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A B S T R A C T

Self-inactivating VSVG-pseudotyped murine leukemia virus (SIN-VSVG-MLV) has been widely used to generate
stable cell lines and produce gene delivery vectors. Despite the broad cellular tropism of the VSVG-pseudotyped
MLV, we observed differential viral transduction efficiency depending on the host cell type used. In order to
determine the mechanism underlying these differences, we used a GFP-expressing SIN-VSVG-MLV and analyzed
the major steps of viral transduction in different cell lines including human epithelial, T-lymphocytes, monocytes
and murine fibroblast cells.

We observed the better transduction efficiency in HeLa cells, which was 20-fold higher than THP-1 and NIH/
3T3 cells. To quantify viral internalization, we determined genomic RNA content by quantifying the early re-
verse transcription product. Genomic RNA and transduction levels were correlated with HeLa cells showing the
higher amount of early RT product followed by tsA201 cells, while NIH/3T3, Jurkat and THP-1 had the lowest
amounts. Similar results were observed when the late reverse transcription product was analyzed. Reverse
transcription efficiency was 66–85% in HeLa cells and about 30% in tsA201, NIH/3T3, Jurkat and THP-1 cells.
Viral integration, determined by Alu-Nested-qPCR, was higher for HeLa and lowerst for Jurkat and THP-1 cells.
Interestingly, we observed that viral entry was correlated with the cellular availability of clathrin-mediated
endocytosis, which was higher in HeLa and tsA201 cells, potentially explaining the higher rates of SIN-VSVG-
MLV transduction and early RT synthesis observed in these cell lines.

In conclusion, the SIN-VSVG-MLV vector showed significantly different rates of infectivity depending on the
host cell type, possibly due to differential rates of viral internalization.

1. Introduction

Murine leukemia virus (MLV) is a gammaretrovirus of the
Retroviridae family. MLV has recently been adopted for use in gene
therapy (Hacein-Bey-Abina et al., 2014). MLV vectors are self-in-
activating (SIN-MLV) due to a deletion of the U3 region at the 3′ long
terminal repeat (LTR) that suppresses the promoter/enhancer activity
of the provirus (Hacein-Bey-Abina et al., 2014). In addition, the cloned
genes have an internal promoter, which improves vector safety
(Cavazza et al., 2013; Schambach et al., 2006; Thornhill et al., 2008).

SIN-MLV vectors can be modified to target specific cell types
through pseudotyping, in which the wild-type envelope glycoprotein
(Env) is replaced with the envelope of another virus. The vesicular
stomatitis virus glycoprotein (VSVG) is often chosen for this application
in lentiviruses and SIN-MLV vectors. This glycoprotein uses the low-

density lipoprotein (LDL) receptor, located in clathrin-coated pits and
caveolae. LDL receptor family members are ubiquitously expressed in
many human cell types as well as in mice, chickens, rabbits and other
species (Duvillard et al., 2003; Finkelshtein et al., 2013; Ivaturi et al.,
2014; Willnow, 1999). Therefore, SIN-VSVG-MLV vectors are useful for
transducing a broad range of dividing cells.

The SIN-VSVG-MLV replicative cycle begins after virus entry into
the host cell. Upon viral internalization, the single-stranded viral RNA
genome is reverse-transcribed to double-stranded DNA by the reverse
transcription complex (RTC), which subsequently matures into the pre-
integration complex (PIC), which is then transported to the nucleus.
During mitosis, the PIC is tethered to the host chromatin by the viral
protein p12 (Elis et al., 2012; Schneider et al., 2013), and the viral DNA
is integrated into the host DNA by the viral integrase (Craigie et al.,
1991). Transduction efficiency depends on many elements, including
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virus-receptor interactions, entry, reverse transcription, pre-integration
complex formation, cell trafficking, nuclear entry, integration and gene
expression. The efficiency of these processes often varies depending on
the cell type and thus, the type of host cell frequently affects the viral
replicative cycle. The RTC and PIC mediate critical early steps in the
process and thus, they are sensitive to cell components that may favor
or depress replication. For instance, it has been reported that muta-
genized HeLa cells may block HIV-1 infection in steps prior to reverse
transcription (RT), retarding the synthesis of vDNA and blocking nu-
clear import of the PIC (Lech and Somia, 2007). Mutagenized CHO-K1
cells have been shown to block MLV infection before or after RT as well
as nuclear localization or integration of the vDNA (Bruce et al., 2005).
Therefore, the cell type has a physiological effect on the host-virus in-
teraction (Hare et al., 2016). Previous studies using pseudotyped
viruses and vectors revealed that MLV pseudotyped with GalV is less
infective when produced in A549 cells than when produced in HT-1080
cells. However, replication levels were similar in both cell types during
the early steps of infection. The block seemed to occur in A549 cells
between RT and integration, likely due to a cell type-dependent re-
striction of MLV infection resulting from impaired nuclear translocation
of the PIC. VSVG glycoprotein incorporation onto the virus surface was
sufficient to fully restore the infectivity of A549-produced MLV (Serhan
et al., 2002). However, despite the high transduction efficiency and
wide tropism of vectors with pseudotyped VSVG, the differences in the
replication kinetics in cells of different origins have not been in-
vestigated extensively.

Several techniques have been used to monitor the various stages of
retroviral replication (Butler et al., 2001; Peng et al., 2014; Schweitzer
et al., 2013). Endogenous RT activity has been analyzed by amplifying
the strong-stop vDNA or early reverse transcription (ERT) product,
which is the first product of reverse transcription, corresponding to a
145-nucleotide region from the 5′ cap of the viral RNA genome cova-
lently linked to the 3′ OH end of the primer tRNAPro (Van Beveren et al.,
1980). The tRNAPro is later dissociated, hybridizing at the 3′ end and
continuing the vDNA synthesis toward the 5′ end. The last region to be
retrotranscribed is the Gag ORF, during late reverse transcription (LRT).
Cellular factors do not affect the synthesis of strong-stop DNA but do
influence LRT synthesis (Warrilow et al., 2010), likely because most
cellular factors needed for ERT synthesis are capable of entering the
viral core (Santos et al., 2012). Therefore, ERT product levels may
provide a good indication of intracellular viral genomic RNA levels.

To determine the dynamics of SIN-VSVG-MLV transduction in dif-
ferent cell lines, we analyzed and compared transduction efficiency,
ERT and LRT product levels and viral integration in human adherent
epithelial cells (HeLa and tsA201), human suspension cells (T-lym-
phocytes and monocytes) and, as a host control, murine fibroblast cells
(NIH/3T3). We observed differential SIN-VSVG-MLV transduction effi-
ciency depending on the cell type, likely due to differences in vector
entry into the various cells analyzed and to a lesser extent, the RT ef-
ficiency.

2. Materials and methods

2.1. Cell culture

tsA201 (ECACC-96121229), HeLa (ECACC-93021013) and NIH/3T3
(ATCC CRL-1658) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% inactivated fetal bovine
serum (HyClone), 8 mM L-glutamine, 100 U/mL penicillin and 100 μg/
mL streptomycin. Jurkat E6.1 (ATCC TIB-202) and THP-1 (ECACC
88042803) cells were maintained in RPMI-1640 medium supplemented
with 10% inactivated fetal bovine serum (HyClone), 100 U/mL peni-
cillin and 100 μg/mL streptomycin. For THP-1 cells only, 0.05mM 2-
mercaptoethanol was added. All cells were grown in a humidified at-
mosphere with 5% CO2 at 37 °C.

2.2. Virus production and titer measurement

Self-inactivating VSVG-pseudotyped MLV-based vector (SIN-VSVG-
MLV) was produced by transient triple transfection of tsA201 cells
using polyethylenimine (PEI) with pVSVG envelope, pTG5349 packa-
ging plasmid and pRetroQ transfer plasmid in a 1:2:3 ratio. Cell su-
pernatant was collected by centrifugation 48 h after transfection and
filtered, and the virus was concentrated as previously described by
Kohno et al. (2002), with some modifications. Briefly, 20% poly-
ethylene glycol 10,000 and 1.8% NaCl were mixed with supernatant
containing the virus in a 1:1 ratio and incubated for 16 h at 4 °C. The
mixture was then centrifuged at 4000× g for 30min at 4 °C, and the
pellet was suspended in DMEM and stored at −80 °C. Viral titer was
determined for the GFP signal of plasmid packaging by flow cytometry
(FACS) and represented as transduction units, as described by Tiscornia
et al. (2006).

2.3. Infection

5×105 cells/well of tsA201, 6×105/wells of HeLa and 1× 105/
wells of NIH/3T3, Jurkat and THP-1 cells were seeded in a 6-well plate
24 h prior to infection. Cells were transduced at a multiplicity of in-
fection (MOI) of 2 or 5.

2.4. Viral DNA (vDNA) quantification

Transduced cells were washed twice with Buffer A (10mM Tris-HCl
(pH: 7.4); 150mM KCl; 5 mM MgCl2). Subsequently, cells were in-
cubated for 10min with gentle agitation at room temperature with 5
volumes of Buffer B (10mM Tris-HCl, pH: 7.4); 150mM KCl; 5 mM
MgCl2, 1 mM DTT; 1X Protease Inhibitor Cocktail (Roche); 0.025% (w/
v) digitonin. Nuclei were pelleted by centrifugation at 1500X g for
4min, and the supernatant was clarified by centrifugation at
19,000× g for 1min. The supernatant, corresponding to the cyto-
plasmic extract, was digested for 30min with 20 μg/ml RNase A
(Qiagen). Viral DNA was isolated from lysates using a PureLink PCR
Purification Kit (Invitrogen) according to the manufacturer's protocol.
Cytoplasmic viral DNA was analyzed by real-time PCR containing 1X
Brilliant II SYBR® Green (Agilent), 250 nM primer and 2 μL DNA
sample. The primers used to detect the early reverse transcription (ERT)
or strong-stop product were 551–568 (5′-TCT TCC GAT AGA CTG CGT-
3′) and 651-670 (5′-TGG GTA GTC AAT CAC TCA GA-3′), and the pri-
mers used to detect late reverse transcription (LRT) product were 1346-
1325 (5′-TGATCTTAACCTGGGTGATGAG-3′) and 1211-1229 (5′-ATCG
CTCACAACCAGTCGG-3′); numbers correspond to the regions of the
pRetroQ plasmid synthesized at the beginning (ERT) or end (LRT) of
reverse transcription. The human mitochondrial primers MH-533 (5′-
ACC CAC TCC CTC TTA GCC AAT ATT -3´) and MH-534(5´-GTA GGG
CTA GGC CCA CCG-3´), which amplify subunit 4L of NADH dehy-
drogenase, were used for normalization of cytoplasmic DNA extraction.
Primers used to amplify murine mtDNA were as follows: 18S-1546 (5′
-TAG AGG GAC AAG TGG CGT TC-3′) and 18S-1650 (5′-CGC TGA GCC
AGT CAG TGT-3′). The amplification efficiency of the ERT, LRT and
mitochondrial calibrator primers were equal, calibrating by main-
taining a constant value of ΔCt (Ct target gene - Ct reference gene) in
serial dilution. Real-time PCR was performed using Rotor Gene 6000
(Corbett Research) with the following amplification parameters: initial
denaturation at 95 °C for 15min and 50 cycles of denaturation at 95 °C
for 20 s, annealing at 55 °C for 20 s and elongation at 72 °C for 30 s.
Fluorescence data were collected during the 72 °C step. The 2−ΔΔC

t

method was used for relative quantification of vDNA, according to the
formula described by Livak and Schmittgen (2001).

2.5. Integration detection

Virus integration was analyzed at different intervals after
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transduction. The infected cells were lysed with lysis buffer (10mM
Tris-HCl (pH: 8.5); 5 mM EDTA; 200mM NaCl; 0.2% SDS; 0.5mg/mL
Proteinase K) for 1 h at 60 °C. Subsequently, 0.4 vol of 4M NaCl was
added, and the mixture was incubated on ice for 5min and then pel-
leted at maximum speed for 15min. The supernatant was mixed with
1 vol of isopropanol, and the DNA was precipitated by centrifugation at
maximum speed for 10min. The pellet was washed twice with 70% cold
ethanol and resuspended in water. The resulting cellular DNA was
subjected to real-time PCR as described by Brussel and Sonigo (2003),
with some modifications. In the first round of PCR, we used the Alu1
(5′-TCCCAGCTACTGGGGAGGCTGAGG-3′), Alu2 (5′ GCCTCCCAAAGT
GCTGGGATTACAG-3′) and λT LTR1-(5′-ATGCCACGTAAGCGAAACTC
CAGTCCTCCGATTGACTGAGT-3′) primers, the last containing a spe-
cific phage lambda sequence. For the second round of real-time PCR,
the reaction contained 1X HOT FIREPol EvaGreen (Solis BioDyne) and
250 nM primer. The primers were a specific starter phage lambda (λT2:
5′-ATGCCACGTAAGCGAAACT -3′) and a primer with the specific se-
quence of the LTR (LTR2: 5′-GAAAGACCCCCGCTGACG-3′).

2.6. LDL receptor quantification

4×105 HeLa, tsA201, NIH/3T3, Jurkat and THP-1 cells were
blocked with PBS and BSA 0,5% for 20min, then the LDL receptors
antibody (Abcam ab52818) diluted 1:1000 was added for 30min. Cells
were washed twice with PBS and the secondary anti-rabbit Alexa488
(Thermofisher R37116) antibody diluted at 1:200 was added for 30min
and washed again. The pellet was suspended in FACS flow medium and
analyzed in a BD FACSCalibur Flow Cytometry System.

2.7. Uptake assay

The uptake of fluorescently tagged transferrin was analyzed as de-
scribed by Kirchhausen (Kirchhausen et al., 2008). Briefly, HeLa,
tsA201 and NIH/3T3 cell lines were seeded on coverslips to 75–80%
confluence and 105 cells/well. Jurkat and THP-1 cells were seeded in a
24-well plate. Cells were washed 4 times with 1X PBS and incubated
with 20 μM chlorpromazine (CPZ) inhibitor for 1 h at suitable tem-
perature. Then cells were washed twice with 1X PBS and incubated
with 5 μg/mL Transferrin Alexa Fluor 633 (Tf) (Life Technologies) for
15min. The Jurkat and THP-1 cells were attached to coverslips with
poly-lysine. Next, all cells were washed with cold PBS to remove non-
specifically bound conjugates. Cells were fixed with 3.7% PFA and su-
crose for 30min, washed with 0.1M glycine 5% BSA for 1 h and the
nucleus stained with 16.2 μM Hoechst for 10min. Coverslips were
mounted with FluoromountTM Aqueous Mounting medium (Sigma-Al-
drich). Cells were observed with a C2 plus confocal microscope. The
corrected total cell fluorescence (CTCF) was obtained using the ImageJ
software by calculating the mean of fluorescence per the same area for
all cell lines analyzed and corrected with the background of each image,
the average was calculated by measuring 5 different points.

2.8. Inhibition treatment and viral infection assays

Cell lines were seeded in 24-well plates at a confluence of 80–90%.
Cells were washed once with 1x PBS and incubated with 10 μM chlor-
promazine (CPZ) (Sigma Aldrich) inhibitor for 1 h at room temperature
in the corresponding medium supplemented with 10% FBS. Cells were
then transduced with SIN-VSVG-MLV at a MOI of 5 for 48 h. Next, cells
were washed with cold PBS and fixed with 2% formaldehyde. Finally,
the cells were washed twice with PBS and collected using 100 μL 0.25%
trypsin-EDTA and centrifuged at 6000 rpm. The pellet was suspended in
FACS flow medium and analyzed in a FACS system.

2.9. Statistical analysis

Statistical analysis were performed using the ANOVA test with the

Open Office software. A p-value<0.05 was considered statistically
significant.

3. Results

3.1. Transduction efficiency of SIN-VSVG-MLV varies between different cell
lines

We first sought to determine whether the cell type influenced the
efficiency of transduction of SIN-VSVG-MLV. For this, we determined
infectious titers from HeLa, tsA201, Jurkat, THP-1 and NIH/3T3 cells.

Fig. 2. Quantification of early and late reverse transcription product. HeLa, tsA201,
NIH/3T3, Jurkat and THP-1 cells were infected with SIN-VSVG-MLV, and total cyto-
plasmic DNA was purified and measured with quantitative PCR. The relative amounts of
early (A) and late (B) reverse transcription product are shown in the graphs. Each graph
represents the average of three independent experiments.

Fig. 1. SIN-VSVG-MLV transduction efficiency in different cell lines. The transduc-
tion efficiency of SIN-VSVG-MLV was evaluated in HeLa, NIH/3T3, Jurkat and THP-1
cells by infecting each cell line with an MLV preparation initially titered on tsA201 cells.
The titer was determined for each cell line at 3 days, in triplicate. The graphs represent
the average viral titer as transduction units (TU) x mL, and the bars show the standard
deviation.
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We used a standard preparation of SIN-VSVG-MLV, previously titered
on tsA201 cells, for infection of each cell line and the transduction units
(TU) were analyzed on the same amounts of cells. The titers obtained
were 9.2×105 TU/ml in tsA201 cells; 2.6 (+/− 0.2) × 106 TU/ml in
HeLa cells; 1.5 (+/− 0.8) × 105 TU/ml in NIH/3T3 cells; 3.0 (+/−
0.9) × 105 TU/ml in Jurkat cells and 1.3 (+/− 0.9) × 105 TU/ml in
THP-1 cells. These results show that the transduction efficiency of the
SIN-VSVG-MLV vector was approximately 3-fold higher in HeLa cells
compared to tsA201 cells. Transduction efficiency was relatively poor
in THP-1, Jurkat and NIH/3T3 cells, at levels approximately 3- to 6-fold
lower than in tsA201 cells and 17-fold lower than in HeLa cells (Fig. 1).

3.2. SIN-VSVG-MLV vectors produce large amounts of early reverse
transcription product in HeLa and tsA201 cells

From data obtained above, it seems that HeLa and tsA201 cells are
highly transduced by the SIN-VSVG-MLV vector when compared to
Jurkat, THP-1 and NIH/3t3 cells. Thus, we sought to determine which
was the step of the replication cycle that was influencing such a dif-
ference. To evaluate the rate of RT, we measured the early reverse
transcription (ERT) product, also called negative-strand or strong-stop
DNA. This first RT product can be synthesized under conditions of
limiting substrate concentration (Van Beveren et al., 1980) and without
cellular cofactors (Santos et al., 2012; Warrilow et al., 2010). Therefore,
the ERT product represents the amount of genomic viral RNA inter-
nalized into the cells. We also quantified the late reverse transcription

Fig. 3. Viral DNA synthesis. HeLa (A), tsA201 (B) NIH/3T3 (C), Jurkat (D) and THP-1 (E) cells were infected with SIN-VSVG-MLV at different intervals post-infection, and the vDNA or
late reverse transcription product was measured with quantitative PCR. Inactivated virus (IV) at 65 °C for 30min was used as a control. Each graph represents the average of three
independent experiments and the bars indicate the standard (*:p < 0.05; **: p < 0.01; ***:p < 0.001).
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(LRT) product, defined as the final vDNA product of RT, which is highly
dependent on the RTC formed by viral and cell factors.

To compare ERT and LRT product synthesis in different cell lines,
HeLa, tsA201, Jurkat, THP-1 and NIH/3T3 cells were infected with SIN-
VSVG-MLV at a MOI of 2. Cells were lysed after different time intervals.
The cytoplasmic fraction was recovered, and both products were pur-
ified and measured by quantitative PCR, using primers specifically
designed to amplify ERT or LRT. The maximum amounts observed in
each cell line were compared. As shown in Fig. 2A, the highest relative
amounts of ERT were found in HeLa and tsA201 cells infected with SIN-
VSVG-MLV (42,000 and 32,000 relative units, respectively). The
amounts of ERT in NIH/3T3, Jurkat and THP-1 cells, on the other hand,
were below 6000 relative units. The difference between HeLa and THP-
1 cells was almost 140-fold. Consistent with this data, we observed si-
milar results when relative amounts of LRT product were quantified
(Fig. 2B). Again, the largest relative amount of product was found in
HeLa cells (32,000 relative units), followed by tsA201 cells (11,000
relative units). We also detected a relatively small amount of LRT
product in NIH/3T3, Jurkat and THP-1 cells (less than 300 relative
units) as compared HeLa cells. The difference in LRT product between
HeLa and THP-1 cells was almost 300-fold. These results suggest that
the internalization efficiency of SIN-VSVG-MLV is higher in HeLa and

tsA201 cells than in NIH/3T3, Jurkat and THP-1 cells.
Then, to compare the efficiency of LRT or viral DNA synthesis at

different times, HeLa, tsA201, Jurkat, THP-1 and NIH/3T3 cells were
infected with SIN-VSVGG-MLV at a MOI of 2. Cells were lysed at 6, 8,
16 and 24 h post infection (hpi). The cytoplasmic fraction was re-
covered, and the LRT product was purified and measured by quanti-
tative PCR, using primers to amplify the LRT product. As shown in
Fig. 3, peak LRT synthesis occurred at 6–8 hpi in HeLa (3A), tsA201
(3B) and Jurkat cells (3D) and at 16 hpi in THP-1 (3C) and NIH/3T3
cells (3E).

3.3. SIN-VSVG-MLV reverse transcription is approximately 85% in HeLa
cells

The differential rates of vDNA synthesis observed in the various cell
lines transduced with SIN-VSVG-MLV may be attributable to cellular
factors present in some cell lines but not others, which may stabilize or
favor RTC formation. To test this hypothesis, we analyzed RT efficiency,
expressed as the percentage of LTR product generated relative to ERT
product (Fig. 4). We found that when SIN-VSVG-MLV was transduced in
HeLa cells, RT efficiency was approximately 70%, 66% and 85% at 2, 6
and 8 hpi respectively. In contrast, RT efficiency in tsA201, NIH/3T3,
Jurkat and THP-1 cells was about 30% at these intervals (Fig. 4). At 16
and 24 h post-transduction, there were no significant differences in SIN-
VSVG-MLV reverse transcription efficiency between cells lines. Taken
together, our data suggest that the high levels of SIN-VSVG-MLV
transduction observed in the HeLa cell line may be attributable to a
significantly greater viral entry and RT efficiency. However, RT effi-
ciency cannot explain the high levels of transduction in the tsA201 line,
as these cells showed a RT efficiency of only 30%.

3.4. HeLa and tsA201 cells transduced with SIN-VSVG-MLV showed high
levels of viral integration

Next, we analyzed SIN-VSVG-MLV integration into the host chro-
mosomes of various cells, using a two-step Alu-based nested PCR assay.
The NIH/3T3 cell line was excluded from analysis due to the large class
of retrovirus-like elements in the mouse genome. Quantitative analysis
showed significantly higher levels of viral integration in HeLa and
tsA201 cells than Jurkat and THP-1 cells after transduction with SIN-
VSVG-MLV (Fig. 5). However, integration does not seem to be a limiting
step that might explain the differences in SIN-VSVG-MLV transduction
in the cell lines analyzed.

3.5. SIN-VSVG-MLV transduction may be related to internalized virus levels
and availability of the VSVG entry pathway

Since VSVG requires the LDL receptor (LDL-R) for cell entry, we
analyzed the expression of this receptor in each cell lines. However, we

 

Fig. 5. Integration efficiency. SIN-VSVG-MLV integration was analyzed in HeLa,
tsA201, Jurkat and THP-1 cells. The provirus was quantified by two-step Alu-based nested
PCR assay, and the peak relative quantity of provirus observed was graphed on a linear
scale. The bars indicate the standard deviation (**:p < 0.01).

Fig. 4. Reverse transcription efficiency. HeLa, tsA201, NIH/3T3, Jurkat
and THP-1 cells were infected with SIN-VSVG-MLV at different intervals
post-infection, and reverse transcription efficiency was evaluated by
quantification of early (strong-stop) and late reverse transcription product
with real-time PCR. The graphs show the average amount of late reverse
transcription product relative to strong-stop product, and the bars indicate
the standard deviation (**: p < 0.01 and ***: p < 0.001).
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observed that LDL-R is present in a variable percentage of cells and its
expression is not related to the level of transduction of SIN-VSVG-MLV
(Fig. 6). Therefore, the availability of the receptor should not limit the
transduction of SIN-VSVG-MLV.

The vesicular stomatitis virus has been reported to enter the cell via
clathrin-mediated endocytosis (Sun et al., 2005). Therefore, we eval-
uated this pathway in all five cell lines, using a transferrin uptake assay
that has been shown to rely on clathrin-mediated endocytosis
(Kirchhausen et al., 2008). As shown in Fig. 7A and B, uptake of
Transferrin Alexa Fluor 633 was highest in HeLa cells, followed by
tsA201 cells, and lower in the other 3 cell lines. These results are
consistent with the transduction levels observed in Fig. 1, suggesting a
correlation between transduction efficiency and transferrin uptake.

To verify that SIN-VSVG-MLV entry is related to clathrin-mediated
endocytosis, we used an inhibitor of this pathway, chlorpromazine. We
observed a 70% and 83.2% decrease in SIN-VSVG-MLV transduction in
HeLa and tsA201 cells, respectively (Fig. 7C). The effect of this inhibitor
on the other cell lines could not be analyzed, due to low baseline rates
of transduction and transferrin uptake.

These results suggest that SIN-VSVG-MLV enters cells via clathrin-
mediated endocytosis and that differences in transduction levels ob-
served are attributable to the relative availability of the pathway in
each cell line.

4. Discussion

Self-inactivating murine leukemia virus-based vectors have been
used for gene therapy due to a lower capacity for oncogene activation
mediated by the U3 promoter region. El Ashkar and colleagues also
generated a BinMLV vector that partially prevented the integrase from
binding with the bromodomain and extra-terminal (BET) family of
proteins as well as integration near oncogenes (El Ashkar et al., 2014).
Development of new retroviral-derived vectors remains an active topic
of research (El Ashkar et al., 2017). Pseudotyped MLV vectors have
been used in gene therapy, cell and molecular biology applications and
production of stable cell lines, and VSVG has been widely used for MLV
pseudotyping. Although VSVG-pseudotyped vectors could be expected
to show generally high transduction rates given the wide cellular
tropism of VSV, we observed strong differences in transduction effi-
ciency in several cell lines.

As such, HeLa cells presented the highest viral transduction effi-
ciency, followed by tsA201 cells. Transduction efficiency in HeLa cells
was almost 3-fold higher than in tsA201 cells and 6- to 7-fold higher
than NIH/3T3, Jurkat or THP-1 cells (Fig. 1). To explain our results, we
analyzed the steps of SIN-VSVG-MLV replication in each cell line, from
ERT product synthesis to LRT product synthesis and integration, and
then assessed vector entry into the various cell types.

Our results showed a relationship between vector transduction ef-
ficiency (Fig. 1) and relative amount of ERT and LRT product (Fig. 2) in
a given cell line; high transduction efficiency was associated with highr
relative amounts of both RT products. Strong-stop synthesis is in-
dependent of cellular factors and only the reverse transcriptase enzyme
is necessary for its production. Therefore, ERT product can be used to
quantify intracellular viral genomic RNA. On the other hand, cellular
factors are crucial for successful DNA synthesis during LRT. In fact,
Warrilow and colleagues observed that the presence of cellular factors
significantly elevated HIV-1 LRT product synthesis in vitro by improving
DNA elongation (Warrilow et al., 2010). When we analyzed RT by
comparing the amounts of ERT and LRT product, we observed that SIN-
VSVG-MLV transduction strongly stimulated LRT product synthesis in
HeLa cells, consistent with the reverse transcription efficiency of up to
85% observed in this cell line. RT efficiency was only about 30% in the
other cell lines (Fig. 4); in other words, RT efficiency was almost 3-fold
higher in the HeLa line as compared to the other cells analyzed. Taken
together, these results suggest that genomic viral RNA enters HeLa cells,
and, to a lesser extent, tsA201 cells, in a highly efficient manner. We

Fig. 6. Expression of LDL receptor on HeLa, tsA201, NIH/3T3, Jurkat and THP-1
cells.The cells were incubated with the anti-LDL receptor antibody followed by staining
with anti-rabbit Alexa 488 antibody (light gray filled histogram), a control incubation
with the latter antibody alone was performed (dark gray filled histogram) and analyzed
by flow cytometry.
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Fig. 7. Clathrin-mediated endocytosis in HeLa, tsA201, NIH/3T3, Jurkat and THP-1 cells. (A)Capture assay was performed using Transferrin Alexa Fluor 633 to assess clathrin-
mediated endocytosis in HeLa, tsA201, NIH/3T3, Jurkat and THP-1 cells. (B) The corrected total cell fluorescence (CTCF) was calculated using ImageJ software. (C) Chlorpromazine
(CPZ), an inhibitor of clathrin-mediated endocytosis, was used for this experiment. Cells were infected with SIN-VSVG-MLV for three days and analyzed by flow cytometry. Experiments
were performed in triplicate. Graphs represent the average inhibition of SIN-VSVG-MLV transduction and the bars show the standard deviations.
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also analyzed the kinetics formation of the LRT product. The timing of
peak LRT product synthesis also varied between cell types, ranging
from 6 to 16 hpi (Fig. 3). This and previous results suggest that the
intracellular environment influences both the efficiency and the timing
of vDNA synthesis. For instance, formation of the RTC and pre-in-
tegration complexes is affected by the availability of cellular proteins
and nucleotides, intracellular traffic and other factors that may be cell
type specific.

When we analyzed viral integration, we observed again that SIN-
VSVG-MLV integration was higher in the HeLa line than in the other
cells used in this study. This finding is likely due to high RT efficiency
but also to a favored assembly of the pre-integration complex.
Moreover, SIN-VSVG-MLV integration was also intermediately percep-
tible in tsA201 cells (Fig. 5), despite the low RT efficiency observed in
this line. These findings suggest that once RT ends, the cell favors the
formation and/or stability of the PIC and consequently viral integra-
tion.

Although RT of SIN-VSVG-MLV was more efficient in HeLa cells
than in other cell types, this result alone cannot explain the differences
in transduction efficiency observed; while transduction efficiency was
also high in tsA201 cells, RT efficiency was low, similar to the levels
observed in Jurkat, THP-1 and NIH/3T3 cells. In tsA201 cells, ERT
product and transduction levels were correlated, suggesting that the
vector genome was able to enter the cell efficiently. Therefore, we
speculated that viral entry may be a limiting factor, which could ex-
plain the differences observed. SIN-VSVG-MLV recognizes the LDL re-
ceptor, which is ubiquitously expressed in human and mouse cells, and
the 5 cell lines analyzed were all recognized by an anti-LDL antibody
(Fig. 6). Therefore, we analyzed vector entry in each cell line, finding
that HeLa and tsA201 cells showed high uptake of transferrin (Fig. 7),
which enters the cell via clathrin-mediated endocytosis. Inhibition of
this entry pathway resulted in decreased SIN-VSVG-MLV transduction
(Fig. 7c). These results suggest that SIN-VSVG-MLV enters the cell via
clathrin-mediated endocytosis and that the availability of this me-
chanism is a critical limiting factor in transduction of VSVG-pseudo-
typed MLV vectors.

5. Conclusions

Early SIN-VSVG-MLV replication events occurred with the highest
efficiency in HeLa cells, followed by tsA201 cells and then Jurkat, THP-
1 and NIH/3T3 cells. This differential transduction efficiency seems to
be largely attributable to the relative availability of the entry me-
chanisms responsible for SIN-VSVG-MLV internalization and, to a lesser
extent, the comparative efficiency of reverse transcription. Our results
may help to elucidate virus-host interactions and facilitate selection of
the optimal glycoprotein for MLV pseudotyping in various applications.
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