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ARTICLE

The feasibility of incorporating Vpx into lentiviral gene therapy

vectors

Samantha A McAllery’, Chantelle L Ahlenstiel’, Kazuo Suzuki?, Geoff P Symonds??, Anthony D Kelleher'? and Stuart G Turville'!

While current antiretroviral therapy has significantly improved, challenges still remain in life-long targeting of HIV-1 reservoirs.
Lentiviral gene therapy has the potential to deliver protective genes into the HIV-1 reservoir. However, inefficient reverse transcrip-
tion (RT) occurs in HIV-1 reservoirs during lentiviral gene delivery. The viral protein Vpx is capable of increasing lentiviral RT by
antagonizing the restriction factor SAMHD1. Incorporating Vpx into lentiviral vectors could substantially increase gene delivery
into the HIV-1 reservoir. The feasibility of this Vpx approach was tested in resting cell models utilizing macrophages and dendritic
cells. Our results showed Vpx exposure led to increased permissiveness of cells over a period that exceeded 2 weeks. Consequently,
significant lower potency of HIV-1 antiretrovirals inhibiting RT and integration was observed. When Vpx was incorporated with anti-
HIV-1 genes inhibiting either pre-RT or post-RT stages of the viral life-cycle, transduction levels significantly increased. However, a
stronger antiviral effect was only observed with constructs that inhibit pre-RT stages of the viral life cycle. In conclusion this study
demonstrates a way to overcome the major delivery obstacle of gene delivery into HIV-1 reservoir cell types. Importantly, incorpo-
rating Vpx with pre-RT anti-HIV-1 genes, demonstrated the greatest protection against HIV-1 infection.
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INTRODUCTION

Current drug therapy has greatly improved prognosis for HIV-1
infected patients, reducing HIV-1 RNA in the blood to almost unde-
tectable levels (<50 copies/ml)."> However HIV-1 persists in cellular
reservoirs of certain long-lived immune cells, including quiescent
CD4+T cells (qCD4+ T cells), dendritic cells and monocytes/macro-
phages.*’” Consequently, upon cessation of treatment HIV-1 levels
rapidly rebound.?? It has been estimated that the half life of qCD4+
T cells is 44 months and has been projected to take up to 60 years
of continuous drug therapy to clear HIV-1 from this one latent res-
ervoir.>'%12 Alternative approaches are needed, resulting in a HIV-1
functional cure outside of recurrent combination antiretroviral
therapy.

Targeting the HIV-1 latent reservoir and/or protection of future
HIV-1 target cells is a crucial step toward a HIV-1 cure. One method
of achieving this is through gene therapy. Multiple approaches
have been used inhibit HIV-1 infection, which include inhibiting
CCR5 expression through zinc finger nucleases,’ hammerhead
ribozymes'>'® and RNA interference.””-* Additionally, the potential
for permanently silencing the latent HIV-1 reservoir has been dem-
onstrated through transcriptional gene silencing in the HIV-1 pro-
moter region.?’-2 While there are diverse approaches in tackling the
latent reservoir, efficient delivery with current lentiviral (LV) gene
therapy vectors is limited. This lack of delivery is due to inefficient
RT of genetic constructs, resulting in poor integration and gene
expression.?*

A cellular protein, SAMHD1, has been established as the HIV-1
restriction factor responsible for inefficient gene delivery in resting
cells, such as the latent HIV-1 reservoir.*2 SAMHD1 was first dis-
covered to hydrolyse the cellular deoxynucleotides (dNTP) pool to
a point below the threshold required for efficient RT.??® Recently,
it has also been discovered to exhibit RNAse activity that degrades
HIV-1 RNA.?3" Nonetheless, both of these effects are relevant to
HIV-1 and LV gene therapy vectors, as both carry RNA genetic infor-
mation and utilize HIV-1 reverse transcriptase before genetic inte-
gration within the host genome.

For successful gene delivery into the latent HIV-1 reservoir, effi-
cient RT needs to occur for integration and subsequent gene expres-
sion. A viral protein called Vpx, encoded by the Sooty Mangabey SIV
(SIV,,) and HIV-2 lineages has been shown to alleviate SAMHD1
mediated HIV-1 restriction.®?¢ Experiments have revealed that Vpx
degrades SAMHD1 through the proteasomal dependent degra-
dation pathway.*?34 In the absence of SAMHDI1, the cellular dNTP
levels can increase above the threshold needed for efficient LV RT.>
This phenotype supports the future use of Vpx in the context of LV
gene therapy vectors and DC-based vaccines.?36-3°

While this has immense potential in gene therapy strategies for
an HIV-1 cure, the effects of introducing Vpx into an HIV-1 posi-
tive individual in vivo/ex vivo are not known. This needs to be care-
fully considered since the positive effect Vpx has on RT for lentivi-
ral gene therapy vectors would also affect existing HIV-1 infected
cells. To determine the feasibility of Vpx being incorporated into
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lentiviral gene therapy vectors, this study sought to characterize
three unknowns in utilizing Vpx. Firstly, if cells were exposed to
Vpx ex vivo, do the effects of Vpx rapidly decay? Secondly, does Vpx
affect the efficacy of antiretroviral therapy, and if so, how long post-
Vpx exposure does this persist? Finally, since Vpx increases viral RT
would there be differences in HIV-1 protection if Vpx was incorpo-
rated with anti-HIV-1 genes that inhibited HIV-1 infection pre- or
post-RT? To investigate these key questions an important resting
cell type model of monocyte derived macrophages (MDMs) gener-
ated from primary cells was used.

RESULTS
Vpx uncouples and increases the kinetics for the process of reverse
transcription and integration in macrophages

We used macrophages as the resting cell model in the following
experiments as they express high levels of SAMHD1 and contain
a depleted cellular NTP pool, which is common to all cells of the
latent HIV-1 reservoir. To address whether Vpx would make a suit-
able candidate to incorporate into gene therapy vectors, we first
performed a time of addition assay. By assessing the effect Vpx
has on RT and integration, the kinetics of short-term Vpx expo-
sure could be mapped (Figure 1a). The length of time taken for the
antiretrovirals to lose their antiviral activity was interpreted as the
completion of the part in the HIV-1 replication cycle that the drug
inhibits. Therefore, azidothymidine (AZT) and raltegravir (RAL) were
used to determine the RT and integration kinetics, respectively.
As HIV-1 and HIV-1 based lentiviral vectors share the same reverse
transcription and integration pathway, we initially used a replication
incompetent HIV-1 clone that expressed green fluorescent protein
(GFP) as a simple surrogate to map kinetics of RT and integration.

Analysis of the AZT/RAL time of addition assay in Figure 1b
revealed that the control virus (HIV-1 GFP-Vpx) had comparable
kinetics for both RT and integration with their 50% completion of
HIV-1 infection occurring within 1 hour from each other (AZT -Vpx
= 26.78 hpi and RAL -Vpx = 25.74 hpi). Whereas, upon Vpx expo-
sure the RT and integration kinetics increased and separated with
the 50% completion of HIV-1 infection from AZT and RAL treated
cells occurring 17.63 and 9.47 hours earlier, respectively (AZT + Vpx
=9.15 hpi and RAL + Vpx = 16.37 hpi). Interestingly, the separation
of RT and integration kinetics observed upon Vpx exposure is also
observed in other cell types with abundant cellular dNTP pools,*
such as the Hela cell line TZMbl (Supplementary Figure S2).

The increase in kinetics does not take into account the magni-
tude of completed RT and integration events. Since GFP expres-
sion is indicative of successful integration and gene expression we
compared the total number of GFP positive cells between replica-
tion incompetent HIV-1 GFP packaged with and without Vpx to
evaluate the effect on successful gene delivery. In the presence of
Vpx a significantly higher number of GFP expressing macrophages
were observed from 6 hpi and 18 hpi in the AZT and RAL treated
cells, respectively (P < 0.0001) (Figure 1c). Therefore, Vpx not only
increases RT and integration kinetics, but also increases the overall
magnitude of HIV-1 infection. Previous studies have also confirmed
the enhancement of HIV-1 infection post Vpx exposure. 364!

Vpx enhances HIV-1 infection long term in macrophages

To determine any potential deleterious effects, which could occur
in the in vivo HIV-1 reservoir post-Vpx stimulation, the period cells
retained enhancement to HIV-1 infection after Vpx exposure was
investigated. To address this question the experimental design
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was modeled to a typical ex vivo gene therapy protocol.*? As a Vpx
protein delivery platform, we generated VSVg pseudotyped virus-
like particles (VLPs). The VLPs are identical to lentiviral vectors, yet
package Vpx protein and lack vector RNA. Briefly, macrophages
were spinoculated with VLPs packaged with or without Vpx (VLPs
+ Vpx). We then determined the period post-Vpx exposure with
which primary cells would be vulnerable to Vpx enhanced infec-
tion. At multiple time points poststimulation, the cells were chal-
lenged with a replication incompetent HIV-1 GFP. The infection time
points represented the time at which the ex vivo transduced cells
were transferred back into an HIV-1 positive patient (Figure 2). The
level of enhanced HIV-1 infection and SAMHD1 protein levels were
determined for each time point.

When macrophages were stimulated with Vpx containing VLPs,
enhancement of HIV-1 infection was observed across all donors
to at least 14 days poststimulation (dps) (Figure 3a,b). The protein
level of SAMHD1 in macrophages remained low during the time
course, with levels only starting to increase at 14 dps (Figure 3c
and Supplementary Figure S3a). The observed long-term enhance-
ment of HIV-1 infection upon Vpx stimulation raises questions of
the suitability of Vpx to be incorporated into gene therapy vectors.
However, this data is only from one resting cell type. We sought to
gather more evidence using other cell types to determine whether
this was just a macrophage specific effect.

Vpx enhances HIV-1 infection long term in dendritic cells

We turned our attention to another cell type, monocyte derived
dendritic cells (MDDCs). These cells are also sensitive to Vpx, mak-
ing them suitable to further investigate our above observations.
The same experimental protocol outlined for macrophages was also
used for MDDCs. Upon analysis a comparable trend was observed
from 1 dps onwards (Figure 3d,e), with enhancement of HIV-1 infec-
tion observed across all donors to at least 14 dps. The SAMHD1
protein expression pattern for MDDCs showed complete degra-
dation by 5 dps. This level remained stable for the length of the
experimental time course, which was a contrast to macrophages,
which only had partially depleted levels of SAMHD1 (Figure 3f and
Supplementary Figure S3b).

Vpx affects the efficiency of AZT, EFV, and RAL both short and long
term

Previous studies have shown Vpx stimulation causes a signifi-
cant decrease in HIV-1 sensitivity to various nucleoside reverse
transcription inhibitors.** We examined whether Vpx could
alter the efficiency of AZT and RAL, for both short and long-term
time points post-Vpx stimulation. Log dose-response curves
were generated to compare relative drug efficiencies at 1 and
7 dps. Upon Vpx stimulation macrophages showed a consider-
able reduction of sensitivity to AZT at both 1 and 7 dps (Figure
4a), while sensitivity to Efavirenz (EFV) and RAL was also reduced,
but to a lesser extent (Figure 4b,c). From the log dose-response
curves the IC,, were calculated. Upon analysis the AZT IC, val-
ues from both time points were significantly different between
—Vpx and +Vpx stimulated samples (P < 0.05; n = 4) (Figure 4d),
with the difference median values of 1 and 7 dps being —3.11 and
—0.36 umol/I, respectively. The EFV IC,  values were not significantly
different between —Vpx and +Vpx stimulated samples (Figure 4e).
The RAL IC, values for 1 dps was significantly different between
—Vpx and +Vpx stimulated samples (P < 0.05; n = 4) (Figure 4f),
with the difference median values of 1 dps being —0.02 umol/I. The
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The short-term effect of Vpx on lentiviral reverse transcription and integration. (a) Protocol outline of AZT/RAL time-of-addition assay. (b)

Reverse transcription and integration kinetics of HIV-1 GFP packaged with or without Vpx, protocol outlined in a. After spinoculation of MDM with
HIV-1 GFP packaged with or without Vpx, the antiretrovirals were added at indicated time points, spanning from 0-72 hours post- infection (hpi). AZT
(10 umol/1) was used as a surrogate for reverse transcription and RAL (1 umol/l) was for use for integration. Lentivirus infected cells were enumerated
by GFP fluorescence at 120 hpi. Relative infection (%) compared with the noninhibited replication control is plotted. Each data set was fitted with a
sigmoidal curve. (c) Total number of GFP positive cells for each data point outlined in Figure 1b. Mean + SD were plotted; n = 3. One representative
MDM donor of three is displayed. AZT, azidothymidine; MDM, monocyte derived macrophage; GFP, green fluorescent protein; SD, standard deviation.
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Figure2 Protocol outline to determine the long term Vpx effect on HIV-1 infection.

results clearly demonstrate that the decreased efficacy of nucleo-
side reverse transcription inhibitor, AZT, and integrase inhibitor RAL
persists for long-term.

Effectiveness of Vpx incorporation into LV gene therapy vectors is
dependent on which part of HIV-1 replication is being targeted

To evaluate the therapeutic potential of incorporating Vpx with
anti-HIV-1 genes we used two gene therapy strategies that inhibit
HIV-1 replication at stages pre- and post-RT. This was primarily
motivated by the influence Vpx has on RT in the short and long-
term. The pre-RT approach inhibits viral entry, while the post-RT
approach prevents post-transcriptional activity after viral integra-
tion occurs. The first approach utilizes a vector called Cal-1, which
encodes a short hairpin RNA (shRNA) for the down-regulation of C-C
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chemokine receptor type 5 (CCR5) in combination with the HIV-1
fusion inhibitor, C46.% This construct has been used in nonhuman
primates, a humanized mouse model and is currently undergoing
phase 1/2 trials in the US.*# The second approach uses a vector
encoding an shRNA called shPromA, which targets the HIV-1 5" long
terminal repeats (LTR) promoter and induces profound silencing of
integrated HIV-1. Studies have shown that shPromA suppresses viral
replication long-term by epigenetic modifications through an RNAi
pathway called transcriptional gene silencing 224849

Despite dendritic cells showing a greater effect with Vpx, macro-
phages were selected to determine the effectiveness of these strat-
egies in the presence of Vpx. The focus of our study was targeting
the HIV-1 latent reservoir and macrophages have a more accepted
role in contributing to the viral reservoir than dendritic cells.>-** The
anti-HIV-1 genes therapy vectors were generated and packaged in
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Figure3 The long-term effect of Vpx on HIV-1 infection. (a,b, and c) Fold change enhancement of HIV-1 infection and SAMHD1 protein expression of
Vpx stimulated macrophages up to 14 dps. Macrophages were spinoculated with Vpx VLPs and then challenged with HIV-1 at the indicated time points.
Fold change enhancement was determined by enumerating GFP positive cells and normalizing the numbers to unstimulated cells. Two representative
donors are shown. Protein expression of SAMHD1 was determined by western blot. Data was normalized to actin and represented as portion of the
negative control. One representative MDM donor of three is displayed. (d, e, and f) Fold change enhancement of HIV-1 and SAMHD1 protein expression
of Vpx stimulated MDDCs up to 14 dps. Two representative donors are shown the fold change enhancement and protein expression of SAMHD1 was
analyzed as previously described in. GFP, green fluorescent protein; MDM, monocyte derived macrophage; MDDCs, monocyte derived dendritic cells;

VLPs, virus-like particles.

trans with or without Vpx. Appropriate controls encoding GFP were
also generated for both gene therapy approaches. All expression
constructs encoded GFP, which acted as a reporter for successful
transduction. A high content microscopy approach was used for
the HIV-1 challenge experiments enabling individual cell analysis.
Briefly, macrophages were transduced and at time points 7 and 14
days post-transduction (dpt) were challenged with infectious R5 BaL
virus at increasing multiplicity of infections (MOls). High through-
put image acquisition was performed using the Cytell Cell Imaging
System. Using Cell Investigator the total number of cells, transduced
cells, and infected cells were enumerated. A linkage protocol was
used to determine the number of transduced cells that were also
infected. Distinguishing between transduced/uninfected cells and
transduced/infected cells allowed us to determine the effectiveness
of incorporating Vpx into gene therapy vectors.

At 14 dpt the transduction efficiencies for both Cal-1 and
shPromA gene therapy approaches were significantly increased
in the presence of Vpx, with fold changes of 85.4 (P < 0.001, n = 3)
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and 10.7 (P < 0.01, n = 3) observed for Cal-1 and Cal-1-eGFP and 9.0
(P<0.05,n=3)and 9.7 (P < 0.05, n = 3) for shPromA and shPromA-
eGFP, respectively (Figure 5a,b). The gene transduction efficiencies
observed at 7 dpt were also comparable (Supplementary Figure S4).

HIV-1 infection was analyzed in two measures, firstly, overall HIV-1
infection, which was independent of GFP transduction. Secondly,
HIV-1 infection was specifically investigated in GFP transduced cells.
At the highest MOI of 0.2, Cal-1 transduced cells showed the great-
est inhibition in the presence of Vpx, with over a log reduction in
HIV-1 infection compared to the —Vpx control (Figure 5¢; Cal-1 (=Vpx)
2.64%, Cal-1 (+Vpx) 0.24%, n = 3). Only a small percentage of trans-
duced cells were also infected, with 0.03 and 0.07% (Figure 5d n = 3)
observed for Cal-1 (-Vpx) and Cal-1 (+Vpx) conditions, respectively.
Indicating, in either the presence or absence of Vpx, Cal-1 transduced
macrophages were protected against HIV-1 infection. No inhibi-
tion of HIV-1 infection was observed in the eGFP transduced cells,
in the presence of Vpx, a 3.5-fold increase in HIV-1 infection was
observed (Figure 5¢; eGFP (=Vpx) 1.19%, eGFP (+Vpx) 4.15%; n = 3).

Official journal of the American Society of Gene & Cell Therapy
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Figure4 The long-term effect of Vpx on the efficiency of AZT, EFV, and RAL. Macrophages were stimulated with VLP packaged with or without Vpx
for either 1 or 7 days before being treated with decreasing concentrations of AZT (a), EFV (b) or RAL (c) and infected with HIV-1 GFP. To determine the
% of suppression, GFP positive cells were counted 5 days postinfection and normalized to nontreated cells stimulated with VLP +Vpx. The IC, values
of AZT (d) were calculated using a, a nonparametric Kruskal-Wallis was used to determine the significance. The IC, values of EFV (e) and RAL ?f) were
calculated using b and c respectively. The same statistical test was used as in d. Mean + SD were plotted; n = 3. One representative donor of three is
displayed. AZT, azidothymidine; GFP, green fluorescent protein; SD, standard deviation; VLPs, virus-like particles.

Furthermore, HIV-1 infection of eGFP transduced cells increased by
40.3-fold in the presence of Vpx (Figure 5d; eGFP (—Vpx) 0.09%, eGFP
(+Vpx) 3.63% n = 3). The above observations for eGFP-transduced
cells were expected for two reasons; firstly, no anti-HIV-1 gene was
encoded in the control plasmid. Secondly, in the presence of Vpx, suc-
cessfully transduced cells would be primed for HIV-1 infection, there-
fore having a greater capacity for RT completion post-Vpx exposure.
This was observed in both 7 and 14 dpt and across all MOI's 0.02, 0.1,
and 0.2 (Supplementary Figure S5a-e). Additionally, there is no evi-
dence of bystander cells demonstrating enhanced HIV-1 infection.

In the shPromA post-RT gene therapy condition, at the high-
est MOI of 0.2, we observed no inhibition of HIV-1 infection in the
absence or presence of Vpx (Figure 5e; PromA (=Vpx) 1.14%, PromA
(+Vpx) 2.72%, versus untransduced 0.61%; n = 3). In contrast, in the
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absence of Vpx atlower MOI's, protection against HIV-1 infection was
observed (Supplementary Figure S6a—e). However, in the presence
of Vpx, we also observed a 2.4-fold and 5.6-fold increase in HIV-1
infection for PromA and eGFP conditions, respectively (Figure 5e;
n = 3). This trend was observed across all MOI's (Supplementary
Figure S6a-e). HIV-1 infection in transduced cells also increased in
the presence of Vpx by 20.1-fold and 36.2-fold for PromA and eGFP
transduced conditions, respectively (Figure 5f). These observations
were also present in time points 7 and 14 dpt and across HIV-1 chal-
lenges at increasing MOlIs (Supplementary Figure S6a-e).

DISCUSSION

In this study, we have demonstrated that Vpx increases lentiviral RT
and integration kinetics, which in turns increases levels of LV gene

Molecular Therapy — Methods & Clinical Development (2016) 16066
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Figure5 The effectiveness of Vpx incorporation into anti-HIV-1 gene therapy vectors. Macrophages were transduced with either Cal-1, PromA or their
respective controls packaged with or without Vpx. At 14 dpt, the macrophages were infected with R5 BaL at MOI 0.2. After 7 days of infection, the cells
were fixed and stained for p17/p24 and counterstained with DAPI. The cells were imaged on the Cytell and analysed using IN Cell Investigator software.
Using DAPI as the denominator the percentage of transduced cells was calculated for Cal-1 (a) and shPromA (b), the percentage of infected cells for
Cal-1 (c) and shPromA (e), and the percentage of transduced and infected cells for Cal-1 (d) and shPromA (f). The nonparametric Friedman test was
used for statistical analyses. P < 0.05 (¥), P < 0.01 (**) and P < 0.001 (***). Mean + SD were plotted; n = 3. One representative donor of three is displayed.
DAPI, 4,6-diamidino-2-2-phenylindole; MOI, multiplicity of infection; SD, standard deviation.

delivery and transduction. The increased permissiveness persisted
over a period of at least 2 weeks and consequently showed lowered
potency to HIV-1 antiretrovirals that target HIV-1 RT or integration.
This poses the possibility of detrimental complications if incorporat-
ing Vpx into LV gene therapy vectors for in vivo/ex vivo treatment
of HIV-1 infected individuals. Since the cells reintroduced into the
patient would be more permissive to HIV-1 infection, the treat-
ment has the potential to increase the HIV-1 reservoir. The observed
increase in IC_; values associated with Vpx treatment was of simi-
lar magnitude to prototypical resistant HIV-1 reverse transcriptase
clones, such as HIV-1 4755-5 and 6463-13 (ref. 55). Furthermore, the
decrease in AZT efficacy in the short-term is consistent with a pre-
vious study conducted by Amie and colleagues.** The increased
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IC,, observed post-Vpx treatment both short- and long-term in RAL
treated cells was not equivalent to any prototypical resistant mutant
strains.®® Nonetheless, the decrease of AZT and RAL efficacy implies
antiretroviral therapy may be influenced by Vpx exposure and thus
either lead to reduced protection by therapy and/or promote sub-
sequent viral replication and antiviral resistance.

While some of the previous observations are suggestive of the
negative potential Vpx could have on the HIV-1 reservoir, the cru-
cial test was investigating the effectiveness of anti-HIV-1 genes
delivered with or without Vpx. To address this, two gene therapy
approaches were used that inhibited HIV-1 infection either pre-RT
(Cal-1) or post-RT (shPromA). The key step of HIV-1 replication that
Vpx enhances is RT. Utilizing pre or post-RT approaches addressed

Official journal of the American Society of Gene & Cell Therapy



whether Vpx requires complementation with a specific category
of anti-HIV-1 genes to effectively restrict HIV-1 infection. When
Vpx was incorporated with the anti-HIV-1 genes, transduction
efficiencies were significantly increased in both pre and post-RT
approaches. In the absence of Vpx, both of the anti-HIV-1 gene
approaches restricted HIV-1 infection. Furthermore, when exam-
ining on a single cell level, all transduced macrophages were pro-
tected against HIV-1 infection. However, in the presence of Vpx, the
step at which the anti-HIV-1 gene restricted replication was critical
in determining whether inhibition of HIV-1 replication occurred.
Macrophages transduced with Cal-1, which restricts HIV-1 replica-
tion before RT at the step of entry/fusion, showed complete pro-
tection against HIV-1 infection in the presence of Vpx. However,
macrophages transduced with shPromA, which restricts HIV-1 rep-
lication after RT, postintegration, failed to protect all of the macro-
phages with the majority of transduced cells also being infected
with HIV-1. This effect observed for the post-RT approach was
amplified when the MOI for HIV-1 infection increased. The reason
for this lowered protective capacity could be due to an increase in
viral RT-activity as a result of pre-Vpx exposure. An increase in viral
RT and subsequent integration, could render shPromA unable to
target all the HIV-1 genomes beyond a certain threshold level.
Therefore, an increase in HIV-1 infection is observed when the MOI
is increased. These results clearly demonstrate incorporating the
Vpx protein with a pre-RT gene therapy approach significantly
increases the number of successfully transduced resting cells,
which in turn enhances HIV-1 protection levels. Furthermore, the
use of Vpx does not have any deleterious bystander target effects
as there is no evidence of nontransduced cells with an HIV-1
enhanced Vpx phenotype. Ex vivo gene delivery protocols need
to wait till the protective anti-HIV-1 construct is active for reinfu-
sion, as immediate transduction and then reinfusion into patients
would render them highly permissive to HIV-1 infection.

The incorporation of Vpx protein into gene therapy vectors could
also be beneficial in facilitating gene therapy protocols targeting
resting cells, as there is an increase in both RT and integration kinetics
upon Vpx stimulation alongside a significant increase in overall gene
delivery. These effects could help in two key ways. Firstly, scaling
up to generate Good Manufacturing Practice-compliant lentivirus
batches for clinical trials would be economically more feasible. Since
substantially less lentivirus would be required to achieve equiva-
lent transduction rates a reduced number of batches for high-titer
vector preparations would be needed. Typically, an MOI of at least
1 is used in clinical protocols, which is at least five times more than
that used in our protocols.*#*” Therefore the number of time con-
suming and rigorous tests required for each batch can be reduced.
Additionally, using less lentivirus to achieve equivalent transduc-
tion rates would decrease the likelihood of toxicity, inflammation or
immune responses observed in vivo.*®>° Secondly, the time required
to generate transduced cells for reinfusion could be decreased, since
it takes significantly less amount of time to achieve successful gene
expression due to the increase in RT and integration kinetics.

The long-term enhancement after Vpx stimulation observed in
resting cells effectively restricts the use of this accessory protein to
only pre-RT gene therapy approaches. To expand the use of Vpx,
decreasing the window of opportunity to enhance lentiviral RT and
integration kinetics needs to occur. One study has observed that Vpx
is rapidly degraded in the cell through the proteasomal pathway.*!
Therefore, it could be hypothesized that the long-term phenotype
is due to an interaction with a host protein. Indeed, our MDDC long
term data showed the greatest enhancement of HIV-1 infection
when SAMHD1 levels were at their highest. This interaction may not
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necessarily be SAMHD1, as a study by Hollenbaugh and colleagues
has shown that post-Vpx treatment the rate of SAMHD1 recovery
and dNTP depletion does not correlate.®® Mutagenesis studies could
reveal a novel mutant, which is unable to interact with the host pro-
tein responsible for the long-term phenotype, but retain the RT
enhancing capacity of a short-term phenotype.

This study demonstrates a way to overcome the major delivery
obstacle presented when delivering anti-HIV-1 genes into cells of
the HIV-1 latent reservoir. Vpx significantly increased delivery with all
gene therapy conditions. However, it was case-dependent whether
the increase in gene delivery also translated into an enhanced antivi-
ral effect, with Cal-1 pre-RT inhibition of HIV-1 replication showing the
greatest effect. This result is of great importance, as Cal-1 is currently
undergoing phase 1/2 trials in the United States. Additionally, oncol-
ogy studies have started to incorporate Vpx in their gene therapy pro-
tocols.5'? For Vpx containing LV vectors, the dual utilization of Cal-1
(pre-RT), to protect against HIV-1 infection, and shPromA (post-RT), to
stabilize the latent reservoir, would have the greatest effect on HIV-1
infected patients. For uninfected cells, the dual approach would pre-
vent HIV-1 entry. For infected cells, the shPromA would restrict HIV-1
reactivation and Cal-1 would prevent any potential superinfection
and enhancement of HIV-1 replication because of the presence of
Vpx. The potential inclusion of Vpx in the future LV preparations may
help further expand the delivery of this construct to unstimulated
cells in clinical protocols, such as the resting CD4+ T cell population,
as cells would not need to be stimulated/activated.

MATERIALS AND METHODS
Cells and cell culture

HEK293T cells (Invitrogen, Carlsbad, CA) and the Hela cell line TZM-bl
(Obtained through NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH,
from John C Kappes, Xiaoyun Wu and Tranzyme (Catalogue No. 8129)) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Waltham,
MA) supplemented with 10% fetal calf serum (FCS) (Gibco).

Monocytes were purified from peripheral blood mononuclear cells by
positive selection using anti-CD14 magnetic beads as outlined by the manu-
facturer (Miltenyi Biotech, Gladbach, Germany) with the exception of using
phosphate-buffered saline (PBS) supplemented with 1% (v/v) human AB
serum (Sigma Aldrich, St Louis, MO) and 1T mmol/I ethylenediaminetetraac-
etate (EDTA) (Sigma Aldrich) at 4°C. MDDCs were generated by culturing
purified monocytes in Roswell Park Memorial Institute (RPMI) 1640 supple-
mented with 10% fetal calf serum (FCS), IL-4 (1,000 U/ml) and GM-CSF (1,000
U/ml) (Biosource, Carlsbad, CA) for 24 hours. MDMs were made by plastic
adherence of monocytes in serum free media for 1 hour before supple-
mented with RPMI 1640 media containing human AB serum (Sigma Aldrich),
which brought the final concentration of human serum to 10%. MDMs were
used after 7 days of differentiation for experiments.

Plasmids

A second generation lentiviral vector capable of packaging Vpx was generated
by subcloning the Sphl-to-Sbfl region containing the Vpx packaging motif
from pNL4.3-luc3-E-R- SIV p6 17-26 (kind gift from N Landau) into psPAX2
(Obtained from Didier Trono through NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: psPAX2 (Catalogue No. 11348)) (see Supplementary Figure
S1). The modified plasmid was termed psPvpxD. The HIV-1 GFP proviral clone
(Aigag)® was used to generate HIV-GFP. The backbone is based on HIV-1 NL4.3
and contains eGFP in-between matrix and capsid, flanked 5" and 3" by HIV-1
protease cleavage sites. An early stop codon is also present in the env region.
The lentiviral vectors shPromA and shPromA-empty were constructed as pre-
viously described.** The lentiviral vectors LVsh5/C46 (Cal-1) and Cal-1-empty
were constructed as previously described.*

Virus preparations

VLPs packaged in trans in the presence or absence of Vpx, HIV-1 GFP and
anti-HIV-1 lentiviral vectors were generated by cotransfecting HEK293T cells
using linear PEI Max (at 1 mg/ml, pH 7 (Polysciences, PA)).
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For the transfection of Vpx VLPs; psPvpxD, pMD2.G and pcVpx.myc (kindly
provided by N Landau) or molecular grade salmon sperm DNA, was added
at a DNA mass ratio of 2:1:0.7 respectively. Salmon sperm DNA served to
maintain nitrogen to phosphate rations in PEI/DNA negative control trans-
fections. The plasmids were diluted in tissue culture grade 0.9% (w/v) NaCl
(Sigma Aldrich) into a final volume of 500 pl.

For the generation of HIV-1 GFP packaged with or without Vpx, the plas-
mids psPvpxD, Aigag,®® pMD2.G and pcVpx.myc or molecular grade salmon
sperm DNA were added at a DNA mass ratio of 2:2:1:0.7. The Aigag plasmid
was cotransfected with psPvpxD for two reasons. Firstly to allow the packag-
ing of Vpx into the virion and secondly for wild type (WT) Gag and WT Gag-Pol
to be packaged into the assembling virions generating an unattenuated virus.

For the generation of shPromA and shPromA-eGFP packaged with or
without Vpx, the plasmids psPvpxD, shPromA/shPromA-eGFP, pMD2.G and
pcVpx.myc or molecular grade salmon sperm DNA were added at a DNA
mass ratio of 2:2:1:0.7. For the generation of LVsh5/C46 (Cal-1) and Cal-1-
eGFP* packaged with or without Vpx, the plasmids psPvpxD, Cal-1/Cal-1-
eGFP, pMD2.G and pcVpx.myc or molecular grade salmon sperm DNA were
added at a DNA mass ratio of 2:2:1:0.7.

As prepared above, 60 pl of polyethylenimine (PEl) Max (Polysciences,
Warminster, PA) was added drop wise to the diluted plasmid DNA and vor-
texed for 10 seconds. The plasmid-DNA mix was incubated at room temper-
ature for 30 minutes and then 7x 10° trypsinised HEK293T cells were added
dropwise to the mixture and incubated for 5 minutes at room temperature.
This mixture was added dropwise to a 10cm petri dish and the final volume
was brought to 10ml with DMEM supplemented with 10% FCS. The media
was changed 18 hours after transfection with fresh media. At 72 hours post-
transfection the supernatant was harvested by centrifugal preclearing of viral
supernatant at 2,500xg for 20 minutes at 4°C, aliquoted and frozen at —80°C.
For lentiviruses encoding anti-HIV-1 genes, the transfection supernatant was
pelleted at 27,000xg for 90 minutes (no brake) after the initial preclear step
and was resuspended in 20% RPMI.

Subsequently generated HIV-GFP and lentiviruses were titred on the indi-
cator cell line TZMbl and the Reed Muench method was used to extrapolate
the virus titre.® Since the VLPs + Vpx do not produce the HIV-1 Tat protein to
drive the reporter gene in the TZMbl indicator cell line, their titre was deter-
mined using reverse transcriptase activity as previously described.®-¢¢

The R5 virus BaL was produced by transfecting HEK293T with the plasmid
pWT/BaL (Obtained from Bryan R Cullen through NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH: pWT/BaL (Catalogue No. 11414)). The resulting
virus was then expanded using CCR5 positive Sup-T1 cell line (CL.30 courtesy
of James Hoxie). The titre was obtained using the TZMbl indicator cell line,
which was calculated to be 1.02x 10%/ml.

Immunoblot analysis

Whole cell lysates were generated using cell lysis buffer (Cell Signaling
Technology, Danvers, MA) containing 20 mmol/l Tris-HCI (pH 7.5),
150 mmol/l NaCl, 1 mmol/l Na2EDTA, 1 mmol/l ethyleneglycol-
bis(baminoethylether)- N,N9-tetraacetic acid (EGTA), 1% (v/v) Triton,
2.5 mmol/l sodium pyrophosphate, 1 mmol/I beta-glycerophosphate, 1
mmol/I Na,VO,, 1 ug/ml leupeptin with 1X complete mini protease inhib-
itor (Roche, Basel, Switzerland) added before use. The cells were incu-
bated on ice for 30 minutes and vortexed every 10 minutes. The insoluble
material was removed by centrifugation at 14,000xg, 4°C for 10 minutes.
Supernatants were stored at —80°C before use.

Cell lysates were separated on 4-12% Bis-Tris sodium dodecyl sul-
fate (SDS)- polyacrylamide gel electrophoresis (PAGE) (Invitrogen) and
transferred to a Polyvinylidene difluoride (PVDF) membrane (Millipore,
Darmstadt, Germany). The membrane was blocked with 2.5% (w/v) skim
milk in Tris-buffered saline (TBS) for 1 hour. The membrane was probed with
either polyclonal antirabbit SAMHD1 antibody (611-625) (Sigma Aldrich)
overnight at 4°C or anti-mouse B-actin (Monoclonal clone AC-15) (Sigma
Aldrich) for 1 hour at room temperature. The membrane was washed (three
times for 5 minutes with TBS-T) and probed with either donkey antirabbit IgG
HRP or sheep antimouse IgG horseradish peroxidase (HRP) (GE Healthcare,
Buckinghamshire, UK) for 2 hours at room temperature. The membrane was
washed (three times for 5 minutes with TBS-T) and developed using Immun-
Star HRP Chemiluminescent Kit (BioRad, Hercules, CA).

Flow cytometry

About 2.5% 10° MDDCs were washed once in cold PBS and then fixed with
4% (v/v) PFA (Electron Microscopy Science, PA) for 20 minutes at 4°C in the
dark. Cells were washed three times with cold PBS supplemented with 1%
(v/v) human serum and 1 mmol/I EDTA. The MDDCs were gated on forward
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and side scatter and analyzed for fluorescein isothiocyanate (FITC) fluores-
cence with mock-infected cells as a negative control.

Time of addition assay

Macrophages seeded at 1x10%/well in a 96-well plate were spinoculated
with either HIV-GFP + Vpx (MOI 0.1) or £Vpx VLPs (670 pg RT) at 1,200 x g
for 30 minutes at 4°C. At the indicated time-point post infection (hpi) either
10 umol/I of AZT (Obtained from the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH (Catalog No. 3485)), or 1 umol/l of RAL (Obtained through
the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Raltegravir
(Catalog No. 11680) from Merck & Company) or + Vpx VLPs (670 pg RT) were
added to the macrophage cultures. After 5 days of infection the plate was
fixed with 4% PFA and GFP positive cells were counted on a fluorescent
Elispot plate reader (AID Diagnostika, Strasburg, Germany). Results were
either presented as total GFP positive cells or as a percentage of HIV-1 infec-
tion using the HIV-1 no drug control as the denominator.

IC,, of AZT and RAL

Macrophages seeded at 3.2x 10%well in a 384 well plate were stimulated
with £Vpx VLPs (670 pg RT) for 1 and 7 days. At the stated time points, mac-
rophages were treated with a fourfold dilution series of either AZT (start-
ing concentration 10 pmol/l), EFV (starting concentration 1 pmol/l) or RAL
(starting concentration 1 umol/l) for 30 minutes before being spinoculated
with HIV-1 GFP -Vpx (MOI = 0.1) at 1,200 x g for 30 minutes at 4°C. At five
dpi GFP positive cells were counted on the Deltavision (Applied Precision).
The results were represented as percent suppression compared with the no
drug control.

High-throughput microscopy

Macrophages were seeded at 3.2x 10%/well in a 384 well plate and trans-
duced at MOI 0.2 with anti-HIV-1 gene therapy vectors packaged with or
without Vpx through spinoculation at 1,200 x g for 30 minutes at 4°C. At
7 or 14 days post-transduction the macrophages were infected with R5
BaL at three MOls; 0.02, 0.1, and 0.2. At 7 dpi macrophages were fixed with
4% paraformaldehyde (PFA) (Sigma Aldrich) for 20 minutes at RT and then
neutralized with 50 mmol/I NH4CI (Sigma Aldrich) for 3 minutes. Cells were
permeabilized with 0.05% Triton-X (Sigma Aldrich) for 1 minute at RT and
blocked for 20 minutes in 10% goat serum. Macrophages were stained
with the monoclonal antibodies p17 (ATCC; clone MH-SVM33C9) and p24
(Obtained from Bryan R Cullen through NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH: pWT/BaL (Catalogue No. 11414%). The secondary anti-
body used was goat antimouse Alexa Fluor 647 (IgG H + L; Highly cross-
absorbed; Invitrogen) All washes were performed in PBS supplemented
with 1% fish skin gelatin (Sigma) and 0.02% saponin (Sigma Aldrich). The
macrophages were counterstained with 4,6-diamidino-2-2-phenylindole
(DAPI) (ThermoFisher, MA) before being visualized on the Cytell Cell Imaging
System (GE Healthcare, Buckinghamshire, UK). The resulting images were
transformed into a.XDCE file before being analysed by IN Cell Investigator
software (GE Healthcare) to enumerate the total number of cells, transduced
cells, and infected cells. A linkage protocol was used to determine the num-
ber of transduced cells that were also infected. A nonparametric analysis of
variance (ANOVA) (Friedman test) was performed for all data sets along with
a Dunn’s multiple comparisons test.
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