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Abstract
Nullbasic is a mutant form of HIV-1 Tat that has strong ability to protect cells from HIV-1 replication by inhibiting three

different steps of viral replication: reverse transcription, Rev export of viral mRNA from the nucleus to the cytoplasm and

transcription of viral mRNA by RNA polymerase II. We previously showed that Nullbasic inhibits transduction of human

cells including T cells by HIV-1-based lentiviral vectors. Here we investigated whether the Nullbasic antagonists huTat2 (a

Tat targeting intrabody), HIV-1 Tat or Rev proteins or cellular DDX1 protein could improve transduction by a HIV-1

lentiviral vector conveying Nullbasic-ZsGreen1 to human T cells. We show that overexpression of huTat2, Tat-FLAG and

DDX1-HA in virus-like particle (VLP) producer cells significantly improved transduction efficiency of VLPs that convey

Nullbasic in Jurkat cells. Specifically, co-expression of Tat-FLAG and DDX1-HA in the VLP producer cell improved

transduction efficiency better than if used individually. Transduction efficiencies could be further improved by including a

spinoculation step. However, the same optimised protocol and using the same VLPs failed to transduce primary human

CD4? T cells. The results imply that the effects of Nullbasic on VLPs on early HIV-1 replication are robust in human

CD4? T cells. Given this significant block to lentiviral vector transduction by Nullbasic in primary CD4? T cells, our data

indicate that gammaretroviral, but not lentiviral, vectors are suitable for delivering Nullbasic to primary human T cells.
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Introduction

Gene therapy is a promising option for the treatment of

hereditary and acquired diseases. Success in gene therapy

requires a safe and effective gene delivery system that can

provide and maintain an adequate level of gene expression.

Retrovirus and lentivirus, members of Retroviridae family,

have been extensively developed as gene delivery vectors.

Lentiviral vectors have advantages for delivering genes to

target cells. Compared to retroviral vectors, which can only

transduce dividing cells due to pre-integration complex

inability to cross the nuclear membrane, lentiviral vectors

can transduce non-dividing cells (Naldini and Verma 2000;

Okitsu et al. 2003). Lentiviral expression systems provide

prolonged transgene expression (Varmus 1982). Also,

lentiviral vectors are considered safer than gammaretrovi-

ral vectors in term of their reduced genotoxicity risk

(Knight et al. 2012; Schambach et al. 2013). It is also

known that gammaretroviral vectors have risks to the host

due to potential oncogenesis caused by retroviral inser-

tional activation of host genes (Varmus 1988). Here we

determined if a lentiviral vector system could be optimized

for the delivery of Nullbasic to Jurkat and primary CD4? T

cells. Nullbasic is a 101 amino acid mutant of the HIV-1

Tat protein that has anti-HIV-1 activity. It is based on the

two-exon BH10 clone of Tat fused to the FLAG epitope,

but differs from Tat where the basic domain was changed
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from the amino acid sequence RKKRRQRRR to

GGGGGAGGG. As the basic domain is important for

Tat:P-TEFb complex binding to TAR RNA and activation

of the HIV-1 LTR promoter (Zhou et al. 2003; Kamori and

Ueno 2017), Nullbasic does not activate HIV-1 transcrip-

tion (Meredith et al. 2009). Nullbasic is considered to be a

transdominant negative inhibitor of Tat because it can

compete for binding with Tat to P-TEFb, a transcription

factor essential for transactivation of the HIV-1 LTR pro-

moter (Pearson et al. 1990; Ulich et al. 1996). However,

Nullbasic also has unique abilities to inhibit additional

steps of HIV-1 replication. Nullbasic interferes with HIV-1

replication by targeting Rev-mediated transport of HIV-1

mRNA (Lin et al. 2012) and reverse transcription

(Meredith et al. 2009; Lin et al. 2015). These combined

anti-HIV-1 activities permit strong inhibition of HIV-1

replication that makes Nullbasic a candidate HIV-1 inhi-

bitor deliverable by retrovirus-based gene therapy vectors

so as to prevent the spread of HIV infection in human T

cells.

Using lentiviral vectors to transfer Nullbasic to target

cells has been problematic. We previously demonstrated

that specific cis-acting inhibition of VLP RNA reverse

transcription by Nullbasic negatively effects transduction

of target cells (Apolloni et al. 2013). Specifically, we used

a lentiviral vector called pLOX, a second generation HIV-

1-based lentiviral vector, to deliver a synthetic cDNA

expressing Nullbasic fused to EGFP (NB-EGFP) or EGFP

alone to Jurkat cells. However, the transduction rate of NB-

EGFP compared to EGFP using equivalent amounts of

VLP was much lower for the former. NB-EGFP altered

levels of RNA packaged into VLPs only slightly but

greatly reduced levels of reverse transcription by NB-

EGFP VLPs when measured compared to control VLPs,

which explained the reduced transduction efficiency.

Inhibition of reverse transcription by Nullbasic has been

investigated. A recent study showed that Nullbasic is

packaged in virus particles, can bind to reverse transcrip-

tase with a Kd of 40 nmol/L in vitro and virion cores

isolated from Nullbasic-treated HIV-1 undergo accelerated

disassembly compared to control HIV-1 cores (Lin et al.

2015). Defective reverse transcription is most likely the

result of dysregulated core uncoating, as core uncoating

and reverse transcription processes are closely linked

(Hulme et al. 2011). Interestingly, wild type Tat has been

shown to bind reverse transcriptase and improve HIV-1

reverse transcription efficiency (Apolloni et al. 2007),

suggesting that Nullbasic may act as a transdominant

negative inhibitor of reverse transcription. Given that

pLOX and other HIV-1-based lentiviral vectors use the

same viral apparatus for their early replication, the mech-

anism of Nullbasic inhibition of lentiviral vector VLP

reverse transcription is likely to be similar.

Nullbasic can also inhibit the transport of HIV-1

unspliced and singly spiced mRNA from the nucleus to

cytoplasm. Recently, it was shown that Nullbasic specifi-

cally targeted the cellular RNA helicase DDX1, which is a

Rev binding protein that regulates its function in mRNA

transport. DDX1 directly interacts with the multimerization

domain of HIV-1 Rev protein to promote Rev oligomer-

ization on the RRE (Fang et al. 2004; Robertson-Anderson

et al. 2011). Interestingly, Nullbasic inhibition of Rev

could be reversed by overexpression of DDX1-HA or Tat-

FLAG (Lin et al. 2014).

Here, we hypothesized that overexpression of a Tat

binding intrabody, or either Tat-FLAG, Rev or DDX1-HA

could improve transduction efficiency of Nullbasic-treated

VLPs by overcoming the blocks imposed by Nullbasic to

virus replication.

Materials and Methods

Cell lines and Cultures

Human embryonic kidney (HEK) 293T cells (ATCC�

CRL-3216) were grown in Dubelcco’s modified Eagle’s

medium (DMEM; Life Technologies, Carslbad, CA, USA)

supplemented with 10% (v/v) FBS, penicillin (100 IU/mL)

and streptomycin (100 lg/mL) (referred to as DF10 med-

ium). Jurkat cells were grown in RPMI medium (Life

Technologies) supplemented with 10% (v/v) FBS, penicillin

(100 IU/mL) and streptomycin (100 lg/mL) (referred to as

RF10 medium). HEK 293T-mCh-huTat2 and HEK293T-

mCh cell lines were established by transduction of pSicoR-

Ef1a-mCh-huTat2 and pSicoR-Ef1a-mCh-puro lentiviral

systems respectively, and were then selected using FACS

for the top 10% of mCherry expressing cells by mean

fluorescent intensity.

Isolation of Primary CD41 Cells

Human buffy coats were supplied by Australian Red Cross

Blood service (negative for HIV-1, hepatitis B and hepatitis

C). PBMCs were isolated by Ficoll density gradient cen-

trifugation of the buffy coat cells. CD4? cells were isolated

from the PBMCs by using a MACS human CD4? cell

isolation kit (Miltenyi Biotec, Bergisch Gladbach, Ger-

many) according to the manufacturer’s instructions. The

selected CD4? cells were grown in 6 cm tissue culture

dishes and stimulated using plates pre-coated with purified

anti-human CD3 (clone HIT3a) and anti-human CD28

(clone CD28.2) antibodies (BioLegend, San Diego, CA,

USA) in RPMI medium supplemented with 20% (v/v) FBS

and 5 ng/mL IL-2 (hereafter called RF20 IL-2) for 2 days.
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All cells were grown at 37 �C in humidified incubators

with 5% CO2.

Generation of Plasmid Constructs

A plasmid containing the huTat2 intrabody cDNA was

kindly provided by Wayne A. Marasco. A lentiviral

expression plasmid pSicoR-Ef1a-mCh-Puro was a gift

from Bruce Conklin (Addgene plasmid # 31845). Briefly,

the gene encoding hu-Tat2 was fused at the C terminal of

mCherry-T2A in the pSicoR lentiviral vector. A huTat2

with C terminal HA tag gene, huTat2-HA, was inserted

into a pcDNA3.1? plasmid. A pSicoR vector lentiviral

plasmids expressing a Nullbasic-ZsGreen1 (NB-ZSG1)

fusion protein or ZsGreen1 (ZSG1) were described previ-

ously (Jin et al. 2016). pNL4-3.Luc.R-E- was obtained

through the NIH AIDS Reagent Program, Division of

AIDS, NIAID, NIH (Abbud et al. 1995; Connor et al.

1995; He et al. 1995). Tat101-FLAG, DDX1-HA and Rev

expression plasmids were described previously (Lin et al.

2014).

HIV-1 and VLP Production

VSV-G-pseudotyped HIV-1 harboring the firefly luciferase

reporter gene was produced in HEK 293T cells by co-

transfection of pNL4-3.Luc.R-E- and pCMV-VSV-G

plasmids for 48 h. The supernatant was collected and

CAp24 concentration was measured by ELISA (Zep-

tometrix, Buffalo, NY, USA), as recommended by the

manufacturer. NB-ZSG1 and ZSG1 VLPs were produced

in HEK 293T cells expressing mCherry-T2A-huTat2 or

mCherry alone or parental HEK 293T cells in a 10 cm

culture disk by co-transfection of 2 lg of pSicoR-Flag-NB-

ZSG1 or pSicoR-ZSG1 plasmids, 2 lg of pCMV-VSV-G

expressing plasmid and 6 lg of pCMVDR8.91 plasmid

using 10 lL of X-tremeGENETM plasmid DNA transfec-

tion reagent (Sigma Aldrich, Castle Hill, NSW, Australia)

according to the manufacturer’s instructions. NB-ZSG1

and ZSG1 VLPs were also produced in HEK 293T cells

where Tat, DDX1 and Rev were overexpressed alone or in

combination by adding 3 lg of each plasmid in the trans-

fected solution. Six hours post transfection, the cells were

washed with PBS and the media was replaced. The VLPs

were collected at 48 h post transfection and filtered through

a 0.45 lm filter. CAp24 concentration was measured by

ELISA (Zeptometrix), as recommended by the

manufacturer.

Western Blot Analysis

Cell lysates were made from the HEK 293T expressing

mCherry-T2A-huTat2 or mCherry or parental HEK 293T

cells in cell lysis buffer (50 mmol/L Tris HCl pH 7.4,

150 mmol/L NaCl, 1 mmol/L EDTA and 1% (v/v) Triton

X-100). The total protein concentration was measured by a

Bradford assay using Bio-Rad protein assay (Bio-Rad,

Hercules, CA, United States) and equivalent amounts of

protein were used for analysis. To check mCherry-T2A-

huTat2 expression in the cell lines, the blot was stained

with anti-mCherry rabbit antibody (at 1:2000) (BioVision,

Milpitas, CA, USA) followed by anti-rabbit IgG horse-

radish peroxidase (HRP)-linked antibody (at 1:2000) (Cell

Signaling Technology, Danvers, MA, USA) and b-tubulin
antibody (at 1:2000) (Sigma Aldrich) followed by anti-

mouse IgG HRP-linked antibody (at 1:2000) (Cell Sig-

naling Technology). The expression of Nullbasic, Tat, Rev

and DDX1 was confirmed by staining the blot with rabbit

anti-FLAG (at 1:2000) (Sigma Aldrich), mouse anti-Rev

(at 1:500) (Santa Cruz Biotechnology, Dallas, TX, United

States) and rabbit anti-DDX1 (at 1:500) antibodies (Santa

Cruz Biotechnology) respectively.

Transduction of Jurkat Cells and Primary CD41 T
Cells by NB-ZSG1 or ZSG1 VLPs

Transduction was performed in 24 well culture dishes using

4 9 105 Jurkat or primary CD4? T cells in each well. For

each well, capsid amounts equal to 50, 10 or 2.5 ng of

VLPs plus 8 ng/mL polybrene were added to the cells.

Spinoculation was performed by centrifugation at

15009g for 1 h at 32 �C. The medium was replaced the

next day. Samples were taken at 72 h post transduction,

fixed by 1% paraformaldehyde in PBS, and then analyzed

using a BD LSR 4 flow cytometer. Data were analyzed by

version 9 FlowJo single cell analysis software.

Statistical Analysis

Statistical analyses were performed using Student’s t test or

ANOVA and Tukey’s multiple comparisons test on the

data from at least three independent experiments or mea-

surements where P values are shown. A confidence interval

of 95% was used, therefore P value less than 0.05 were

considered to be significant.

Results

An Improvement in Transduction Efficiency
with a Nullbasic Lentiviral Vector Using
an Intracellular Antibody (intrabody) to Tat

We tested the single chain variable region fragment

humanized (hu) Tat2 intrabody (huTat2), which is a Tat

antagonist agent (Mhashilkar et al. 1995b; Mhashilkar
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et al. 1999), to see if its overexpression could improve

transduction by NB-ZSG1 VLPs. An intrabody is an

intracellularly expressed recombinant antibody fragment

that can bind a target protein within the cell. Earlier studies

have shown that when delivered to human immune cells

with gamma-retroviral gene therapy vectors, the huTat2

intrabody can protect cells from HIV-1 infection, replica-

tion and pathogenesis (Marasco et al. 1999; Braun et al.

2012; Kang et al. 2014). The huTat2 intrabody binds to

amino acids 1–20 in the N-terminal proline-rich region of

Tat (Marasco et al. 1999), which is entirely conserved in

the Nullbasic protein. The gene encoding huTat2 was

ligated into the lentiviral vector pSicoR-Ef1a-mCh-puro

where huTat2 replaced the pac gene encoding puromycin

N-acetyl-transferase (PAC) (Fig. 1). In this vector, the

expression of mCherry is followed by a T2A ribosomal

skipping sequence to allow for independent translation of

huTat2. As no anti-huTat2 antibody is available for

detection by western blot, detection of mCherry in cells

acts as a surrogate marker for expression of huTat2. A stop

codon inserted in the T2A sequence (Ryan et al. 1991)

prevented translation of PAC in the control vector.

VLPs were produced using each vector and used to

transduce HEK293T cells and visualized by fluorescent

microscopy (Fig. 2A). Cells that were mCherry positive

were collected by FACS and the purity was confirmed by

flow cytometry (Fig. 2B). Cell lysates prepared from the

selected cells were analyzed by western blot using an anti-

mCherry antibody. The mCherry-T2A protein was clearly

detectable (Fig. 2C, middle panel), indicating that huTat2

was made. Because T2A ribosomal skipping is not com-

pletely efficient, a low amount of the * 65 kDa mCherry-

T2A-huTat2 fusion protein was observed following longer

exposure of the western blot (Fig. 2C, top panel).

The stable cell line HEK293T-mCh-huTat2 and

HEK293T-mCh-T2A were infected with HIV-1 NL4-

3.Luc.R-E- (Connor et al. 1995; He et al. 1995) pseudo-

typed with VSV-G envelope. This recombinant HIV-1

reporter virus has firefly luciferase inserted in the nef open

reading frame and requires Tat for optimal expression of

luciferase. After a 24 h infection, cell lysates were pre-

pared and the level of firefly luciferase was measured. The

results showed a statistically significant * 25–30%

decrease in firefly luciferase activity in HEK293T-mCh-

huTat2 intrabody cells compared to control cells (Fig. 3A).

The data indicate that the huTat2 intrabody can inhibit Tat

transactivation of the HIV-1 LTR in HEK 293T cells, as

previously reported by others using different cell types

(Mhashilkar et al. 1995a).

Next we produced lentiviral-based VLPs that conveyed

NB-ZSG1 or ZSG1 (see Jin et al. 2016) in HEK293T-

mCh-huTat2 and HEK293T-mCh-T2A cell lines to deter-

mine if huTat2 could help mitigate the negative effects

Nullbasic has on lentiviral VLP transduction. Jurkat cells

were transduced with equivalent amounts of each VLP

normalized to total HIV capsid (CA), with or without

spinoculation. Spinoculation can improve rates of infection

by retroviruses and transduction efficiency of VLPs (For-

estell et al. 1996). NB-ZSG1 VLPs suffer a defective

reverse transcription due to NB-ZSG1 that is packaged in

the VLP and so are less efficient at transduction than ZSG1

VLP (Apolloni et al. 2013). For these experiments, a VLP

amount equivalent to 50 ng CA was selected for trans-

duction experiments that permitted measurable and reliable

transduction of Jurkat cells by VLP conveying NB-ZSG1.

The cells were transduced and then incubated for 72 h, then

the percentage of cells that were positive for ZSG1 or NB-

ZSG1 was measured by flow cytometry. The results

Fig. 1 Schematic diagram of pSicoR-Ef1a-mCh-puro with PAC or

huTat2 intrabody. The gene of interest is driven by Ef1a promoter.

The gene encoding huTat2 was ligated into the lentiviral vector

pSicoR-Ef1a-mCh-puro where huTat2 replaced the pac gene encod-

ing puromycin N-acetyl-transferase (PAC). This transfer vector has a

central polypurine tract (cPPT) (not shown) for assisting reverse

transcription and gene translocation into the nucleus of non-dividing

cells, RRE for assisting Rev function in transporting mRNA from the

nucleus to cytoplasm, and a psi (w) packaging signal for viral genome

packaging. For safety, this vector has an LTR U3 region deletion,

creating a self-inactivating (SIN) (DU3) virus that prevents post-

integration transcription of the full length viral genome from the LTR.

A woodchuck hepatitis virus post-transcriptional modification ele-

ment (WPRE) in the vector enhances the levels of transgene

transcripts in the nucleus and cytoplasm of target cells (Zufferey

et al. 1999; Bauer and Anderson 2014). The ribosomal skipping

element T2A (Ryan et al. 1991) is located between mCherry and

huTat2, which allows for independent translation of huTat2. A TGA

stop codon was inserted into the control vector to prevent expression

of PAC. In this vector, the expression of mCherry acts as a surrogate

marker for huTat2 expression.
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showed that[ 99% of Jurkat cells were successfully

transduced by ZSG1-VLPs irrespective of spinoculation

(Fig. 3B, C). This indicates that the concentration of

ZSG1-VLPs used was saturating for the number of cells

and the conditions used. However, at the same concentra-

tion of CA, 12% of Jurkat cells were successfully trans-

duced by NB-ZSG1-VLPs without spinoculation (Fig. 3B),

which increased to 25% with spinoculation (Fig. 3C). The

results show that huTat2 improved transduction of Jurkat

cells with NB-ZSG1-VLPs by * twofold when the VLPs

were made in HEK293T-mCh-T2A-huTat2 cells compared

to NB-ZSG1-VLPs made in HEK293T-mCh-T2A cells.

We tested the effects of huTat2 on ZSG1-VLP as well

(Fig. 3D). We reduced the amount of VLP used here by

fivefold so that transductions rates were below 100%.

Hence any positive or negative effects of huTat2 on ZSG1-

VLP transduction rates could be detected. The transduction

rate of Jurkat cells by control ZSG1-VLPs was unchanged

irrespective of the HEK 293T cell line used, HEK293T-

mCh-T2A-huTat2 or HEK293T-mCh-T2A, to make the

VLPs (Fig. 3D). Therefore, we conclude that huTat2

intrabody can specifically improve transduction rates of

Jurkat cells by NB-ZSG1-VLPs, suggesting that huTat2 at

least partially blocks Nullbasic inhibition of reverse

transcription.

Improved Transduction of Jurkat Cells by NB-
ZSG1-VLPs Using Cellular or Viral Proteins

NB-ZSG1 VLPs and ZSG1 VLPs were produced in

HEK293T cells by co-transfection of pSicoR-Flag-NB-

ZSG1 or pSicoR-ZSG1 plasmids, pCMV-VSV-G plasmid

Fig. 2 Expression of mCherry in HEK 293T cells. A HEK293T cells

transduced with pSicoR-Ef1a-mCh-T2A-huTat2 or pSicoR-Ef1a-

mCh-T2A expressed mCherry visualized using the EVOS imaging

system. B The highly expressed mCherry cells were sorted by FACS

and analyzed by flow cytometry. C mCherry expression in mCh-T2A-

huTat2 and mCh-T2A cell lines was detected by western blot.
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and pCMVDR8.91 plasmid along with an empty

pCDNA3.1? plasmid or with plasmids encoding Tat-

FLAG, Rev or DDX1-HA. Western blots were performed

using lysates prepared from the transfected HEK293T cells

to confirm expression of the gene products. The expression

of NB-ZSG1, Tat-FLAG, DDX1-HA and Rev in the VLP

producer cells was detected by western blot (Fig. 4A). The

collected VLPs were used to transduce Jurkat cells with or

without a spinoculation step using an equivalent amount of

VLPs normalized to total CA in the supernatant. Irre-

spective of spinoculation, ZSG1-VLPs trans-

duced[ 99.9% of Jurkat cells under the conditions tested

(Fig. 4B, C). However, the transduction rate of NB-ZSG1-

VLP was * 25% without spinoculation and * 50% with

spinoculation, respectively.

Without spinoculation, the transduction rate of NB-

ZSG1 VLPs was improved when Tat-FLAG was overex-

pressed in the VLP producer cells (Fig. 4B), but not when

DDX1-HA or Rev were overexpressed. With spinocula-

tion, Tat-FLAG, Rev or DDX1-HA overexpression

improved the transduction rate of NB-ZSG1 by * 75%–

90%. Co-expression of Tat-FLAG and DDX1-HA

improved transduction; this was most apparent when

spinoculation was used, where[ 95% of Jurkat cells

expressed NB-ZSG1 (Fig. 4C). Next, the assays were

repeated using reduced amounts of VLP so that the level of

transduction by ZSG1-VLP was non-saturating (Fig. 5). In

this experiment, ZSG1-VLP transduced * 25% (Fig. 5A)

and * 60% (Fig. 5B) of Jurkat cells without and with

spinoculation, respectively. Nevertheless, NB-ZSG1

transduction was improved when the VLP producer cells

were supplied each NB antagonist, although improved

transduction was more apparent when spinoculation was

used (Fig. 5B), where all increased transduction rates

observed were statistically significant. VLP produced in

cells provided Tat-FLAG or Tat-FLAG and DDX1-HA

demonstrated approximately twofold higher transduction

rates compared to cells treated with empty vector. B: A

bFig. 3 The huTat2 intrabody inhibits Tat-mediated transactivation

and improves Nullbasic-VLP transduction of Jurkat cells.

A HEK293T-mCh-huTat2 and HEK293T-mCh or parental HEK

293T cells were infected with VSV-G pseudotype HIV-1 luciferase

reporter virus. B Jurkat cells were transduced with ZSG1 or NB-

ZSG1 VLPs (equivalent to 50 ng CA) produced in VLP producer cell

lines as indicated. Transduction was performed using polybrene

without spinoculation; or C with spinoculation. D Jurkat cells were

transduced with ZSG1 VLPs (equivalent to 10 ng CA) made by VLP

producer cell lines as indicated. The transductions were performed

using polybrene without spinoculation. All experiments were per-

formed three times independently in triplicate. Bars indicate mean

percent of transduced cells and error bars indicate the standard

deviation. A asterisk designates a P value less than 0.05 and a ns

designates not significant.
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small improvement in transduction rates were observed for

VLP made by producer cells treated with DDX1-HA or

Rev.

Finally, we used a reduced amount of ZSG1 VLP to

transduce * 80% of Jurkat cells so that effects of Tat-

FLAG, DDX1-HA or Rev co-expression could be deter-

mined. However, co-expression of Tat-FLAG, Rev or

DDX1-HA had no significant effect on transduction by

ZSG1-VLPs (Fig. 5C). Hence, the results overall indicate

that coexpression of Tat and DDX1 together can improve

the transducti on ability of NB-ZSG1 VLPs specifically.

No Improvement in Transduction Efficiency
of NB-ZSG1 VLPs in Primary CD41 T Cells

Interestingly, although introduction of Nullbasic antagonist

proteins improved transduction efficiency of NB-ZSG1

VLPs in Jurkat cells, this method did not improve trans-

duction of NB-ZSG1 in primary CD4? T cells (Fig. 6). The

huTat2 intrabody did not improve transduction of primary

CD4? T cells by NB-ZSG1 lentiviral VLPs (Fig. 6A), and

neither did overexpression of Tat-FLAG, Rev or DDX1-

HA and co-overexpression of Tat-FLAG and DDX1-HA

(Fig. 6B, C). However, ZSG1 VLPs transduced * 50%

primary CD4? T cells (Fig. 6B), and this transduction rate

increased to 75% when polybrene was replaced by

recombinant human fibronectin (retronectin) (Fig. 6C).

In summary, NB-ZSG1 can block transduction by len-

tiviral gene therapy vectors. The block to efficient trans-

duction can be mostly overcome by co-expression by Tat-

FLAG and DDX1-HA in the VLP producer cell line. While

this can improve transduction of Jurkat cells using NB-

ZSG1-VLP, the modifications do not permit transduction

of primary CD4? cells. The results show that NB-ZSG1 is

an extremely potent inhibitor of lentiviral VLP transduc-

tion especially in primary CD4? T cells.

Discussion

Lentiviral vectors are useful for delivering genes of interest

into mammalian cells. The ability of lentiviral vectors to

transfer genes not only to dividing cells but also to non-

dividing cells and to maintain stable gene expression offers

advantages over gammaretrovirus vectors. Lentivirus vec-

tors are able to transduce quiescent cells because their pre-

integration complexes (PIC) are imported through the

nuclear pore (Okitsu et al. 2003). Furthermore, lentiviral

vectors are considered to be safer than gammaretroviral

vectors because of reduced risks of oncogenesis (Scham-

bach et al. 2013).

Nullbasic was delivered to T cells by an HIV-1 derived

lentiviral pSicoR vector. However, Nullbasic delivery by

this lentiviral vector was hindered by low transduction

efficiency due to the inhibiting effects of Nullbasic on

HIV-1. The fact that Nullbasic inhibits reverse transcrip-

tion causes a hindrance in lentiviral VLP transduction of

target cells such as Jurkat or primary CD4? T cells

Fig. 4 Transduction efficiency of Jurkat cells by NB-ZSG1 VLPs can

be improved by overexpression of Nullbasic antagonists. A Detection

of NB-ZSG1 and overexpressed Tat-FLAG, DDX1-HA and Rev by

western blot. Lysates were collected from the VLP producer cells and

stained with anti-FLAG (to detect both Tat-FLAG and NB-ZSG1),

anti-Rev, anti-DDX1 and anti b tubulin antibodies. B VLPs equiv-

alent to 50 ng of CA, produced in HEK 293T by co-transfection of

VLP producer plasmids and Tat, Rev and/or DDX1 (as indicated),

were used to transduce Jurkat cells without spinoculation. C The same

VLPs as in B were used to transduce Jurkat cells using spinoculation.

All experiments were performed three times independently in

triplicate. Bars indicate mean percent of transduced cells. Bars

indicate mean percent of transduced cells and error bars indicate

standard deviation. A asterisk designates a P value less than 0.05 and

a ns designates not significant.
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(Apolloni et al. 2013). In an attempt to overcome this

problem, we used viral and cellular proteins that had

potential to act as Nullbasic antagonists during VLP

production.

When NB-ZSG1 VLPs were produced in a HEK 293T

cell line expressing the huTat2 intrabody, transduction

efficiency in Jurkat cells was improved approximately two

fold. Transactivation assays showed that huTat2 intrabody

inhibited Tat-mediated transactivation, indicated by

decrease of luciferase activity by * 25%, which was less

than previously reported (Marasco et al. 1999). Neverthe-

less, the results suggest that huTat2 protein interferes with

Nullbasic thereby increasing Nullbasic-VLP infectivity in

Jurkat cells, however the exact mechanism by which

huTat2 rescues Nullbasic-VLP transduction remains to be

elucidated. Given that the level of rescue is low, defining a

precise mechanism by which huTat2 opposes Nullbasic at

the molecular level could prove challenging.

Overexpression of Tat-FLAG with or without spinocu-

lation did compensate for Nullbasic inhibition of NB-ZSG1

VLP transduction of Jurkat cells. Tat has been shown to

enhance reverse transcription of HIV-1 (Harrich et al.

1997; Apolloni et al. 2007). Both Tat and Nullbasic bind to

reverse transcriptase (Apolloni et al. 2007; Lin et al. 2015).

Thus, we hypothesized that overexpression of Tat-FLAG

might compete for interaction with reverse transcriptase

and that Tat-FLAG may partially or completely mitigate

the negative effect of Nullbasic on reverse transcription.

The results from this study suggest this hypothesis is

possible.

We additionally hypothesized that transduction effi-

ciency of T cell lines and primary CD4? T cells may be

limited to some extent by the availability of full length

lentiviral mRNA in the packaging cell line. This is because

Nullbasic inhibits Rev which is required for RRE-directed

export of viral mRNA (Lin et al. 2012, 2014), and that

overexpression of Tat or DDX1 reversed Nullbasic inter-

ference of Rev (Lin et al. 2014). DDX1 assists HIV-1-Rev-

RRE complex formation by binding to RRE-containing

viral mRNA (Fang et al. 2004; Robertson-Anderson et al.

2011). Here we showed that individual treatment of NB-

ZSG1 VLP producer cells by DDX1-HA and Tat-FLAG

overexpression together with spinoculation increased the

transduction efficiency of Jurkat cells by NB-ZSG1 len-

tiviral VLPs. Hence, it is possible that the overexpression

of DDX1-HA compensated for Nullbasic inhibition of Rev-

RRE-NB-ZSG1 mRNA transport from the nucleus to

cytoplasm. However, overexpression of Rev was not

effective in improving NB-ZSG1 transduction efficiency.

bFig. 5 Improved rates of Jurkat cell transduction observed using a

reduced amount ofNB-ZSG1VLP. The transduction of Jurkat cells with

(A) and without spinoculation (B) was repeated as in Fig. 4 using 2.5 ng

CA of ZSG1-VLP or NB-ZSG1-VLP produced in HEK 293T cells

treated as indicated. C Jurkat cells were transduced with ZSG1 VLPs

produced in HEK 293T cells by co-transfection of ZSG1 VLP producer

plasmids and Tat, DDX1-HA and Rev plasmids. Transductions were

performed using ZSG1 VLP equivalent to 10 ng of CA using polybrene

without spinoculation. All experiments were performed three times

independently in triplicate. Bars indicate mean percent of transduced

cells and error bars indicate standard deviation. A asterisk designates a

P value less than 0.05 and a ns designates not significant.
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This is consistent with the findings of a previous report

showing direct interaction of Nullbasic with DDX1-HA,

but not with Rev, was a mechanism of Nullbasic inhibition

of Rev function (Lin et al. 2014). The improvement in the

transduction rate of Jurkat cells by NB-ZSG1 VLPs was

more pronounced after combined overexpression of Tat-

FLAG and DDX1-HA during VLP production, suggesting

that these proteins have additive effects to counteract

Nullbasic inhibition of both transcription and viral mRNA

nucleocytoplasmic transport. When the same treatments

were applied to ZSG1 VLPs, there was no significant dif-

ference in the transduction efficiency of Jurkat cells. This

indicates that the effect of huTat2 intrabody, Tat-FLAG

and DDX1-HA on NB-ZSG1 lentiviral VLP transduction

efficiency was specific to the effects of Nullbasic on len-

tiviral VLP production and transduction of cells by these

VLPs.

Spinoculation increased the transduction efficiency of

all the tested VLPs in Jurkat cells. Spinoculation has a

concentrating effect on VLPs. Also, the centrifugal pres-

sure on the cells stimulates actin and cofilin dynamic

activity (Guo et al. 2011). Actin is a protein located in the

cell cytoplasm that forms microfilaments as a primary

component in the cytoskeleton, while cofilin is an actin-

binding protein responsible for enhancing the treadmilling

of actin filaments. Spinoculation modulates actin and

cofilin dynamic activity (Guo et al. 2011). VSV-G envel-

oped virus fusion to target cells is increased by actin fila-

ment formation. Furthermore, the actin cytoskeleton helps

intracellular lentivirus trafficking (Taylor et al. 2011), and

thus spinoculation improved lentivirus transduction effi-

ciency. In some respect, the results suggest that spinocu-

lation enabled improved transduction when DDX1-HA was

overexpressed in the VLP producer cell but the reason for

this is unknown.

Although the addition of hu-Tat2 intrabody, Tat-FLAG,

DDX1-HA and Rev proteins as well as spinoculation

improved NB-ZSG1 transduction efficiency of Jurkat cells,

these methods did not help transduction of primary CD4?

T cells with NB-ZSG1 lentiviral VLPs. In contrast, up

to * 75% transduction efficiency was achieved in primary

CD4? T cells transduced with ZSG1 VLPs. This indicates

that lentiviral VLPs can transduce primary CD4? T cells,

but not when Nullbasic is present. These results indicate

that Nullbasic inhibition of lentivirus was more prominent

in primary CD4? T cells than in Jurkat cells. There are

many possible causes for this result, such as cell factor

differences between Jurkat and primary CD4? T-cells,

which may have different levels of important cell factors

required for lentiviral transduction.

Like Nullbasic, the cellular restriction factor SAMHD1

inhibits retroviral reverse transcription however by differ-

ent mechanisms. For example, SAMHD1 is reported to

Fig. 6 No improvement in transduction of primary CD4? T cells with

NB-ZSG1 VLPs. A Primary CD4? T cells were transduced with

ZSG1 or NB-ZSG1 VLPs produced in HEK 293T-mCh, HEK 293T-

mCh-huTat2 and parental HEK 293T cells. Transduction was

performed using polybrene with spinoculation. B Primary CD4? T

cells were transduced with ZSG1 or NB-ZSG1 VLPs produced in

HEK 293T cells by co-transfection of VLP producer plasmids and

either Tat, DDX1, Rev or combination of Tat and DDX1. Transduc-

tion was performed using polybrene with spinoculation. C The same

VLPs as in B were used to transduce primary CD4? T cells using

RetroNectin with spinoculation. All experiments were performed

three times independently in triplicate. Bars indicate mean percent of

transduced cells and error bars indicate standard deviation. A *

designates a P value less than 0.05 and a ns designates not significant.
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bind DNA and RNA and to have nuclease activity (Ahn

2016). SAMHD1 inhibits HIV-1 in cells where SAMHD1

is expressed at high levels. SAMHD1 dNTPase sharply

reduces cytosolic levels of dNTPs so that reverse tran-

scription is inefficient (Ahn 2016). These activities are

unlikely to be a factor here because only activated and

proliferating CD4? T cells were used in these experiments.

Under these conditions SAMHD1 is reported to be down

regulated (Ruffin et al. 2015).

Overall, transduction efficiency of Jurkat cells by

Nullbasic lentiviral VLPs can be improved by the presence

of huTat2, Tat-FLAG and DDX1-HA together with

spinoculation. Therefore, these methods can be used to

further study Nullbasic activities and interactions using

Jurkat cells. Although lentiviral vectors are a preferred

delivery system in gene therapy due to their ability to

transduce non-dividing cells, provide stable transgene

expression and have less oncogenic risks, currently avail-

able HIV-1-based lentiviral vectors cannot be used to

deliver Nullbasic to primary CD4? T cells. Vectors based

on HIV-2 or SIV would be worth testing as the negative

effects of Nullbasic may be specific. The Nullbasic inhi-

bition of lentivirus was pronounced in primary CD4? T

cells so that addition of Tat-FLAG, Rev and DDX1-HA did

not improve Nullbasic lentiviral VLP transduction effi-

ciency. It is possible that future experiments could pursue

improved expression of Nullbasic antagonists, such as Tat

or DDX1, so that an optimized system may overcome the

transduction block imposed by Nullbasic, especially in

primary CD4? T cells. Overall, this study supports con-

tinued development and use of gammaretroviral vectors or

non-HIV-1 based lentiviral vectors, not inhibited by Null-

basic, in order to deliver Nullbasic to human primary cells.

Acknowledgements This research was supported by the National

Health and Medical Research Council Project Grant (1085359). LR

was supported by Prime Minister’s Australia Asia Endeavour Post-

graduate (Ph.D.) Award funded by the Australian Government,

Department of Education and Training, UQ international scholarship

(UQI) and UQ Centenial scholarship (UQCent). We thank the QIMR

Berghofer Flow Cytometry and Imaging Facility for technical

expertise with cell sorting and flow cytometry. We thank Wayne

Marasco for providing the sFvhutat2 expression plasmid for this

study.

Author Contributions DH and LR originated and guided the study.

DL, DH, LR and HJ designed the experiments. LR, ML and HJ

performed experiments. LR, DH, HJ and DL wrote the manuscript.

All authors read and approved the final manuscript.

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of

interest.

Animal and Human Rights Statement ‘‘Buffy coat’’ human blood

cells were obtained from the Australian Red Cross. All samples were

provided by donors with informed consent.

References

Abbud RA, Finegan CK, Guay LA, Rich EA (1995) Enhanced

production of human immunodeficiency virus type 1 by in vitro-

infected alveolar macrophages from otherwise healthy cigarette

smokers. J Infect Dis 172:859–863

Ahn J (2016) Functional organization of human SAMHD1 and

mechanisms of HIV-1 restriction. Biol Chem 397:373–379

Apolloni A, Meredith LW, Suhrbier A, Kiernan R, Harrich D (2007)

The HIV-1 Tat protein stimulates reverse transcription in vitro.

Curr HIV Res 5:473–483

Apolloni A, Lin MH, Sivakumaran H, Li D, Kershaw MH, Harrich D

(2013) A mutant Tat protein provides strong protection from

HIV-1 infection in human CD4? T cells. Hum Gene Ther

24:270–282

Bauer G, Anderson JS (2014) Gene therapy vectors. In: Gene therapy

for HIV. Springer, pp 27–33

Braun SE, Taube R, Zhu Q, Wong FE, Murakami A, Kamau E,

Dwyer M, Qiu G, Daigle J, Carville A, Johnson RP, Marasco

WA (2012) In vivo selection of CD4(?) T cells transduced with

a gamma-retroviral vector expressing a single-chain intrabody

targeting HIV-1 tat. Hum Gene Ther 23:917–931

Connor RI, Chen BK, Choe S, Landau NR (1995) Vpr is required for

efficient replication of human immunodeficiency virus type-1 in

mononuclear phagocytes. Virology 206:935–944

Fang J, Kubota S, Yang B, Zhou N, Zhang H, Godbout R, Pomerantz

RJ (2004) A DEAD box protein facilitates HIV-1 replication as a

cellular co-factor of Rev. Virology 330:471–480

Forestell SP, Dando JS, Bohnlein E, Rigg RJ (1996) Improved

detection of replication-competent retrovirus. J Virol Methods

60:171–178

Guo J, Wang W, Yu D, Wu Y (2011) Spinoculation triggers dynamic

actin and cofilin activity that facilitates HIV-1 infection of

transformed and resting CD4 T cells. J Virol 85:9824–9833

Harrich D, Ulich C, Garcia-Martinez LF, Gaynor RB (1997) Tat is

required for efficient HIV-1 reverse transcription. EMBO J

16:1224–1235

He J, Choe S, Walker R, Di Marzio P, Morgan DO, Landau NR

(1995) Human immunodeficiency virus type 1 viral protein R

(Vpr) arrests cells in the G2 phase of the cell cycle by inhibiting

p34cdc2 activity. J Virol 69:6705–6711

Hulme AE, Perez O, Hope TJ (2011) Complementary assays reveal a

relationship between HIV-1 uncoating and reverse transcription.

Proc Natl Acad Sci USA 108:9975–9980

Jin H, Li D, Sivakumaran H, Lor M, Rustanti L, Cloonan N, Wani S,

Harrich D (2016) Shutdown of HIV-1 transcription in T cells by

nullbasic, a mutant Tat protein. MBio 7:e00518-16

Kamori D, Ueno T (2017) HIV-1 tat and viral latency: what we can

learn from naturally occurring sequence variations. Front

Microbiol 8:80

Kang W, Marasco WA, Tong HI, Byron MM, Wu C, Shi Y, Sun S,

Sun Y, Lu Y (2014) Anti-tat Hutat2: Fc mediated protection

against tat-induced neurotoxicity and HIV-1 replication in

human monocyte-derived macrophages. J Neuroinflammation

11:195

Knight S, Zhang F, Mueller-Kuller U, Bokhoven M, Gupta A,

Broughton T, Sha S, Antoniou MN, Brendel C, Grez M,

Thrasher AJ, Collins M, Takeuchi Y (2012) Safer, silencing-

resistant lentiviral vectors: optimization of the ubiquitous

L. Rustanti et al.: Improved Lentiviral Transduction of Jurkat T Cells 151

123



chromatin-opening element through elimination of aberrant

splicing. J Virol 86:9088–9095

Lin MH, Sivakumaran H, Apolloni A, Wei T, Jans DA, Harrich D

(2012) Nullbasic, a potent anti-HIV tat mutant, induces CRM1-

dependent disruption of HIV Rev trafficking. PLoS ONE

7:e51466

Lin MH, Sivakumaran H, Jones A, Li D, Harper C, Wei T, Jin H,

Rustanti L, Meunier FA, Spann K, Harrich D (2014) A HIV-1

Tat mutant protein disrupts HIV-1 Rev function by targeting the

DEAD-box RNA helicase DDX1. Retrovirology 11:121

Lin MH, Apolloni A, Cutillas V, Sivakumaran H, Martin S, Li D, Wei

T, Wang R, Jin H, Spann K, Harrich D (2015) A mutant tat

protein inhibits HIV-1 reverse transcription by targeting the

reverse transcription complex. J Virol 89:4827–4836

Marasco WA, LaVecchio J, Winkler A (1999) Human anti-HIV-1 Tat

sFv intrabodies for gene therapy of advanced HIV-1-infection

and AIDS. J Immunol Methods 231:223–238

Meredith LW, Sivakumaran H, Major L, Suhrbier A, Harrich D

(2009) Potent inhibition of HIV-1 replication by a Tat mutant.

PLoS ONE 4:e7769

Mhashilkar AM, Bagley J, Chen S, Szilvay A, Helland D, Marasco W

(1995a) Inhibition of HIV-1 Tat-mediated LTR transactivation

and HIV-1 infection by anti-Tat single chain intrabodies. EMBO

J 14:1542

Mhashilkar AM, Bagley J, Chen SY, Szilvay AM, Helland DG,

Marasco WA (1995b) Inhibition of HIV-1 Tat-mediated LTR

transactivation and HIV-1 infection by anti-Tat single chain

intrabodies. EMBO J 14:1542–1551

Mhashilkar AM, LaVecchio J, Eberhardt B, Porter-Brooks J, Boisot

S, Dove JH, Pumphrey C, Li X, Weissmahr RN, Ring DB,

Ramstedt U, Marasco WA (1999) Inhibition of human immun-

odeficiency virus type 1 replication in vitro in acutely and

persistently infected human CD4? mononuclear cells expressing

murine and humanized anti-human immunodeficiency virus type

1 Tat single-chain variable fragment intrabodies [see comments].

Hum Gene Ther 10:1453–1467

Naldini L, Verma IM (2000) Lentiviral vectors. Adv Virus Res

55:599–609

Okitsu T, Kobayashi N, Totsugawa T, Maruyama M, Noguchi H,

Watanabe T, Matsumura T, Fujiwara T, Tanaka N (2003)

Lentiviral vector mediated gene delivery into non-dividing

isolated islet cells. Transplant Proc 35:483

Pearson L, Garcia J, Wu F, Modesti N, Nelson J, Gaynor R (1990) A

transdominant tat mutant that inhibits tat-induced gene expres-

sion from the human immunodeficiency virus long terminal

repeat. Proc Natl Acad Sci USA 87:5079–5083

Robertson-Anderson RM, Wang J, Edgcomb SP, Carmel AB,

Williamson JR, Millar DP (2011) Single-molecule studies reveal

that DEAD box protein DDX1 promotes oligomerization of

HIV-1 Rev on the Rev response element. J Mol Biol

410:959–971

Ruffin N, Brezar V, Ayinde D, Lefebvre C, Schulze Zur Wiesch J,

van Lunzen J, Bockhorn M, Schwartz O, Hocini H, Lelievre JD,

Banchereau J, Levy Y, Seddiki N (2015) Low SAMHD1

expression following T-cell activation and proliferation renders

CD4? T cells susceptible to HIV-1. AIDS 29:519–530

Ryan MD, King AM, Thomas GP (1991) Cleavage of foot-and-mouth

disease virus polyprotein is mediated by residues located within

a 19 amino acid sequence. J Gen Virol 72:2727–2732

Schambach A, Zychlinski D, Ehrnstroem B, Baum C (2013)

Biosafety features of lentiviral vectors. Hum Gene Ther

24:132–142

Taylor MP, Koyuncu OO, Enquist LW (2011) Subversion of the actin

cytoskeleton during viral infection. Nat Rev Microbiol

9:427–439

Ulich C, Harrich D, Estes P, Gaynor RB (1996) Inhibition of human

immunodeficiency virus type 1 replication is enhanced by a

combination of transdominant Tat and Rev proteins. J Virol

70:4871–4876

Varmus HE (1982) Form and function of retroviral proviruses.

Science 216:812–820

Varmus H (1988) Retroviruses. Science 240:1427–1435

Zhou M, Deng L, Kashanchi F, Brady JN, Shatkin AJ, Kumar A

(2003) The Tat/TAR-dependent phosphorylation of RNA poly-

merase II C-terminal domain stimulates cotranscriptional cap-

ping of HIV-1 mRNA. Proc Natl Acad Sci USA

100:12666–12671

Zufferey R, Donello JE, Trono D, Hope TJ (1999) Woodchuck

hepatitis virus posttranscriptional regulatory element enhances

expression of transgenes delivered by retroviral vectors. J Virol

73:2886–2892

152 Virologica Sinica

123


	Differential Effects of Strategies to Improve the Transduction Efficiency of Lentiviral Vector that Conveys an Anti-HIV Protein, Nullbasic, in Human T Cells
	Abstract
	Introduction
	Materials and Methods
	Cell lines and Cultures
	Isolation of Primary CD4+ Cells
	Generation of Plasmid Constructs
	HIV-1 and VLP Production
	Western Blot Analysis
	Transduction of Jurkat Cells and Primary CD4+ T Cells by NB-ZSG1 or ZSG1 VLPs
	Statistical Analysis

	Results
	An Improvement in Transduction Efficiency with a Nullbasic Lentiviral Vector Using an Intracellular Antibody (intrabody) to Tat
	Improved Transduction of Jurkat Cells by NB-ZSG1-VLPs Using Cellular or Viral Proteins
	No Improvement in Transduction Efficiency of NB-ZSG1 VLPs in Primary CD4+ T Cells

	Discussion
	Acknowledgements
	Author Contributions
	References




