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Foamy viruses (FVs) or heterologous retroviruses pseudo-
typed with FV glycoprotein enable transduction of a great
variety of target tissues of disparate species. Specific cellular
entry receptors responsible for this exceptionally broad
tropism await their identification. Though, ubiquitously ex-
pressed heparan sulfate proteoglycan (HS-PG) is known to
serve as an attachment factor of FV envelope (Env)-contain-
ing virus particles, greatly enhancing target cell permissive-
ness. Production of high-titer, FV Env-containing retroviral
vectors is strongly dependent on the use of cationic poly-
mer-based transfection reagents like polyethyleneimine
(PEI). We identified packaging cell-surface HS-PG expression
to be responsible for this requirement. Efficient release of FV
Env-containing virus particles necessitates neutralization of
HS-PG binding sites by PEI. Remarkably, remnants of PEI
in FV Env-containing vector supernatants, which are not
easily removable, negatively impact target cell transduction,
in particular those of myeloid and lymphoid origin. To over-
come this limitation for production of FV Env-containing
retrovirus supernatants, we generated 293T-based packaging
cell lines devoid of HS-PG by genome engineering. This
enabled, for the first, time production of inhibitor-free,
high-titer FV Env-containing virus supernatants by non-
cationic polymer-mediated transfection. Depending on the
type of virus, produced titers were 2- to 10-fold higher
compared with those obtained by PEI transfection.
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INTRODUCTION
Spuma- or foamy viruses (FVs) are a particular kind of retrovirus.1

They constitute several genera in the retrovirus subfamily of the
Spumaretrovirinae due to their unique replication strategy, which devi-
ates inmany aspects from that of all other retroviruses grouped into the
Orthoretrovirinae subfamily.2,3 One unique feature that distinguishes
FVs from orthoretroviruses is their dependence of its cognate viral
glycoprotein (GP) for budding and release of virions.4,5 Unlike other
retroviruses, the FV Gag protein lacks a membrane-targeting or -asso-
ciation domain.6,7 Therefore Gag expression alone allows intracellular
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formation of virus capsids following a B/D assembly strategy at the host
cells’ centrosome. However, the preassembled capsids are unable to
associate to membranes or induce budding structures in the absence
of FV GP coexpression.8 This is because these processes depend on a
very specific and direct interaction of the FV GP precursor cytoplasmic
N terminus, which is the leader peptide (LP) domain, with the N ter-
minus of the FV Gag protein4,5,9,10 Budding of many FV species
(including simian FVs [SFVs] and feline FV [FFV]) appears to occur
mainly at intracellular membranes, most likely representing Golgi
compartments.6,8,11–13 However, in addition, budding at the plasma
membrane is observed for these FV species. Still other FV species
(e.g. bovine FV [BFV] and equine FV [EFV]) appear to bud exclusively
at the cell surface.14,15 Their wide host range and tissue tropism is
another special feature that is also associated with their GPs and makes
FVs an interesting tool for gene-delivery systems for application in
basic research and gene therapy.16,17 Unfortunately, the responsible
cellular entry receptor(s), which enable FV GP-mediated fusion and
are essential for cytoplasmic access of the viral capsid, are largely
mber 2022 ª 2022 The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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unknown. The only cellular factor identified so far that has a strong in-
fluence on FV infectivity is cell-surface heparan sulfate (HS).18–20 Sus-
ceptibility of target cells toward FV GP-mediated infection positively
correlates with their cell-surface HS proteoglycan (HS-PG) expression.
Moreover, transduction of HS-deficient cells by FVs or FV GP pseudo-
typed retroviral vectors is reduced 20- to 50-fold,18,20 though they are
not completely resistant to FV GP-mediated transduction. Therefore,
HS-PG is currently thought to function primarily as an attachment fac-
tor for FVs, facilitating the initial binding and thus increasing the con-
centration of virus particles on the cell surface. Thereby, subsequent
interaction with specific, unknown entry receptors is enabled. In line
with FV envelope (Env)-HS-PG interactions playing an important
role in the early phases of FV replication is the observation that cationic
polymers like polybrene or protamine sulfate, which are commonly
used to enhance cell-free infection of many viruses, do not enhance
or even slightly inhibit prototype FV (PFV) Env-mediated infection
of target cells.21–26

Like chondroitin sulfate (CS) and dermatan sulfate (DS), HS is a
glycosaminoglycan (GAG) that is covalently attached to core pro-
teins that form PGs.27–29 The polysaccharides of all GAGs, which
are linear chains composed of different GAG-repeating disaccharide
units, are attached to serine residues in core proteins through a
common GAG-protein linkage tetrasaccharide. HS is composed of
repeating units of uronic acid and glucosamine with variable addi-
tions of sulfate groups and other modifications. The high degree of
sulfation confers a net negative charge, which allows for ionic inter-
actions with cationic molecules of ligands. For example, HS is used
as an attachment factor by a number of viruses, such as most herpes
viruses, alpha viruses, human papilloma viruses, hepatitis C virus,
adeno-associated virus, dengue virus, yellow fever virus, human res-
piratory syncytial virus, or vaccinia virus.28 Furthermore, also
cationic polymers, such as polyethyleneimine (PEI), cationic lipid
mixtures, like lipofectamine, or cationic polypeptides, for example,
polyarginine, bind to cell-surface HS.30–32 Their interaction with
HS is essential for their application as transfection reagents for
delivery of various cargos, including nucleic acids or proteins, by
endocytic uptake into target cells.

However, HS not only participates in attachment and uptake pro-
cesses but also is an important cellular factor involved in the release
of molecules and vesicular structures from cells. This includes a
function of HS as a major regulator of release for several viruses.
For example, herpes simplex virus (HSV), known to use HS as
attachment factor for entry, in late phases of its replication induces
an upregulation of cellular heparanase,33 which is an endoglycosi-
dase that degrades HS present at multiple cellular sites including
the plasma membrane and extracellular matrix.34 Thereby, cell-sur-
face HS is almost completely removed in HSV-infected cells, which
is essential for efficient release of HSV in vitro and tissue dissemi-
nation in vivo.

Whether HS also plays a role in the release of FVs or heterologous
viral vector particles pseudotyped with FV GPs has so far not been
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investigated, though some previous observations might indicate
that they indeed do. For example, the titers of replication-deficient
PFV vector supernatants generated by transient transfection of
293T packaging cells were found to be strongly dependent on the
type of transfection reagent employed. Use of liposome-based35 or
calcium phosphate (CaP)36 transfection techniques yielded much
lower vector titers than cationic polymer-based reagents like activated
dendrimers35 or PEI,36 known ligands of HS-PG.

The results of this study strongly suggest that the cationic poly-
mers PEI and Polyfect enable the presence of high amounts of
FV GP-containing virus or virus vector particles in the supernatant
of virus- or virus vector-producing cells by neutralizing interaction
of the particles with cellular HS-PG of the virus- or virus vector-
producing cell. Furthermore, we demonstrate that cationic
polymers are efficient inhibitors of FV GP-mediated virus or viral
vector uptake. We also found that remnants of the cationic
polymers present in the cell-free virus supernatants, which are
not easily removable by post-harvest purification methods,
interfere with infection or transduction of lymphoid and myeloid
target cells. Generation of PG-deficient packaging cells alleviated
the need for cationic polymer-based transfection reagents for
production of inhibitor-free, high titer FV GP-containing retro-
viral vector supernatant by enabling the use of CaP transfection
methodology.

RESULTS
Unusual titration phenotype of PEI-derived FV Env-containing

vector supernatants on THP-1 cells

Replication of FVs in vitro is characterized by very strong cytopathic ef-
fects ultimately leading to the death ofmost target cell types. The only cell
types known that allow establishment of persistent infections by replica-
tion-competent FVs are of lymphoid or myeloid origin.17,37,38 When we
titrated various replication-deficient, single-round retroviral vector
(SRV) supernatants, based on lentivirus (human immunodeficiency vi-
rus type 1 [HIV]), gamma retrovirus (Moloney murine leukemia virus
[MLV]), or prototype FV (PFV) origin on the human myeloid cell line
THP-1, we observed a unique titration phenotype that positively corre-
lated with the presence of FV GPs (PFV Env [PE]; macaque sFV Env
[SE]) in the respective vector particles of different retroviral origin
(Figures 1A and S1A). This phenotype was characterized by a low trans-
duction efficiency at high vector doses. A subsequent reduction of the
vector dose by dilution of vector supernatants led to the unusual obser-
vation that the transduction efficiency stayed constant or even increased
until a maximum was reached. Only a further reduction of the vector
dose led again to a decline of the transduction efficiency. Titration of
the identical vector supernatants, generated by transient transfection of
293T packaging cells using different cationic polymers (PEI; Polyfect),
on HT1080 fibrosarcoma cells did not reveal this phenotype
(Figures 1B andS1B).Here, a dose-dependent decline of the transduction
efficiency was observed when the virus dose was reduced by serial dilu-
tion of vector supernatants. In contrast, retroviral vectors pseudotyped
with VSV-G (HIV-VSV; MLV-VSV) did not show this conspicuous
phenotype on THP-1 cells, as a dose-dependent reduction of the
rapy: Methods & Clinical Development Vol. 26 September 2022 395

http://www.moleculartherapy.org


Figure 1. Differential susceptibility of human

epithelial and monocytic cell lines toward FV Env-

containing single-round retrovirus vector particles

GFP-expressing retroviral vector supernatants of PFV,

HIV, or MLV origin pseudotyped with different viral GPs

(PFV Env [PE], SFVmac Env [SE], or VSV-G [VSV]), as indi-

cated, were generated using wild-type 293T packaging

cells, and PEI transfection methodology as described in

materials and methods. (A and B) THP-1 (A) and

HT1080 (B) target cells were incubated with decreasing

serial dilutions of the identical, plain, cell-free vector super-

natants pseudotyped with the respective GP as indicated.

Three days post-infection (dpi), the percentage of GFP-

expressing cells in the individual samples was determined

by flow cytometry. Shown are the mean ± SD of three in-

dependent titrations on THP-1 cells of separate aliquots of

the same vector supernatant production and a single titra-

tion on HT1080 cells.
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transduction efficiency was observed on both THP-1 and HT1080 cells
upon serial dilution of vector supernatants (Figures 1 and S1).

PEI is the inhibitory factor of the FV Env-dependent transduction

phenotype

To identify the underlying reason for this FVGP-dependent transduc-
tion phenotype, we pursued several avenues. One hypothesis exam-
ined was that our vector supernatant contains a factor that specifically
inhibits FV GP-mediated transduction of THP-1 cells. The inhibitory
activity of this factor would be reduced by serial dilutions of vector su-
pernatant, resulting in an enhanced transduction efficiency until its
concentration declines below biological function. This hypothesis
was tested by titration of lentiviral (LV) vector supernatants either
containing SFVmac Env (HIV-SE) or VSV-G (HIV-VSV) GPs using
not only standard growth medium (medium) as diluent but also
variousmock supernatants derived from293T cells treated in different
ways (Figure S2). Themock supernatants were generated analogous to
retroviral vector supernatants by transient transfection except that one
or both components (PEI and non-viral DNA) were omitted during
the procedure. Equal volumes of serial dilutions of cell-free superna-
tants of LV pseudotyped with SFVmac Env (HIV-SE) or VSV-G
(HIV-VSV) and undiluted mock supernatants were mixed prior to
addition to THP-1 target cells. Serial dilutions ofHIV-SE supernatants
mixed with a constant amount of normal mock supernatant (293T) or
396 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
mock supernatant with plasmid DNA (293T +
DNA) did not alter its THP-1 transduction
phenotype (Figure S2A). In contrast, addition
of mock supernatant with PEI (293T + PEI) or
with PEI and DNA (293T + PEI-DNA) did pre-
vent the initial increase of the transduction effi-
ciency observed for the first serial dilutions of
HIV-SE supernatant, with the former mock su-
pernatant having a stronger inhibitory effect.
In contrast, no changes in transduction effi-
ciencies on THP-1 cells were observed when tak-
ing any of the mock supernatants as diluent for LV pseudotyped with
VSV-G (HIV-VSV) (Figure S2B). This strongly indicated that PEI is
the putative FV Env-specific inhibitory factor.

The FV Env-dependent transduction phenotype is influenced by

the amount of PEI and the presence of cell-surface HS

A rough estimate of the residual PEI amount in the virus supernatant
can be calculated. Taking into account the initial concentration of
PEI used for transfection (8mg/mL) and assuming its homogeneous dis-
tribution in the liquid phase as well as an up to 10% carryover of liquids
during the two media change steps of the viral vector production pro-
cedure, theharvested, cell-free, plain retroviral vector supernatantsmay
contain about 56 ng/mL residual PEI. The data from the analysis of PEI
mock supernatants (293T + PEI) suggested that only at dilutions of
1:300 or higher was a dose-dependent reduction of the transduction ef-
ficiency observed for supernatants of LV pseudotyped with SFVmac
Env (HIV-SE), and the difference between mock (medium) and PEI
mock (293T + PEI) diluent treated sample transduction efficiencies
stayed constant (Figure S2A). Taken together, this indicates that the in-
hibition of SFVmacEnv-mediated transduction of THP-1 cells requires
concentrations of PEI of at least 0.2 ng/mL.

With these thoughts in mind, we evaluated the influence of adding
exogenous PEI, at defined doses of 0.5–312.5 ng/mL, to supernatants
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of LV pseudotyped with either SFVmac Env (HIV-SE) or VSV-G
(HIV-VSV) on their transduction efficiency of THP-1 and other sus-
pension or adherent target cell lines (Figure 2). The transduction effi-
ciency of THP-1 and Jurkat cells byHIV-VSV (Figures 2A and 2B)was
not affected by PEI at any of the concentrations examined, whereas its
transduction efficiency of HT1080 or L929 cells (Figures 2C and 2D)
was enhanced up to 2.2- and 3.3-fold, respectively, at the highest PEI
concentration tested. Interestingly, this enhancement was not
observed for Sog9 fibroblasts (Figure 2E), which are an HS-deficient
variant of L929 parental cells39 (Figure S3A). In contrast, a dose-
dependent, PEI-mediated inhibition of the transduction efficiency of
HIV-SE was observed for THP-1, Jurkat, HT1080, and L929 cells
(Figures 2A–2D). For the THP-1 and Jurkat suspension cells, PEI at
its highest concentration of 312.5 ng/mL inhibited transduction up
to 40-fold, and PEI concentrations as low as 2.5 ng/mL did show a sig-
nificant inhibitory effect (Figures 2A and 2B). For HT1080 and L929
adherent cells, an inhibition was observed only at the two highest
PEI concentrations examined (62.5 and 312.5 ng/mL), and the
maximal inhibition was lower (4-fold) than on suspension cells
(Figures 2C and 2D). Strikingly, even the highest PEI concentration
examined did not alter SFVmac GP-mediated transduction of HS-
deficient Sog9 adherent cells (Figure 2E). These results further support
a role for remnants of the transfection reagent PEI as inhibitor of FV
GP-mediated transduction for certain target cell types. Furthermore,
the results suggest that target cell-surface HS expression plays an
important role for PEI-mediated inhibition of FV Env containing
retroviral vector transduction efficiency.

Purification methods to remove remnants of PEI from virus

supernatants

We examined various additional post-production purification proced-
ures on FV Env-containing retroviral vector supernatants for their po-
tential to overcome/remove the PEI-mediated inhibitory activity (Fig-
ure S4). However, neither particle purification and concentration by
ultracentrifugation (UC) , a combination of UC followed by ultrafiltra-
tion (UC +UF), nor size-exclusion chromatography (SEC) purification,
result in a complete neutralization of the inhibitory effect observed for
plain (P) supernatants of LV pseudotyped with SFVmac Env (Fig-
ure S4A). Only the latter two methods did appear to have a somewhat
beneficial effect, indicated by an earlier linear correlation of supernatant
dose and percentage of GFP-positive cells upon serial dilution of vector
supernatant, though all of themappear to reduce vector yield2- to 4-fold.

Cationic polymers improve the cell-free, physical titer of FV Env-

containing virus particles produced by HS-PG-expressing

packaging cells

We36 and others35 have previously observed that the titers of replica-
tion-deficient PFV vectors or retroviral vectors pseudotyped with FV
GPs produced by transient transfection of 293T cells are significantly
influenced by the type of transfection reagent used. The use of
cationic polymers like PEI (unpublished data) or dendrimers, such
as Polyfect,35,36 resulted in titers of vector particle naturally released
into the supernatants of packaging cells that are 10- to 100-fold higher
than those of other transfection reagents like CaP (Figure S5A) or li-
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posomes.35 In contrast, artificial release of vector particles by freeze
thawing of packaging cells prior to harvest of cell-free vector superna-
tants resulted in similar vector titers for all transfection reagents used
(Figure S5A). Western blot analysis of cellular viral protein expres-
sion and viral particle release indicated that cell-free, physical particle
amounts in supernatants of CaP-transfected packaging cells is
strongly reduced, although cellular expression levels were similar or
even higher compared with Polyfect-transfected cells (Figure S5B).
Therefore, we hypothesized that cationic polymer-based transfection
reagents might neutralize unknown factor(s) on wild-type 293T cells
that otherwise retain FV GP-containing retroviral particles at the sur-
face of cells (Figures S6A and S6B). FV GP-containing retroviral par-
ticles have been reported to use cell-surface HS as an attachment fac-
tor during adsorption and entry into target cells.19,20 Furthermore,
cationic polymers like PEI are known to also bind to GAGs and HS
in particular.32 Therefore, we reasoned that HS on the cell surface
of 293T cells is the or is one of the unknown factor(s) neutralized
by cationic polymer-based transfection reagents, enabling the pres-
ence of high numbers of FV GP-containing retroviral vector in the su-
pernatant of packaging cells.

To examine the role of packaging cell HS expression on physical and
biological FV particle titers, we generated 293T packaging cells lack-
ing HS by CRISPR-mediated inactivation of a key enzyme of PG
biosynthesis, beta-1,3-glucuronyltransferase 3, encoded by the
B3GAT3 gene. By inactivation of B3GAT3, all GAG chains of PGs
terminate after the third residue of the common GAG-protein linker
region tetrasaccharide, resulting in packaging cells devoid of func-
tional HS-, CS-, and DS-PG.40 Two independent clonal cell lines,
293T-25A and 293T-306, out of 23 total that were negative in flow cy-
tometry analysis after HS cell-surface staining (Figure S3B) were
characterized in greater detail.

First, we examined their capacity to support retroviral vector produc-
tion employing different viral GPs and transfection methodologies
and compared it with parental wild-type 293T packaging cells (Fig-
ures 3 and S7). Various combinations of packaging and GFP-express-
ing transfer vector plasmids for production of replication-deficient
SRV particles based on PFV, MLV, or HIV were transfected into
wild-type (WT) 293T cells or the PG-deficient variants 293T-25A
(25A) and 293T-306 (306) using either CaP or PEI methodologies.
Titration of vector supernatants on HT1080 cells demonstrated a
20- to 60-fold increase in vector titers for PFV SRVs harboring
PFV (PFV-PE) or SFVmac Env (PFV-SE) proteins produced by
CaP transfection using 293T-25A or 293T-306 cells compared with
the parental 293T cells (Figures 3B and 3C). PFV SRV titers of plain,
cell-free 293T-25A or -306 supernatants, derived from CaP transfec-
tions, were at a similar level (106 enhanced green fluorescent protein
[EGFP] TU/mL) as the titers obtained by PEI transfection of any of
the three 293T variants (Figure 3A). For LV SRV pseudotyped with
FV Envs (HIV-PE, HIV-SE) and produced by CaP transfection, the
use of 293T-25A or -306 cells resulted in titers of 0.5–1.0 � 108

EGFP TU/mL for plain cell-free cell culture supernatants, which
were 2- to 3-fold higher than those obtained with WT 293T cells
rapy: Methods & Clinical Development Vol. 26 September 2022 397
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Figure 2. Viral glycoprotein-dependent influence of

exogenous PEI addition on retroviral vector

transduction efficiency of different target cells

GFP-expressing LV vector supernatants pseudotyped with

VSV-G (HIV-VSV) or SFVmac Env (HIV-SE) were generated

using wild-type 293T packaging cells and PEI transfection

methodology, as described in materials and methods. (A–E)

Different target cells of (A) myeloid, (B) lymphoid, or (C–E)

fibroblast origin, as indicated, were incubated with

decreasing serial dilutions of the identical LV supernatants,

pseudotyped with the respective GP, as indicated, that con-

tained fixed concentrations of exogenously added PEI, as

indicated. Shown are themean ± SD (n = 3) of the percentage

of GFP-expressing cells in the individual samples determined

3 dpi by flow cytometry.
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(Figures 3B and 3C). In contrast, titers of LV SRV pseudotyped with
VSV-G (HIV-VSV) obtained by using 293T-25A or -306 cells and
CaP transfection were 2-fold reduced compared with 293T WT cells,
though both changes were not statistically significant. When using the
PEI transfection method, no major influence of the packaging cell
type employed on the vector titer was observed for the different vector
combinations (Figure 3).

The absence of PGs results in high amounts of FVGP-containing

vector particles

Next, we examined whether the strongly increased vector titer of
PFV SRV supernatants achieved by CaP-mediated transient trans-
fection of PG-deficient 293T-25A cells also applies to other types
of PFV expression systems. Furthermore, we intended to determine
whether the titer increase is due to an enhanced physical particle
number in the supernatants or is the result of an increased specific
particle infectivity. Expression plasmids for production of replica-
tion-deficient, standard PFV SRV or non-viral RNA-transfer vectors
(TraFo) as well as replication-competent PFV (RCV) were trans-
fected into 293T WT or -25A cells using either CaP or PEI method-
ologies (Figures 4, 5, and S7). Cell-free vector or virus supernatants
were titrated on different target cells as well as cellular FV protein
expression, and FV particle protein composition was determined
by western blot analysis. For all three PFV particle types, western
blot analysis of concentrated vector or virus particle samples re-
vealed that CaP-transfected, PG-deficient 293T-25A cells allowed
a much higher physical particle release than CaP-transfected,
parental 293T WT cells (Figures 4 and 5A). The most dramatic in-
crease (>27-fold) in physical particle release was observed for RCV
supernatants obtained by transfection of full-length proviral expres-
sion constructs into 293T-25A cells using CaP methodology (Fig-
ures 4, lanes 9 and 15, and 5A). Strikingly, physical, but also biolog-
ical, titers of RCV supernatants obtained by CaP transfection of
293T-25A cells were superior to that of either 293T WT or 293T-
25A packaging cells employing PEI methodology (Figures 5A and
5B). Interestingly, CaP-25A-derived RCV particles displayed an
enhanced Gag precursor processing, which correlated with the pres-
ence of a higher amount of particle-associated mature Pol p85PR�RT

and p40IN subunits than in PEI-25A or PEI-WT-derived RCV vi-
rions (Figure 5A). The relative ratios of precursor and processed
PFV Gag found in PFV particles are known to strongly influence
Figure 3. Comparison of PFV and LV vector titers obtained by transient transfe

Parental 293T (wild-type [WT]) or PG-deficient 293T variant (25A, 306) packaging cel

replication-deficient, expression optimized 4-component PFV (PFV) vector system or a r

tion reagents. GP packaging plasmids employed encoded PFV Env protein (PE, orange

bars). Subsequently, infectivity of supernatants was determined by titration on HT1080 t

of absolute vector titers of plain supernatants on HT1080 target cells are shown. (B and

obtained by production in 293T WT (black bars), 25A (bright red bars), or 306 (dark red

difference of vector titers of individual samples relative to PFV vector supernatants conta

(WT) packaging cells are shown. (C) Mean values ± SD of fold difference of vector titers

vector derived by transient transfection of parental 293T (WT) packaging cells . For eac

aging cells was set as reference to 1, and the vector titers obtained by transfection of 2

reference. Two-way ANOVAwith Tukey’s multiple-comparisons test was used to assess

(p R 0.05).
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their biological activity.41–43 Therefore, the up to 10-fold higher in-
fectious titers of CaP-25A PFV RCV supernatants compared with
PEI-25A or PEI-WT PFV RCV supernatants (Figure 5B) are most
probably the consequence of combination of an increase in both
physical particle release and specific particle infectivity.

PG-deficient packaging cells are less permissive for and

resistant to PEI-mediated inhibition of FV GP mediated

transduction

Next, we compared the susceptibility of parental, WT, and B3GAT3-
deficient 293T cells toward FV GP-mediated transduction by different
retroviral vectors (Figure 6). Transductions with serial dilutions of SRV
supernatants revealed a minor (2-fold) reduction in permissiveness of
293T-25A or -306 cells toward LV vectors pseudotyped with VSV-G
(HIV-VSV). In contrast, transduction of 293T-25A or -306 cells by
LV vectors pseudotyped with PFV (HIV-PE) or SFVmac Env (HIV-
SE) or PFV SRVs harboring PFV (PFV-PE) or SFVmac Env (PFV-
SE) proteins was reduced 50- to 100-fold compared with WT 293T
cells. These results are in line with previous reports18–20 and support
the importance of HS-PG for FVGP-mediated target cell transduction.

In addition, we reexamined the potential inhibitory effect of PEI rem-
nants in retroviral vector supernatants on FV GP-mediated transduc-
tion using this set or 293T cell variants. First, we used serial dilutions
of PEI-free LV vector supernatants, produced by CaP transfection
and carrying different viral GPs, to transduce WT 293T (293T-
WT) and HS-deficient 293T-25A (293T-25A) target cells in the
absence or presence of various amounts of exogenously added PEI
(Figure 7). Due to the reduced permissiveness of 293T-25A cells to
FV GP-mediated transduction compared with 293T-WT cells, higher
amounts of HIV-PE or HIV-SE supernatants were necessary to
achieve similar levels of GFP-reporter-expressing cells (Figures 6
and 7). The analysis confirmed the earlier observation (Figure 2)
that the transduction of LV vectors pseudotyped with VSV-G
(HIV-VSV) was not inhibited by PEI addition on both target cell
types (Figure 7A). A moderate (3-fold) enhancement of the transduc-
tion efficiency of HIV-VSV was observed for both target cell types at
the highest PEI concentration used. In contrast, as seen before (Fig-
ure 2), the transduction efficiency of HIV-PE and HIV-SE on
293T-WT, but not PG-deficient 293T-25A, cells was inhibited in a
dose-dependent manner (Figures 7B and 7C). A clear inhibition of
ction of various 293T packaging cell lines

l lines were transiently transfected with expression plasmids encoding for either a

eplication-deficient 3-component LV (HIV) vector system using PEI or CaP transfec-

bars), macaque SFV Env protein (SE, blue bars), or the VSV glycoprotein (VSV, black

arget cells using a flow cytometric EGFP transfer assay. (A) Mean values ± SD (n = 3)

C) The infectivity data of (A) are regrouped so that for each vector type, the infectivity

bars) packaging cells are compared with each other. (B) Mean values ± SD of fold

ining PFV Env and derived by CaP-mediated transient transfection of parental 293T

of the individual samples, grouped by vector type, relative to the respective type of

h vector type, the respective vector titer obtained by transfection of 293T WT pack-

93T-25A or -306 packaging cells are expressed as relative values to the respective

significance. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant
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Figure 4. Comparison of physical particle release obtained by transient transfection of various 293T-based packaging cell lines with components of

different FV vector systems

Parental 293T (WT) or PG-deficient 293T variant (25A) packaging cell lines were transiently transfected with PFV proviral expression constructs for production of replication-

competent PFV (RCV) or expression constructs for production of EGFP encoding replication-deficient PFV single-round vector particles (SRVs) or expression constructs for

production of EGFP encoding replication-deficient PFV RNA-transfer vector particles (TraFo) harboring PE, SE, or VSV as indicated, using PEI or CaP transfection method-

ologies. Physical particle release was determined by western blot analysis of equal volumes (100% sample) of samples of PFV particles concentrated and purified by ultra-

centrifugation followed by SDS-PAGE and immunoblotting using PFV Gag and PFV Env LP subunit-specific polyclonal antisera. A 3-fold serial dilution of the PFV SRV PE

sample is shown in lanes 1 to 4. Shown are data from a representative experiment (n = 2). The infectivity data of the respective viral supernatants are shown in Figure S8.
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293T-WT target cell transduction was detectable by as little as
12.5 ng/mL PEI and was reduced by more than 10-fold at the highest
PEI concentration used. This supports our earlier notion that cationic
polymers like PEI inhibit attachment of FV GP-containing particles
to HS-PG on the surface of target cells (Figure S6).
Molecular The
CaP-derived FV GP-containing retroviral vector supernatants

display enhanced transduction capacity of myeloid target cells

Finally, to confirm that the unusual titration phenotype of FV
GP-containing retroviral vectors observed on lymphoid or
myeloid target cells is indeed the result of PEI remnants being
rapy: Methods & Clinical Development Vol. 26 September 2022 401
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Figure 5. Comparison of replication-competent PFV titers and physical particle release obtained by transient transfection of various 293T-based packaging

cell lines

Parental 293T (WT) or PG-deficient 293T variant (25A) packaging cell lines were transiently transfected with PFV proviral expression constructs using PEI or CaP transfection

methods with (+) or without (�) sodium butyrate (NaBu) induction. (A) Physical particle release was determined by western blot analysis of equal volumes (100% sample) of

samples of PFV particles concentrated and purified by ultracentrifugation followed by SDS-PAGE and immunoblotting using PFV Gag and PFV Env LP subunit-specific

polyclonal antisera. A 3-fold serial dilution of the CaP 25A sample is shown in lanes 1 to 4. (B) Infectivity of supernatants was determined on HT1080 PLNE target cells

harboring a PFV transactivator Tas-dependent EGFP reporter protein expression cassette using a flow cytometric assay at 24 h post-infection (hpi). Mean values ± SD

(n = 4–6) of absolute viral titers on HT1080 PLNE target cells as well as relative infectivity in comparison to virus supernatants produced by CaP-mediated transient trans-

fection of PG-deficient 293T-25A (25A) packaging cells are shown. Two-way ANOVAwith Tukey’s multiple-comparisons test was used to assess significance. * p < 0.05; ** p

< 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant (p R 0.05).
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present, we titrated PFV- and LV-SRV supernatants produced by
either PEI or CaP transfection on THP-1 target cells (Figures 8,
S8A, and S8B). The unusual titration phenotype, characterized
by equal or lower non-saturating transduction efficiencies at
higher virus amounts, was reproducible for titrations on THP-1
cells using PEI-derived FV GP-containing, but not VSV-G-con-
taining, vector supernatants. In contrast, this effect was almost
completely alleviated for CaP-derived FV GP-containing superna-
tants, though at higher viruses doses, the dose-response curve of
LV pseudotyped with VSV-G (HIV-VSV) had a steeper slope
than those pseudotyped with FV GPs (HIV-PE, HIV-SE)
(Table S3).
402 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
These results provide additional evidence for transfection reagent
remnants of PEI-derived retroviral vector supernatants being the fac-
tor inhibition myeloid and lymphoid target cell transduction by FV
GP-containing vector particles. Furthermore, this observation shows
that by using CaP transfection of PG-deficient 293T-25A or -306 cells
not only higher titers of FV Env-containing particles can be obtained
in comparison to parental, 293T-WT cells but also higher transduc-
tion efficiencies of myeloid and lymphoid target cells will be achieved.

DISCUSSION
Cell-surface HS-PG was previously identified as a crucial attachment
factor for PFV and FFV, whereas other PGs did not seem to be
mber 2022



Figure 6. Reduced permissiveness of PG-deficient 293T cells toward FV GP-containing retroviral vector particles

Wildtype 293T cells (WT) or PG-deficient variants (25A, 306) were incubated with decreasing serial dilutions of GFP-expressing PFV (PFV) or LV (HIV) vector particles

harboring VSV-G (VSV), PFV (PE), or SFVmac (SE) glycoproteins, as indicated. PFV and LV vector supernatants were generated by transient transfection of 293T-25A pack-

aging cells using CaP transfection method. Three dpi, the percentage of GFP-expressing cells in the individual samples was determined by flow cytometry. Shown are the

mean values ± SD (n = 3) of the percentage of GFP-expressing cells.
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involved in FV Env-mediated virus uptake.19,20 Whether HS-virus in-
teractions are also relevant for late phases in the FV replication cycle,
in particular viral egress, was not investigated previously. The results
of our study suggest, for the first time, that they indeed do, by nega-
tively influencing the levels of cell-free virions in the supernatant.
However, whether HS-PG on the surface of the virus-producing cell
prevents efficient virion release in the first place or, alternatively, en-
ables immediate efficient reattachment and adsorption of released FV
Env-containing particles after initial release cannot be distinguished
from our experiments.

Cell-free viral titers of RCV PFV, single-round PFV, or orthoretro-
viral vectors harboring various FV GPs (PFV, SFVmcy, SFVggo)
produced in PG-deficient 293T-25A or -306 packaging cells using
CaP transfection methodologies were enhanced 1.5- to 100-fold
relative to using 293T-WT cells. In contrast, the titers achieved for
the individual types of virus supernatant by using the different pack-
aging cells in combination with PEI transfection varied only slightly,
up to 3-fold. Titers of CaP-derived orthoretroviral vectors pseudo-
typed with FV GPs increased only slightly (�1.5- to 3-fold), and it
is not clear whether this is due to an enhanced physical particle
release or GP incorporation, as it was not investigated in detail. In
contrast, the titer increase for PFV-based SRVs was much more pro-
nounced (�20- to 70-fold) and highest for PFV RCVs derived from
PFV proviral expression constructs (up to 100-fold). In the case of
PFV supernatants, the titer increase appears to be largely the result
Molecular The
of the presence of higher physical particle numbers in the cell-free
supernatants. It can be speculated that the GP dependency of FV
budding and particle release4,6 might be responsible for the more
pronounced infectious and physical virus titers achieved by using
PG-deficient packaging cells. However, the subcellular location of
virus budding, in the case of orthoretrovirus vectors pseudotyped
with heterologous GPs at the plasma membrane and for PFV largely
at intracellular compartments and only to some extent at the
plasma membrane, may influence the effect of PG expression on
viral titers.

In general, the virus titers achieved by CaP transfection using PG-
deficient 293T packaging cells were similar to those obtained by PEI
transfection using either PG-deficient or 293T-WT packaging cells.
This was true for orthoretroviral vectors pseudotyped with FV GPs
and PFV SRVs but not PFV RCVs. For the latter, up to 10-fold
higher titers could be achieved by using CaP transfection in combi-
nation with PG-deficient 293T packaging cells, which can only be
partially explained by higher physical particle numbers. Strikingly,
the CaP- and 293T-25A-derived PFV RCVs consistently showed an
enhanced Gag processing. This resulted in virions containing more
p68Gag than pr71Gag, which was different for PFV RCVs produced
by PEI transfection on either WT or 293T-25A packaging cells.
Such virions contained roughly equal amounts of pr71Gag and
p68Gag. As it is known that the pr71Gag and p68Gag ratio influences
PFV infectivity41–43 this difference might account for the further
rapy: Methods & Clinical Development Vol. 26 September 2022 403
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Figure 7. Viral glycoprotein-dependent influence of

exogenous PEI addition on retroviral vector

transduction efficiency of different target cells

WT 293T cells (293 WT) or PG-deficient (293T-25A) target

cells were incubated with decreasing serial dilutions of

GFP-expressing LV (HIV) vector particles pseudotyped

with (A) VSV-G (VSV), (B) PFV (PE), or (C) SFVmac (SE) gly-

coproteins, derived by transient transfection of 293T-25A

packaging cells using CaP transfection technique, that

contained fixed concentrations of exogenously added

PEI, as indicated. Three dpi, the percentage of GFP-ex-

pressing cells in the individual samples was determined

by flow cytometry. Shown are the mean values ± SD

(n = 3) of the percentage of GFP-expressing cells.
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increase in RCV titers relative to the respective virions produced by
PEI transfection. The underlying cause of the increased Gag pro-
cessing of CaP-derived virions is not fully clear. Perhaps the capsid
encapsidation of FV Pol, which, unlike orthoretrovirus Pol, is trans-
lated as a separate protein and requires its precursor to interact with
the viral genomic RNA (vgRNA) for encapsidation, is inhibited by
intracellular PEI, which appears to be present for several days in PEI
transfected cells,30 resulting in suboptimal PR-RT levels in released
virions. Alternatively, PFV PR activity, which is known to depend
on PR-RT dimerization on the protease-activating RNA motif
(PARM) secondary structure in PFV vgRNA, might be blocked by
PEI present in packaging cells and/or copackaged into PFV capsids.
The initial analysis of Pol encapsidation in PFV RCVs performed in
this study (Figure 5A) seems to indicate that there is no dramatic
decrease in overall particle-associated Pol levels, but Pol processing
into mature p85PR�RT and p40IN subunits is also strongly inhibited
in PEI-derived PFV RCVs. Thus, PEI appears to interfere with FV
Pol enzymatic functions, most likely that of the PR, rather than pre-
404 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
venting efficient Pol encapsidation. However,
it is possible that there is an indirect influence
of PEI on PFV PR function. A mechanism that
can be envisioned is that PEI, in contrast to
CaP, unnaturally accelerates the budding of
PFV particles. This could result in Gag/Pol
not being processed to its natural extent, as
active PR cannot sufficiently interact with
and cleave its substrates in the shortened
time. Why does this phenomenon then only
become apparent for PFV RCVs and not PFV
SRVs? We speculate that in case of PEI-derived
PFV SRVs, the inhibition of PFV Pol enzy-
matic functions is compensated by higher par-
ticle-associated Pol levels as consequence of
Pol expression from packaging constructs in
trans compared with a more natural Pol
expression in cis in the proviral context, as it
was demonstrated in previous studies.43,44 If
this is true, it would suggest that optimal titers
of CaP-derived PFV SRVs can be achieved by
using much lower amounts of Pol packaging constructs than is
necessary when using PEI transfection.

Our results clearly demonstrate that free PEI or PEI/DNA com-
plexes inhibit PFV GP-mediated infection of different target cell
types in a dose- and HS-PG-dependent manner. Of the cell types
examined, the ones most sensitive to inhibition were suspension
cells of myeloid or lymphoid origin. Here, 2.5 ng/mL of exogenously
added PEI already showed a clear inhibition. In contrast, inhibition
on adherent cells required 10- to 100-fold higher PEI levels. This
observation of the inhibitory effect of PEI is in good agreement
with the HS staining data with anti-HS monoclonal antibody F58-
10E4, where significantly higher HS concentrations were found
for all parental adherent cells and very low or isotype-control-level
concentrations for all suspension cells (Figure S3). This suggests that
the amount of HS-PGs on the surface of a cell and the PEI concen-
trations required to bind them and exert an inhibitory effect on FV
GP-mediated infection are directly correlated. Furthermore, the HS



Figure 8. Titration of PFV and HIV-1 retroviral vector

supernatants harboring various viral glycoproteins

and produced by calcium phosphate or polyeth-

ylene imine transfection using 293T-25A cells on

THP-1 target cells

Cell-free PFV (PFV) and LV (HIV) SRV supernatants

harboring various viral GPs (VSV, PE, SE) were produced

by transient transfection of PG-deficient 293T 25A pack-

aging cells using the respective EGFP encoding transfer

vector plasmid and packaging construct combination by

PEI or CaP transfection methodologies, as indicated.

Subsequently, THP-1 target cells were incubated with

decreasing serial dilutions of the respective vector super-

natants as indicated. Six dpi, the percentage of GFP-ex-

pressing cells in the individual samples was determined

by flow cytometry. Shown are the mean values ± SD

(n = 3).
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staining data using a different anti-HS monoclonal antibody
(T320.11) suggests that the HS composition of THP-1 cells might
be different from that of 293T, HT1080, and L929 cells. Thus, the
specific HS composition may also influence its interactions with
FV GP and PEI. Taken together, this may explain why inhibitory ef-
fects of PEI remnants, most likely being present in PEI-derived
retroviral vector supernatants, may not have been noticed before
in application of FV GP-containing vector supernatants on adherent
target cell types. Conversely, this could also explain why suspension
cells (of myeloid or lymphoid origin) and HS-deficient adherent
Sog9 cells lack the positive effect of exogenously added PEI on infec-
tions with VSV-G pseudotypes. The known negative charge repul-
sion of sugar residues that can negatively influence viral transduc-
tions with VSV-G pseudotypes seems to play only a minor
suppressive role in suspension cells with low HS-PG concentration
and to have no effect on HS-deficient Sog9 cells. Interestingly, the
novel HS-deficient 293T cell lines take on a rather unique role. On
the one hand, the addition of PEI has no negative effect on transduc-
tion of 293T-25A with FV GP-containing vectors just as it does for
Sog9 cells. In contrast to Sog9 cells, however, a positive effect could
be observed on 293T-25A cells by adding PEI during transduction
with VSV-G pseudotyped LV vectors. Presumably, the additional
chondroitin sulphotransferase defect (C4ST1 in addition to Ext1)
in Sog9 cells or their murine origin is the cause of this difference.45

The PG-deficient packaging cell lines generated in this study also
represent a significant progress for potential application of FV vectors
as gene transfer vehicles in preclinical and clinical settings. Since their
use generally enable higher FV GP-containing vector titers on all
target cells, less resources are required to produce similar amounts
of infectious vector particles. Furthermore, the PG-deficient cells
described in this study could also form the basis for novel stable retro-
viral producer cells. The significantly increased infectious titers of FV
GP-containing retroviral vectors (and potentially those containing
other heterologous GPs) obtained with PG-engineered producer cells
could substantially reduce production costs with such cells. In this
respect, our pioneering study clearly demonstrates the potential of ge-
Molecular The
netic engineering for improved retroviral vector production. In addi-
tion, probably similarly important will be the possibility to produce
vector supernatants by transient transfection free of inhibiting poly-
cation transfection reagent remnants, which according to our results
are not easy to remove, at least by the methods examined in this study.
Perhaps ion-exchange chromatography, frequently used as post-har-
vest purification method for retroviral vector clean up, might be able
to remove PEI remnants. However, for establishing an effective post-
harvest purification method, it would be critical to know whether the
PEI-mediated target cell inhibition in FV vector supernatants is medi-
ated by free PEI in solution or PEI in complex with PFV particles for
example by PEI-GP interactions. In the latter case, ion-exchange
chromatography might not work as well as in the former case. Inhib-
itor-free FV GP-containing vector preparations are essential for the
correct determination of viral titers requiring a positive correlation
of virus dose and transduction efficiency. Furthermore, they will be
critical for efficient transduction of target cells with a low abundance
of cell-surface HS-PG or specific HS-PG composition such as
lymphoid and myeloid lineages and perhaps also for efficient gene
transfer in in vivo settings as recently demonstrated in different ani-
mal models.46–49

In consideration of a potential use of these new PG-deficient pack-
aging cell lines for large-scale vector production, several aspects
need to be examined in the future.50 Although large-scale, clinical-
grade retroviral vector production can be accomplished using
adherent culture of 293T packaging cells, for example, using cell fac-
tories, it often makes use of packaging cells adapted for growth in sus-
pension and serum-free medium.51 In the case of vector production
by transient transfection, PEI is frequently used in this scenario.
This most likely would result in similar inhibitory effects on FV
GP-containing vector supernatants as described above for the pro-
duction scenario involving adherent 293T cells. Therefore, the choice
of transfection reagent used will be a critical factor. The transfection
efficiency of CaP for suspension cells, as used in our study involving
adherent packaging cell culture, might not be sufficient to achieve
high-titered vector supernatants.52,53 Therefore alternative chemical
rapy: Methods & Clinical Development Vol. 26 September 2022 405
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or physical transfection methods like liposomes or electroporation
should be examined. Due to these potential challenges, we would
rather recommend the development of stable PG-deficient 293T
packaging variants instead, which would also lower the contaminant
load from residual plasmid for downstream purification processes.
However, since it was observed previously that constitutive expres-
sion of PFV Gag appears to be toxic to 293T cells54 (unpublished
data), such an approach should involve an inducible expression of
the FV packaging components, similar to how it has been established
for LV vectors.55

A recent study involving the genomic, transcriptomic, and metabolic
gene analysis of six of the most widely used HEK293 cell lines
including adherent 293T and suspension 293F variants suggest no
major differences in the expression of extracellular matrix organiza-
tion gene sets between suspension and adherent 293 variants.56 In
contrast, suspension variants had significant upregulation of gene
sets involved in cellular compartment organization such as cell
morphogenesis and cell junction, cell membrane, and cytoskeleton
organization. Therefore, a benefit of using the suspension-growth-
adapted, PG-deficient 293T packaging cell lines compared with
parental 293T cells for FV GP-containing vectors might be possible,
although this has to be experimentally validated.

Finally, it will be interesting to explore in the future whether the use of
the PG-deficient 293T packaging cells generated in this study will be
beneficial for the production of retroviral vectors pseudotyped with
other viral GPs, in particular those that are known to exploit PG in-
teractions for initial attachment and/or target cell entry, such as GP
variants of Ross River virus,57 other alpha viruses,58 or hepatitis C
virus.59 Similarly, the PG-deficient 293T cells should allow produc-
tion of inhibitor-free MLV vectors using the amphotropic MLV
GP, which were previously shown to be inhibited by secreted PG,
in particular CS-PG, of NIH 3T3 packaging cells.60,61 Not only retro-
viral vectors but also viral vectors based on other viruses or recombi-
nant replication-competent variants of viruses such as AAV62 or
many herpes viruses63,64 are known to naturally interact with PGs
during entry and/or release. They are additional potential candidates
whose virus production may be enhanced in vitro by using the PG-
deficient 293T packaging cell line variants 293T-25A or 293T-306
instead of the commonly used parental cells.

MATERIALS AND METHODS
Cells and culture conditions

The human embryonic kidney cell line 293T (ATCC CRL-1573,65) as
well as its HS-deficient variants 293T-25A and 293T-306 generated in
this study and described below (see B3GAT3 gene inactivation); the
human epithelial fibrosarcoma cell line HT1080 (ATCC CCL-12166)
as well as the clonal variant HT1080 PLNE thereof containing a
PFV LTR-driven EGFP reporter gene expression cassette;43 and
mouse fibroblast L cells (ATCC CRL-264,39) as well as its variant
Sog9 with a defect in initiation of GAG assembly so that no surface
HS is being produced (gift of F. Neipel, Erlangen39) were cultivated
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
406 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
with 10% heat-inactivated fetal calf serum and antibiotics. The human
T lymphocyte Jurkat cell line (ATCC TIB-152,67) and the human
monocyte cell line THP-1 (ATCC TIB-202,68) were cultivated in
RPMI supplemented with 10% heat-inactivated fetal calf serum, 1%
non-essential amino acids, 1% sodium pyruvate, and 1% L-alanine,
L-glutamate.

Recombinant plasmid DNAs

Integration-competent, replication-deficient, single-round PFV
(SFVpsc) vector supernatants were produced using a four-component
system. It consists of the PFV transfer vector plasmid puc2MD9 (con-
taining a spleen focus-forming virus U3 (SFFV U3) promoter-driven
EGFP reporter gene expression cassette) and the expression-opti-
mized packaging constructs pcoPG4 (PFV Gag), pcoPP (PFV Pol),
pcoPE (PE), or pcoSE (SFVmac/SFVmcy Env), described previ-
ously.18,69 The plasmids were cotransfected at a 13:3.3:1.5:1 ratio. In
a few experiments, PFV SRVs were produced using a two-component
PFV vector system consisting of the PFV Gag, Pol, and NLS-LacZ re-
porter gene cassette encoding transfer vector plasmids
pczDWP0270,71 or pMH12072 and the PE encoding packaging
construct pczHFVenv EM0028 and were cotransfected at 1:1 ratio.

EGFP-expressing TraFo vector supernatants, enabling transient ge-
netic modification of target cells by non-viral mRNA Transfer, were
produced using a recently described three-component system,
comprising pcoPG4 (PFV Gag), pcoPE (PE), or pcoSE (SFVmcy
Env) packaging constructs and pcziEGFP transfer vector plasmid
devoid of retroviral sequences49,73 and were cotransfected at a
3.2:1:8.3 ratio. For production of TraFo particles pseudotyped
with VSV-G, an expression-optimized version of a PFV Gag pack-
aging plasmid (pcoPG4 M674) encoding a PFV Gag protein with an
N-terminal HIV-1 Gag matrix domain (MA) enabling PE-indepen-
dent particle egress and pcziVSV-G were used in combination with
the transfer vector plasmid25 and cotransfected at a 1.1:1:2.9 ratio.
The CMV-driven PFV proviral expression vector pczHSRV2
(WT), described previously,75 was used for production of RCV
supernatants.

Integration-competent, replication-deficient, single-round HIV vec-
tor supernatants were produced using the EGFP-expressing transfer
vector plasmid p6NST6049 (containing the identical SFFV U3-
EGFP reporter gene cassette as the PFV puc2MD9 transfer vector
plasmid, described above) in combination with the HIV-1 Gag-Pol
expressing packaging vector pCD/NL-BH76 and various Env pack-
aging constructs described below. Integration-competent, replica-
tion-deficient, single-round MLV vector supernatants were produced
using the transfer vector plasmid pczCFG2 fEGN4 (containing aMLV
LTR-driven EGFP-neomycin fusion protein expression cassette) in
combination with the MLV Gag-Pol expressing packaging vector
pHIT6077 and various Env packaging constructs described below.
For production of HIV and MLV pseudotyped with VSV-G-
(pcziVSV-G25), PFV (SFVpsc) Env- (pcoPE0178) or SFVmac
(SFVmcy) Env- (pcoSE0378) encoding packaging constructs were
used. The following cotransfection ratios of transfer vector were
mber 2022
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used: Gag/Pol: Env packaging plasmids were used: HIV-VSV or
MLV-VSV, 3.5:3.5: 1; HIV-PE, HIV-SE, MLV-PE, or MLV-SE, 7:7:1.

Viral vector production and harvest

Cell culture supernatants containing recombinant viral particles were
generated by transfection of the corresponding plasmids into various
packaging cells as indicated using either branched PEI, CaP copreci-
pitation, or PolyFect (Qiagen) techniques.

PEI transfection was essentially performed as described previ-
ously.43,49,69 Briefly, retroviral vector system expression constructs
were transfected into 5 � 106 HEK293T cells seeded into 10 cm cul-
ture dishes 16 to 24 h earlier. The transfection mix was set up by mix-
ing 15 to 16 mg of total DNA, of the respective retroviral expression
constructs at the appropriate ratios as described above (or pUC19
for mock supernatants), in 1 mL plain DMEM with 45–48 mg PEI
(Sigma-Aldrich Cat# 408727, 1 mg/mL in PBS) or in 1 mL plain
DMEM and incubating for about 20 min. The transfection mix was
carefully added to culture dishes containing the adherent cells in
4 mL DMEM (15% FCS). Transfected cells were incubated overnight
at 37�C. After approximately 30 h, cells were deprived of old culture
medium, washed with 6 mL PBS, and covered with 6 mL new culture
medium DMEM (10% FCS) or plain DMEM for experiments
involving further post-harvest purification procedures (see below).
After a second night of incubation, virus particles were ready to be
harvested (44 –48 h after transfection).

For CaP transfection, 5� 106 packaging cells were seeded into 10 cm
culture dishes 16–24 h in advance. Before transfection, the complete
culture medium was exchanged by 8 mL DMEM (10% FCS) pre-
equilibrated at 37�C, 5% CO2 for at least 1 h. The transfection mix
was set up by rapid addition of 1 mL 2� HBS solution (50 mM
HEPES [pH 7.05], 10 mM KCl, 12 mM Dextrose-H2O, 280 mM
NaCl, 1.5 mM Na2HPO4) to 1 mL DNA solution (30 mg of total
DNA, 124 mL 2M CaCl2, and ddH2O in total volume of 1 mL) in
2 mL Eppendorf tubes and subsequent rapid mixing by vortexing
for 10 s. After 30 s at room temperature, the transfection mix was
added carefully but swiftly dropwise to the packaging cells in 10 cm
dishes. After 6–8 h of incubation at 37�C, 5% CO2, the transfection
mixture was aspirated and replaced by 8 mL fresh DMEM (10%
FCS). In cases where sodium butyrate (NaBu) stimulation was em-
ployed, NaBu was added at 24 h post-transfection to 10mM final con-
centration and incubation continued at 37�C, 5% CO2. At 30–32 h
post-transfection, cells were deprived of old culture medium, washed
with 6 mL PBS, and covered with 6 mL new culture medium DMEM
(10% FCS) per 10 cm dish. After overnight incubation at 37�C, 5%
CO2, at 44–48 h post-transfection, virus particles were ready to be
harvested.

For PolyFect transfection, 4.8 � 106 packaging cells were seeded into
10 cm culture dishes 16–24 h in advance. Before transfection, the
complete culture medium was exchanged by 7.5 mL DMEM (10%
FCS) pre-equilibrated at 37�C, 5% CO2, for at least 1 h. The transfec-
tion mix was set up by mixing in a 15 mL Falcon tube 285 mL plain
Molecular The
DMEM, 16 mg total DNA, and 75 mL Polyfect, followed by vortexing
for 10 s and incubation at room temperature for 10 min. Subse-
quently, 2.5 mL growth medium was added. Following mixing, the
transfection mix was added carefully but swiftly dropwise to the pack-
aging cells in 10 cm dishes.

To harvest cell-free virus supernatant, themedium in a culture dishwas
aspirated with a syringe and subsequently filtered through 0.45 mm sy-
ringe sterile filter or transferred into Falcon tubes and cleared by low-
speed centrifugation (600 � g, 5 min, room temperature). The virus-
containing solution was snap frozen and stored at�80�C for later use.

Cell-bound virus supernatants were obtained by a single freeze-thaw
cycle. After removal of the growth medium to harvest virus particles
released into the supernatant (cell-free virus supernatant), as
described above, 6 mL fresh culture medium DMEM (10% FCS)
was added to the cell layer in the 10 cm dish. Subsequently, the dishes
with medium were placed either on a metal plate sitting on dry ice for
about 10 min or into a �80�C freezer for about 20 min, until fully
frozen. Thereafter, the frozen dishes were placed into a tissue culture
incubator (37�C, 5% CO2) until the liquid was fully thawed. Next the
solution was gently but thoroughly mixed by pipetting up and down
before transfer into Falcon tubes and centrifugation (5 min, 1,000� g,
4�C) to pellet cellular debris. Finally, the supernatant, except for a
small volume above the debris pellet, was transferred to a fresh
tube, aliquoted, and stored as described above.

Post-harvest vector supernatant purification

Three different purification protocols were explored for potential
removal of PEI remnants in harvested, cell-free plain retroviral vector
supernatants (Figure 4A). For all approaches, retroviral vector superna-
tants lacking FCS and produced by transient transfection using PEI
were used. First, for UC, 30 mL plain, cell-free vector supernatants
were pelleted by centrifugation in SW-32Ti rotors at 25,000 RPM
(�82,600 gave) at 4�C for 90 min. After discarding the supernatant,
the virus pellet was gently resuspended in 17.5 mL growth medium
(DMEM, 10% FCS) and 500 mL aliquots snap frozen, followed by stor-
age at�80�C. Second, for UC and UF, 30 mL plain, cell-free vector su-
pernatants were pelleted by UC as described above but gently resus-
pended in 500 mL PBS. Subsequently, the concentrated vector
supernatants were transferred to Amicon Ultra-0.5 100K Centrifugal
Filter Devices, preequilibrated with DNase-RNase-free ddH2O, and
centrifuged at 14,000 � g for 5 min. The flow through was discarded,
and after adding 450 mL sterile PBS, the filter device was centrifuged
again at 14,000 � g for 10 min. After discarding the flow through,
the filter device was inverted, placed into a collection tube, and centri-
fuged at 1,000 � g for 2 min to harvest the purified and concentrated
vector supernatant (�40 mL). After gentle resuspension in 500 mL
growth medium the concentrated virus supernatant was transferred
to a 50 mL Falcon tube and mixed with 17mL growth medium. Finally
500 mL aliquots were snap frozen and stored at�80�C. Third, for SEC,
CaptoCore 700 resin (Cytiva), 2.5 mL slurry, was transferred into
centrifuge columns (Pierce, Cat# 89898), placed in 50mL Falcon tubes,
and equilibrated with 30mL sterile PBS by gravity flow draining. In the
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meantime, 20 mL cell-free vector supernatants in a Falcon tube were
supplemented with Benzonase to 100 U/mL and incubated in a water-
bath at 37�C for 30 min. Subsequently, the vector supernatant was
added to the top of the CaptoCore gel bed, and the columnwas drained
until all liquid had entered. The flow through was harvested and 500 mL
aliquots were snap frozen, followed by storage at �80�C.

Target cell infection

Frozen aliquots of plain, cell-free vector supernatants were used
without addition of any additives (e.g., polybrene, protamine sulfate,
PEI), if not stated otherwise, for the transduction of target cells.
Adherent cells were seeded at a density of 2.5 � 104 per well (in a
12-well plate, 1 mL growth medium per well) and incubated over-
night at 37�C. The following day, the culture medium was aspirated
and replaced with virus-containing solution in an end volume of
1 mL. Virus supernatants were used undiluted or diluted as indicated.
If different virus solutions were combined, the ratio was 1:1 if not
stated otherwise. After approximately 5 h of incubation, the virus su-
pernatant was replaced by the same volume of fresh growth medium.
Usually, cells were used for further experiments (generally fluores-
cence-activated cell sorting [FACS] analysis, see below) at 72 h
post-infection. Viral titers were then calculated from the percentage
of fluorescent-reporter-positive cells as described previously and are
given as EGFP transducing units (EGFP TU/mL).25

For transductions of suspension cells per well, 1 � 105 cells in 50 mL
volume were added to 500 mL undiluted or diluted virus supernatant
in 24-well plates. When undiluted supernatants were employed, virus
supernatant incubation was terminated 4–6 h later by transfer of in-
dividual samples into 1.5 mL Eppendorf tubes, pelleting the cells by
centrifugation (600� g, 5 min, room temperature), discarding the su-
pernatant, gentle resuspension of the cell pellet in 500 mL fresh growth
medium, and transfer into a fresh 24-well plate, followed by incuba-
tion at 37�C, 5% CO2, until further analysis as indicated. When only
virus dilutions (10�1 or lower) were employed, virus supernatants
were left on the cells until further analysis at later time points, gener-
ally at 48–72 h post-infection.

Physical vector titers

Physical titers of HIV andMLV vector supernatants were determined
by a qPCR-based product-enhanced RT (PERT) assay similarly as
described previously.79,80 Briefly, 5 mL of 1:100 diluted plain vector
supernatant were mixed with 5 mL 2� lysis buffer (100 mM Tris
[pH 7.4], 50 mM KCl, 0.25% [v/v] Triton X-100, 40% [v/v] Glycerol;
400 U/mL RiboLock RNase inhibitor added prior to use) and incu-
bated for 20 min at room temperature. Subsequently, the sample
was diluted 1:5 by addition of 40 mL ddH2O. For qPCR amplification,
5 mL of diluted sample or standard wasmixed in duplicates with 20 mL
PERT qPCR mix composed of 2.79 nM mM MS2 RNA (Roche),
0.5 mM fwd (50-TGCTCGCGGATACCCG-30) and rev (50-AACTT
GCGTTCTCGAGCGAT-30) MS2 primer, 0.25 mM MS2 probe (50

HEX-ACCTCGGGTTTCCGTCTTGCTCGT-BHQ2 30), 0.5 mM
ROX reference dye, and 1.25� Maxima Probe Master Mix (Thermo
Scientific). Amplifications were performed on a OneStepPlus
408 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
(Applied Biosystems) with one cycle at 42�C for 20 min, 95�C for
2 min for reverse transcription, followed by 40 cycles of 95�C for
30 s, 58�C for 30 s, and 72�C for 30 s for amplification. As standard
5 mL of a 10-fold dilution series of recombinant HIV-1 RT (Abcam
#ab63979; 2 mU/mL in DMEM, 10% FCS) was used in the range of
105–100 nU RT/reaction. Infectious and physical titers of vector su-
pernatants employed in this study are summarized in Table S1.

Western blot analysis

For western blot analysis of viral particle protein composition, about
10mL cell-free virus supernatant was carefully layered onto 2mL 20%
sucrose in ultracentrifuge tubes. Virus particles were pelleted by
centrifugation in SW-32Ti rotors at 25,000 RPM (�82,600 gave) at
4�C for 90 min. After discarding the supernatant, the virus pellet
was resuspended in 1� protein sample buffer (40 mM Tris [pH
7.6]; 8% (v/v) glycerol; 3% (w/v) SDS; 0.1 M DTT; 0.01% (w/v) Coo-
massie Blue G 250), boiled for 5 min at 95�C, and stored at �20�C
until further use.

Protein lysates of packaging cells were obtained by washing the cell
layer once with PBS after removal of the growth medium containing
the released virus particles. After aspiration of the PBS, 600 mL cold
1� lysis buffer (10 mM Tris [pH 8.0]; 140 mM NaCl; 0.025 NaN3;
1% (v/v) Triton X-100) per 10 cm dish was added to the cell layer
and incubated on a rocking platform for 20 min at 4�C. Subsequently,
cells were scraped of the dish using a rubber policeman, and the whole
suspension was transferred to QIAshredder in a 2 mL Eppendorf
tube. After centrifugation at 13,000 RPM for 2 min at 4�C in a table
top centrifuge, 600 mL 2� protein sample buffer was added to the
QIAshredder, followed by another 2 min centrifugation step. Both el-
uates were combined, gently mixed, boiled at 95�C for 10 min, and
stored at �20�C until further use.

Aliquots of virus and/or cell protein lysates were loaded onto com-
mercial precast or selfmade 7.5% Tricine PAGE. After separation in
an electric field, the proteins were transferred to nitrocellulose mem-
branes by semidry blotting. After blocking of nitrocellulose mem-
branes in PBS-T (PBS, 0.5% Tween 20) with 5% skim milk for 2 h,
membranes were washed twice briefly with PBS-T. Subsequently,
membranes were incubated with primary antibody solution in
PBS-T with 5% skim milk for 1 h to overnight at room temperature
or 4�C, followed by two brief and three 5 min washes in PBS-T.
Next, second appropriate horseradish peroxidase (HRP) coupled sec-
ond step reagents in PBS-T with 5% skim milk were added and incu-
bated for 1 h at room temperature. After two brief and three 10 min
washes in PBS-T and careful removal of all excess liquid, the mem-
brane was incubated with chemoluminescent HRP substrate for
1 min. Finally, after removal of excess substrate, chemoluminescent
signals of membranes wrapped in Saran wrap were digitally recorded
using a Fuji LAS-3000 bioimager and LAS software v.2.2.

Flow cytometry analysis

For analysis of GFP expression, transduced adherent target cells were
trypsinized and transferred to FACS tubes containing 2 mL of cold
mber 2022
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PBS, whereas suspension cells were directly transferred. Following
centrifugation (1,200 RPM, 5 min, 4�C), pelleted cells were resus-
pended in 300 mL FACS buffer (PBS with 2% [v/v] FCS and 0.1%
[w/v] sodium azide) and stored on ice until analyzed by flow
cytometry.

For analysis of cell surface HS expression, cells were first detached
from culture surfaces (in case of adherent cultures) using only PBS-
EDTA solution without trypsin, since the latter is known to destroy
PG molecules on cell surfaces. Both cell types (1 � 105) derived
from either adherent or suspension cultures were then transferred
to FACS tubes containing 2 mL FACS buffer and centrifuged (1,200
RPM, 5 min, 4�C). After discarding the supernatant, cell pellets
were resuspended in 100 mL primary antibody solution, containing
0.1–0.5 mg antibody diluted in 100 mL FACS buffer, and incubated
on ice for 30 min. After the first incubation, a washing step was
executed by suspending cells in 4 mL FACS buffer and centrifuging
them again (1,200 RPM, 5 min, 4�C). The supernatant was discarded,
and cell pellets were resuspended in 100 mL secondary antibody solu-
tion, containing 0.1–0.175 mg fluorophore-coupled anti-primary anti-
body diluted in 100 mL FACS buffer. The secondary antibody was
incubated for 30 min on ice and in the dark to minimize the bleaching
effect on the fluorochromes. As a last step, cells were washed again
and resuspended in 300 mL FACS buffer for analysis by flow cytom-
etry on an FACS Calibur (Becton-Dickinson, Heidelberg, Germany)
or MACSQuant VYB (Miltenyi, Bergisch Gladbach, Germany) in-
strument. For cell sorting, a FACS Aria II (Becton-Dickinson, Heidel-
berg, Germany) was used. Results from FACS measurements were
analyzed using the software programs CellQuest Pro and FlowJo
(both Becton-Dickinson, Heidelberg, Germany).

Antibodies

For flow cytometry analysis, mouse anti-HS (F58-10E4, immuno-
globulin M [IgM], amsbio, Cat# 370255), mouse anti-heparin/HS
(T320.11, IgG1, Millipore, Cat# MAB2040), mouse IgM K isotype
control (Pharmingen, Cat# 557275), mouse IgG2a K isotype control
(Pharmingen, Cat# 03021D), Alexa 488-conjugated goat anti-mouse
IgM+IgG (H + L) (Jackson ImmunoResearch, Cat# 115-545-068),
and PE-conjugated goat anti-mouse IgM+IgG (H + L) (Jackson
ImmunoResearch, Cat# 115-116-068) were used. For western blot
analysis, polyclonal rabbit anti-sera specific for PFV Gag,4 the PE
LP,81 or monoclonal antibodies specific for PFV Pol PR-RT or PFV
Pol IN82 and HRP-coupled polyclonal goat anti-mouse Igs (Dako
P0447) or swine anti-rabbit Igs (Dako P0217) were used.

B3GAT3 gene inactivation

293T packaging cell variants with inactivated B3GAT3 ORF were
generated using a recently published PFV-based, two-component
CRISPR-Cas9 vector system (TraFo) consisting of Cas9-encoding
TraFo vectors, which are combined with single guide RNA (sgRNA)-
encoding, integration-competent (ICPV) PFV retroviral vectors.73

The seed sequences of the sgRNAs specific for the human B3GAT3
ORF selected by CRISPRscan83 and employed for this study are listed
in Table S2. Briefly, parental,WTHEK293T cells were transduced with
Molecular The
various combinations of TraFo-Cas9 and ICPV-B3GAT3sgRNA su-
pernatants, harboring an additional dsRed Ex2 reporter protein expres-
sion cassette, or respective controls. Two and 9 days post-transduction
(p.t.), cell-surface HS expression of the individual cell populations was
examined by immunostaining and flow cytometry. The three cell pop-
ulations (#5: p660 sgRNA; #6: p56 + p608 sgRNAs; #8: p72 + p608
sgRNAs) with the strongest reduction in cell-surface HS expression
were used at day 14 p.t. to set up for subcloning of cell clones by limiting
dilutions in 96-well plates. Furthermore, population #6 was chosen on
day 21 p.t. for immunostaining with anti-HS antibodies under sterile
conditions, and HS-negative cells were single-cell sorted into 96-well
plates using a FACS Aria II (Becton-Dickinson) device. Individual
clones of both approaches were expanded and screened by flow cyto-
metric analysis of HS cell-surface expression. HS cell-surface-negative
clones (23 of 330 total) were further expanded. HS cell-surface expres-
sion of individual clones was reanalyzed at least once, and stock ali-
quots were generated. HS-negative single-cell clones were only ob-
tained from population #6, with one clone from the limiting dilution
and 22 clones from the single-cell sorting approach. Two clones desig-
nated as 293T-25A (clone 10-4E2) and 293T-306 (clone 10-1F10) did
not express dsRed Ex2, indicating that they lack a stably integrated
B3GAT3 sgRNA expression cassette. These clones were chosen for
further characterization with respect to their properties as viral pack-
aging cell lines. Genetic characterization of the clones involved ampli-
fication of genomic fragments (Figure S9) harboring the p56 (1310 bp)
and p608 sgRNA target locus (560 bp) using primer sets listed in
Table S4. Sanger sequencing revealed insertion or deletion (indel) mu-
tations at the p56 andWT sequences at the p608 sgRNA target locus in
293T-25A and 293T-306 cells (Figure S9B). The indel sequences at the
p56 locus were determined by next-generation sequencing (NGS) anal-
ysis using amplification primers with the NGS adaptors listed in
Table S4. Raw amplicon sequence reads were processed using R
v.4.0.2 software package dada2 (v.1.16.0).84 Raw sequences were first
filtered and trimmed with the following parameters: maximum ambi-
guity: 0; number of expected errors for each read: 1; truncate reads at
the first instance of a quality score less than 2. After quality filtering,
reads were merged as contigs, and detected chimera were removed
with default parameters. Then, amplicon sequence variants were called,
and the counts of each amplicon sequence variant in each sample were
calculated. The analysis revealed that both cell lines harbor three
different mutant B3GAT3 alleles, all resulting in frame shifts and
severely truncated B3GAT3 proteins (Figure S9C). As both the
293T-25A and 293T-306 cell lines harbor the same B3GAT3 alleles
and are derived from the same knockout (KO) target cell population,
it cannot be excluded that the same KO clone was isolated twice by
the independent selection schemes.

Statistics

All the statistical analyses were performed using GraphPad Prism 9.
The numbers of experimental replicates and information on the sta-
tistical methods used for determination of two-tailed p values are
described in the individual figure legends. Symbols represent:
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: not significant
(p R 0.05).
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