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Third-generation HIV-1-derived lentiviral vectors are success-
fully used as therapeutic agents in various clinical applications.
To further promote their use, we attempted to enhance vector
infectivity by targeting the dimerization and packaging proper-
ties of the RNA transfer vector based on the premise that these
two processes are tightly linked.We rationally designedmutant
vectors to favor the dimeric conformation, potentially
enhancing genome packaging. Initial assessments using stan-
dard assays generated outputs of variable reproducibility,
sometimes with conflicting results. Therefore, we developed a
novel competitive qRT-PCR assay in a co-transfection setting
to measure the relative packaging efficiencies of wild-type
and mutant transfer vectors. Here we report the effect of the
dimerization-stabilizing mutations on infectious and physical
titers of lentiviral vectors together with their packaging effi-
ciency, measured using our novel assay. Enhancing dimeriza-
tion did not automatically lead to better vector RNA packaging,
suggesting that, for vector functionality, sufficient flexibility of
the RNA to adopt different conformations is more important
than the dimerization capacity. Our novel competitive qPCR
assay enables a more stringent analysis of RNA packaging effi-
ciency, allowing a much more precise understanding of the
links between RNA structure, packaging, and infectious titers
that will be invaluable for future vector development.

INTRODUCTION
Human immunodeficiency virus strain 1 (HIV-1) is the most well
characterized of the lentiviruses, a family of viruses that reverse-tran-
scribe and stably integrate their genetic information into the host
genome. When used as lentiviral vectors (LVs), they can achieve
gene delivery and sustained gene expression.1 Vector RNA packaging
predominantly depends on the 50 RNA leader sequence of the virus,
which is also the most conserved region of the HIV genome;2 it con-
tains cis-acting elements that regulate a variety of viral processes,
including transcriptional activation, reverse transcription, splicing,
and translation as well as genome dimerization and packaging3,4 (Fig-
ure 1A). This 50 leader RNA is present in its entirety in the HIV-1-
based gene therapy vector system. To successfully assemble and
release infectious viral particles, positive-sense RNA viruses like
HIV-1 need to selectively recognize their genomic RNA (gRNA)
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from among a vast excess of similarly modified 50-capped, 30-polyade-
nylated spliced viral RNAs and cellular RNAs.1 This specific pack-
aging of the gRNA is mediated by the viral Gag protein, which recog-
nizes particular RNA structures present in the 50 gRNA leader.5

Encapsidated gRNA is dimeric. Dimerization is necessary for efficient
packaging of the gRNA and to produce infectious virions; however,
the precise mechanism by which gRNA dimerization enhances pack-
aging is the subject of ongoing debate.6–11 A conformational switch
between different monomeric structures in this gRNA leader region
is thought to control the balance between translation of the gRNA
to produce the Gag protein and capture of gRNA by Gag. The pro-
posed monomeric RNA structures contain either an exposed gag start
codon (AUG) for translation or an exposed dimerization initiation
site (DIS), favoring dimerization and packaging.12–14 The dimeric
conformation is characterized by formation of several structural mo-
tifs, including the U5-AUG duplex (shown in Figure 1B). Mutations
that strengthen U5-AUG base-pairing result in elevated levels of
dimerization,15,16 suggesting that this structural element promotes
dimerization and, thus, packaging.

The HIV-1 genome has been modified extensively to increase its
safety and efficiency as a vector for clinical applications. Despite it be-
ing an easy system for manipulation and production,17 high vector
doses and prolonged ex vivo culture conditions are required to
achieve high transduction efficiencies of clinically relevant cellular
targets, as exemplified in recent attempts to use LVs in clinical tri-
als.18–20 Currently, LV production is inefficient and expensive.21

We aimed to address this challenge by focusing on improving LV
infectivity by creating mutants with enhanced packaging efficiency
so that a higher percentage of vector particles would contain the cor-
rect transfer vector RNA. We created transfer vector mutants aiming
to strengthen their ability to dimerize and package. Although the
HIV-1 50 leader has evolved to perform a vast number of functions
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Figure 1. Design and Investigation of a U5-AUG-Stabilizing Mutant

(A) The cis-acting elements of the HIV-1 leader. The star indicates the region of the introduced mutations. (B) (i) Structural schematic of the dimerization-competent

monomeric RNA structure of the HIV-1 leader. The U5s mutant was created by introducing mutations in the U5 region that strengthened the U5-AUG base pairing. 4 U-G

non-canonical pairs were converted into two A-U and two C-G pairs, increasing the number of Watson-Crick hydrogen bonds by 6. (ii) Structural schematic of the

dimerization-incompetent pseudoknot conformation of the monomeric RNA of the HIV-1 leader, which is characterized by the U5:DIS interaction. Point mutations are

highlighted in light blue and underlined. (C) Packaging efficiencies of WT and U5s mutants. 293T cells were transfected with the WT or U5s transfer vector alongside the

packaging plasmids. RNA was recovered and examined by qRT-PCR using a TaqMan probe specific for the WPRE region. Data are presented as packaging efficiency. Data

show the packaging efficiencies of individual replicates of each of three separate experiments (i, ii, and iii). Horizontal lines show the average of each experiment.
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in the context of HIV-1 infection, many of these are redundant in a
vector system. In particular, because an individual HIV-1 gRNA
molecule can be packaged without having itself translated first, the
supply of Gag in trans means that the transfer vector 50 leader does
not have to retain the ability to promote translation.22,23 We targeted
the U5-AUG duplex because of its demonstrated importance for sta-
bilization of the monomeric structure promoting dimerization15,16

and its destabilization of the structure(s) promoting translation.15,24

With such an approach, it is critically important to be able to accu-
rately determine the relative RNA packaging efficiencies of transfer
vector mutants. Several methods exist to assess encapsidation of
gRNA, including northern blot analysis, ribonuclease protection
assay (RPA), and quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) as well as the most recent sequencing technolo-
gies.25 qRT-PCR is the most specific and sensitive of these methods25

because it can accurately detect low-abundance transcripts in a com-
308 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
plex transcriptome and is not reliant on full RNA integrity. However,
for measurement of packaging efficiency, it suffers from technical
biases because of the lack of established internal controls for normal-
ization of vector RNA. Our initial results show that the data derived
from such assays display poor reproducibility and, thus, cannot accu-
rately determine relative packaging efficiencies. To overcome this lim-
itation, we developed a novel qRT-PCR assay to measure the relative
packaging efficiencies of transfer vectors in a competitive co-transfec-
tion environment. Here we report the effect of dimerization-
enhancing mutations on infectious and physical titers of LVs as
well as on their packaging efficiency, measured with this novel assay,
which proved to be practical, accurate, and reproducible. Our data
suggest that introduction of mutations that enhance RNA dimeriza-
tion rather than packaging may have an adverse effect on the effi-
ciency of genome encapsidation. This likely reflects the multifunc-
tionality of the HIV-1 leader region and the possible effects of
altering RNA flexibility on function. These findings regarding the
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relationship between dimerization, packaging, and transduction effi-
ciency provide further insights into this delicately balanced system
and will help us to improve LV efficiency and enhance our capabilities
to deploy these versatile vectors in clinical applications by improving
their production.
RESULTS
Rational Design of a U5-AUG Mutant

Structures of the HIV-1 leader determined previously by in-gel selec-
tive 2'-hydroxyl acylation analyzed by primer extension (SHAPE)24

were used to guide the design of U5-AUG helix-strengthening muta-
tions aimed at enhancing dimerization of the RNA.14,15,26,27 To
strengthen the U5-AUG helix and enhance the proportion of RNA
adopting this structure and, hence, being able to dimerize, it was
necessary to consider the alternative structures the RNA has been
shown to adopt. One conformation proposed to enhance translation
and hamper packaging includes a pseudoknot between the U5 region
and the DIS in the monomer.16,24 Mutations were therefore designed
to enhance the U5:AUG pairing without enhancing the stability of the
U5:DIS pseudoknot (Figure 1B).

The overall structural effect of various base-pair changes in U5-AUG
was assessed by minimal free energy structural prediction using the
mFold28 algorithm and the first 800 nucleotides of the HIV-1 HXB-
2 RNA sequence.29 Because this tool alone does not predict the mono-
meric pseudoknot structure even in wild-type (WT) RNA, the poten-
tial for each mutated sequence to form the pseudoknot was also as-
sessed individually by comparing the pairing abilities of the U5 and
DIS sequences (Figure 1B). The best-fit mutation for further study,
U5s, is also shown in full in Figure S1 and was chosen based on the
minimal free energy of its predicted dimeric structure, conservation
of the global structure of the main packaging signal region (SL1-3),
and its lack of ability to form a more stable U5:DIS interaction.
Useof Standard qRT-PCR toMeasureRNAPackaging of theU5s

Mutant Gives Highly Variable Results

WT and U5s transfer vectors were transfected independently into
293T cells with the plasmids encoding the packaging constructs.
Two days after transfection, intracellular and virion RNAs were har-
vested and purified. Initially, a qPCR assay that amplifies the wood-
chuck posttranscriptional response element (WPRE),30 a sequence
inserted in the 30 UTR of the LV backbone to enhance transgene
expression,31 was targeted to assess the effect of the U5s mutation
on the packaging efficiency of the transfer vector. This assay was cho-
sen over other qPCR assays in the literature, which mainly target se-
quences in the 50 UTR of HIV-1,32–36 to prevent interference between
the 50 UTR-located mutations affecting the assay’s efficiency. Calcu-
lations were performed using the following equations:

Relative b-actin level for each sample = b-actin level/average b-actin
level of all samples in the experiment; intracellular vector RNA
(vRNA) level for each sample = vRNA level/relative b-actin level;
packaging efficiency of each sample = extracellular vRNA level/intra-
Molecular The
cellular vRNA level; relative packaging efficiency = packaging effi-
ciency of mutant RNAs/packaging efficiency of WT RNAs.37

Three independent rounds of transfections of 4–6 samples were per-
formed for the WT and U5s transfer vector mutants. The resulting
data were highly variable, with the first round showing a statistically
significant increase in the relative packaging efficiency of U5s
compared with the WT (p = 0.02 by t test; Figure 1Ci), which was
not corroborated in subsequent rounds (Figures 1Cii and 1Ciii). Us-
ing this protocol, at the virion RNA extraction stage, the RNA is pre-
sent in such tiny amounts that its concentration cannot be deter-
mined, and it is precipitated with the aid of excess tRNA. This
standard protocol is thus amultiple-step process that lacks an internal
control necessary to assess extracellular vRNA recovery efficiency,
potentially leading to the observed variability. This raised concerns
regarding the assay’s reproducibility and validity.

Relative Packaging Efficiency of the U5s Mutant Is Lower Than

that of the WT When Measured by Northern Blot, Despite an

Increase in Dimer Formation

To further investigate the properties of the U5s mutant, transfections
were repeated as above, and RNA extracted fromWT and U5s super-
natants was analyzed by northern blot as an alternative method to
visualize the amount of packaged RNA (Figure 2A; Figure S2) and
calculate the propensity of their transfer vRNAs to dimerize in virio
(Figures 2B and 2C). Densitometric analysis of northern blot RNA
levels showed that U5s gRNA was packaged approximately two-
thirds as well asWT vRNA (Figure 2A; p = 0.009 by t test), as analyzed
by densitometric analyses of 7 replicates. Figure 2B shows a typical
northern blot, with its densitometric analysis shown in Figure 2C.
Increased dimerization was observed in each of 7 independent repli-
cates (data not shown), averaging around 17% more dimer in U5s vi-
rions than WT virions (p = 0.035 by t test). The 690-nt-long in-vitro-
synthesized RNA fragments of the transfer vectors under interroga-
tion included all known cis-acting elements contained in the HIV 50

leader and gag backbone of the third-generation HIV-1-derived
LVs. Vector titration was then performed to study the relationship be-
tween packaging efficiency and transduction efficiency. Similar to the
decreased packaging efficiency of U5s we observed in the northern
blots, the infectious titer of the mutant transfer vector was decreased
more than 1.5-fold compared with the WT (p = 0.05 by t test; Fig-
ure 2D). The discrepancy in results between the standard PCR-based
packaging assay and the northern blot, combined with the transduc-
tion data, suggests that, despite the successful increase in dimerization
upon stabilization of the U5:AUG duplex in U5s, its packaging and
transduction efficiencies were impaired. The data also suggest that
the standard packaging assay produces data that are too variable to
reliably assess anything other than large differences in packaging
efficiency.

The intracellular capsid-p24 expression level was quantitated by
ELLA to detect any effect of the various 50 UTR mutations on intra-
cellular Gag expression and/or its ability to bud from the cell (Fig-
ure 2E). There were no observable or statistically significant
rapy: Methods & Clinical Development Vol. 19 December 2020 309
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B C Figure 2. Further Characterization of WT and U5s

Mutants

(A) Comparison of the total amount of encapsidated vRNA

in the northern blots between WT and U5s transfer vectors

by densitometry. Error bars show standard error. (B)

Representative northern blot. 293T cells were transfected,

and virions were purified from harvested supernatant by

density gradient ultracentrifugation. RNA was extracted

from equal volumes of WT and U5s vector supernatant,

electrophoresed on a TBE gel, blotted, and visualized with a

DIG-labeled probe. (C) Densitometric analysis of transfer

vRNA dimerization in the northern blot shown in (B). (D)

Comparison of the transduction efficiency of 293T cells with

virions produced by WT or U5s viral vectors. Transduction

units (TUs) were measured using flow cytometry. Data

represent 7 repeats for the WT and 6 repeats for U5s from

two independent rounds of transfections (p = 0.05). (E)

Evaluation of the effect of 50 UTR mutations on Gag

budding by measuring the ratio of extracellular virion to

intracellular Gag expression levels (V/C p24) with ELLA p24.

(F) Pellets fromWT andU5s supernatant and cellular lysates

were examined by SDS-PAGE and anti-Gag immunoblots.

GAPDH was used as a loading control for protein normal-

ization across lysate samples.
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differences in extracellular (vector [V]) to intracellular (cellular [C])
Gag quantities (p24 V/C) measured between the WT and the U5-
AUG mutant (p = 0.1 by t test). In addition, Figure 2F suggests that
Gag expression levels were equivalent in the WT and mutated con-
structs when assessed by immunoblot (no statistically significant dif-
ferences were observed in total Gag levels or in the amount of each
cleavage product between WT and U5s mutants following densito-
metric analysis of four independent experiments; data not shown).
The unidentified bands in the intracellular samples are typical of
the HIV Gag proteolytic products made by the vector system. Inter-
estingly, the Gag p55/p24 antibody detected uncleaved p55 product in
WT and U5s viral supernatants, which indicates the presence of
immature particles and might reflect the presence of virus like parti-
cles (VLPs) lacking gRNA, highlighting the importance of improving
the RNA packaging properties of the currently used transfer vectors.
The terminal Gag processing step, p25 to p24 cleavage, is most sensi-
tive to detect processing defects38 but did not differ between the WT
and U5s (Figure 2F). Overall, these results suggest that 50 UTR muta-
tions in the transfer vRNA do not affect Gag provided in trans; hence,
any effect on the functionality of the mutant transfer vector was not
caused by Gag expression, processing, or budding.

qPCR Assay Design and Optimization to Accurately Measure

Relative Packaging Efficiency

Assessment of the relative packaging efficiencies (RPEs) of U5s and the
WT transfer vector produced contradictory data from two different as-
says. The WPRE qPCR assay described above was characterized by
large variability, possibly because of lengthy processing of samples
and lack of an internal control for the extracellular RNA. Although ret-
roviruses, including HIV-1, are known to recruit host cell RNAs into
virions, the spectrum of encapsidated RNAs, the amount of specific
310 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
RNAs packaged, and the mechanisms by which they are recruited
remain largely unknown; hence the lack of an internal control for
virion gRNA. Other available qPCR assays32–36 would be expected to
suffer from the same drawback. Northern blotting produced packaging
efficiency data consistent with the transduction efficiency, but it is a
much lower-throughput assay than qPCR, and its sensitivity is even
more critically dependent on RNA quality and virus titer yield.25

Hence, an alternative approach was needed to conclusively assess the
packaging efficiency ratio for each construct. To achieve this, a compet-
itive qPCR assay was designed by introducing unique sequences in the
WT and mutant transfer vectors to allow simultaneous quantification
of their vRNAs in a co-transfection environment. Such an environment
controls for differences in cell viability as well as for recovery of the
RNA in later steps of the protocol.

The MS2 bacteriophage sequence (50-ACATGAGGATCACCC
ATGT-30) and E. coli BglG sequence (50-GGATTGTTACTGCA
TTCGCAGGCAAAACC-30) were introduced separately into the
WT and mutant U5s vectors (Figure 3A). The BglG and MS2 se-
quences form stem loops that, despite their complexity and potential
effect on the respective qPCR assays, were chosen because they have
been validated extensively in the literature as sequences that do not
have a direct effect on the retrovirus life cycle.27,39 A single copy of
the MS2 or BglG sequence was introduced into a multiple
cloning site (MCS) between the EGFP and WPRE elements. Cloning
of these sequences individually into the WT and mutant constructs
allowed independent quantification of their vRNA levels in a co-
transfection context. The primer pair was the same for the BglG
and MS2 constructs, whereas different probes were designed to target
the unique MS2 and BglG sequences, allowing simultaneous quanti-
tation of WT and mutant transfer vRNA levels in a one-well reaction.
ber 2020



A

B C

D

Figure 3. Design and Optimization of a Competitive

qRT-PCR Assay

(A) Components of a typical third-generation lentiviral

transfer vector. Shown is a schematic of the location of the

introduced mutations (red star) and the unique sequences

of MS2 and BglG stem loops as well as the binding sites of

the common pair of primers. CMV, cytomegalovirus pro-

moter; RRE, Rev-responsive element; cPPT, central poly-

purine tract; IP, internal promoter; WPRE, woodchuck

posttranscriptional response element; R, reporter; Q,

quencher. (B) Effect of the BglG and MS2 probe sequences

on assay linearity and efficiency. The monoplex used

750 nM BglG probe (i) or 250 nM MS2 probe (ii), 500 nM

forward primer and 500 nM reverse primer. 5 � 106 to 5 �
102 copies of WT-pCCL-EGFP-BglG plasmid and WT-

pCCL-EGFP-MS2 plasmid were used as the respective

standard curve templates. (C) Effect of constant and vari-

able plasmid concentrations on MS2 and BglG assays to

study any interference bias in a multiplex environment.

Reactions used 750 nM new AB BglG probe, 250 nM MS2

probe, 1,000 nM forward primer, and 1,000 nM reverse

primer and included (i) a constant of 5 � 104 copies WT-

pCCL-EGFP BglG plasmid in the presence of a log10 WT-

pCCL-EGFP-MS2 standard curve consisting of 5 � 106 to

5 � 102 copies or (ii) a constant of 5 � 104 copies WT-

pCCL-EGFP MS2 plasmid in the presence of a log10 WT-

pCCL-EGFP-BglG standard curve consisting of 5 � 106 to

5 � 102 copies. (D) Comparison of monoplex and duplex

reactions for MS2 and BglG assays. The linearity and effi-

ciency of the multiplex assay and the two respective mon-

oplex assays were assessed in the same qRT-PCR plate.

Assay linearity was assessed by R2, whereas assay effi-

ciency was calculated by standard curve slope. (i) Graph

showing a five log10 standard curve of the MS2 assay in a

monoplex reaction containing 250 nM MS2 probe, 500 nM

forward primer, and 500 nM reverse primer. (ii) Graph

showing a five log10 standard curve of the MS2 assay in a

multiplex BglG-MS2 reaction containing 750 nM new AB

BglG probe, 250 nM MS2 probe, 1,000 nM forward primer,

and 1,000 nM reverse primer. (iii) Graph showing a five log10

standard curve of the BglG assay in a monoplex reaction

containing 750 nM new AB BglG probe, 500 nM forward

primer, and 500 nM reverse primer. (iv) Graph showing a five

log10 standard curve of the BglG assay in a BglG-MS2

multiplex reaction containing 750 nM new AB BglG probe,

250 nM MS2 probe, 1,000 nM forward primer, and

1,000 nM reverse primer. The experiments shown in (i) and

(iii) were performed 13 times; those shown in (ii) and (iv) were

performed twice. All results were similar.
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MS2 and BglG targeting probes were assessed according to the MIQE
(minimum information for publication of qRT-PCR experiments)
guidelines.40 Calibration of primer concentration was achieved by
Molecular Therapy: Methods & Cli
maintaining the MS2 probe concentration con-
stant and varying the primer concentration, re-
sulting in identification of 500 nM of each primer
as the optimal primer concentration that
achieved a low cycle threshold (Ct) value and
lack of product formation in the respective negative control wells
(data not shown). Using this primer set concentration, probe concen-
trations were optimized. TheWT-pCCL-EGFP-MS2 andWT-pCCL-
nical Development Vol. 19 December 2020 311
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EGFP-BglG plasmids were used as standard curve templates in inde-
pendent monoplex reactions to interrogate the efficiency and linearity
of the assays. Using our initial design of MS2 probe, all probe concen-
trations had an R2 value of more than 0.99. The PCR efficiency was
approximately 98% for all MS2 reactions and 97%–100% for the
BglG reactions (Figure S3). BglG probe sequence optimization was
required because, as shown in Figure S3, for our initial BglG probe
design, all of the probe concentrations showed a variability between
5 � 105 and 5 � 103 copy numbers without achieving an acceptable
level of linearity for BglG; all probe concentrations also generated an
R2 that was lower than 0.99. To improve this, a new 6-carboxyfluor-
escein (FAM)-labeled BglG probe was designed (Applied Bio-
systems41 Custom TaqMan MGB Probe Design Service, 50-
TCGATCGGGATTGTTACTG-30) and was used in the assay at a
concentration of 750 nM, as directed by the manufacturer. Keeping
the primer concentration at 500 nM, as established previously, inde-
pendent monoplex reactions for MS2 (250 nM) and the new BglG
(750 nM) were performed using the MS2 and BglG plasmids, respec-
tively, for templates and were assessed for linearity and efficiency
(Figure 3B), showing acceptable characteristics.

The BglG and MS2 assays were initially optimized in monoplex reac-
tions, where RNAs from cotransfection experiments were processed
as one sample until the last stage of the qPCR experiment, and then
MS2 and BglG signals were detected in two separate wells of the
qPCR plate. Because it should be possible and faster to detect MS2
and BglG signals in the same well of the qPCR assay, we attempted
to optimize the assay in this multiplex form. We first analyzed
whether the primer concentration needed to be reoptimized in the
multiplex assay. The effect of the 500 nM primer concentration,
which is the optimal primer concentration established in the mono-
plex assays described previously, was compared with 1,000 nM and
1,500 nM primer concentrations, but as presented in Figure S4, the
resulting data showed that no primer concentration in the multiplex
assay amplified in a manner that was as linear as in the monoplex
assay. Additionally, the comparable efficiencies of MS2 and BglG
observed in Figure 3B were affected negatively, as noted by the
increased difference in the amplification factors of these two assays
in Figure S3. We concluded that amplification could have been
affected by primer and probe interactions, competition for reagents
between the two amplicons of slightly different sizes within the
same well reaction, as well as the relative target sequence expression
levels, resulting in more stochastic detection in the multiplex environ-
ment compared with the monoplex reactions.

A new set of experiments was designed, maintaining the plasmid con-
centration of WT-pCCL-EGFP-BglG at a constant of 5 � 104 copies/
well in the presence of a log10 WT-pCCL-EGFP-MS2 standard curve
and vice versa. This experiment was performed to reflect the wide dif-
ferences in template availability that might occur when comparing the
packaging efficiencies of two vectors with very different packaging abil-
ities. This time, the efficiency and linearity of each assay were investi-
gated by the Ct consistency of the plasmid whose DNA mass was kept
constant. The Ct difference of a 10� sample dilution was expected to be
312 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
around 3.2. As shown in Figure 3C, the slope of theMS2 standard curve
in the presence of a constant amount of BglG plasmid was 6.2 (with
variations between individual 10� dilutions of between 4.1 and 7.9
Ct values), which was of poor efficiency. Respectively, the slope of
the BglG standard curve in the presence of a constant amount of
MS2 plasmid was 4.5 (with the difference between individual 10x dilu-
tion values varying between 3.8 and 5.7 Ct values). As expected, the Ct
value of the constant amount of BglG plasmid was maintained at 24,
between 6.7 and 2.7 of log10 (copy number) ofMS2DNA. The Ct value
of the MS2 plasmid kept at a constant level was measured between 25.3
and 26.6 between 6.7 and 3.7 of log10 (copy number) BglG copies but at
28 in the presence of 2.7 log10 (copy number) of BglG copies.

Given the data presented in Figure 3C, reevaluation of the use of an
independent monoplex assay versus a multiplex assay was performed
by directly comparing the linearity and efficiency of the multiplex
assay and the two respective monoplex assays in the same qRT-
PCR plate. The monoplex and multiplex assays use MS2 and BglG
sequence-containing genetic material derived from the same co-
transfection plate. All processing steps are identical until the final
stage of the qRT-PCR assay, where the sample is split in the final
step of the process at the level of qPCR. A monoplex assay thus main-
tains the competitive nature of the experimental environment and
still excludes the potential variability introduced by the processing
steps of the standard WPRE assay. Figure 3D shows that the MS2
monoplex qPCR efficiency was calculated to be 99.77% with an
amplification factor of 2 and an R2 of 0.999, whereas the equivalent
MS2multiplex qPCR efficiency dropped to 89.23% with an amplifica-
tion factor of 1.89 and an R2 of 0.998. Similarly, the BglG monoplex
qPCR efficiency was 96.49% with an amplification factor of 1.96 and
an R2 of 0.997, whereas the equivalent BglG multiplex qPCR effi-
ciency was decreased to 78.35% with an amplification factor of 1.78
and an R2 of 0.992. Collectively, the data confirm that the equivalent
monoplex assays were more efficient than the multiplex reaction. The
multiplex assay would be preferable in terms of time and cost effi-
ciency but was not found to be as accurate as the monoplex assays.
Therefore, independent use of the optimized monoplex MS2 and
BglG assays was chosen for further study of the U5:AUG mutants.

Calibration of the Novel Packaging Assay in a Cellular Context

The experimental process followed to measure RPE with our novel
competitive qPCR assay is depicted in Figure 4A. This method over-
comes the necessity to normalize samples to a housekeeping gene
because the genetic material from the WT and mutant vectors comes
from the same transfection environment. AnMS2 and a BglG version
of theWT and U5s transfer vectors were constructed. We then sought
to investigate whether the assay was equally efficient at detecting
BglG- and MS2-containing cDNA produced from extracted vRNA.
This was important to ensure unbiased and accurate measurement
of WT and mutant vRNA packaging regardless of the incorporated
heterologous sequence. To study this, HEK293T cells were co-trans-
fected with equal amounts of WTBglG and WTMS2 transfer vector
plasmids alongside the packaging constructs. Viral gRNA was ex-
tracted from 2 mL of viral supernatant. All reverse transcription
ber 2020
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Figure 4. Assessment of Packaging Efficiency Using

the Competitive qRT-PCR Assay

(A) Schematic showing the experimental workflow followed

to assess packaging efficiency with the novel competitive

qRT-PCR assay. 293T cells were transfected with equal

amounts of WT and mutant transfer vector plasmids

alongside the packaging constructs. RNA was extracted

from viral supernatant and cell lysates, DNase treated, and

used as template for qRT-PCR. RPE was defined as the

ratio of extracellular to intracellular WT gRNA divided by the

ratio of extracellular to intracellular mutant gRNA derived

from the same co-transfection plate. (B) Linear distribution

of the WT-pCCL-EGFP-MS2 and WT-pCCL-EGFP-BglG

extracellular to intracellular ratio values (V/C). The average

RPE reflecting the MS2/BglG assay sensitivity was calcu-

lated to be 1.85.
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reactions contained 0.5 M betaine to enhance RT efficiency through
regions of strong RNA secondary structure.42 The extracellular-to-
intracellular gRNA ratios of WTMS2 and WTBglG were plotted
against each other to study the distribution of their values, which,
as shown in Figure 4B, fall in a linear distribution. The average
WTMS2/WTBglG efficiency from two independent experiments
was calculated to be 1.85 from 33 independent transfection replicates,
with a standard deviation of 0.34. Thus, in all further experiments, we
divided the MS2 result by 1.85 (whether the MS2 labels the WT or
mutant) before then taking the ratio between the WT and mutant.
This takes into account the inherently lower BglG assay efficiency.
Users should apply this adjustment before calculating the RPE. The
WT or mutant can be labeled with the MS2 sequence.

Validation of Assay Sensitivity to Measure Different Levels of

Packaging

Co-transfections of the U5sBglG/WTMS2 and U5sMS2/WTBglG
combinations were performed next to verify that the experimental
protocol and analysis were optimally calibrated and able to produce
data with minimal standard deviation. As shown in Figure 5, the
average U5sBglG/WTMS2 RPE from 14 individual samples was
measured to be 0.52. This was statistically significantly different
fromWTBglG/WTMS2 data, which averaged 1 with a standard devi-
ation of 0.34 (p < 0.0001 by t test). If the two assays are equally efficient,
then the expected U5sMS2/WTBglG RPE should give similar results.
Figure 5 shows that the average U5sMS2/WTBglG RPE from 13 inde-
pendent co-transfection repeats was indeed measured to be signifi-
cantly lower than that of the WT at an RPE of 0.4 (p < 0.0001 by t
test compared with WTMS2/WTBglG as above). These results vali-
dated the accuracy and robustness of this novel qPCR assay regardless
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of whether the WT or mutant vector contained
the MS2 or BglG sequence (these results for
U5sBglG/WTMS2 and U5sMS2/WTBglG were
not statistically significantly different from one
another; p = 0.13 by t test). Across four such ex-
periments (2 of U5sBglG/WTMS2 and 2 of
U5sMS2/WTBglG), the average RPE of U5s was
0.49 with a SD of 0.19. A power analysis suggests that users should
perform at least 8 replicates of WT/WT and mutant/WT to reliably
detect the difference in means between the WT and a mutant that
packages around half as well; fewer replicates are needed to detect
larger differences and more replicates for smaller differences.

We then proceeded to determine the assay’s limit of detection
(LOD) by calculating the RPE of a known packaging deficient
mutant. DP1 is an HIV-1 mutant with a 19-bp deletion in theJ re-
gion whose packaging efficiency has been measured previously by
different methodologies to be less than 2% of that of the WT vi-
rus.43,44 The DP1-pCCL-EGFP transfer vector was created and
modified to contain the BglG insert. The DP1-pCCL-EGFP-BglG
plasmid was used for co-transfections with WT-pCCL-EGFP-
MS2. From the 13 independent transfections, 6 replicates were
excluded because their Ct values were very high (up to 37) and
too close to background control levels to be analyzed, likely because
of the established low packaging efficiency of this mutant. The re-
maining 7 were taken into consideration for further analysis. The
average DP1 pCCL-EGFP-BglG/WT pCCL-EGFP-MS2 RPE of the
replicates containing sufficient RNA to analyze was calculated to
be 0.017 (p = 0.003), suggesting that, in comparison with the WT,
a maximum of 1.7% of the DP1 gRNA was packaged successfully
(Figure 5). This result confirms the suitability of the assay to accu-
rately measure the RPE of mutants with a packaging efficiency as
low as 1.7% of the WT.

Use of the Assay to Assess an Alternative U5-AUG Mutant

An alternative U5-AUG duplex-stabilizing mutant was designed pre-
viously by Lu et al.16 and shown to favor dimerization in vitro. To
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http://www.moleculartherapy.org


Figure 5. Depiction of the AverageU5sBglG/WTMS2, U5sMS2/WTBglG, and

DP1BglG/WTMS2 RPE Values

293T cells were transfected with equal amounts of WT-pCCL-EGFP-MS2 and U5s-

pCCL-EGFP-BglG transfer vector plasmids, WT-pCCL-EGFP-BglG and U5s-

pCCL-EGFP-MS2 transfer vector plasmids, and WT-pCCL-EGFP-MS2 and DP1-

pccL-EGFP-BglG transfer vector plasmids alongside the packaging constructs.

RNA extraction and purification was achieved as in Figure 1C, and RPE measure-

ments with qRT-PCRweremade following theworkflow presented in Figure 4A. The

assay’s LOD was defined by DP1BglG/ WTMS2 RPE. Error bars show standard

error.

A B

C D

Figure 6. Characterization of the LU5AUG Transfer Vector Mutant

(A) Visualization of WT and LU5AUG vRNA by northern blot, performed as in Fig-

ure 2. (B) Measurement of WT and LU5AUG transfer vector average RPE from 8

independent co-transfection repeats, following the workflow presented in Fig-

ure 4A. Error bars show standard error (p = 0.0005). (C) 293T cells were transduced

with varying dilutions of pseudotyped virions made using WT-pccL-EGFP or

LU5AUG-pccL-EGFP transfer vectors. Infectious titers were calculated by flow

cytometry of EGFP-expressing cells, using the dilution in which samples contained

4%–25% EGFP+ cells (p = 0.0002). (D) ELLA p24, performed on purified viral su-

pernatants and cellular lysates. The V/C p24 ratio for WT and LU5AUG transfer

vectors was measured to study any effects of 50 UTR mutations on Gag budding.

Error bars show standard deviation (p = 0.9).
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determine whether the U5s mutant is unique in its ability to enhance
dimerization but compromise packaging, the LU5AUG mutations
were introduced into our pCCL-EGFP transfer vector construct to
test its behavior in an in virio context.

RNA extracted from separately transfected cultures of WT and
LU5AUG vector supernatants was examined by northern blot to
compare the propensity of their gRNA to dimerize in virio with the
in vitro dimerization efficiency published data. However, as shown
in Figure 6A, measurement of the dimerization efficiency of LU5AUG
could not be evaluated accurately because of poor yields of the
LU5AUG vector. As shown in Figure 6B, use of our novel qPCR assay
revealed a 5-fold reduction in the RPE of the LU5AUG mutant (p =
0.0005 by t test compared with WTMS2/WTBglG), again reflecting a
negative effect of the dimerization-enhancing mutations on pack-
aging in the context of a vector system. This relatively small decrease
was sufficient to prevent LU5AUG vRNA visualization in virions,
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highlighting the limitations of the northern blot technique and
emphasizing the importance of establishing a sensitive assay to study
genome packaging. Transduction efficiencies of virions made from
WT and LU5AUG constructs showed a 6-fold decrease in infectious
titers compared with the WT (p = 0.0002 by t test; Figure 6C). Thus,
similar to the U5s data, the LU5AUGmutant shows that there is not a
simple and direct link between dimerization and packaging, as hy-
pothesized originally, and such a result emphasizes the multifunc-
tionality of this structural element of the HIV-1 leader, whose struc-
tural flexibility might be required for successful virus replication. Last,
ELLA p24 was performed to measure intracellular and extracellular
capsid-p24 expression levels, but the p24 V/C ratio measured showed
no difference between the WT and LU5AUG (p = 0.9 by t test), con-
firming that the 50 UTR mutations do not affect in trans Gag expres-
sion (Figure 6D).
DISCUSSION
TheWTHIV-1 RNA sequence has evolved to be able to present mul-
tiple critical replication signals in the context of a complex leader
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structure.45 The HIV-1 gRNA 50 region can adopt different structures
depending on whether it is monomeric (assumed to be optimal for
translation) or dimeric (required for efficient packaging). Rationally
designed transfer vector mutants that favored the dimeric conforma-
tion and might enhance packaging were created by stabilizing the U5-
AUG duplex located in the 50 UTR. A variety of assays were per-
formed to assess the effects of the introduced mutations on different
parts of the vector life cycle. However, no available assays were sensi-
tive and robust enough to measure the RPE of our U5s mutant
compared with that of the WT. To address this, we designed a novel
competitive qPCR assay to measure the effect of mutations on the
packaging efficiency of mutant transfer vectors.

The U5s mutant, designed to have strengthened U5-AUG base-pair-
ing, showed slightly lower infectious titers than the WT, whereas the
LU5AUG mutant, designed with the same rationale but containing a
larger number of point mutations, saw a bigger decrease in infectious
titer. Western blotting showed no change in the Gag processing
pattern of mutants compared with the WT, suggesting that introduc-
tion of 50 UTR mutations does not affect the processing of Gag pro-
vided in trans, whereas measurement of the intracellular and extracel-
lular p24 levels with ELLA p24 showed that the 50 UTRmutations did
not affect the amount of viral budding. To assess the effect of muta-
tions on RNA dimerization efficiency, northern blotting was per-
formed to visualize and measure the total amounts of encapsidated
vRNA and its propensity to dimerize. This was initially chosen as
the most appropriate technique because of its advantage of measuring
the quantity of total encapsidated vRNA levels and the stability of its
dimeric form. It revealed increased RNA dimerization for U5s but
virtually no LU5AUG vRNA, presumably because of the lower pack-
aging efficiency of this mutant.

Our competitive qRT-PCR approach offered a direct comparison be-
tween the WT and mutant transfer vectors because it allowed mea-
surement of the RPE in a co-transfection environment, reducing
the possibility of technical biases or sample processing errors influ-
encing the result.

This novel competitive qRT-PCR assay was sensitive and accurate,
able to detect an RPE of less than 2% of WT RNA as exemplified
by the DP1 mutant, and detected smaller differences in encapsidation
of mutants, like U5s, whose packaging efficiency was more compara-
ble with that of the WT. The assay enabled our investigation of
whether two different dimerization-enhancing mutations promote
packaging, something that was not possible to do accurately using
previously available techniques. Our results showed that enhancing
dimerization does not automatically lead to better packaging of
vRNA.

The propensity of both mutated vRNAs to dimerize had indeed
increased as hypothesized. This result confirms the importance of
the U5-AUG duplex in stabilizing the dimeric RNA conformation.
The surprising deleterious effect on packaging may be due to the
introduced mutations affecting multiple vector processes. This result
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reflects the multifunctionality of the 50 leader sequence and the
disruptive effects of interfering with the flexibility of it by stabilizing
the U5-AUG duplex, suggesting that RNA structural flexibility may
be more important than RNA dimerization propensity for efficient
packaging. Measurement of transduction efficiencies revealed a nega-
tive effect of the rationally designed mutations on the infectivity of the
pseudotyped vector that was commensurate with their reduced pack-
aging phenotype. A different approach for future research would be to
perform these infectivity experiments under conditions where avail-
ability of dimerized gRNA would be limiting for packaging. Use of
dimerization-promoting mutants under limiting conditions might
enhance their biological effects on packaging and improve our under-
standing of the mutant phenotypes. An improved understanding of
the basic biology of the dimerization and packaging processes and
the RNA structures involved is necessary for rational design of
more efficient vectors for the demanding future of gene therapy, espe-
cially for their use in in vivo applications. Our novel competitive
qPCR assay was found to be the most efficient and robust assay for
accurate measurement of the RPE of transfer vectors (Figure S5)
with the potential to also be used to measure transduction efficiencies
in a mixture of viral vectors produced in a competitive co-transfection
environment. Figure S6 includes a flowchart that illustrates how
future users can best implement the qPCR assay in an optimal way
and extrapolate values from raw data in the most reproducible
manner. Such an assay adds an important asset to the current portfo-
lio of techniques to investigate different parts of the LV life cycle and
will help us to understand the biology of transfer vectors and ways to
optimize them for clinical gene therapy.

MATERIALS AND METHODS
Lentivirus Production by Transient Transfection

293T cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Gibco) at 37�C. For
each transfection 5 � 106 cells were seeded in 10 mL medium in a
10-cm2 dish. The medium was changed at 18 h, and cells were trans-
fected 20–21 h after seeding. For each transfection plate, 500 mL of
250 mM CaCl2 containing a total of 25 mg DNA in a 1:1:1:3 molar ra-
tio of pSYNGP:pRev:pVSVg:pCCL-EGFP transfer vector was added
dropwise to 500 mL of 2�HEPES-buffered solution (pH 7; Alpha Ae-
sar) while bubbling air through it and incubated at room temperature
for 30 min. The solution was mixed and immediately added dropwise
across the plate, followed by swirling to ensure even distribution. The
medium was replaced with a 5-mL volume 16 h after transfection. Su-
pernatant was harvested 40 h after transfection, filtered through a 0.2-
mm filter, aliquoted into cryovials, and stored at�80�C. Transfection
efficiency was assessed by flow cytometry detecting EGFP-positive
cells. The minimum transfection level for continuation of experi-
ments was 95%.

Vector Titration with Flow Cytometry

293T cells were seeded at 3 � 105 per well in a 6-well plate at a final
volume of 2 mL. Viral supernatants were thawed and used to infect
cells 18 h post-seeding at a series of dilutions in a final volume of
500 mL containing 8 mg/mL Polybrene. LVs were titrated 48 h after
rapy: Methods & Clinical Development Vol. 19 December 2020 315
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transduction by flow cytometry assessment of EGFP-positive cells. Ti-
ters were calculated using transduced wells in which the proportion of
EGFP-positive cells was between 4% and 25%. The transduction effi-
ciency of each LVwas calculated by multiplying the number of seeded
cells by the percentage of EGFP-positive cells and by the vector dilu-
tion factor. This value was then divided by the volume of LV used for
HEK293T cell transduction. Transduction units were defined as the
number of functional viral particles in the supernatant that were
capable of transducing a cell and successfully expressing the
transgene.

Constructs and Primers Used

The Agilent QuikChange Primer Design Program46 was used to
create primer sequences for site-directed mutagenesis (SDM).
Primers were as follows:

U5sFw, 50-GCCTTGAGTGCTTCAAGTAGTGCGCACCCATCTG
TTGTGTGACTCTGGTAAC-30

U5sRv, 50-GTTACCAGAGTCACACAACAGATGGGTGCGCA
CTACTTGAAGCACTCAAGGC-30

LU5AUGFw1, 50-CTAGCGGAGGCTAGAAGGAGAGAGACGGG
CACAAGAGCGTCAGTAT-30

LU5AUGRv1, 50-ATACTGACGCTCTTGRGCCCGTCTCTCTCC
TTCTAGCCTCCGCTAG-30

LU5AUGFw2, 50-GCTAGAAGGAGAGAGACGGGCACAAGAA
AAAAGGTATTAAGCGGGGGAGAATTAGATCGC-30

LU5AUGRv2 50-GCGATCTAATTGTCCCCCGCTTAATACCT
TTTTTCTTGTGCCCGTCTCTCTCCTTCTAGC-30

DP1DelFw, 50-CGGCGACTGGTGAGTACGCCGGCTAGAAG
GAGAGAGATGGGTG-30

DP1DelRv, 50-CCATCTCTCTCCTTCTAGCCGGCGTACTCACC
AGTCGCCG 30.

A 2,790-bp fragment from the WT pCCL-EGFP transfer vector47

spanning the regions between the cytomegalovirus (CMV) and
hPGK (phosphoglycerate kinase) promoters was amplified using
the 50-TACGGTAAACTGCCCACTTG-30 and 50-TAGGT-
CAGGGTGGTCACGAG-30 primers in an Accuprime Pfx Super-
mix-containing PCR reaction. The thermal cycling conditions were
as follows: 95�C for 5 min; 35 cycles of 95�C for 15 s, 64�C for 30 s,
and 68�C for 3 min; and a final extension step at 68�C for 7 min.
The 2,790-bp PCR product was incubated with the pCRBlunt II-
TOPO vector (Invitrogen) according to the manufacturer’s instruc-
tions, and the resulting product was used to transform Stbl3 E. coli-
competent cells (Invitrogen). Mutagenesis was performed using the
SDM XLII Agilent kit and the primers are listed in the Materials
and Methods. Mutations were verified by Sanger sequencing. The
pCCL-EGFP transfer vector backbone and the mutated pCRBlunt
II-TOPO vectors were digested with NdeI and MfeI-HF, and the
mutated 1081 bpNdeI-MfeI fragment was ligated back to the digested
6,729-bp NdeI-MfeI pCCL-EGFP backbone.
316 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
The following BglG- and MS2-containing transfer vectors were
constructed:

BglGFw, 50-[phos]-CGGGATTGTTACTGCATTCGCAGGCAA
AACCCGAT-30

BglGRv, 50-[phos]-cGGGTTTTGCCTGCGAATGCAGTAACAA
TCCCGAT-30

MS2Fw, 50-[phos]-CGGCATGAGGATCACCCATGTCGAT-30

MS2Rv 50-[phos]-CGACATGGGTGATCCTCATGCCGAT-30

Oligonucleotides were used in independent annealing reactions that
contained 100 mM Fw oligo, 100 mM Rv Oligo, and 1� ExpressLink
T4 buffer (Invitrogen) in a 100-mL final volume reaction that was
held at 90�C for 10 min. These oligos contained the following se-
quences of BglG flanked between the PvuI recognition sites: 50-
GGATTGTTACTGCATTCGCAGGCAAAACC-30 and MS2: 50-
GCATGAGGATCACCCATGT-30. Reagents were allowed to cool
down to room temperature. 1 mg of each pCCL backbone of interest
was digested with 20 U of FastDigest PvuI (Thermo Fisher Scientific)
and dephosphorylated with 1 U of FastAP thermosensitive alkaline
phosphatase (Thermo Fisher Scientific) in a 20-mL reaction in 1�
Fast Digest Buffer (Thermo Fisher Scientific) at 37�C for 1 h. Diges-
tion products were separated on a 1% agarose gel, the bands of interest
were excised, and DNA was extracted using a gel extraction kit
(QIAGEN). Ligation reactions contained 35 ng of BglG or MS2
annealed oligos, 100 ng backbone, and 5 U of T4 expressLink ligase
(Invitrogen) in a final volume of 20 mL and were incubated at room
temperature for 2 h 30 min. 1 mL of each ligation reaction containing
a combination of backbone and oligos was used to transform Stbl3
E. coli cells. Successful incorporation of the BglG or MS2 sequence
in both transfer vectors was confirmed by sequencing. Circular
plasmids were used for standard curve generation in qPCRs.
RNA Purification

Intracellular RNA from transfected cells was extracted using the
QIAGEN RNeasy kit as described by the manufacturer. For extracel-
lular RNA extraction, 2 mL of purified vector supernatant was centri-
fuged at 22,000 � g for 3 h at 4�C in 8.4% Opti-Prep (STEMCELL
Technologies). Pellets were resuspended in phosphate-buffered saline
(PBS) (Thermo Fisher Scientific) and incubated in 200 mL of protein-
ase K extraction buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl,
10 mM EDTA, 1% SDS, 100 mg/mL proteinase K [Ambion], and
100 mg/mL yeast tRNA [Sigma-Aldrich]) at 37�C for 30 min. vRNA
was extracted with phenol-chloroform and chloroform:isoamyl
alcohol, precipitated with 1/10th volume of 3 M sodium acetate (pH
5.5) and 2.5 volumes of ethanol, washed with ice-cold 70% ethanol,
and air-dried.
qRT-PCR Assays

WPRE qRT-PCR

Extracted RNA was digested with Turbo DNase (Invitrogen) accord-
ing to the manufacturer’s instructions and purified with phenol-
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chloroform extraction and ethanol precipitation as above. The RNA
concentration in each sample, which represented mainly the tRNA
used for precipitation, was quantified by spectrophotometry. cDNA
was synthesized using the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems [AB]) and 100 ng RNA. cDNA products
were quantified by qPCR using primers targeting the WPRE element
(Fw, 50-CCGTTGTCAGGCAACGTG-30; Rv, 50-AGCTGACAGGT
GGTGGCAAT-30; probe, 50-FAM-TGCTGACGCAACCCCCAC
TGGT-BHQ1-30)30 using the 7500 Fast Real-Time PCR System
(Applied Biosystems). The final reaction conditions were 100 nM
probe, 400 nM each primer, 1� Fast Advanced buffer (Applied Bio-
systems), and 10 ng cDNA in a 10-mL reaction volume. Cycling con-
ditions were 95�C for 5 min and 40 cycles of 95�C for 15 s, 60�C for 15
s, and 72�C for 15 s. The cellular levels of b-actin cDNA were
measured using the SYBR Green technology and 40 nM of the
following primers: Fw, 50-GAGCGGTTCCGCTGCCCTGAGG-
CACTC-30; Rv, 50-GGGCAGTGATCTCCTTCTGCA TCCTG-30.37

The reaction conditions were 40 nM each primer, 1� SYBR Green
Fast Advanced buffer (Applied Biosystems), and 10 ng cDNA in a
10-mL reaction volume. Cycling conditions were 50�C for 2 min,
95�C for 20 s, and 40 cycles of 95�C for 1 s and 60�C for 20 s. Dupli-
cate technical repeats were included for all samples. Ct values higher
than 30 were rejected.

Competitive qRT-PCR BglG/MS2 Assay

Intracellular and extracellular RNAs were isolated as described above.
Removal of contaminant plasmid DNAwas achieved using the Turbo
DNA-free Kit (Invitrogen) in a reaction containing 8 U of Turbo
DNase enzyme, 1� Turbo DNase buffer, and the total amount of
RNA isolated at 37�C for 2 h. One-fifth volume of the inactivation re-
agent was added and incubated at room temperature for 5 min. RNA
was recovered after centrifugation at 10,000 � g for 2 min. Reverse
transcription was performed as above, and cDNAs were then quanti-
fied by qPCR using a common set of primers (Fw, 50-GAATTCTGCA
GTCGACGGTA-30; Rv, 50-TCCAGAGGTTGATTGCGA-30) and
probes targeting the unique sequence of BglG (50-FAM-
TCGATCGGGATTGTTACTG-BHQ1-30) or MS2 (50-HEX (hexa-
chloro-fluorescein)-CATGGGT GATCCTCATGCCGAT-BHQ2-
30). Sequences and primer/probe pairs were designed using the Oligo
7.0, Molecular Biology Insights software.48 After optimization, the
final reaction conditions were 750 nM BglG probe or 250 nM MS2
probe, 500 nM each primer, 1� Fast Advanced buffer (Applied Bio-
systems), and 3 mL cDNA in a 10-mL reaction volume. Cycling con-
ditions were 95�C for 5 min and 40 cycles of 95�C for 15 s, 60�C
for 15 s, and 72�C for 15 s. Duplicate technical repeats were included
for all samples. Ct values higher than 30 were rejected. RPEs were
compared using Student’s t test (2-sample, unequal variance) and po-
wer analyses (conducted in G*power 3.149,50 using a power of 0.95 to
detect the difference between two independent means).

Northern Blotting

A 744-nucleotide PCR fragment including the EGFP open reading
frame (ORF) and the start of the WPRE sequence was amplified by
PCR using the following primers from pCCL-EGFP: Fw, 50-
Molecular The
GCTCCCTCGTTGACCGAATC-30; Rv, 50-TAATACGACTCA
CTATAGGGTCGTCCATGCCGAGAGTGATC-3. The PCR frag-
ment was isolated by agarose gel electrophoresis and purified
(QIAGEN gel extraction kit) . In vitro transcription was carried out
using the MEGAscript T7 transcription kit (Ambion) in a reaction
containing PCR product (1 mg); 1� transcription buffer; 10 mM
each ATP, CTP, and guanosine triphosphate (GTP); 6 mM UTP,
7 mM DIG (digoxigenin)-UTP, and T7 polymerase enzyme mix
(2 U). RNA was treated with Turbo DNase and purified with lithium
chloride precipitation.

Purified extracellular RNA samples were analyzed on ethidium bro-
mide-stained 1% agarose gels in 0.5� Tris-borate-EDTA (TBE)
(Thermo Fisher Scientific) and electrophoresed at 60 V for at least
4 h. Samples were transferred from the gel to a Hybond N+ nylon
membrane (GE Healthcare) by capillary transfer for 2 h in UltraPure
20� saline sodium citrate (SSC) (Thermo Fisher Scientific).

The membrane was crosslinked by baking at 80�C for 30 min and hy-
bridized in UltraHyb (Invitrogen), which contained 75 ng of the pro-
duced probe, overnight at 68�C. The bound probe was visualized us-
ing the DIG luminescence detection kit (Roche) following the
manufacturer’s protocol and the anti-DIG-AP fragment antibody
(1:20,000 dilution). RNA was visualized by addition of CDP-Star
and detected with photographic film.

Western Blotting

For intracellular samples, supernatant was removed 48 h after trans-
fection, and cells were harvested and pelleted in ice-cold PBS. Cells
were lysed with radioimmunoprecipitation assay (RIPA) lysis and
extraction buffer (Thermo Fisher Scientific) containing 1� HALT
protease inhibitor cocktail (Thermo Fisher Scientific). Protein quan-
tification was performed using the BCA protein assay kit (Pierce) ac-
cording to the manufacturer’s instructions. Extracted cell lysates
were heated in 1� Laemmli sample loading buffer (Sigma-Aldrich)
at 95�C for 10 min. 20 mg protein per sample was analyzed by SDS-
PAGE. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used
as a loading control, was detected with anti-GAPDH (1:10,000, Ab-
cam) and donkey anti-rabbit antibody (1:2,000, Abcam).

For extracellular samples, supernatant (8 mL) was centrifuged at
3,000� g for 10 min at 4�C to remove cell debris. 1 mL of the purified
supernatant was subsequently centrifuged at 22,000� g for 3 h at 4�C.
The pellet was resuspended in PBS, and the proteins were denatured
by heating to 95�C in 1� Laemmli sample loading buffer (Sigma-Al-
drich). Samples (1 mL) were separated by SDS-PAGE at 100 V for 4 h.
Proteins were transferred to a nitrocellulose membrane by electro-
blotting at 100 V for 90 min in 1� transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol [v/v], and 0.1% SDS) before blocking
in 5% (w/v) skimmed milk powder in PBS for 30 min. The primary
antibody for p24, ARP313 (NIBSC), was incubated overnight at
4�C at 1:20,000 dilution in block, followed by three 10-min washes
with PBST (0.1% Tween in PBS). A secondary antibody (horse
anti-mouse horseradish peroxidase [HRP], Abcam) was then used
rapy: Methods & Clinical Development Vol. 19 December 2020 317
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at 1:2,000 for 2 h. The membrane was washed as described previously
and developed with ECL Prime (GE Healthcare) and exposure
to photographic film. The films were scanned, and bands were
quantified using ImageJ.51

ELLA p24 Assay

1mL of supernatant was harvested 40 h after transfection, centrifuged
at 10,000 � g for 10 min at 4�C to remove any residual debris, and
stored at �80�C. Samples were thawed at room temperature for
30 min, and 500� dilutions were performed using 0.5% Triton X-
100 lysis buffer (ProteinSimple). 1 mL of the wash buffer (Protein-
Simple) was loaded in each of the designated wells, and 50 mL of
the diluted samples were loaded on the ELLA cartridge (ProteinSim-
ple). The run lasted 90 min, and the software automatically generated
the final p24 results in pg/mL based on the raw data and the built-in
standard curve.
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