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The antiviral protein ZAP binds CpG dinucleotides in viral
RNA to inhibit replication. This has likely led to the CpG
suppression observed in many RNA viruses, including
retroviruses. Sequences added to retroviral vector genomes,
such as internal promoters, transgenes, or regulatory elements,
substantially increase CpG abundance. Because these CpGs
could allow retroviral vector RNA to be targeted by ZAP, we
analyzed whether it restricts vector production, transduction
efficiency, and transgene expression. Surprisingly, even though
CpG-high HIV-1 was efficiently inhibited by ZAP in HEK293T
cells, depleting ZAP did not substantially increase lentiviral
vector titer using several packaging and genome plasmids.
ZAP overexpression also did not inhibit lentiviral vector titer.
In addition, decreasing CpG abundance in a lentiviral vector
genome did not increase its titer, and a gammaretroviral vector
derived from murine leukemia virus was not substantially
restricted by ZAP. Overall, we show that the increased CpG
abundance in retroviral vectors relative to the wild-type retro-
viruses they are derived from does not intrinsically sensitize
them to ZAP. Further understanding of how ZAP specifically
targets transcripts to inhibit their expression may allow the
development of CpG sequence contexts that efficiently recruit
or evade this antiviral system.

INTRODUCTION

Retroviral vectors are a key tool for gene delivery for a wide variety of
therapeutic treatments including inherited immune or metabolic dis-
orders and chimeric antigen receptor T cell (CAR-T cell) anticancer
therapies.' They are most often based on either the gammaretrovirus
murine leukemia virus (MLV) or the lentivirus human immunodefi-
ciency virus type 1 (HIV-1). For example, Strimvelis is an MLV-based
gammaretroviral vector therapy for severe combined immunodefi-
ciency caused by adenosine deaminase deficiency (ADA-SCID)”
and Kymriah uses an HIV-1-based lentiviral vector to deliver an
autologous CAR-T cell immunotherapy for acute lymphoblastic
leukemia.’

Identifying cellular proteins that promote or inhibit retroviral vector
production, transduction efficiency, and transgene expression is
essential to optimize producer cells and identify transduction en-
hancers to promote efficient transgene expression in a wide range

of target cell types. Retrovirus replication can be restricted by several
components of the cell-autonomous innate immune system including
APOBECS3 proteins, TRIM5a, tetherin/BST2, SAMHD1, IFITM pro-
teins, MX2, and ZAP." Retroviral vectors can also potentially be in-
hibited by these proteins.” In producer cells, APOBEC3 proteins
and tetherin could potentially restrict vector production, although
these proteins are not expressed in HEK293T cells.® In at least
some types of target cells, IFITM proteins, TRIM5a, SAMHD], and
MX2 inhibit retroviral vector transduction by targeting entry, reverse
transcription, or nuclear import.” '® Highlighting the importance of
antiviral proteins in determining the susceptibility of target cells for
transduction, cyclosporin H was recently identified to promote
lentiviral vector transduction of human hematopoietic stem cells by
inhibiting IFITM3 expression.'”

ZAP is an antiviral protein that is broadly expressed in human cells
and restricts a diverse range of viruses.'® It was initially identified
based on its ability to inhibit MLV gene expression and targets viral
RNA for degradation and/or inhibits its translation.'”** There are
several ZAP isoforms, all of which contain four N-terminal zinc finger
motifs that bind RNA.**** The most antiviral isoform, ZAP long
(ZAP-L), also has a C-terminal catalytically inactive PARP domain
and S-farnesylation motif.***>*” ZAP has no known enzymatic activ-
ity and must interact with other cellular proteins such as the 3'—5’
exosome, TRIM25, KHNYN, or OAS3/RNase L to inhibit viral gene

. 21,28-32
expression.

Because ZAP is expressed in most cell types, it could reduce infectious
vector yield from producer cells and transgene expression in target
cells. ZAP directly binds CpG dinucleotides in RNA through its sec-
ond zinc finger motif (Zn2), and this is believed to be required for it to
target viral transcripts,”>**~” although UpA dinucleotides have also
been implicated.”"**** CpG dinucleotides are highly suppressed in
retroviruses, including HIV-1, and increasing their frequency inhibits
viral replication.’”******~** Whereas it was initially hypothesized
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that CpGs are suppressed in HIV-1 due to the consequences of DNA
methylation at these sites, it has recently been reported that one of the
major evolutionary forces for the low frequency of CpGs in this virus
is likely due to ZAP binding them in the viral RNA.****>*>** How-
ever, there is currently limited understanding of how ZAP specifically
targets viral RNAs, the role of the sequence surrounding the CpG re-
mains unclear for ZAP antiviral activity, and the presence of high
local CpG frequency in viral RNA is not always sufficient for ZAP
to restrict replication.’””>” For example, ZAP targets HIV-1 most
potently when CpGs are introduced in a specific region of env due
33537 In the process of engineering lentiviral
vector systems from HIV-1, CpGs were introduced into several re-
gions of the vector genome™** that could sensitize the genomic RNA
to ZAP in the producer or target cells. Importantly, the internal pro-
moter and transgene often have different nucleotide and codon biases
compared to HIV-1, which increases CpG abundance. The wood-
chuck hepatitis virus post-transcriptional regulatory element
(WPRE) added to many lentiviral vectors” also contains CpGs that
could allow ZAP to target the vector RNA.

to unknown factors.

Of note, if ZAP did target CpGs in retroviral vector RNA, then this
would be independent of any effects the CpGs in the integrated
DNA had on the transcriptional regulation of the transgene, such
as position effect variegation.*® This occurs when identical genes at
different positions in a genome have differential expression. For
example, retroviral vector integration into euchromatin leads to
strong expression of the transgene, whereas integration into hetero-
chromatin results in weak or no expression. One of the mechanisms
leading to position effect variegation could be CpG DNA methylation
leading to transgene silencing, and insulator elements have been used
to avoid this."”” However, CpG DNA methylation and ZAP-mediated
repression are separate mechanisms for inhibiting retroviral vector
transgene expression because CpGs in the integrated vector DNA
are potentially methylated, whereas ZAP post-transcriptionally tar-
gets CpGs in RNA.

To determine whether ZAP restricts lentiviral vector production or
transgene expression, we analyzed whether ZAP depletion or overex-
pression modulates vector titer. Overall, whereas ZAP depletion
increased the production of infectious HIV-1 with increased CpG
abundance in env, the titer of lentiviral vectors with two different
internal promoters and transgenes was not significantly affected.
ZAP overexpression in producer cells also did not inhibit the lentivi-
ral vector titer. Increasing CpG abundance in the Gag-Pol packaging
construct did not sensitize lentiviral vector production to ZAP, and
decreasing CpG abundance in a lentiviral vector genome did not in-
crease its titer. Furthermore, depleting ZAP in target cells did not
affect vector titer or transgene expression. We also found that ZAP
did not substantially inhibit the titer of a gammaretroviral vector.
Overall, these results show that increasing the CpG frequency in
retroviral vectors far above that found in the wild-type viruses does
not intrinsically sensitize the vector to ZAP. Although this reduces
a potential concern for optimizing lentiviral vector production and
transduction efficiency, other sequences not tested could mediate
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restriction, and further understanding of how ZAP mediates its
antiviral activity is required to produce sequence contexts that will
reliably avoid inhibition by this antiviral protein.

RESULTS

Endogenous ZAP in HEK293T cells does not substantially inhibit
lentiviral vector production, transduction efficiency, or gene
expression

The role of ZAP for inhibiting retroviral vector production or gene
expression has predominately been analyzed by ZAP overexpression
in HEK293T cells. These studies found that ZAP overexpression
inhibited luciferase expression in the context of the MLV 3’ long
terminal repeat (LTR) but not from an HIV-1 LTR-luciferase vec-
tor 192425

and a puromycin-resistance gene (puromycin-N-acetyltransferase)
were shown to be targeted by ZAP in a CRISPR-Cas9-based deple-
tion screen for interferon-induced genes in monocyte-like THP-1
cells.*® Therefore, we sought to determine whether endogenous
levels of ZAP in HEK293T cells, which are the most commonly
used cell line for retroviral vector production,'w could inhibit lenti-
viral vector titer.

In contrast, a lentiviral vector genome encoding Cas9

We first characterized cell lines in which ZAP was depleted by
CRISPR-Cas9-mediated genome engineering. In HEK293T cells
with a guide RNA targeting exon 4 (ZAP-ex4), ZAP-L was depleted
by ~50% and ZAP short isoform (ZAP-S) was depleted by >80%
compared to the control CRISPR cells (expressing a guide RNA
targeting firefly luciferase; Figure 2B). In HEK293T cells containing
the guide RNA targeting exon 6 (ZAP-ex6), both isoforms
were depleted by >90%. When these cells were transfected with either
wild-type HIV-1 (Figure 1A; 83 CpGs in the genomic RNA, 9.0 CpGs/
kb; Table 1) or a ZAP-sensitive HIV-1 virus (HIV-1.,,86_561CpG
containing 36 CpGs introduced into env, 119 CpGs total, 13.0
CpGs/kb),”>*®  HIV-1,,,86_56:CpG infectivity, as measured in
TZM-bl target cells, was increased to levels similar to wild-type
HIV-1 (Figure 2A). HIV-1,,,86—561CpG Gag expression and virion
production were also not inhibited in the ZAP CRISPR cells (Fig-
ure 2B). These results validated these cells for analyzing the effect
of ZAP on retroviral vector titer.

To investigate the effect of ZAP in producer cells, lentiviral vectors
expressing GFP were produced in either control or ZAP CRISPR
HEK293T cells. The vectors were made with pLV-CMV-GFP”’ (Fig-
ure 1B), which contains a CMV enhancer/promoter (34 CpGs), GFP
open reading frame (60 CpGs), and WPRE (37 CpGs). It has a total
of 182 CpGs in the genomic RNA (46.0 CpGs/kb; Table 1). The
packaging plasmid (p) was pCMVARS8.91,”" which contains 86
CpGs in the unspliced RNA (13.5 CpGs/kb; Figure 1D; Table 1).
Interestingly, despite the lentiviral vector genome having a 5-fold
greater CpG/kb frequency than HIV-1, there was only a small
(~2-fold), non-significant increase in the vector titer in ZAP
CRISPR cells (Figure 3A). Consistent with this effect, depleting
ZAP did not increase Gag expression or virion production in the
producer cells when analyzed by western blotting or p24 ELISA
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Figure 1. Schematic of CpG dinucleotides in
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pCMVARS8.91, pSYNGP, and pCMV-MLV-Gag-Pol.

pSYNGP?>® contains 237 CpGs in the mRNA
(50.1 CpGs/kb; Figure 1D; Table 1), and
we tested whether ZAP depletion increases
vector titer when it is used as the packaging
construct. Despite the ~4-fold increase in
CpG frequency in the gag-pol RNA from
PSYNGP compared to pCMVAR8.91, ZAP
did not restrict lentiviral vector titer or trans-
gene expression when pSYNGP was used with
pLV-CMV-GFP (Figure 3C; Figure S1B). Gag

HIV-1 Gag/Gag-Pol
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expression and virion production from this
vector were also not restricted by ZAP (Fig-
ure 3D; Figure S2B).

We then tested whether ZAP restricted a
lentiviral vector that contained a different

MLV Gag/Gag-Pol

(Figure 3B; Figure S2A). ZAP depletion also did not alter the titer of
LV-CMV-GFP when it was quantified by digital droplet PCR
(ddPCR) (Figure S3A).

We also analyzed whether ZAP depletion in target cells increased
transduction efficiency. When the ZAP CRISPR cells were used as
target cells, similar titers were observed compared to control CRISPR
cells (Figure 3A). ZAP depletion also did not alter the mean fluores-
cence intensity (MFI) for GFP in the target cells (Figure SIA).
This indicates that ZAP expression in the producer or target cell
does not substantially inhibit pLV-CMV-GFP vector titer or trans-
gene expression.

Rev-independent, codon-modified Gag-Pol constructs have been
produced to potentially increase the safety profile of lentiviral
vectors.”>> However, vectors produced using these plasmids often
have lower titers than vectors produced with Rev-dependent
Gag-Pol packaging constructs.*”*>>> Codon modification often in-
troduces CpGs into the mRNA through synonymous mutations,
and it is possible that these inhibit vector production in a
ZAP-dependent manner. The Rev-independent Gag-Pol vector

promoter (the elongation factor 1a short pro-

moter) and a transgene containing a large

number of CpGs, Cas9 (Figure 1B). For these
experiments, we used a modified version of plentiCRISPRv.2’* in
which the puromycin selection marker was replaced with GFP to
allow rapid analysis of vector titer. The genomic RNA for this vector
has 399 CpGs (52.3 CpGs/kb; Table 1). plentiCRISPRv.2-GFP vec-
tors were produced in control CRISPR or ZAP CRISPR HEK293T
cells with the pCMVARS8.91 packaging plasmid, and titers were
measured in both control and ZAP CRISPR target cells. Despite
the large number of CpGs in this vector, ZAP did not inhibit its titer
or transgene expression (Figures 3E and 3F; Figure S1C; Figure S3B).
Of note, even though plentiCRISPRv.2-GFP has a lower titer and ex-
presses GFP at a lower level than pLV-CMV-GFP, this does not
affect whether ZAP inhibits its transduction efficiency or transgene
expression (Figures 3A and 3E; Figures S3A and S3B; Figures S4A
and S$4B).

To determine if ZAP depletion in producer cells affected the vector
titer when primary cells were used as target cells, primary activated
human CD4" T cells from four donors were transduced with pLV-
CMV-GFP or plentiCRISPRv.2-GFP vectors produced in either con-
trol or ZAP CRISPR HEK293T cells (Figure S5). The vectors had
similar titers when produced in each cell line, indicating that ZAP
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Table 1. CpG frequency in HIV-1 and retroviral vectors

CpG CpG

dinucleotides RNA length dinucleotides/
Construct in RNA (nucleotides) kilobase
HIV-1 83 9,173 9.0
HIV-Lenss—s6:CpG 119 9,173 13.0
pLV-CMV-GFP 182 3,956 46.0
pCMVAR8.91 86 6,352 135
PSYNGP 237 4,726 50.1
plentiCRISPRv.2-GFP 399 7,631 52.3
pHR’SIN-cPPT-SEW 180 3,920 45.9
I;;f;igjq’éi?’ 94 3,934 23.9
pMLV-CMV-GFP 171 2,755 62.1
pCMV-MLV-Gag-Pol 230 5,924 38.8

does not restrict vector titer in the context of a clinically relevant
target cell type.

ZAP overexpression does not inhibit lentiviral vector production
or transduction efficiency

To ascertain whether higher levels of ZAP inhibited lentiviral vector
titer, ZAP-L or ZAP-S were overexpressed in HEK293T producer
cells. Of note, we’®”” and others™ have previously shown that ZAP
overexpression inhibits wild-type HIV-1 and HIV-1 with CpGs intro-
duced in several different places in the genome, although ZAP-L is
more potent than ZAP-S (Figure S6). Neither ZAP-L nor ZAP-S in-
hibited vector titer in HEK293T cells or transgene expression when
pLV-CMV-GFP was the genome plasmid, and pCMVRA8.91 was
the packaging plasmid, even though both ZAP-L and ZAP-S were ex-
pressed at high levels (Figure 4A; Figure S7A). Furthermore, neither
protein inhibited Gag expression nor virion production. Similar re-
sults were observed when pSYNGP was the packaging construct, or
plentiCRISPRv.2-GFP was the vector genome (Figures 4B and 4C;
Figures S7B and S7C).

A B HIV-1

HIV-1
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Decreasing CpG abundance in a lentiviral vector does not
increase its titer

We also analyzed the effect of decreasing CpG abundance in
the lentiviral vector genome. The number of CpGs in the genome vec-
tor pHR'SIN-cPPT-SEW™° (pSEW; Figure 1B) was decreased from
180 (45.7 CpGs/kb) to 94 (pSEW-lowCpG; 23.9 CpGs/kb; Table 1)
by eliminating CpGs in regions that do not contain known regulatory
RNA structures or nucleic acid elements. Surprisingly, removing
these CpGs led to a small but non-significant decrease in the vector
titer in Jurkat target cells (Figure 5A). There was no effect on GFP
expression in the transduced target cells (Figure 5B). Whereas altering
the CpG abundance could affect RNA expression,”” we observed no
substantial change in intracellular or virion-associated genomic
RNA abundance and a small increase in GFP expression from
pSEW-lowCpG in producer cells (Figures 5C—5E). Therefore,
decreasing CpG abundance does not enhance lentiviral vector pro-
duction or transduction efficiency.

ZAP does not substantially inhibit gammaretroviral vector
production, transduction efficiency, or transgene expression
Because ZAP has been shown to inhibit MLV,'****** we tested
whether it inhibits an MLV-based gammaretroviral vector expressing
GFP (pMLV-CMV-GFP; Figure 1C),” which has 171 CpGs (62.1
CpGs/kb; Table 1). pCMV-MLV-Gag-Pol, which has 230 CpGs in
the gag-pol mRNA (38.8 CpGs/kb; Figure 1D; Table 1), was used as
the packaging vector. Of note, the wild-type MLV genomic RNA
has 36 CpGs/kb.”® Similar to the results we observed for pLV-
CMV-GFP (Figure 3A), depleting ZAP in producer cells led to a small
(~2-fold), non-significant increase in the pMLV-CMV-GFP titer
(Figure 6A). Depleting ZAP did not substantially affect Gag expres-
sion or virion production (Figure 6B), and there was no effect on vec-
tor titer or GFP expression when ZAP was depleted in target cells
(Figure 6A; Figure S8A). ZAP-L overexpression in producer cells
led to a small (~2-fold), non-significant decrease in the vector titer
and no substantial change in Gag expression, virion production, or
transgene expression (Figures 6C and 6D; Figure S8B). ZAP-S over-
expression did not affect Gag expression, virion production, titer,

Figure 2. ZAP restricts HIV-1 with CpG dinucleotides

HvA VA s sorcpe e introduced in env nucleotides (nt) 86-561
19 e Virions Hmm s | P24°°  (A) HEK293T CRISPR control, ZAP-ex4, and ZAP-ex6
* cells were transfected with wild-type pHIV-1 or
— — — ——— | 05502
» 1 pHIV-1¢,v86-561cpa- The culture supernatants were used
_5 ,§ - to infect TZM-bl reporter cells to measure infectious virus
E _‘g’ production. The bar chart shows the average values of
i g_ 04 Cell —— p2402 three independent experiments. Data are shown as
-% g lysate mean + SD, *p < 0.05, as determined by an unpaired
E S 0.01 &b — ZAP-L ttest. (B) Intracellular HIV-1 Gag and ZAP expression were
ZAP-S determined by western blotting. Virus production was
determined by western blot of the producer cell super-
0.001 — S S S e ey [ Hsp90 o
I S S & P S
SR R A s SR S
Producer cells Producer cells
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A pLV-CMV-GFP + pCMVARS.91 B Figure 3. Endogenous ZAP in HEK293T cells does
. Virions | E‘ p24%% not restrict lentiviral vector titers
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vector, GFP expression from the vector genome, and
HSP90 and ZAP expression were determined by western
blots of the producer cell lysates. Virus production was
determined by western blots of the producer cell super-
natant.
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2 CpG dinucleotides that could be targeted by
; [ zares = ZAP ZAP .33 Unexpectedly, our data show that
3 = .
= 40 the CpGs in these sequences do not potently
Control ZAP-ex4 ZAP-ex6 E Hsp0  gensitize the vectors to ZAP. When ZAP is
Producer cells ._g E § depleted in HEK293T producer cells, which is
S g8 the cell type most widely used for vector produc-
tion,” there is only an ~2-fold increase in
E plentiCRISPRv2-GFP + pCMVARS.91 F Virions| EI e HIV-1-based lentiviral and MLV-based
= 1077 gammaretroviral vector titers. Likewise, overex-
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[ £ 5] ZAP-ex4 Lysates GFP ) c .
g0 - e encoding Cas9 with the elongation factor 1a
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o . .
= 10 titer, and low transgene expression, ZAP over-
Control ZAP-ex4 ZAP-ex6 E’ HspS0

Producer cells

or transgene expression (Figures 6C and 6D; Figure S8B). Together,
these results show that ZAP does not appear to substantially inhibit
a gammaretroviral vector derived from MLV.

DISCUSSION

Identifying antiviral proteins that restrict retroviral vectors is critical
to optimize vector production and gene transfer efficiency. If these
proteins are expressed in producer cells, then they could inhibit vector
production, whereas in target cells, they could inhibit transduction ef-
ficiency or transgene expression. ZAP is broadly expressed and could
potentially bind retroviral vector RNA in both producer and target
cells. Wild-type HIV-1 is highly suppressed for CpG dinucleotides,
which allows it to evade restriction by Z AP 0-33:36:3940 Hwever,
several of the insertions found in lentiviral vectors, including internal

expression or depletion did not substantially
alter transduction efficiency.

Control
ZAP-ex4
ZAP-ex6

For HIV-1, introducing CpGs into a specific re-

gion at the 5’ end of env potently sensitizes the
virus to ZAP. Importantly, this region is not within the lentivi-
ral vector genome. However, when large numbers of CpGs were
added into other regions of HIV-1, such as gag or pol, they only
moderately sensitized the virus to ZAP.>>*® Furthermore, reporter
genes such as GFP or Renilla luciferase added to HIV-1 do not
sensitize the virus to endogenous levels of ZAP, despite these genes
containing large numbers of CpGs.””® Therefore, it appears that
CpG dinucleotides are necessary but not sufficient for ZAP to target
HIV-1 RNA. This hypothesis is supported by our data showing that
ZAP inhibits the titer of lentiviral vectors containing large numbers
of CpGs in the internal promoter, transgene, and WPRE by only
~2-fold. It has previously been reported that ZAP depletion in
THP-1 cells moderately increased the amount of lentiviral vector
genomic RNA encoding Cas9 and puromycin-N-acetyltransferase

33,36,37
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Figure 4. ZAP overexpression does not inhibit
lentiviral vector titers

HEK293T cells were transfected with the indicated
genome plasmid and packaging vector plus pVSV-G and
pcDNA4, pHA-ZAP-L, or pHA-ZAP-S in pcDNA4. The
infectious vector titer was determined by flow cytometry
for GFP-positive HEK293T target cells. (A) Infectious
titers of lentiviral vectors made with pLV-CMV-GFP,
pCMVARS8.91, and pVSV-G. (B) Infectious titers of lenti-
viral vectors made with pLV-CMV-GFP, pSYNGP, and
pVSV-G. (C) infectious titers of lentiviral vectors made with
plentiCRISPRv.2-GFP, pCMVAR8.91, and pVSV-G.
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S S — —_— e — — —— p55°% HSP90, and ZAP were determined by western blots of the
- — = e producer cell lysates. Virus production was determined by
western blots of the producer cell supernatant. The bar
Cell Cell Cell p24©e charts show the average values of four (A) or three
Lysat Lysat PR Lysat S | cFP (B and C) independent experiments. Data are shown as

mean + SD.
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ooﬂ“‘o 153'\’1?‘259 oé“"o 1}3'\’1?‘2'6 ooﬂ“‘o 15‘2'\’1)35’ to be determined. It is also unknown whether

released from these cells."® Whereas it is difficult to compare the
different assay systems and cell lines, it should be noted that puromy-
cin-N-acetyltransferase is a bacterial gene with a very high density of
CpGs, and this may promote targeting by ZAP.**

Wild-type MLV has a higher CpG abundance than HIV-1 and is
restricted by ZAP.">*>*>*® Surprisingly, ZAP did not have a larger ef-
fect on the MLV-based vector than the lentiviral vectors. ZAP has
been reported to target the MLV 3’ LTR,” which is present in our vec-
tor genome. It should be noted that one difference between our study
and previous studies showing that ZAP inhibits gammaretroviral
vectors'*** is that a CMV internal promoter was present in our
vector genome, whereas constructs in other studies used the U3 pro-
moter in the 5" LTR for transgene expression.

Because ZAP did not substantially restrict lentiviral vector production
or transduction efficiency using two different packaging constructs
and genome vectors, it appears that their high CpG abundance
does not inherently sensitize them to ZAP. However, CpG dinucleo-
tides in other promoters, transgenes, or regulatory elements could
potentially target ZAP to the vector transcripts. Further understand-
ing of how ZAP targets specific RNAs and inhibits gene expression
could help determine if specific transgene cassettes or other inserts
in retroviral vectors may sensitize them to ZAP. Recently, it has
been proposed that ZAP binds with higher affinity to CpGs within
a C(n,)G(n)CG context,” although further analysis of how this
sequence promotes ZAP antiviral activity in diverse RNAs is required.
In addition to binding CpGs, ZAP has also been shown to interact
with UA-rich sequences in cellular and viral RNAs.””*"*>*® There-
fore, the full range of potential ZAP binding sites in RNAs remains
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there is a threshold for the number of ZAP mol-

ecules binding to an RNA for it to exert antiviral
activity or whether binding sites for other RNA binding ZAP cofac-
tors, such as TRIM25,°"%> may also regulate its ability to inhibit
gene expression. Overall, whereas ZAP strongly inhibits HIV-1
when CpGs are introduced in a specific region of the genome,
increasing the CpG abundance in retroviral vectors by adding trans-
gene expression cassettes or regulatory elements does not intrinsically
sensitize the vectors to ZAP. However, it is essential to determine how
ZAP specifically binds to and targets a transcript for degradation or
translational inhibition so that sequences that mediate this can either
be purposefully introduced or avoided in gene therapy vectors.

MATERIALS AND METHODS

Plasmids

The previously described retroviral vector genome constructs used
in this study were pLV-CMV-GFP (pRRL-PPT-CMV-GFP-
WPRE),”’ pMLV-CMV-GFP (pTG13077),”” and pSEW.”° The pro-
viral sequence for pPSEW was cloned into pGL4 (Promega), and
pSEW-lowCpG was then produced by synthesizing the pSEW
sequence with the non-HIV-1 regions altered to eliminate CpGs di-
nucleotides where possible using synonymous mutations. To
generate plentiCRISPRv.2-GFP, a guide RNA targeting firefly lucif-
erase (5'-CTT TAC CGA CGC ACA TAT CG-3') was inserted into
plentiCRISPRv.2,”* and the puromycin-resistance gene was replaced
by GFP. The HIV-1 and MLV packaging plasmids used were
pCMVARS8.91,”" pSYNGP,””> and pCMV-MLV Gag-Pol.”> The
following plasmids have previously been described: pGFP,** p-ve-
sicular stomatitis virus G protein (pVSV-G),* wild-type HIV-1,"'
HIV-1ens6-561CpG,>0 p-hemagglutinin (pHA)-ZAP-L, and pHA-
ZAP-S in pcDNA3.1°° and pHA-ZAP-L and pHA-ZAP-S in
pcDNA4.>*
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Cells

HEK293T and TZM-bl cells** *® were grown in Dulbecco’s modified
Eagle’s medium (DMEM) plus Gluta-Max (Life Technologies) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Jurkat cells were grown in RPMI (Life Technologies)
supplemented with 10% FBS and 1% penicillin-streptomycin. All cells
were maintained in a humidified atmosphere with 5% CO, at 37°C.

Control and ZAP knockout HEK293T cell lines were produced by
CRISPR-Cas9-mediated genome editing. Firefly luciferase or ZAP
targeting guide sequences were inserted into plentiCRISPRy.2.>*
The CRISPR guide sequences are firefly luciferase-G1 (control):
5'-CTT TAC CGA CGC ACA TAT CG-3'; ZAP-ex4: 5'-TCT GGT
AGA AGT TAT ATC TG-3'; and ZAP-ex6: 5-ACT TCC ATC
TGC CTT 622 ACC GG-3'. Viral stocks were produced in
HEK293T cells by transfection with pPCMVAR8.91, plentiCRISPRv.2,
and pVSV-G at a ratio of 1:1:0.5 using 1 mg/mL polyethyleneimine
(PEI) at a DNA:PEI ratio of 1:3. The supernatant was harvested
and filtered 48 h post-transfection through a 0.45-um filter (Milli-
pore). HEK293T cells were transduced with the plentiCRISPRv.2 vi-
rus and cultured for 5—7 days in 1 pg/mL puromycin. ZAP depletion
was validated by western blotting.

Retroviral vector production

HEK293T cells were seeded 24 h prior to transfection at a density of 10°
cells per well in a six-well plate. Plasmids for transfection were prepared
in Opti-MEM. Each well was co-transfected with 1 g vector genome,
1 pg packaging plasmid, and 0.5 pg pVSV-G using PEI at a DNA/PEI
ratio of 1:3. For ZAP overexpression experiments, 0.5 pg of pZAP-L,
PZAP-S, or pPCDNAA4 vector was also transfected. Media were changed
6 h post-transfection, and the supernatant containing viral vector par-
ticles was filtered through a 0.45-pum filter 48 h post-transfection.
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Figure 5. Removal of non-HIV-1-derived CpG
dinucleotides from the lentiviral vector genome
does not improve lentiviral vector titers

(A—C) HEK293T cells were transfected with pSEW or
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EGFP unpaired t test. (B) The relative mean fluorescence in-
EHSpQO tensity (MFIl) of GFP-positive cells, indicating the GFP

expression efficiency. The bar chart shows the average
values of three independent experiments normalized to
24 pSEW. Data are shown as mean + SD, *p < 0.05, as
determined by an unpaired t test. (C) Expression of
intracellular HIV-1 Gag from the packaging plasmid, GFP
from the vector genome, and HSP90 were determined by
western blotting. The band intensity of GFP was quantified
for relative GFP expression. (D and E) Relative genomic
RNA abundance within the producer cell lysates and vi-
rions was quantified by gRT-PCR. (B—E) The bar charts
show the average values of three independent experi-
ments normalized to pSEW.

Relative GFP expression

Determination of retroviral vector titer

HEK293T or Jurkat cells were plated in 96-well plates as target cells
for transduction. A serial dilution of supernatant containing viral vec-
tors was prepared and added to the wells. Cells were harvested 48 h
post-transduction, fixed in 2% paraformaldehyde, and re-suspended
in 1x phosphate-buffered saline (PBS). Samples were run on a flow
cytometer to detect GFP-positive cells, which was used to calculate
the titer (transducing units per milliliter).

Quantification of vector titer by ddPCR was carried out by trans-
ducing HEK293T cells in suspension with a serial dilution of superna-
tant containing lentiviral vectors. 3 days after transduction, the cells
were lysed, and DNA was extracted using the DNeasy Blood and
Tissue Kit (QIAGEN). ddPCR was performed using the following
primer probe set to quantify the number of vector genomes: forward
5'-TCTCGACGCAGGACTCG-3', reverse 5-CGCTCTCGCACC
CATCTC-3/, and probe 5'-FAM-CTCCTTCTAGCCTCCGCTAG-
BHQ1-3'.

Primary cell isolation, activation, and transduction

Human primary CD4" T cells were obtained from peripheral blood
mononuclear cells (PBMCs) from healthy volunteer donors through
the Infectious Diseases BioBank at King’s College London (ethics
reference MM2-220518) under overall permission from the South-
ampton and South West Hampshire Research Ethics Committee
(REC; B) (REC reference 19/SC/0232). PBMCs were isolated using
density gradient centrifugation in SepMate tubes (STEMCELL Tech-
nologies) with Lymphoprep density gradient medium (STEMCELL
Technologies). Total CD4"™ T cells were isolated using a Human
CD4" T Cell Isolation Kit (Miltenyi Biotec). CD4™ T cells were
cultured in RPMI-1640 medium with GlutaMAX and HEPES supple-
mented with 10% heat-inactivated autologous human serum and 1%
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Figure 6. ZAP does not substantially inhibit a
gammaretroviral vector

(A) HEK293T CRISPR control, ZAP-ex4 ,or ZAP-ex6
producer cells were transfected with pMLV-CMV-GFP,
pCMV-MLV Gag-Pol, and pVSV-G. Infectious titers were
determined in transduced target cells (HEK293T CRISPR
control, ZAP-ex4, or ZAP-ex6 cells) by flow cytometry for
GFP-positive cells. (B and D) Intracellular MLV Gag
expression from the packaging plasmid, GFP expression
from the vector genome, and HSP90 and ZAP expression
were determined by western blots of the producer cell
lysates. Virus production was determined by western
blots of the producer cell supernatant. (C) HEK293T cells
were transfected with the pMLV-CMV-GFP genome and
pPCMV-MLV Gag-Pol packaging vector plus pVSV-G and
PcDNA4, pZAP-L, or pZAP-S. Infectious titers of the

p30%es

p65%2s

p306a

pe5°ee vectors were determined by flow cytometry for GFP-
positive HEK293T target cells. (A and C) The bar charts
show the average values of three independent experi-

ments. Data are shown as mean + SD.

Cell _ Cell

penicillin-streptomycin (Life Technologies). Cells were then activated
using Dynabeads Human T-Activator CD3/CD28 (Life Technolo-
gies) and recombinant human interleukin-2 (30 U/mL; Roche) for
48 h prior to infection.

Activated CD4" T cells were transduced with lentiviral vectors
(1—10 ng of p24°8 of vector per 50,000 cells). 48 h post-transduction,
the cells were fixed in 4% paraformaldehyde in DPBS before assessing
transduction efficiency by flow cytometry measuring intracellular
GFP expression.

Quantitative RT-PCR

Cells were washed with 1x PBS, and the RNA was extracted using
the RNeasy mini kit (QIAGEN) following the manufacturer’s in-
structions. To extract virion RNA, the supernatant was spun
through a 20% sucrose cushion in 1x PBS to pellet the vector par-
ticles. Virion RNA was extracted using the QIAamp Viral Mini
Kit (QIAGEN). 1 pg of cellular RNA and 20 pL of virion RNA
were reverse transcribed using the High Capacity cDNA Reverse-
Transcription kit (Applied Biosystems). Quantitative PCR was per-
formed using the Tagman Universal PCR Mix and the QuantiStudio
5 System (Thermo Fisher Scientific). Absolute quantification for
genomic RNA abundance was determined using a standard
curve of the lentiviral vector DNA plasmid for both the cell
lysate and virion RNA samples. The genomic RNA primers
were 5'-TCTCGACGCAGGACTCG-3//5-TACTGACGCTCTCGC
ACC-3' (forward/reverse), and the probe was 5-FAM-ATC
TCTCTCCTTCTAGCCTC-TAMRA-3'.
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HIV-1 infection assays

HEK293T cells in six-well plates were trans-
fected according to the manufacturer’s instruc-
tions using PEI (1 mg/mL) (Sigma-Aldrich) at
the ratio of 4 pL PEI tol pug DNA. 0.5 ug
pHIV-1 and 0.5 pg pGFP were transfected for a total of 1 ug DNA.
The transfection medium was replaced with fresh medium after 6
h, and this medium was recovered ~48 h post-transfection. To
generate cell-free virus stocks, the media were filtered through
0.45 pM filters (Millipore). Infectious virus was quantified using
TZM-bl cells. These cells were seeded in 24-well plates and incubated
overnight with virus stocks. 48 h post-infection, the cells were lysed,
and infectivity was measured using the Galacto-Star -galactosidase
system according to the manufacturer’s instructions (Applied
Biosystems). A PerkinElmer luminometer was used to quantify
B-galactosidase activity as relative light units per second.

Western blotting

48 h post-transfection, cells were lysed in radioimmunoprecipitation
(RIPA) buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% so-
dium deoxycholate). The supernatant was filtered through a 0.45-pum
filter. Virions were pelleted through a 20% sucrose cushion in PBS so-
lution for 2 h at 20,000 x g. The pellet was resuspended in 2 x loading
buffer (60 mM Tris-HCI, pH 6.8, 10% B-mercaptoethanol, 10% glyc-
erol, 2% SDS, 0.1% bromophenol blue). Cell lysates and virions were
resolved by SDS-polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane. Protein bands were detected using
the LI-COR infrared imaging system (LI-COR UK).

The antibodies used in this study were 1:50 HIV-1 anti-p24°8 (183-
H12-5C),*” 1:1,000 anti-heat shock protein (HSP)90 (Santa Cruz
Biotechnology; sc7947), 1:5,000 anti-ZAP (Abcam; ab154680),
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1:1,000 anti-GFP (Sigma-Aldrich; 11814460001), 1:10,000 anti-MLV
p30°°€ (ATCC; CRL-1912)"°, 1:10,000 Dylight 800-conjugated anti-
mouse/rabbit secondary antibodies (Cell Signaling Technology),
and IRDye 800CW goat anti-rat immunoglobulin G (IgG; LI-COR
Biosciences).

Enzyme-linked immunosorbent assay

Gag (p24°°%) was quantified using the AlphaLISA HIV-p24 (high
sensitivity) Kit (PerkinElmer), according to the manufacturer’s in-
structions. Luminescence levels were measured with the EnVision
Multimode plate reader (PerkinElmer), and p24%°8 levels interpolated
from the linear portion of the standard curve.

Sequence analysis

The CG dinucleotide frequencies for the viral vector genomes (from
the 5'R to the 3'R) were determined using the “analyze base compo-
sition” tool in MacVector (MacVector).
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