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Original Article

Improved lentiviral vector titers from a
multi-gene knockout packaging line

Jiaying Han,! Kevin Tam,” Curtis Tam,” Roger P. Hollis,” and Donald B. Kohn!-*%¢
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Cell, and Developmental Biology, University of California, Los Angeles, CA 90095, USA; *Department of Microbiology, Immunology & Molecular Genetics, David Geffen
School of Medicine, University of California, Los Angeles, CA 90095, USA; “Department of Pediatrics, David Geffen School of Medicine, University of California, Los
Angeles, CA 90095, USA; °The Eli & Edythe Broad Center of Regenerative Medicine & Stem Cell Research, University of California, Los Angeles, CA 90095, USA;

SUCLA Jonsson Comprehensive Cancer Center, Los Angeles, CA 90095, USA

Lentiviral vectors (LVs) are robust delivery vehicles for gene
therapy as they can efficiently integrate transgenes into host
cell genomes. However, LVs with lengthy or complex expres-
sion cassettes typically are produced at low titers and have
reduced gene transfer capacity, creating barriers for clinical
and commercial applications. Modifications of the packaging
cell line and methods may be able to produce complex vectors
at higher titer and infectivity and may improve production of
many different LVs. In this study, we identified two host re-
striction factors in HEK293T packaging cells that impeded
LV production, 2'-5'-oligoadenylate synthetase 1 (OAS1) and
low-density lipoprotein receptor (LDLR). Knocking out these
two genes separately led to ~2-fold increases in viral titer.
We created a monoclonal cell line, CRISPRed HEK293T to
Disrupt Antiviral Response (CHEDAR), by successively knock-
ing out OASI, LDLR, and PKR, a previously identified factor
impeding LV titers. Packaging in CHEDAR vyielded ~7-fold in-
creases in physical particles, full-length vector RNA, and vector
titers. In addition, overexpressing transcription elongation fac-
tors, SPT4 and SPT5, during packaging improved the produc-
tion of full-length vector RNA, thereby increasing titers by ~2-
fold. Packaging in CHEDAR with over-expression of SPT4 and
SPT5 led to ~11-fold increases of titers. These approaches
improved the production of a variety of LVs, especially vectors
with low titers or with internal promoters in the reverse orien-
tation, and may be beneficial for multiple gene therapy applica-
tions.

INTRODUCTION

Transplantation of autologous hematopoietic stem cells modified by
lentiviral-based gene therapy has successfully treated multiple genetic
blood cell diseases.' * Lentiviral vectors (LVs) allow integration of
transgenes into the host cell genomes of both dividing and nondi-
viding cells, providing long-term stable expression of the gene of
interest. However, we and others have observed that LV titers and
infectivity decrease with increasing proviral length, resulting in less
efficient transduction of patient cells as well as increased costs for
clinical and commercial applications. Optimizing the expression
cassette is one strategy to create LVs with optimal titer, infectivity,
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and expression™® but may be a prolonged process and have to be
applied to each individual LV. Improvements of the vector packaging
platform or the manufacturing protocol can provide a global solution
to the production of many different LVs.

Recent research has shown that many cellular restriction factors (RFs)
inhibit specific steps of the lentiviral life cycle.”* Some RFs are induc-
ible by sensing viral components and activating the interferon (IFN)
signaling cascade, while other RFs are ubiquitously expressed for
direct antiviral functions. Ferreira et al. reported that LV production
titer is not limited by induced intracellular innate immunity in
HEK293T cells, because there was no detectable IFN cytokine release
during the packaging process.'” This is likely due to the large T-anti-
gen (TAg) and adenovirus E1A, which are expressed in HEK293T and
inactivate the tumor suppressors p53, IRF3, and other IFN-dependent
transcription downstream of RNA and DNA sensing,'' ™™

On the other hand, constitutively expressed antiviral effectors ap-
peared to regulate vector production in HEK293T cells. An example
is protein kinase R (PKR), an IFN-stimulated gene that regulates
protein synthesis. PKR is constitutively expressed in all tissues in
an inactive form and is upregulated by type I and type IIT IFNs."”
PKR can be activated by TAR sequence or double-stranded RNA
to inhibit general translation and hence viral protein produc-
tion.'™"” Knocking out PKR in HEK293T cells increased titers of
LVs, particularly for vectors with internal promoters in the reverse
orientation, a common configuration for P-globin expressing
LVs.'® Based on these previous studies, it is conceivable that the
constitutively expressed antiviral effectors can still restrict LV pro-
duction in HEK293T cells.

Moreover, RFs are not limited only to antiviral effectors but also
include genes that regulate the lentiviral life cycle. To date, the
most common envelope glycoprotein used to pseudotype LVs is the

Received 26 August 2021; accepted 18 November 2021;
https://doi.org/10.1016/j.omt0.2021.11.012.

Correspondence: Donald B. Kohn, MD, 3163 Terasaki Life Sciences Building, 610
Charles E. Young Drive South, Los Angeles, CA 90095-1489, USA.

E-mail: dkohnl@mednet.ucla.edu

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.omto.2021.11.012
mailto:dkohn1@mednet.ucla.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.11.012&domain=pdf
http://creativecommons.org/licenses/by/4.0/

www.moleculartherapy.org

Table 1. Genomic profile of KO cells assessed by ICE Synthego analysis

Gene sgRNA sequence Indel % KO score Indel pattern

IFNAR1 AAACACTTCTTCATGGTATG 99 99 99% + 1
0,
0AS1 CTGAAGGAAAGGTGCTTCCG 96 96 49% +2
47% + 1
35% —2
ATR AAAGTGCTAGCTGGTTGTGC 63 63 33% 0
28% —13
48% + 1
LDLR GACAACGGCTCAGACGAGCA 93 93 45% —11
b —

Isogenic cells were harvested for genomic DNA extraction. The sgRNA targeted region
was PCR amplified and sent for Sanger sequencing. The sequencing results were then
analyzed using ICE Synthego.

vesicular stomatitis virus spike protein G (VSVG), due to its robust
and pantropic infectivity. The low-density lipoprotein receptor
(LDLR) serves as the major entry port for VSVG-pseudotyped LV,
while other LDLR family members serve as alternative receptors.””'
Otahal et al. showed that LDLR prematurely interacts with VSVG in
an ER-Golgi intermediate compartment and reroutes the LDLR-
VSVG complex to aggresome/autophagosome degradation prior to
particle release.”” Therefore, LDLR is likely to be an RF that regulates
the levels of VSVG that are available for vector pseudotyping. The
effects on vector production from RFs that regulate antiviral re-
sponses or interfere in the lentiviral life cycle remain to be fully
explored.

Another impediment to efficient vector production is the truncation
of YRNA (VRNA). Previously we reported that vRNAs were truncated
in a vector length-dependent manner in packaging cells and these
truncated genomes were exported into the viral particles.'” These
truncated vRNAs failed reverse transcription at the first strand trans-
fer step due to the absence of the 3’ long terminal repeat (LTR) and
could not form the double-stranded viral DNA to be integrated
into the host cell genome. Expression during packaging of Tat, an
HIV-1 accessory protein that functions to increase transcriptional
processivity, modestly increased titers and the levels of complete
VRNA, but the percentage of complete VRNA did not increase. New
strategies are needed to improve genomic RNA completeness for
more efficient complex LVs. Here, we conducted a targeted
CRISPR-Cas9-mediated knockout (KO) screen in HEK293T cells to
disrupt RFs that inhibit specific steps of the lentiviral life cycle. We
showed that knocking out PKR, OASI, and LDLR additively increased
the titer of various LVs by ~7-fold, particularly complex and lengthy
LVs with low titers. We named the triple-KO cell line CRISPRed
HEK293T to Disrupt Antiviral Response (CHEDAR). In addition,
overexpressing transcription elongation factors SPT4 and SPT5
improved VRNA completeness, thereby increasing the titer of LVs
by ~2-fold. Packaging with the transcription elongation factors in
CHEDAR cell line increased titer of the B-globin vector by ~11-
fold. These modifications of the packaging cell line and protocol
should support the applications of different LV in gene and cell ther-
apy by improving the yield of vector production.

RESULTS

Knocking out IFNAR1, ATR, OAS1, and LDLR in 293T cells
increased titers

To identify RFs that limit LV production, we conducted a targeted
CRISPR-Cas9 KO screen in HEK293T cells with a focus on 16 genes,
each of which regulates one of the following biological properties: the
immune response, DNA damage response, receptor-mediated virus
entry, and transcription. The Cas9 and single guide RNAs (sgRNAs)
were delivered to HEK293T cells as ribonucleoprotein (RNP) via elec-
troporation, and the edited cells were sorted for single-cell clones
(Figure S1A). KO or knockdown (KD) clones were validated on the
genomic level by Inference of CRISPR Edits (ICE) analysis and on
the protein level by western blot or flow cytometry. The sequences
of the sgRNAs used in this study and the genomic profile of the clones
are listed in Table 1 and Table S1.

These single-cell clones were expanded to test whether they
increased the titer of the Lenti/BAS3-FB LV, which is known to
have low titer and infectivity. Previously described by Romero
et al. and Han et al,'””’ Lenti/BAS3-FB is an 8.9-kb LV carrying
a complex anti-sickling B-globin gene cassette in reverse orientation,
as shown in Figure S2. PKR—/— cells were used as a positive control
for the packaging process because we previously showed that knock-
ing out PKR increased the titers of reverse-oriented LVs, such as
Lenti/BAS3-FB.**

Because homozygous deletion of ATR leads to chromosome breaks
and proliferative failure in culture,”” *” we selected an ATR KD
clone with 63% indel and 63% KO score that showed a significant
reduction in protein expression (Table 1 and Figure 1A). Interferon
Alpha and beta receptor subunit 1 (IFNARI), OASI, and LDLR were
successfully knocked out, as shown in Figures 1A and 1B. Unstimu-
lated CD34+ hematopoietic stem and progenitor cells (HSPCs) are
known to have no or low expression of LDLR*® and therefore were
used as a negative control when measuring LDLR expression in the
LDLR KO cells by flow cytometry (Figure 1B).

The targeted CRISPR-Cas9 screen revealed that disruption individu-
ally of IFNARI, OAS1, ATR, and LDLR genes each increased titers by
~2-fold (Figure 1C; n = 9-29 dishes of identical cultures from three to
10 independent experiments; bars represent mean with standard de-
viation (SD); unpaired t test, *p < 0.05, **p < 0.01, **p < 0.001,
#*p < 0.0001). The PKR—/— cells increased titer by 4.1- + 1.1-
fold. The IFNARI—/— cells increased titer by 2.4- + 0.7 -fold. The
OASI—/— cells increased titer by 2.3- + 0.8-fold. The ATR knock-
down cells increased titer by 2.2- + 0.8-fold. The LDLR—/— cells
increased titer by 2.8- + 0.9-fold. Knocking out RLR, RIG-I, MDA5,
STING, TLR3, APOBEC, TRIMS5a, TRIM56, ZAP, TASOR, and
PCFI11 in HEK293T cells did not increase the titer of Lenti/BAS3-
FB more than 2-fold (Figure S1B; n = 3-22 dishes of identical cultures
from one to six independent experiments; bars represent mean with
SD). A potential explanation is that HEK293T cells do not have intact
cellular pathways for the actions of these genes. Therefore, we decided
to not prioritize these targets for this study.
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Figure 1. Knocking out IFNAR1, ATR, OAS1, and LDLR in 293T cells increased titers

(A) IFNAR1, ATR, and OAST1 protein expression in parental and gene-edited cells measured by western blot. HEK293T cells were edited by CRISPR-Cas9 targeting each of
the genes. The edited cells were sorted for single-cell clones, and an isogenic clone with no parental allele, except ATR, was expanded for protein expression analysis.
Because ATR is an essential gene for cell survival, an ATR KD clone with 33% parental allele remaining was selected. -Actin and Vinculin were used as the loading controls.
(B) LDLR protein expression in parental, LDLR—/— 293T cells, and unstimulated CD34+ HSPCs measured by flow cytometry. Unstimulated CD34+ HSPCs are known to not
express LDLR and were used as a negative control. A mouse IgG; antibody was used as the isotype control. (C) Titers of Lenti/BAS3-FB packaged in parental and gene-
edited cells (n = 9-29 dishes of identical cultures from three to 10 independent experiments; bars represent mean with SD; unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). PKR—/— cells are known to increase LV titers and were used as a positive control to evaluate titer increase. LVs in unconcentrated viral supernatant were
assayed for titer by transducing HT29 cells at 10-fold serial dilution and VCN measured by ddPCR.

Decreased titers are associated with rescued LDLR and OAS1
expression

To validate the RFs that increased titer, we restored the protein
expression of the four RFs in their respective KO clones. The wild-
type (WT) cDNAs of the longest open reading frames were cloned
into a lentiviral backbone with an IRES-GFP reporter gene driven
by the MND U3 promoter. The KO cells were transduced with a lenti-
virus encoding the WT ¢DNA linked to ires-GFP or a lentivirus
encoding MND-GFP as a transduction control. The cells were subse-
quently sorted for the GFP+ population to exclude the non-trans-
duced cells.

We first confirmed the restoration of the protein expressions of
LDLR, OASI1, ATR, and IFNARI1 in the KO/KD cells by western
blot or flow cytometry (Figures 2A, 2B, 2D, S3A, and S3C). The cells
transduced with lentivirus encoding the WT ¢cDNAs showed protein
expression levels that were comparable with expression in the
parental HEK293T cells, while the cells transduced with the control
MND-GFP LV did not show restoration of the target proteins.

Next, we packaged Lenti/BAS3-FB in parental HEK293T, KO cells,
KO cells transduced with an LV encoding the corresponding
cDNA, or KO cells transduced with control MND-GFP LV. Restoring
LDLR expression decreased the titer to the WT level, while the
LDLR—/— cells transduced only with MND-GFP showed persistence
of the increased titer (n = 9 dishes of identical cultures from three in-
dependent experiments; bars represent mean with SD; unpaired t test,
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*p < 0.05, ¥p < 0.01, ***p < 0.001, ***p < 0.0001). Restoring OAS1
expression decreased titer compared with the OASI—/— cells and
OASI—/— cells transduced with MND-GFP (n = 12 dishes of iden-
tical cultures from four independent experiments; bars represent
mean with SD; unpaired t test, *p < 0.05, **p < 0.01, **p < 0.001,
#**p < 0.0001). The decrease in titer in the cells in which LDLR
and OASI were restored suggested that the titer changes were associ-
ated with these genes. Although we observed titer increase in multiple
IFNARI—/— clones (data not shown), restoring IFNAR1 and ATR
did not decrease titers (Figures S3B and S3D; n = 8 or 9 dishes of iden-
tical cultures from three independent experiments; bars represent
mean with SD; unpaired t test; ns, not significant). The failure to
restore decreased titers could be due to the introduction of an isoform
of the protein that was not responsible for the antiviral activity
observed upon gene disruption.

Combining OAS1, LDLR, and PKR gene knockouts led to
increased physical particle formation, RNA production, and
titers

Because OAS1, LDLR, and PKR are likely to have nonredundant
functions, it is conceivable that knocking out multiple RFs may addi-
tively improve the vector production process. Next, we consecutively
knocked out these RFs to study the effects on titer. Cas9 and sgRNA
targeting OASI were electroporated into the PKR—/— isogenic clone.
After confirming the cutting efficiency at OASI, some of the edited
cells were sorted for single-cell clones; other cells were again electro-
porated with Cas9 and sgRNA targeting LDLR. These cells were used
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(A) LDLR protein expression in parental 293T, LDLR—/— 293T, LDLR—/— 293T transduced with Lenti/GFP, and LDLR—/— 293T transduced with Lenti/LDLR measured by
flow cytometry. LDLR—/— cells were transduced with an LV encoding LDLR to restore its expression, or an LV encoding GFP as a transduction control. (B) Percentage of
LDLR+ cellsin parental, LDLR—/—, and LDLR restored cells measured by flow cytometry. (C) Titers of Lenti/BAS3-FB packaged in parental 293T, LDLR—/— 293T, LDLR—/—
293T transduced with Lenti/GFP, and LDLR—/— 293T transduced with Lenti/LDLR. Because Lenti/LDLR carries an ires-GFP cassette, all transduced cells were sorted for
the GFP+ population. The sorted GFP+ cells were expanded for VCN analysis by ddPCR and packaging (n = 9 dishes of identical cultures from three independent ex-
periments; bars represent mean with SD; unpaired t test, “p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001). (D) OAS1 protein expression in parental 293T, OAS7—/— 293T,
OAS17—/— 293T transduced with Lenti/GFP, and OAST—/— 293T transduced with Lenti/OAS1 measured by western blot. (E) Titers of Lenti/BAS3-FB packaged in parental

293T, OAST—/— 293T, OAST—/— 293T transduced with Lenti/GFP, and OAST—/—

293T transduced with Lenti/OAS1 (n = 12 dishes of identical cultures from four in-

dependent experiments; bars represent mean with SD; unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).

again to further knock out IFNARI and then ATR. Electroporation of
two sgRNAs simultaneously was avoided to minimize chromosome
translocation. The sgRNAs were introduced in the following order
to generate single, double, triple, quadruple, and quintuple KO/KD
cells: PKR, OASI, LDLR, IFNARI, and ATR.

Lenti/BAS3-FB was packaged in the single-, double-, and triple-KO
cells in parallel and the unconcentrated viruses titered on HT-29 cells.
As shown in Figure 3A (n = 9 dishes of identical cultures from three
independent experiments; bars represent mean with SD; unpaired t
test, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001), the OASI
PKR double-KO cells increased titer by 5.9- + 1.8-fold over the
parental 293T cells. The OASI PKR double-KO cells slightly increased
titer compared with the PKR—/— cells (4.5- = 1.5-fold over the
parental 293T cells). Furthermore, the OASI PKR LDLR triple-KO
cells showed a significant increase in titer compared with the single
KO cells, resulting in a 6.7- + 0.7-fold increase over parental 293T
cells. OASI PKR LDLR IFNARI quadruple-KO cells as well as
OAS1 PKR LDLR IFNARI ATR quintuple-KO/KD cells did not

further increase titer (Figure S4; n = 3 dishes of identical culture
from one independent experiment; base represent mean with SD).
These data suggest that OASI, PKR, and LDLR triple-KO led to the
highest titer, and the data were reproducible in more than one clone
(Figure S4). In addition, these edited cells shared a similar
morphology and growth rate to the parental 293T cells (Figure S5).
We named the OAS PKR LDLR triple-KO cells CHEDAR.

Next, we investigated the vVRNA completeness and physical particle
formation of the LVs produced from these genome-engineered cells.
Using the method previously described in Han et al.** to quantify
complete VRNA, we observed that CHEDAR led to the highest abso-
lute level of complete VRNA, which was significantly more than from
the double-KO cells and the parental cells (Figure 3B; n = 9 dishes of
identical cultures from three independent experiments; bars represent
mean with SD; unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001,
***p < 0.0001). None of the different genome modifications affected
the percentage of RNA completeness (Figure 3C; n = 9 dishes of iden-
tical cultures from three independent experiments; bars represent
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http://www.moleculartherapy.org

Molecular Therapy: Oncolytics

A Titer - Fold Difference B Copies of Complete vVRNA C % Complete VRNA Figure 3. Knocking out PKR, OAS1, and LDLR in
*okkk e . -
10— — 2%102+ Kook 4%107- 293T_ce||s ad_dltlvely increased titer, RNA, and
- '—,L| ns physical particles
. —>
S & °° o 1.5x102- o § 3%107 A (A) Fold difference of titers of Lenti/BAS3-FB packaged in
5 ° s g g ¢ & 3o £ ingle, double, and triple-KO cells (n = 12 dishes of
g ° o im 3 3 & o o® | e single, double, and triple cells (n = ishes o
;:’ o8 oo ,g 1x102 Pl 2 2x10' @9 @ °Z<> o identical cultures from four independent experiments;
E 4 % & o oo S 8 cg, Xg £ & My o bars represent mean with SD; unpaired t test, *p < 0.05,
E’. 2] E‘ 5x101-] A o ° ; 1x101 |® % e **p < 0.01, **p < 0.001, ***p < 0.0001). The double-KO
H ﬁ ﬁ isogenic clones were created by electroporating RNP
0= \' r \' \' \' 0T NNV 0= T targeting the OAST gene in the PKR—/— isogenic clones
& N @ & & F < fo\k\g"\{g:\ 43‘\\3"\ <* e"'\qg"\ & .{3} & and selecting an isogenic clone with OAS? and PKR
F O RO o O < X9 o 9 X9 . . .
W2 & 2 & 2 & knocked out. The triple-KO isogenic clones were created
ov?\Q ovg,\q o\;p\q by electroporating RNP targeting LDLR gene in the PKR
° o ° and OAST double-KO clone and selecting an isogenic
D Phvsical Particle E Titer clone with OAS7, PKR, and LDLR knocked out. (B and C)
4 . e —— The absolute quantification and percentage of complete
. 5%1017 xex 6x10 P?C'_CAR Sl VRNA in Lenti/BAS3-FB viral particles measured by
E 4x10%- o 5 MinG — ddPCR (n = 9 dishes of identical cultures from three in-
g ¢ E 410° EFS-ADA dependent experiments; bars represent mean with SD;
£ 3x10" () %‘ 2 f * - ek
S Y ? E e unpaired ttest, *p < 0.05, *p < 0.01, **p < 0.001, **p <
T 2x10m g g8 £ 2x100 = 0.0001). (D) Concentrations of physical particles in Lenti/
I3 2 BAS3-FB unconcentrated virus quantified by p24 ELISA
2 1%101 A , . ) :
o ﬁ Iy ﬁ ol a A A (n =9 dishes of identical cultures from three independent
O —T— T T T S F A ¥ ¥ A experiments; bars represent mean with SD; unpaired t
o ¥ ¥ ¥ o ¥ £ £ £ £ test, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).
F R 63 Qyo (E) Titers of Lenti/BAS3-FB, PYC-CAR, EFS-ADA, and
0‘;\‘2*. Mini-G packaged in parental 293T and OAS7, PKR, and
o LDLR KO cells (n = 9 dishes of identical cultures from

mean with SD; unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001,
***p < 0.0001). CHEDAR led to a significant increase in the concen-
tration of physical particles compared with the parental HEK293T
cells but did not further increase physical particles release compared
with the PKR KO alone (Figure 3D; n = 9 dishes of identical cultures
from three independent experiments; bars represent mean with SD;
unpaired t test, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
These data suggested that CHEDAR produced more physical particles
and LVs with higher absolute complete vRNA yet a similar percentage
of complete VRNA, resulting in higher titers.

To test whether the engineered packaging cell can be used to improve
the titer of other LVs, we packaged four different LVs in CHEDAR
cells. The vector maps are shown in Figure S2. PYC-CAR is an LV en-
coding a chimeric antigen receptor (CAR) that targets B cell matura-
tion antigen (BCMA), an antigen present on multiple myeloma
cells.”” The CAR was constructed with four anti-BCMA single-chain
variable fragments, fused to the CD137 (4-1BB) co-stimulatory and
CD3{ signaling domains under the control of an MND promoter.”
Mini-G is a reverse-oriented B-globin vector with redefined enhancer
element boundaries of the B-globin locus control region.® The elonga-
tion factor-o. gene short (EFS)-adenosine deaminase (ADA) vector
consists of the human EFS promoter driving the expression of a
codon-optimized human ADA gene cassette followed by the wPRE,
all in the sense (forward) orientation.”

586 Molecular Therapy: Oncolytics Vol. 23 December 2021

three independent experiments; bars represent mean
with SD; unpaired t test, *p < 0.05, *p < 0.01, **p <
0.001, ***p < 0.0001).

Our engineered cell line was able to improve the titer of all four LVs
(Figure 3E). We were able to improve the titer of Lenti/BAS3-FB by
5.9- x 1.7-fold, PYC-CAR by 4.2- + 0.9-fold, Mini-G by 3- + 0.5-fold,
and EFS-ADA by 1.8- + 0.3-fold (n = 9 dishes of identical cultures
from three independent experiments; bars represent mean with SD; un-
paired t test, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001). These
data suggest that the OASI PKR LDLR triple-KO cells can be used to
improve the packaging process for different LV, especially LVs with
low titer and LVs in reverse orientation.

Packaging with transcription elongation factors improved RNA
completeness and titer

In our previous study, we reported that Lenti/BAS3-FB vRNA is trun-
cated during vRNA production, and the truncated RNA cannot be
reverse transcribed and integrated into the host cell genome.'” We hy-
pothesized that packaging cells overexpressing transcription elonga-
tion factors SPT4 and SPT5 may result in more complete VRNA.
SPT4 and SPT5 are components of the 5,6-Dichloro-1-B-D-ribofur-
anosylbenzimidazole sensitivity-inducing factor complex (DSIF com-
plex), which regulates transcription elongation by RNA polymerase II
(RNA Pol II). SPT4-SPT5 complex promotes Pol II processivity by
traveling with Pol II throughout transcription elongation.”’ Recent
evidence suggests that the SPT4-SPT5 complex binds to the DNA
exit region on Pol II, assisting the rewinding of DNA and preventing
aberrant backtracking of Pol I1.°>*
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To test our hypothesis, we packaged Lenti/BAS3-FB with co-trans-
fection of SPT4/5 expression plasmids. SPT4 and SPT5 were
cloned into expression plasmids under the control of an MND pro-
moter and transiently transfected into the 293T cells with the rest
of the packaging plasmids 24 h after plating the cells. Four condi-
tions were tested: 5 ug of GFP plasmids alone, 2.5 ug of SPT4 plas-
mids with 2.5 ug of GFP plasmids, 2.5 pg of SPT5 plasmids with
2.5 pg of GFP plasmids, and 2.5 pg of SPT4 plasmids with
2.5 pg of SPT5 plasmid. GFP plasmids were used as fillers to
ensure an equal mass of plasmids were transfected in each
condition.

We first assessed the effect of SPT4 and SPT5 on vRNA production
(Figure 4A; n = 9 dishes of identical cultures from three independent

+ 1.2-fold. These data suggest that there was a

gradual enrichment in VRNA level toward the

3’ end, when the transcription elongation factors
were added. Moreover, adding both SPT4 and SPT5 expression plas-
mids during packaging increased the level of initial VRNA by 2.2- +
0.6-fold, the level of intermediate VRNA by 2.4- + 0.7-fold, and the
level of complete VRNA by 4.4- + 2-fold compared with the transfec-
tion control. We did not observe an increase in the percentage of in-
termediate RNA, probably because the primers and probes to detect
the initial VRNA (in RU5) and intermediate VRNA (in the primer
binding site sequence) are very close to each other (Figure 4B; n =
9 dishes of identical cultures from three independent experiments;
bars represent mean with SD; unpaired t test, *p < 0.05, **p < 0.01,
*p < 0.001, ****p < 0.0001). Nevertheless, we indeed observed a sig-
nificant increase in the percentage of complete VRNA when both
SPT4 and SPT5 were added. These data suggest that SPT4 and
SPT5 additively facilitates transcription elongation.
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Figure 5. Packaging with SPT4 and SPT5 in the CHEDAR cell line increased titer, vVRNA, and physical particles

(A) Titers of Lenti/BAS3-FB packaged in parental HEK293T cells and CHEDAR cells with SPT4/5 plasmids or a filler plasmid as the transfection control (an unpackageable
GFP plasmid without lentiviral sequences) (n = 9 dishes identical cultures from three independent experiments; bars represent mean with SD; unpaired t test, *p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001). (B) The absolute quantification of complete VRNA and (C) the percentage of complete VRNA of Lenti/BAS3-FB packaged in parental
HEK293T cells and CHEDAR cells with SPT4/5 plasmids or a filler plasmid as the transfection control. (D) The concentration of physical particles measured by p24 ELISA (n =
6-9 dishes identical cultures from two to three independent experiments; bars represent mean with SD; unpaired t test, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).

Next, we examined whether the increase in VRNA correlated with titer
(Figure 4C; n = 9 dishes of identical cultures from three independent
experiments; bars represent mean with SD; unpaired t test, *p < 0.05,
**p <0.01, **p < 0.001, ***p < 0.0001). Compared with the transfec-
tion control, adding SPT5 alone increased titer by 1.4- + 0.2-fold, add-
ing SPT4 alone increased titer by 1.3- + 0.1-fold, and adding both
SPT4 and SPTS5 increased titer by 2.2- + 0.4-fold.

We also observed increased levels of physical particles measured by
p24 ELISA when SPT4 and SPT5 were added (Figure 4D; n = 9-12
dishes of identical cultures from three to four independent experi-
ments; bars represent mean with SD; unpaired t test, *p < 0.05,
**p < 0.01, ***p < 0.001, ***p < 0.0001). This observation suggested
that SPT4 and SPT5 potentially enhanced transcription elongation
not only for the transfer plasmid but also the packaging and envelope
plasmids, resulting in increased physical particle release.

Packaging with transcription elongation factors in the CHEDAR
cell line increased physical particle formation, RNA production,
and titers

Finally, we explored the combinatorial effects of packaging with the
transcription elongation factors in the CHEDAR cell line. As shown
in Figure 5A, packaging in the parental HEK293T cells with the addi-
tion of SPT4 and SPT5 increased titer by 2- + 0.4-fold compared with
the parental HEK293T transfection control. Packaging in the CHE-
DAR cell line with the transfection control increased titer by 7- +
1-fold over the parental HEK293T transfection control. Packaging
in the CHEDAR cell line with the addition of SPT4 and SPT5
increased titer by 10.7- + 3.2-fold over the parental HEK293T trans-
fection control (n = 9 dishes of identical cultures from three indepen-
dent experiments; bars represent mean with SD; unpaired t test, *p <
0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001). We also observed a sig-

588 Molecular Therapy: Oncolytics Vol. 23 December 2021

nificant increase in the level of complete VRNA, the percentage of
complete and the level of physical particles when SPT4 and SPT5
were added to the CHEDAR cell line compared with the parental
transfection control (Figures 5B-5D; n = 6-9 dishes of identical cul-
tures from two to three independent experiments). Packaging with
the addition of SPT4 and SPT5 in the CHEDAR cell line further
improved titer and RNA production compared with the CHEDAR
transfection control, suggesting that these two strategies work addi-
tively to increase titer.

DISCUSSION

Low titer and infectivity of complex lentiviral vectors, like B-globin
LVs and CAR-T LVs, create barriers for clinical and commercial ap-
plications of gene and cell therapy. We elucidated the mechanisms
leading to low titer and infectivity: (1) RFs impeding various steps
of the lentiviral life cycle; (2) VRNA truncations. RFs are not only
IFN-dependent genes in innate immunity but also cellular proteins
inhibiting lentiviral life cycle. We first conducted a targeted
CRISPR-Cas9 mediated KO screen focusing on genes in the immune
response, receptor-mediated virus entry, transcription factors, and
DNA damage response pathway. We showed that knocking out
OASI, LDLR, and PKR in the HEK293T cells increased the titer of
LVs, and knocking out all three genes in a monoclonal cell line, CHE-
DAR, further increased titer of Lenti/BAS3FB 4-8-fold higher than
the titer of the vectors produced from the parental HEK293T cells.

LDLR serves as the major cellular entry port of VSVG-pseudotyped
LVs, and other LDLR family proteins serve as the alternative, yet
less effective, binding target.’* One initial hypothesis of the LDLR-
dependent decrease of vector titer is that LVs interact with
HEK293T LDLR at the plasma membrane and re-enter the packaging
cells, resulting in the loss of LVs. However, Otahal er al. showed that
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VSVG granules colocalized with LDLR in the ER-Golgi intermediate
compartment (ERGIC) and aggresome/autophagosome.’ They pro-
posed a model that LDLR and VSVG interact prematurely in ERGIC,
and these VSVG-LDLR complexes are subsequently rerouted to be
degraded in aggresome/autophagosome.”> We also observed that
the LDLR—/— cells and the parental HEK293T cells were equally in-
fected (data not shown), suggesting that knocking out LDLR did not
prevent LVs from reentering the cells. The latter hypothesis of aggre-
some/autophagosome degradation of the LDLR-VSVG complex is
more likely to explain the increase in titer in the LDLR—/— cells.

The 2/-5' oligoadenylate synthetases (OASs) are a family of antiviral
proteins consisting of OASI, OAS2, OAS3, and OASL. The OAS pro-
teins are expressed at low levels and are augmented upon IFN in-
duction.”® The OAS1, OAS2, and OAS3 proteins can be activated
upon detecting double-stranded RNA (dsRNA) to produce 2'-5' oli-
goadenylates (2-5As),”” which subsequently activates RNase L.*®
RNase L degrades both cellular and vRNA, thereby inhibiting viral
replication.”” While OAS1-3 proteins are well known for their
RNase L-dependent activity, recent evidence suggests that OAS1
can directly inhibit viral replication independently of RNase L. Kris-
tiansen et al. reported that OAS can be released to the extracellular
space and acts as a paracrine antiviral agent without activation of
RNase L. In our study, we did not observe an increase in titer pack-
aging in RNASEL KD 293T cells, suggesting that the RNase L-inde-
pendent antiviral activity may explain the increase in titer with the
OASI—/— 293T cells. Future studies to explore the mechanisms
leading to the titer increase in OASI—/— cells are needed. Although
the IFN signaling is uncoupled from cytokine secretion in 293T
cells, we showed that some of the antiviral effectors, such as
OASI and PKR, are still active in 293T cells, and knocking them
out improved packaging efficiency.

In addition to exploring the lentiviral RFs, we overexpressed tran-
scription elongation factors SPT4 and SPT5 to enhance the produc-
tion of complete VRNA. Expressing either SPT4 or SPT5 individually
led to a ~2-fold increase in complete VRNA. SPT4 and SPT5 worked
synergistically, because expressing both transcription elongation fac-
tors together led to a ~4-fold increase in complete VRNA and a 2-fold
increase in the percentage of complete VRNA. Moreover, the tran-
scription elongation factors showed an additive effect with the
CHEDAR KO cell line to further increase complete VRNA by 1.5-
fold, resulting in a 1.2-fold increase in titer. These results suggest
that overexpressing transcription elongation factors facilitates the
VRNA production in both parental HEK293T and the triple-KO cells.
Future studies are needed to explore the addition of other transcrip-
tion elongation factors.

In summary, we present a new packaging cell line, CHEDAR, with
OAS1, LDLR, and PKR knocked out to prevent the antiviral responses
and inhibition of the lentiviral life cycle. We also showed that
including transcription elongation factors SPT4 and SPT5 improved
VRNA completion. Combining the cell line and packaging with the
transcription elongation factors improved titer by 10.7- + 3.2-fold.

METHODS

LV production and titration

The LVs used in this study include EFS-ADA,” Lenti/BAS3-FB,”
Mini-G,° and PYC-CAR. The LV packaging and titration protocols
were previously described in Han et al.** Briefly, genetically modified
and WT 293T cells were plated in six-well plates and transiently
transfected with fixed amount of HIV Gag/Pol, Rev, VSV-G expres-
sion plasmids, and equimolar amounts of transfer plasmids with
TransIT-293 (Mirus Bio, Madison, WI). For certain experiments,
SPT4 and SPT5 expression plasmids or a non-packageable GFP
plasmid were added to the transfection mix. About 20 h after trans-
fection, transfected cells were incubated in D10 containing 10 mM so-
dium butyrate and 20 mM HEPES for 6-8 h. Cells were then washed
with PBS and cultured in fresh D10 for approximately 40 h. Viral su-
pernatants were collected and filtered through a 0.45-um filter. If
needed, viral supernatants were concentrated by ultracentrifugation
at 26,000 rpm for 90 min. Both raw and concentrated viruses were
kept at —80°C for long-term storage.

Viral titers were determined by transducing HT-29 human colon car-
cinoma cells with different dilutions of the LVs and pelleted the cells
~60 h after transduction. Genomic DNA was extracted using either
the PureLink Genomic DNA Mini Kit (Invitrogen, Waltham, MA)
or QuickExtract DNA Extraction Solution (Lucigen, Middleton,
WI). Viral titers were calculated as vector copy number (VCN) times
cell number at the time of transduction times dilution factor. VCN
was defined as the ratio of the copies of the HIV-1 PBS region to
the copies of the SDC4 endogenous reference gene and measured
by Droplet Digital PCR (ddPCR). The droplet generation process
was described in Hindson et al.,*’ and the ddPCR cycling conditions
and protocols were described previously in Han et al.”*

sgRNA construction

sgRNAs were designed using the Benchling CRISPR online tool, and
oligonucleotides were synthesized by Integrated DNA Technologies
(San Diego, CA). sgRNAs were in vitro transcribed following the pro-
tocol as previously described.*" Briefly, sgRNA was assembled as DNA
and PCR amplified to generate enough DNA templates. The DNA
template was in vitro transcribed into sgRNAs using the HiScribe
T7 Quick High Yield RNA Synthesis Kit (New England Biolabs; Ips-
wich, MA). RNA was purified using the RNeast MinElute Cleanup
Kit (Qiagen; Valencia, CA), following the manufacturer’s protocol.

Electroporation

At room temperature, 2 x 10° cells per condition were pelleted at
100 x g for 10 min and resuspended in 10 pL of SF solution with
supplements (Lonza; Basel, Switzerland). Then 100 pmol of Cas9
was added to 240 pmol of sgRNA to form the RNP complex, and
the RNP was incubated on ice for 10-20 min. The cells and RNP
were combined and electroporated with the Lonza 4D Nucleofector
system (program CM-130). After electroporation, cells were recov-
ered at room temperature for 10 min and then transferred to a
24-well plate. To analyze the cutting efficiency, cells were pelleted
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for DNA extraction 24-48 h after electroporation using the Pure-
Link Genomic DNA Mini Kit (Invitrogen/Thermo Fisher Scientific;
Carlsbad, CA). DNA regions around the cut site were PCR ampli-
fied, and the PCR products were sent for Sanger sequencing. The
cutting efficiencies were analyzed using the Synthego ICE Analysis
tool (2019. v3.0). After confirming the cutting efficiency, electropo-
rated cells were single-cell sorted at the University of California, Los
Angeles (UCLA) Broad Stem Cell Research Center Flow Cytometry
Core. About 2 weeks after sorting, isogenic cell clones were collected
for genomic DNA extraction, PCR amplification, Sanger sequencing,
and ICE analysis to identify KO or knockdown clones.

Flow cytometry

All flow cytometry analyses were performed on BD LSRFortessa and
BD FACSAria II. The cells were harvested and washed with PBS and
stained for 30 min at 4°C or 15 min at room temperature with the
anti-LDLR antibody (R&D Systems, Minneapolis, MN) and DAPL
For fluorescence-activated cell sorting (FACS) of single cells, cells
were stained with DAPI, and live cells sorted into one cell per well
in 96-well plates.

Western blot
The western blot protocol was previously described by Crowell et a
All samples except OAS1 did not require prior treatments. To induce

1'43

OASI expression, cells were incubated with 10 ng/mL recombinant
human IFN-beta protein (R&D Systems, Minneapolis, MN) at 37°C
for 24 h prior to harvesting the cells. Then 2x 10° cells were collected
and lysed in RIPA buffer (50 mM Tris-HCL pH8.0, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with HALT protease in-
hibitor cocktail (Thermo Fisher, Waltham, MA). To determine the
protein concentration, the BCA assay was conducted using the Pierce
BCA Protein assay kit (Thermo Fisher, Waltham, MA) following the
manufacturer’s protocol. An equal amount of proteins was run on Nu-
PAGE 4%-12% Bis-Tris Gel (Novex), transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore Sigma), and incubated with
the primary antibodies at 4°C overnight. The primary antibodies
used in this study include anti-SPT4 (Cell Signaling Technology, prod-
uct #648285, Danvers, MA), anti-SPT5 (Santa Cruz Biotechnology, sc-
390961, Dallas, TX), anti-ATR (Cell Signaling Technology, Product
#13934, Danvers, MA), anti-IFNARI (Abcam, ab124764, Cambridge,
MA), anti-B-Actin (Cell Signaling Technology, product #3700, Dan-
vers, MA), anti-OAS1 (Cell Signaling Technology, product #14498,
Danvers, MA), and anti-tubulin (abcam, ab56676). The primary anti-
bodies were then detected with horseradish peroxidase (HRP)-conju-
gated secondary antibodies followed by HRP chemiluminescence
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6710009/).

VvRNA analysis by ddPCR

RNA was extracted from 140 pL of unconcentrated viral supernatant
using the QIAmp Viral RNA Mini Kit (Qiagen), treated with DNAse I
(Invitrogen, Waltham, MA), reverse transcribed with Moloney Mu-
rine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen,
Waltham, MA), as previously described in Han et al.”*
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The abundance of initial, intermediate, and complete RNA was quan-
tified by ddPCR using different primer and probe sets. Initial RNA
was quantified by the amplification with the R/U5 primers and probe:
forward primer 5'-GCTAACTAGGGAACCCACTGCT-3/, reverse
primer 5'-GGGTCTGAGGGATCTCTAGTTACCA-3', and probe 5'-
FAM- CTTCAAGTAGTGTGTGCCCGTCTGT-31ABFQ-3' (Inte-
grated DNA Technologies). Intermediate RNA was quantified by the
amplification with the PBS primers and probe: forward primer 5'-AAG
TAGTGTGTGCCCGTCTG-3, reverse primer 5'-CCTCTGGTTTCC
CTTTCGCT-3, and probe 5'-FAM-CCCTCAGACCCTTTTAGT-
CAGTGTGGAAAATCTCTAG-31ABFQ-3'. Complete RNA was
quantified by the amplification with the U3/R primers and probe: for-
ward primer 5'-AGCAGTGGGTTCCCTAGTTAG-3/, reverse primer
5'-GGGACTGGAAGGGCTAATTC-3/, and probe 5'-FAM-AGA-
GACCCAGTACAAGCAAAAAGCAG-31ABFQ-3'. The cycling con-
ditions were 95°C for 10 min for one cycle (94°C for 30 s and 60°C for
1 min) for 40 cycles, 10 min at 98°C for one cycle, and a 12°C hold.

P24 assay

UCLA/Center for AIDS Research (CFAR) Virology Core kindly con-
ducted all the p24 ELISA to quantify p24 antigen concentration in
unconcentrated viral supernatants using the Alliance HIV-1 p24 An-
tigen ELISA Kit (catalog # NEKO050, PerkinElmer, Waltham, MA),
following the manufacturer’s manual.

Statistical analyses

Descriptive statistics, such as a number of observations, mean, and
SD were reported and presented graphically for quantitative mea-
surements. Unpaired t tests were used to compare columns for
outcome measures, such as titers, the concentration of physical par-
ticles, copies, and percentage of RNA. In the case of normality
assumption violation, nonparametric Wilcoxon rank-sum tests
were used. For all statistical investigations, tests for significance
were two-tailed. A p value of less than 0.05 significance level was
considered to be statistically significant. All statistical analyses
were conducted using GraphPad Prism version 8.0 (GraphPad Soft-
ware, San Diego, CA).
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