the virus. These changes can result in altered
infectivity of viral inoculum. Additionally, these changes may lead
to enhanced or reduced immune cell activation. This review will
focus on producer cell-dependent changes to viral inoculum that
have been observed for members of the Herpesviridae family
[22-24].

HSV-1 produces extracellular virions to facilitate the spread of
infection to new cells, but these virions are not the only product of
HSV-1 infection. Cells infected by HSV-1 produce virus-like particles
called Light particles (L-particles). L-particles consist of a viral envel-
ope and tegument proteins but lack a viral capsid or genome [90].
The role of L-particles during HSV-1 infection is not well under-
stood. Although they lack the capacity to establish infection,
L-particles can serve as a vector for delivery of viral proteins into
cells. There is evidence that L-particles may play a role in immune
modulation. L-particles have been shown to downregulate CD83
and MHC I in DCs, and DCs exposed to L-particles have
a significantly reduced propensity for T-cell activation [22,65].
Interestingly, the quantity of L-particles produced as well as their
proteomic content can be producer cell type-dependent.

L-particles can be purified away from cellular materials using
similar methodologies as previously described for virion isolation
in proteomics studies. Yang & Courtney were able to separate HSV-
1 virions from L-particles by density gradient ultracentrifugation
[23]. This separation revealed that BHK-21 and HEp-2 cells produce
a ratio of L-particles to mature viral particles of 1:1 and 1:1300,
respectively. Western blot analysis also showed that the ratio of
ICPO to ICP4 that was incorporated into BHK-21 derived L-particles
(B-LP) appeared to be far lower than what was incorporated into
Hep-2 derived L-particles. A more extensive characterization of
L-particles purified from human monocyte-derived mature DCs
(DC-LP) and BHK-21 cells was performed by Birzer et al. [22]. Mass
spectrometry identified 63 viral proteins associated with B-LPs
compared to 41 viral proteins in DC-LPs. Several viral proteins
that were incorporated into each were present within L-particles
at different ratios. Of note, a subset of proteins that are known to
be present only in mature HSV-1 virions were detected in both DC-
LPs and B-LPs in relatively low abundance during analysis, likely
indicating a small amount of mature virion contamination in the
Ficoll density band that contained L-particles. DC-LPs also con-
tained a greater number of host cellular proteins compared to
B-LPs. Because L-particles associated with viral inoculum can enter
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cells and deliver HSV-1 viral proteins, it seems likely that producer
cell-dependent differences observed in L-particle quantity and
protein composition could alter various aspects of viral infection,
including immune cell modulation.

The betaherpesvirus HCMV possesses a broad cellular trop-
ism both in vivo and in vitro. Despite this, propagation of
HCMV in vitro can be challenging. Human fibroblasts have
become a standard for reliable propagation of HCMV for
laboratory experiments [91]. Much like EBV, HCMV virions
can possess different glycoprotein complexes that impact
cell tropism. HCMV can incorporate a gH/gL/gO complex or
a gH/gL/pUL(128-131A) complex. gH/gL/gO limits HCMV infec-
tion to a small subset of cells that include neurons and fibro-
blasts [92,93]. HCMV can gain a tropism toward leukocytes,
DCs, epithelial, and endothelial cells after incorporating a gH/
glL/pUL(128-131A) complex [92-95]. The tropism of HCMV
inoculum can change based on the producer cell type. This
change is not due to differential incorporation of glycoprotein
complexes, as previously described for EBV. Instead, it has
been shown that in at least some cell types, HCMV produces
two populations of virions, each of which possess a unique
composition of glycoprotein complexes [24]. Distinct popula-
tions of virions can be retained in some cell types, resulting in
a change to cell tropism of the viral inoculum.

HCMV viral inoculum produced from human foreskin fibro-
blasts (F-HCMV) can infect both fibroblasts and endothelial cells.
However, HCMV viral inoculum produced from HUVEC cells
(E-HCMV), a primary endothelial cell line, has a greatly reduced
infectious capacity toward endothelial cells but retains fibroblast
infectivity. This change to cellular tropism was attributed to a lack
of gH/gL/pUL(128-131A)-containing virions in the E-HCMV inocu-
lum. To mimic this effect, F-HCMV was deprived of its endothelial-
tropic viral population using an antibody-based depletion assay
targeting pUL131A or pre-incubation of F-HCMV with endothelial
cells. These treatments revealed that viral inoculum derived from
fibroblasts could be depleted of endothelial-tropic HCMV without
losing fibroblast infectivity. Like fibroblasts, endothelial cells pro-
duced HCMV that has the capacity to infect other endothelial cells,
but this endothelial-tropic subset of HCMV virions was retained by
the producer endothelial cells through an unknown mechanism.
As a result, the retained viral population of endothelial-tropic
HCMV could not spread infection to endothelial cells, whereas
the released viral population of fibroblast-tropic HCMV was able
to establish infection in fibroblasts. This data supports that two
subsets of HCMV are produced in both fibroblasts and endothelial
cells, each of which exhibit a tropism toward either fibroblasts or
endothelial cells. However, the viral inoculum obtained from
endothelial cells loses endothelial cell infectivity. This loss of infec-
tivity is due to retention of endothelial-tropic HCMV virions within
the producer endothelial cell. This data demonstrates that the cell
type used to propagate viral inoculum can influence its infectivity
and spread, independent of changes to the virion’s macromolecu-
lar composition, by retaining specific virion populations within the
producer cells.

6. Conclusion

This review has discussed findings from multiple studies that
indicate the producer cell type of viruses can alter the

macromolecular composition of virions as well as the overall
content of viral inoculum. These studies focused on viruses
affiliated with the Coronaviridae, Flaviviridae, Herpesviridae,
Orthomyxoviridae, Retroviridae, and Togaviridae. These changes
to virions include alterations to glycan modifications of virion
envelope proteins, differential incorporation of proteins, and
changes to lipid envelope composition. Although the conse-
quences of such changes remain speculative for several viruses,
various outcomes have been attributed to these alterations
across studies. These consequences include changes in immuno-
genicity and infectivity of viruses both in vitro and in vivo.

7. Future perspective

Producer cell-dependent effects on viruses remain an understu-
died aspect of many viral infections. It is likely that we do not
understand the full range of ramifications associated with produ-
cer cell effects on progeny virions, either in vitro or in vivo.
Although this review centers on producer cell-dependent altera-
tions to the virion glycome, lipidome, and proteome, producer cell-
dependent alterations to virion morphology [8] and genetic
changes to the viral genome [17,18,20,21] have also been docu-
mented in other viruses. Producer cell-dependent changes to
virions or viral inoculum are often left unrecognized without dra-
matic shifts in cell tropism or loss of infectivity in animal models.
Indeed, producer cell-dependent effects may alter aspects of viral
infection in ways that can change experimental outcomes, inter-
pretation of results, and the reproducibility of scientific findings.
Though understudied, interest in cell-based modifications and
producer cell-specific effects on viruses have gained interest in
some fields and will likely become a point of emphasis in the
future. Further research is needed to determine whether producer
cell-dependent changes can alter viral spread within and between
hosts and whether these effects can be exploited for prevention
and treatment of disease.

Beyond the effects on viral infection and replication, the pro-
ducer cell can alter immune recognition and antiviral responses to
viruses. This review has discussed previously documented changes
to antibody and complement recognition, yet there are likely
further impacts to antiviral immunity that need to be investigated.
The macromolecular composition of virions likely affects the recog-
nition of viral components by cellular pathogen-recognition recep-
tors and subsequent activation of antiviral responses in both
immune and nonimmune cells. Uptake and processing of produ-
cer cell-altered viral antigens may also influence peptide recogni-
tion and subsequent activation of T cells. The sum of these
potential differences not only implicates broader immune recogni-
tion and clearance but can also guide vaccine design strategies.
Similarly, the efficacy and design of antiviral drugs is also likely to
be shaped by the producer cell. Many antivirals are specifically
engineered against conserved viral proteins, which limits their
utility across different families of viruses [96,97]. The targeting of
conserved viral proteins can also render these antiviral drugs more
susceptible to the development of drug resistance by viruses [98].
Continuing research efforts for broad-spectrum antivirals have
looked to cellular pathways to inhibit the replication of multiple
viruses [99]. A better understanding of the ways in which host cells
alter the macromolecular composition of virions, subsequent
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