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Integrase-defective lentiviral vectors (IDLVs) represent an
attractive platform for vaccine development as a result of the
ability to induce persistent humoral- and cellular-mediated im-
mune responses against the encoded transgene. Compared with
the parental integrating vector, the main advantages for using
IDLYV are the reduced hazard of insertional mutagenesis and
the decreased risk for vector mobilization by wild-type viruses.
Here we report on the development and use in the mouse
immunogenicity model of simian immunodeficiency virus
(SIV)-based IDLV containing a long deletion in the U3 region
and with the 3’ polypurine tract (PPT) removed from the trans-
fer vector for improving safety and/or efficacy. Results show
that a safer extended deletion of U3 sequences did not modify
integrase-mediated or -independent integration efficiency.
Interestingly, 3’ PPT deletion impaired integrase-mediated
integration but did not reduce illegitimate, integrase-indepen-
dent integration efficiency, contrary to what was previously re-
ported in the HIV system. Importantly, although the extended
deletion in the U3 did not affect expression or immunogenicity
from IDLV, deletion of 3’ PPT considerably reduced both
expression and immunogenicity of IDLV.

INTRODUCTION

Development of safe and effective gene transfer systems is critical to
the success of gene therapy and vaccination protocols for human dis-
eases, and an ideal vectored vaccine should maximize immune
response (both cellular and humoral) without affecting safety. Vi-
rus-based vectors are natural vehicles of genetic information, and
among them lentivirus-based vectors are widely exploited for in vivo
gene delivery because of their ability to efficiently transduce dividing
and non-dividing cells,' transfer large antigens (up to 8 kb),” and
establish persistent long-lasting immune responses,”* along with a
low potential for genotoxicity and their absence of preexisting anti-
vector immunity.5 7 The development of self-inactivating (SIN) len-
tiviral vectors (LVs) reduced the risk for mobilization of the vector
genome,”” although transcriptional regulatory elements into the 5’

untranslated region may activate cryptic promoters.'>'! The further
development of integrase-defective lentiviral vectors (IDLVs) greatly
decreased the risk for insertional mutagenesis and improved LV
safety, while maintaining a good expression profile, thus making
them more appealing, particularly for immunization purposes.'” In
the absence of a functional integrase (IN) protein, IDLVs are unable
to integrate in the host genome, and they produce unintegrated extra-
chromosomal DNA (E-DNA), which express viral proteins. Further-
more, the E-DNA persists in vitro and in vivo in non-dividing
cells.">'* IDLVs are currently under evaluation for gene therapy
and vaccines in preclinical and clinical studies.'® In this context, we
and others showed that IDLVs elicited durable humoral and cellular
responses after a single immunization.'>'® In particular, our work is
focused on the use of SIN simian immunodeficiency virus (SIV)-
based IDLV for immunization. The use of SIV-based IDLV for immu-
nization purposes may be more advantageous because they showed a
more favorable expression profile compared with human immunode-
ficiency virus (HIV)-based IDLVs in primary human and simian den-
dritic cells, thus increasing their ability to act as functional antigen-
presenting cells.'” In addition, SIV-based IDLVs are not based on a
human pathogen, and therefore recombination events between SIV
and HIV sequences, including cross-packaging, are less likely to
occur.

Previous work using HIV-based vectors showed that a large U3 dele-
tion in the long terminal repeat (LTR) of the lentiviral transfer vector
increased expression from IDLVs, and that 3’ polypurine tract (PPT)-
deleted IDLVs significantly reduced IN-independent illegitimate inte-
gration.'®*” However, these modifications were not tested in the
context of SIV-based IDLVs. In this report, we developed SIV-based
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Figure 1. FACS analysis of GFP expression in 293T Lenti-X cells transduced with SIV-based lentiviral vectors

Cells were transduced with equal amounts (3 x 10° RT counts) of integrating LVs (top) or IDLVs (bottom) delivering GFP. GAE, parental self-inactivating (SIN) SIV-based
transfer vector; GAEdPPT, mutant transfer vector with 3' PPT deleted; GAEdPPTdUS3, double mutant with an extended 423-bp U3 deletion and with 3' PPT deleted;
GAEdU3, mutant transfer vector with an extended 423-bp U3 deletion; GFP, green fluorescent protein; MFI, mean fluorescence intensity.

transfer vectors with the aim of enhancing safety and expression pro-
files of SIV-based IDLVs by introducing deletions that were previ-
ously evaluated in the HIV-based system. Deletions in the SIV-based
IDLVs were evaluated separately or were combined in double mu-
tants to assess cumulative effects.

In the present report, we show that SIV-based IDLVs have a high
safety profile with low mobilization from both episomal and inte-
grated templates. Also, expression profile and immunogenicity, using
codon-optimized HIV-1jg g, glycoprotein 120 (gp120) envelope as
model antigen for immunization in BALB/c mice, were not affected
by the removal of additional U3 sequence. Conversely, introduction
of 3’ PPT deletion in the IDLVs reduced its expression profile and
consequent immunogenicity. Taken together, these results indicate
that although extended deletion in the U3 region should be consid-
ered for improving SIV-based IDLV design, 3 PPT deletions are
detrimental in the context of SIV-based IDLV expression and
immunization.

RESULTS

PPT deletion impairs expression efficiency of SIV-based
lentiviral vectors

The basic features of the SIV-based transfer vectors used in this study
are shown in Figure S1. Parental pGAE SIN SIV-based transfer vector
contains a 149-base pair (bp) deletion in the enhancer/promoter U3
region (deleted from —20 to —169).%" pGAEdUS3 transfer vector con-
tains a longer 423-bp deletion in the modulatory U3 region (deleted
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from -20 to -453). Both pGAE and pGAEdU3 transfer vectors were
deleted in the 3’ PPT (21-bp deletion) to produce pGAEdPPT and
PGAEdU3dPPT transfer vectors, respectively (Figure S2).

To compare transduction efficiency and gene expression of the different
SIV-based vectors, we produced IN-competent LVs and IDLVs deliv-
ering reporter green fluorescent protein (GFP) as described in the
Materials and methods. All vectors were released at comparable levels,
as measured by recovery of reverse transcriptase (RT) activity in the su-
pernatant of 293T Lenti-X packaging cells (data not shown), confirming
that the introduced mutations did not significantly alter virus assembly
or release. Subsequently, we performed fluorescence-activated cell sort-
ing (FACS) analysis on 293T Lenti-X cells transduced with normalized
amounts of GFP-expressing vectors (3 X 10° RT counts/10° cells/well;
Figure 1). Concerning the IN-competent LV, a large U3 deletion (LV-
GAEdU3-GFP) did not affect transgene expression compared with
parental LV-GAE-GFP, consistent with previously reported deletion
in HIV-based integrating vectors.'® Conversely, deletion of 3' PPT
greatly decreased the GFP mean fluorescence intensity (MFI) expres-
sion profile from both GAEdPPT and GAEdPPTdU3 IN-competent
vectors, regardless of U3 deletion (Figure 1). This is similar to what
has been shown using the HIV-based system, where the 3’ PPT deletion
decreased the levels of linear vector forms, substrate of integration, and
enhanced the formation of 1-LTR circles.'” Because the episomal forms
of the lentiviral vectors express at lower levels than the integrated
form,'? this leads to decreased GFP MFI expression profiles in both 3’
PPT-deleted IN-competent lentiviral vectors compared with the
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Figure 2. Luciferase activity from 293T Lenti-X cells transduced with
parental and mutated integrase-defective lentiviral vectors delivering
luciferase

Cells were transduced with an equal amount (1.5 x 10* RT counts) of IDLVs
delivering luciferase. Data are expressed as percentage of luciferase activity
compared with the corresponding parental control IDLV-GAE-Luc (100% luciferase
activity). Mean with range of three independent experiments is shown. GAE,
parental SIN SIV-based transfer vector; GAEAPPT, mutant transfer vector with 3’
PPT deleted; GAEAPPTAU3, double mutant with an extended 423-bp U3 deletion
and with 3’ PPT deleted; GAEJU3, mutant transfer vector with an extended 423-bp
U3 deletion.

parental vector containing the wild-type 3’ PPT. Concerning parental
and mutated IDLVs expressing GFP, we did not detect measurable dif-
ferences by FACS analyses (Figure 1, bottom). To better assess differ-
ences in expression activity from parental and mutated IDLVs, we
evaluated luciferase activity on 293T Lenti-X cells transduced with an
equal amount of all IDLVs expressing the luciferase transgene (Figure 2).
Results indicated that although a large U3 deletion (IDLV-GAEdU3)
did not affect luciferase expression compared with parental IDLV-
GAE, deletion of 3’ PPT decreased luciferase expression from both
IDLV-GAEdPPT and IDLV-GAEdPPTdU3, suggesting that altering
the reverse transcription process by 3’ PPT deletion in SIV-based vec-
tors negatively affects production of IDLV templates and consequent
expression.

3’ PPT, but not extended U3 deletion, in the SIV-based transfer
vector impairs IN-mediated integration

In previous work, we showed that STV-based IDLVs integrated over 3
logs less frequently than the parental IN-competent vector.”” This is
in line with what has been generally reported in the context of HIV-
based vectors, where HIV-based IDLVs integrated over 2-3 logs less
frequently than the parental IN-competent vector.'”***>** To eval-
uate the integration activity of the SIV-based U3 and 3’ PPT-deleted
mutants, we produced and used recombinant integrative LVs and
IDLVs expressing the neomycin resistance (Tn/neoR) gene to trans-
duce human HeLa cells, which were subsequently screened with ge-
neticin in a colony formation assay.

As shown in Figure 3A, the longer U3 deletion did not significantly
modify integration frequency of the IN-competent LVs (black bars:
GAE versus GAEdU3 and GAEdPPT versus GAEJPPTAU3).
Conversely, 3’ PPT-deleted LVs exhibited impaired IN-mediated
integration, as shown by a significant reduction in colonies formation
with respect to parental LV with wild-type 3’ PPT (Figure 3A, black
bars: GAE versus GAEdPPT and GAEdU3 versus GAEdPPTdU3),
regardless of the U3 modification. This is in line with reported inte-
gration frequencies using HIV-based 3' PPT-deleted LVs,'”*" but
significantly higher than those obtained using the respective non-
integrating vectors (Figure 3A, gray bars). Indeed, compared with
each parental LV, any tested IDLV showed a sharp decrease in the
number of recovered colonies. In particular, as shown in Figure 3B,
IDLVs with a long U3 deletion (GAEdU3) showed a reduction in
integration frequencies similar to the parental IDLV GAE vector
(IDLV fold average reduction versus respective LVs of 1,750 and
1,400, respectively). IDLV GAEdPPT single 3’ PPT mutant and
IDLV GAEdPPTdU3 double mutant behaved similarly, integrating
an average of 40 and 25 times less frequently than their respective
IN-competent LV counterparts (Figure 3B). These data confirm re-
ported data showing impaired integration efficiency of 3’ PPT-deleted
IN-competent LVs, while a long U3 deletion had no effect on integra-
tion of both LVs and IDLVs.'® ° Interestingly, the SIV-based 3’ PPT-
deleted IDLV GAEdPPT and IDLV GAEdPPTdU3 showed only a
marginal 1.5-fold reduction in integration activity with respect to
parental IDLV GAE and IDLV GAEdU3, respectively. This is in
contrast with published data using HIV-based 3’ PPT-deleted IDLVs,
where reported integration frequencies of 3’ PPT-deleted IDLV's were
decreased by 3-fold compared with IDLVs containing 3’ PPT.'**

Low level of mobilization from vector episomal forms

Previous work has shown that U3 deletions leading to self-inactiva-
tion of LV significantly reduced vector mobilization from integrated
templates.'"*> Conversely, circular episomal forms of HIV-based
SIN-LV supported mobilization of vector templates and subsequent
production of high vector titers.”>”°

To evaluate mobilization from circular templates resembling the
episomal forms of SIV-based IDLV, we produced episomal transfer
vectors containing a single LTR and evaluated their ability to support
vector production. The basic features of these vectors are shown in
Figure S3. Episomal transfer vectors (€GAEs) mimic expression of
episomal forms produced after IDLV infection and contain the
same mutations described above in the pGAEs vectors, including a
short or long U3 deletion (eGAE and eGAEdUS3, respectively) or a
deletion in the 3’ PPT region (eGAEdPPT) in addition to a long U3
deletion (eGAEdPPTAU3). All episomal transfer vectors include a
GFP marker, the Tn/neoR gene (GIN), and elements that allow repli-
cation in bacteria (ampicillin resistance [AO] and E. coli replication
origin [OriC]). An episomal control vector containing a full-length
SIV hac23e LTR and wild-type full-length 3" PPT (eSH) was used as
a positive control of episomal vector mobilization. To evaluate mobi-
lization from episomal templates, we transfected each episomal trans-
fer vector separately together with SIV packaging IN-competent
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(pADSIV3") and vesicular stomatitis virus G protein (VSV-G) enve-
lope plasmids into packaging 293T Lenti-X cells. Recovered vector ti-
ters were normalized by RT activity and analyzed by FACS using
serial dilution on 293T Lenti-X cells and colony formation on HeLa
cells.

FACS analysis showed that LV produced with episomal eGAE and
eGAEdU3 exhibited a strong decrease in transduction ability with
respect to the parental LV produced with eSH episomal transfer vec-
tor with full-length LTR, suggesting a sharp reduction of mobilization
from episomal templates containing U3 deletions (Figure 4). In addi-
tion, deletion of 3’ PPT in both eGAEdPPT and eGAEdPPTdU3
episomal transfer vectors showed an additional reduction in GFP
transduction and expression from each respective LV. This is consis-
tent with data shown in Figure 3 using IN-competent GAEdPPT and
GAEdPPTdU3 and related to the impairment of integration in the 3’
PPT mutant viruses.'”*’

To better quantify episomal transfer vector mobilization, we used su-
pernatants to transduce HeLa cells in a colony formation assay. Results
showed a 2-log reduction in colonies formation from eGAE and
eGAEdUS3 vectors with respect to the full-length LTR (eSH) and an
additional 1.5-log reduction in the 3’ PPT-deleted eGAEdPPT and
eGAEdPPTdU3 vectors (Figure 5), reproducing the FACS analysis
data (Figure 4). These results are in line with integration frequency
of 3’ PPT-deleted IN-competent vectors, providing evidence that
RNA templates mobilized from 3’ PPT-deleted episomal transfer vec-
tors are impaired in integration and in contrast with published data us-
ing HIV-based LV, showing that circular episomal forms of HIV-based
SIN-LVs with a large deletion in the U3 region supported mobilization

of vector templates and subsequent high vector titers production.”*

Low level of mobilization from vector episomal forms after
cross-packaging

Vectors based on primate lentivirus involve the risk for vector mobili-
zation not only by homologous viruses but also by heterologous vi-
ruses. This may have implications in SIV-IDLV recipients who are

10004 P
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Figure 3. DNA recombination frequencies of SIV-
based IN-competent and IN-defective lentiviral
vectors

(A) Average geneticin-resistant colony formation titer
assay results in transduced Hela cells comparing the
frequency of integration among integrase-competent (LV,
black bars) and integrase-defective (IDLV, gray bars)
lentiviral vector. (B) Ratio between the number of colonies
of LV- and IDLV-transduced Hela cells from (A). GAE,
parental lentiviral vectors; GAEdPPT, vectors with a 3'-
PPT deletion; GAEdPPTdUS, vectors with a 3'-PPT
deletion and a large U3 deletion; GAEAUS, vectors with a
large U3 deletion. y axis in (A) represents number of col-
onies/10° RT counts of vector supernatant, while in (B), it
represents the LV/IDLV ratio among colonies. The error
bars indicate the standard deviation among n = 4 inde-
pendent experiments, and p values are shown for inter-
group comparisons. **p < 0.01, **p < 0.001.

(or become) infected by HIV. Indeed, the SIV vector RNA genome
could be cross-packaged into HIV particle, although at lower levels
than the homologous HIV vector, similarly to what was previously
described.””~*° Thus, we investigated the possibility that our episomal
SIV-based transfer vectors could be cross-packaged in HIV particles
and transferred into recipient cells. To this aim, we produced IN-
competent LV with either the SIV-based or the HIV-based packaging
system, which were evaluated on 293T Lenti-X and HeLa cells for
FACS analysis or colony formation assay, respectively. As shown by
FACS analysis (Figure 6), packaging of SIV transfer vector containing
the full-length SIV-LTR (eSH) into HIV particles (HIV packaging the
SIV genomes) showed over a 10-fold reduction in transduction effi-
ciency with respect to homologous packaging (SIV packaging the
SIV genomes). The eGAEs transfer vectors did not show a significant
difference with respect to packaging system used, possibly because of
the sensitivity of the assay. To better quantify episomal transfer vector
mobilization, we used supernatants to transduce HeLa cells in a colony
formation assay (Figure 7). The episomal vector with full-length SIV-
LTR (eSH) showed a near 2-log decrease in colony formation when
cross-packaged into HIV particles, while cross-packaging of episomal
eGAEs showed a smaller reduction compared with homologous pack-
aging, possibly because of the lower mobilization ability from the SIN
episomal templates. Overall, these data indicated that although SIV
episomal genomes can be cross-packaged and mobilized by HIV-based
viral particles, this mechanism is less efficient than with homologous
SIV viral particles, in line with previously reported data.”” >’

Low frequency of mobilization of integrated SIV-based lentiviral
vectors

Previous reports showed that mobilization of integrated LV genomes
is reduced, but not fully abolished, when in the SIN conﬁguration.u‘3 0
Although we showed a low-level mobilization from episomal tem-
plates, we also evaluated mobilization of GAE vectors from the inte-
grated templates. We produced 293 cell lines stably transduced with
all SIV-based vectors, including the full-length LTR (293/SH), while
a cell line stably transduced with a HIV-based SIN vector (293/LV-
GFP-Neo) was used as a control to evaluate mobilization from
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Figure 4. Mobilization from episomal SIV-based LV

FACS analysis of GFP expression in 293T Lenti-X cells transduced with normalized amounts (RT counts/mL) of LV produced from parental (€GAE), single-mutant (€GAEJU3
and eGAEJPPT), or double-mutant (€GAEdPPTdUS) episomal transfer vectors depicted in Figure S3. Transfer vector eSH containing a full-length SIVmacosg LTR and 3’ PPT
was used as a positive control for episomal vector mobilization. All episomal transfer vectors contain a GFP marker and neomycin resistance gene. Mobilization was valuated

as % of GFP-expressing cells by FACS analysis.

cross-packaging vectors.'” All cell lines were co-transfected with the
pseudotyping VSV-G glycoprotein and either the SIV-based or the
HIV-based IN-competent packaging plasmid. Supernatants were
collected and used on HeLa cells in a colony formation assay. As
shown in Table 1, the SIV-based vector with full-length LTR mobi-
lized with a 3-log higher frequency with respect to all GAE- and
HIV-based SIN vector after SIV packaging (Table 1, left columns).
Importantly, all vectors, both HIV and SIV based, showed a further
reduction of mobilization after cross-packaging with the heterologous
packaging system. In particular, the removal of 3’ PPT (in both the
single and the double mutants GAEdPPT and GAEdPPTdU3)
reduced vector mobilization after cross-packaging with the HIV
packaging plasmid compared with the parental SIV packaging
plasmid. Of note, homologous mobilization of HIV-based SIN vector
was higher than any SIV-based SIN vector, and mobilization of a full-
length SIV LTR with the HIV packaging plasmid was 1-log lower than
when using the homologous SIV packaging plasmid.

3’ PPT deletion in SIV-based IDLV impairs immunogenicity

Following in vitro evaluation of gene expression and safety of the
modified SIV-based IDLV, we evaluated the impact of these modifi-

Molecular T

cations on their ability to induce humoral and cellular responses
in vivo. Immune response was assessed following a single intramus-
cular inoculum of high (10 x 10° RT counts) and low dose (2 x
10° RT counts) of each IDLV expressing the codon-optimized
HIV-1jr p1, gp120 envelope protein (JR) as a model antigen in
BALB/c mice, as previously described.”*’" Sera samples were
collected prior to inoculum and at 5 weeks post-immunization (the
day of sacrifice) and subjected to enzyme-linked immunosorbent
assay (ELISA) assay to measure anti-Env antibody (Ab) titers (Fig-
ure 8A). All groups of mice showed high Ab titers after the single
immunization with both doses in a dose-dependent manner. In
particular, mice immunized with parental IDLVs (IDLV-GAE-JR)
and with IDLVs containing the long U3 deletion (IDLV-GAEdU3-
JR) showed the highest anti-Env Ab titers, while introduction of the
3’ PPT deletion in IDLV-GAEdPPT-JR and IDLV-GAEdPPTdU3-
JR hindered induction of Ab titers with both vector doses.

The cell-mediated immune response was determined by IFNy
enzyme-linked immune absorbent spot (ELISPOT) on ex vivo spleno-
cytes collected at sacrifice (5 weeks after the inoculum) by using a JR-
9-mer peptide containing the H-2d-restricted HIV-1 gp120 envelope

herapy: Methods & Clinical Development Vol. 23 December 2021 267
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Figure 5. DNA recombination frequencies of SIV-based episomal transfer

vectors

Average geneticin-resistant colony formation titer assay results in transduced HelLa
cells comparing the frequency of integration among the episomal lentiviral transfer
vectors. y axis represents infectious units/10® RT counts of vector supernatant. The
error bars indicate the standard error among n = 4 independent experiments, and p
values are shown for intergroup comparisons. **p < 0.01, **p < 0.001. eGAE,
parental episomal lentiviral vector; eGAEdPPT, episomal vector with a 3’ PPT
deletion; eGAEdPPTAUS, episomal vector with a 3'-PPT deletion and a large U3
deletion; eGAEdU3, episomal vector with a large U3 deletion; eSH, episomal vector
with full-length LTR.

epitope (IGPGRAFYT).”> All vaccinated animals showed a dose-
dependent JR-9-mer-specific immune response (Figure 8B). Mice in-
jected with IDLV containing the 3’ PPT deletion elicited a lower
amount of IFNvy-producing cells, which was statistically significant
at the highest dose of IDLV-GAE-JR and at the lowest dose of
IDLV-GAEdU3-JR. This is in line with a lower induction of anti-
Env Ab titers (Figure 8A) and is consistent with the lower transcrip-
tional potential of 3 PPT-deleted SIV-based IDLV (Figure 2).

DISCUSSION

Soon after infection, IDLVs produce transcriptionally active episomal
forms (E-DNA), whereas integrated proviral forms are drastically
reduced or virtually absent.”” Although safer than integrated LV, E-
DNA may be a target for mobilization from incoming infectious viral
particles in the case of superinfection with a replication-competent vi-
rus. Vector mobilization may lead to integration events and eventu-
ally to insertional mutagenesis or oncogenic activation.”* In this
context, we recently reported the absence of recombination/mobiliza-
tion events in non-human primates (NHP) that were sequentially
immunized with SIV-based IDLVs expressing HIV-Env and subse-
quently challenged with replication-competent SHIV.>> This pro-
vided substantial evidence that IDLV is a safe and effective vaccine
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platform that induces high magnitude and durable immune re-
sponses. However, nonintegrating IDLVs express transgenes from
E-DNA at a significantly lower level than their integrating counter-
parts,”® calling for improvements in vector design.

In the present study, we evaluated in cell culture model systems the
improvement in expression and safety profile of SIV-based IDLV's af-
ter introducing two different deletions (removal of 3’ PPT and
extended U3 deletions), alone or in combination, previously charac-
terized in the HIV-based system.'®"*° Previous work showed that the
3’ PPT sequence is required for a correct reverse transcription of the
vector genome, and its deletion inhibited strand displacement, thus
favoring production of 1-LTR forms of E-DNA and impairing inte-
gration of the vector genome.'”*” In addition, Bayer et al.'® reported
that a large U3 deletion in the 3’ LTR improved expression from HIV-
based IDLVs. Importantly, additional deletions over the current
design in the vector genome of IDLVs may further improve bio-safety
by decreasing the potential for genetic recombination among compo-
nents of the vector system, which could potentially lead to the emer-
gence of replication-competent lentivirus (RCL),””** although we did
not find evidence of RCL in the plasma of IDLV-immunized
NHPs.”>*

Our data indicate that deletion of 3’ PPT greatly impaired integration
efficiency of IN-competent SIV-based LV, confirming previous re-
ports using HIV-based vectors.'””" As expected, this also affected
the magnitude of expression, which decreased to titers comparable
with those of conventional non-integrating vectors. However, 3’
PPT-deleted IDLVs showed only a minor reduction of illegitimate
integration compared with parental IDLVs containing the 3" PPT
sequence (IDLV-GAE versus IDLV-GAEdPPT and IDLV-GAEdU3
versus IDLV-GAEdPPTdAU3; Figure 1). Interestingly, using a sensi-
tive luciferase assay, expression from 3’ PPT-deleted IDLVs was
also impaired, showing titers that were always lower than the parental
IDLVs containing 3’ PPT (Figure 2). These data are in contrast with
previous reports using HIV-based 3’ PPT-deleted IDLVs, where inte-
gration frequencies were 2- to 3-fold lower compared with IDLVs
containing 3’ PPT, and expression was maintained at similar

5
levels.' >

We also showed that a large U3 deletion did not modify expression
efficiency in both LVs and IDLVs. These data contrast with previous
work showing that HIV-based IDLV expression was improved by an
extended U3 deletion,'® but this may not be surprising, because the
latter was achieved in the HIV-based system. Although the HIV
LTR is similar to the SIV LTR, sequence homology is low and there
are some important structural and functional distinctions.’""**
Indeed, previous work showed that extensive deletions (—384 bp)
in the SIV U3 region of the LTR allowed efficient replication of
SIVMaca3o in vitro in cell culture assays and in vivo in rhesus
macaques.”’ Therefore, it is plausible that cis elements in the U3
region could inhibit transcription by HIV-based IDLVs as hypothe-
sized by Bayer et al,'® while in SIV-based vectors these regions
may be absent or non-functional in the SIN configuration.
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Figure 6. Cross-packaging of episomal SIV-based LV

FACS analysis of GFP expression in 293T Lenti-X cells transduced with an equal amount (1 x 10° RT counts) of integrase-competent LV produced after SIV homologous or
HIV heterologous packaging of SIV-based episomal transfect vectors (€GAEs and eSH). Episomal transfer vector eSH containing a full-length SIVmac239 LTR and 3' PPT
was used as a positive control for episomal vector mobilization. All episomal transfer vectors contain a GFP marker and neomycin resistance gene (GIN). Mobilization was

valuated as % of GFP-expressing cells by FACS analysis.

To study mobilization from episomal forms produced after transduc-
tion with IDLV, we constructed shuttle transfer vectors containing a
single LTR (1-LTR), a Tn/neoR gene, and bacterial DNA sequences
providing AmpR and bacterial origin of replication'®*® (Figure S3).
These vectors closely mimic the 1-LTR circular forms of E-DNA,
which represent the most abundant episomal form produced in the
nuclei of IDLV-transduced cells’>*” and can be used conveniently
to evaluate mobilization from episomes resembling IDLV genomes
by using SIV-based homologous packaging or HIV-based heterolo-
gous packaging, the latter to evaluate cross-packaging of vector
genomes.

Mobilization of episomal templates from SIN transfer vectors contain-
ing the 3’ PPT (eGAE and eGAEdU3 configuration) was 2 logs less effi-
cient compared with mobilization of episomal templates containing a
wild-type full-length LTR (eSH). This is in contrast with what was pre-
viously reported using HIV-based episomal vectors, which supported
mobilization from episomal vector templates and production of high
vector titers.””° This was due to the presence of an aberrant transcrip-
tion initiation site located in the SIN-deleted HIV-U3 sequence, up-
stream of the parental HIV-1 TATA box, which allowed transcription,
packaging, and transmission of vector genomic RNA (gRNA),*® sug-
gesting that this site is absent in the SIV-based SIN vectors.

Consistent with our data using SIV-based vectors, 3’ PPT-deleted
episomal transfer vectors (¢GAEdPPT and eGAEdPPTdU3 configu-
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ration) showed a further 2-log reduction in colony formation,
compared with PPT-plus vector (Figure 5). This was expected because
templates mobilized from 3’ PPT-deleted genomes have a reduced
competence for integration, as shown in Figure 3.

We next evaluated heterologous cross-packaging of SIV-based
episomal templates with HIV packaging system, because E-DNA pro-
duced from SIV-based IDLVs may be a target for mobilization from
incoming infectious HIV-1 particles in the case of infection with a
replication-competent virus.

Results showed that mobilization of episomal templates from transfer
vector containing the wild-type full-length SIV-LTR (eSH) was
almost 2 logs less efficient when using the heterologous HIV cross-
packaging system (Figure 7). Interestingly, when using the SIN
episomal transfer vectors, reduction of mobilization after cross-pack-
aging using the HIV system was less marked. This may be because of
the low mobilization capacity from SIV-based SIN episomal
templates.

Although integration of IDLV genomes is an unlikely event,”>** inte-
gration into the host genome can occur,**** and integrated genomes
may be a target for mobilization in the case of infection with a repli-
cation-competent virus.'”'! Our data using homologous SIV pack-
aging indicate that mobilization of integrated SIV-based SIN vector
templates is very inefficient and was 3 logs lower than mobilization
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Figure 7. DNA recombination frequencies of SIV-based episomal transfer

vectors after SIV homologous or HIV heterologous packaging

Average geneticin-resistant colony-formation titer assay results in transduced HelLa
cells comparing the frequency of integration from the episomal SIV-based lentiviral
transfer vectors using SIV homologous (black bars) or HIV heterologous (gray bars)
packaging. eGAE, parental episomal lentiviral vector; eGAEdPPT, episomal vector
with a 3’ PPT deletion; eGAEdPPTAU3, episomal vector with a 3' PPT deletion and a
large U3 deletion; eGAEdUS, episomal vector with a large U3 deletion; eSH,
episomal vector with full-length LTR. y axis represents infectious units/10° RT
counts of vector supernatant. The error bars indicate the standard erroramongn =4
independent experiments, and p values are shown for intergroup comparisons.
**p < 0.01, **p < 0.001.

from cells with integrated vector containing the full-length LTR (293/
SH), similarly to what was previously described”” and much lower
than mobilization of integrated HIV-based SIN vectors templates us-
ing homologous HIV packaging (Table 1). Interestingly, mobilization
of 3’ PPT-deleted integrated vector templates was negligible, which
was expected, given that competence for integration is strongly
reduced in the 3’ PPT-deleted mobilized genomes. We also tested
the SIV-based vectors using HIV-based heterologous cross-pack-
aging. Results are in line with data we obtained with the episomal
templates. Indeed, mobilization of integrated SIV-based SIN vectors
using the heterologous HIV cross-packaging system was negligible
and close to background levels, whereas mobilization from cells
with integrated templates containing the full-length SIV-LTR (293/
SH) was over 1 log less efficient when using the heterologous HIV
cross-packaging system (Table 1). Overall, these data indicate that
heterologous cross-packaging of viral genome is not very efficient,
and they highlight that SIV-based SIN IDLVs may be safer for use
in humans in the setting of an HIV infection. Additional modifica-
tions, such as the one described by Hu et al.,>® may further improve
the safety profile of IDLV.

Interestingly, when using the SIN episomal templates (eGAEs config-
uration), reduction of mobilization after cross-packaging using the
HIV packaging system was less marked than from the integrated tem-
plates. This may be because of a higher number of episomal templates
available for mobilization after transfection with the episomal transfer
vectors, compared with a single vector genome/cell in the integrated
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vector templates. Although 2-LTR circles are also formed following
the transduction of cells, we focused our attention on the 1-LTR cir-
cular form because it is the most abundant episomal form recovered
1%:46 and expres-
sion from the 2-LTR circles has been shown to be present at levels
comparable with those of the 1-LTR circles in the HIV system.***’

in HIV-infected or lentiviral vector-transduced cells,

In our system, mobilization is evaluated by drug-resistant colonies re-
sulting from vector integration (which depends on the design of the
transfer vectors) and gRNA availability (which also depends on the
number of vector templates). Transcription of gRNA from SIN tem-
plates could also be mediated by either internal vector promoter”” or
cryptic initiation sequences into/near lentiviral SIN-LTR.'”*®
Furthermore, the polyadenylation signal of SIN-LV is leaky and al-
lows gRNA transcription beyond the termination signal.*’ Because
we forced the system by transfecting episomal transfer vectors or sta-
bly selected cell lines, we assume that the gRNA transcribed is greater
than that which would be produced from circular forms after IDLV
infection or in the case of a rare event of integration; consequently,
the mobilization events we described here may be representative of
the worst-case scenario.

The elicitation of humoral and cellular immune responses was evalu-
ated in mice by comparing a single injection of parental and modified
IDLVs expressing a codon-optimized HIV-1JR-FL gp120.>* All modi-
fied IDLVs were able to elicit both humoral and cell-mediated re-
sponses after a single intramuscular immunization using two
different doses of each vector, although these responses were some-
what weaker in 3’ PPT-deleted vectors. In particular, a 3’ PPT deletion
had a negative effect in terms of induction of Ab production and, to a
lesser extent, in the induction of antigen-specific IFN-y-expressing
cells. This was not surprising and was consistent with the lower tran-
scriptional activity measured in cell culture using 3’ PPT-deleted
IDLVs (Figure 2).

Safety and efficacy are the main characteristics of a successful vaccine.
Opverall, our data provide evidence that safer SIV-based IDLV's can be
constructed with a very low level of mobilization from both episomal
and integrated templates. However, improvement of safety after
removal of 3’ PPT partly reduced efficacy, measured by a decrease
in transcriptional activity and consequent immunogenicity of the
safety-modified IDLVs. Conversely, inclusion of an extended U3
deletion did not improve expression and efficacy of IDLV but
improved the design of the transfer vector genome by decreasing
the potential for genetic recombination during IDLV production.
Thus, combining the high efficiency of gene transfer mediated by
these modified IDLVs with a higher safety profile is highly attractive
for clinical application of this delivery system for future vaccines.

MATERIALS AND METHODS

Cell lines

293T Lenti-X human embryonic kidney (HEK) (Clontech, Mountain
View, CA, USA), HEK293 (CRL-1573; American Type Culture
Collection, LGC Standards, Italy), and HeLa (CCL-2; American
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Table 1. DNA recombination frequencies from integrated lentiviral vectors
after SIV homologous or HIV heterologous packaging

No. of colonies/mL

SIV packaging HIV packaging

Cell type/vector Average Range® Average Range®
293/LV-HIV 88.25 50-135 122.75 90-160
293/SH 5,275.5 4,083-6,500 382.5 180-550
293/GAE 10.5 8-13 0.6 0-1.5
293/GAEdU3 4.74 4-7 0.6 0-1.5
293/GAEdPPT 4.75 3-8 0.25 0-0.5
293/GAEdPPTAU3 8.25 3-13 1.25 0.5-2

n = 4 independent experiments.

Type Culture Collection) cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO, Life Technologies Italia,
Monza, Italy) supplemented with 10% fetal bovine serum (FBS)
(Corning, Mediatech, Manassas, VA, USA) and 100cU/mL peni-
cillin/streptomycin/glutamine (PSG) (GIBCO).

Transfer vector plasmids

A schematic depiction of the vectors used in this study is provided in
Figures S1 and S3. Details on vectors construction are provided in
supplemental experimental procedures. In brief, the SIV-based SIN
lentiviral transfer vector pGAE-CMV-GFPW (pGAE-GFP in this
report) and pGAE-GFP-IRES-Neo (pGAE-GIN in this report) have
been described previously.”> All parental transfer vectors with
pGAE/eGAE configuration maintain the 3’ PPT and contain a 149-
bp deletion in the U3 region of the LTR (deleted from -20 to -169
from the R region).”’ All transfer vectors with pGAEdPPTdU3/
eGAEdPPTdAU3 configuration are deleted in the 3’ PPT and contain
a longer 433-bp deletion in the modulatory U3 region (deleted
from -20 to -453 from the R region). All transfer vectors with
pGAEdPPT/eGAEdPPT configuration are deleted in the 3’ PPT
and contain a short 149-bp deletion in the modulatory U3 region
(deleted from -20 to -169 from the R region). All transfer vectors
with pGAEdU3/eGAEdU3 configuration maintain the 3’ PPT and
contain a longer 433-bp deletion in the modulatory U3 region
(deleted from -20 to -453 from the R region). Alignment of 3’
PPT-LTR regions of all vectors is shown in Figure S2. The HIV-
and SIV-based IN-defective packaging plasmids (pcHelp/IN and
pADSIVD64V, respectively), the HIV- and SIV-based IN-competent
packaging plasmids (pCMVdR8.2 and pADSIV3™, respectively), and
the phCMV-VSV-G plasmid producing the pseudotyping VSV-G en-
velope have already been described.”***

Production and titration of lentiviral vectors

293T Lenti-X cells were seeded on 10-cm Petri dishes (Corning
Incorporated-Life Sciences, Oneonta, NY, USA) and transiently
transfected with transfer vector plasmid, IN-competent or IN-defec-
tive packaging plasmid, and VSV-G envelope plasmid using the Pro-
fection Mammalian Transfection System (Clontech) as previously

described™* using a total of 15 pg of plasmid DNA for each plate in
a ratio 4:8:3 (transfer vector/packaging plasmid/VSV-G plasmid). Af-
ter 48 h, cell culture supernatants were recovered, cleared from
cellular debris, and passed through a 0.45-puM pore-size filter (Milli-
pore Corporation, Billerica, MA, USA). For in vivo animal studies,
supernatants containing IDLV particles were concentrated by ultra-
centrifugation (Beckman Coulter, Fullerton, CA, USA) for 2 h at
27,000 rpm on a 20% sucrose cushion (Sigma Chemicals, St. Louis,
MO, USA). Finally, the viral pellets were resuspended in 1 x PBS
and stored at —80°C until use. Vector transducing units (TUs/mL)
were determined on 293T Lenti-X cells using serial dilution of
GFP-expressing vector, and titers were calculated by scoring the per-
centage of GFP-positive cells measured with a FACSCalibur analytical
flow cytometer with CellQuest software (BD Biosciences Immunocy-
tometry Systems, San Jose, CA, USA). Each vector stock was titered by
the RT activity assay,”’ and the corresponding TUs were calculated by
comparing the RT activity with the one of IDLV-GFP virions with
known infectious titers, thus allowing for the determination of their
infectious titer units.”!

Luciferase assay

2937 cells Lenti-X (1 x 10%*/well) were seeded in a flat-bottom 96-well
plate and transduced with vectors expressing luciferase (1.5 x 10* RT
counts/well). Seventy-two hours post-transduction, luciferase activity
was evaluated using the Britelite Ultra-High Sensitivity Luminescence
Reporter Gene Assay System (Perkin-Elmer, Groningen, the
Netherlands) with a microplate reader Wallac luminometer (Per-
kin-Elmer), as already reported.” Each experiment was performed
and calculated in quadruplicate, and results were recorded as relative
light units (RLUs) per well.

Colony formation assay

HelLa cells (5 x 10*/well) were seeded in six-well plates. After 24 h
from seeding, cells were transduced in duplicate with serial dilutions
of IN-competent or IN-defective lentiviral vectors expressing the Tn/
neoR coding sequence (range 1 x 10°to 1 x 10" RT counts for the IN-
competent vectorsand 1 x 10°to 1 x 10> RT counts for the IN-defec-
tive vectors). After 24 h, the medium was replaced with fresh medium
supplemented with 800 pg of geneticin (GIBCO) and replaced every
3 days. Cells were grown for 2 weeks, and developed colonies were
fixed with methanol and stained with Giemsa solution (Sigma Chem-
icals). Colonies on each well were counted and expressed as the num-
ber of colonies/10° RT counts as described.'”»**** 293 cells transduced
with each IN-competent vector were allowed to grow under geneticin
pressure for production of 293/SH, 293/GAE, 293/GAEdU3, 293/
GAEdPPT, and 293/GAEdPPTdU3 cell lines, used to evaluate mobi-
lization of integrated vector sequences. The 293/LV-HIV cell line
containing an integrated copy of a HIV-based SIN vector expressing
GFP-Neo has been previously described.'”

Mobilization from integrated vector

The earlier cell lines stably transduced with lentiviral vectors were
used for evaluating mobilization of integrated genomes. Cells were
transfected using the Profection Mammalian Transfection System
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Figure 8. Immune responses in mice immunized with SIV-based IDLVs delivering HIV-1,z_¢ gp120 envelope

(A) Anti-gp120 immunoglobulin G (IgG) measured by ELISA in plasma of mice at 5 weeks after immunization with 10 x 108 (gray bars) or 2 x 10° (white bars) RT counts/
mouse of each IDLV. Plasma samples from immunized mice were analyzed separately. The error bars indicate the standard error among five mice of the same group, and p
values are indicated for intergroup comparisons. (B) T cell responses measured on splenocytes cells at 5 weeks after immunization with 10 x 10° (gray bars) or 2 x 108 (white
bars) RT counts/mouse of each IDLV. IFN-y ELISPOT was performed on cells stimulated overnight with the H-2d-restricted HIV-Env JR 9-mer peptide. IFN-y-producing
T cells are expressed as spot-forming cells (SFCs)/10° splenocytes after background subtraction. The error bars indicate the standard error among five mice of the same
group. Comparison among groups was evaluated using the Poisson regression model, as indicated by p values shown in the tables under the graphs. *p < 0.05, **p < 0.01,

“**p < 0.001.

(Clontech) with IN-competent packaging plasmid (pADSIV3" or
pCMVdR8.2) and VSV-G envelope plasmid. Supernatants were
collected 48 h later and used to transduce 5 x 10* HeLa cells in
six-well plates in a colony formation assay (see above). The next
day, the medium was replaced with fresh medium supplemented
with 800 pg/mL geneticin (GIBCO) and replaced every 3 days. After
selection, developed clones were counted and expressed as number of
colonies per milliliter of supernatant.

Mouse immunization

Six- to eight-week-old female BALB/c mice were purchased from
Harlan (Harlan Laboratory, San Pietro al Natisone, Italy) and housed
under specific pathogen-free conditions in the animal facility of the
Istituto Superiore di Sanita (ISS, Rome, Italy). All animal procedures
have been performed in accordance with European Union guidelines
and Italian legislation for animal care. Animal studies were autho-
rized by the Italian Ministry of Health and reviewed by the Service
for Animal Welfare at ISS (Authorization no. 314/2015-PR of 30/
04/2015). One week after arrival, five mice per group were injected
once intramuscularly with 10 x 10%/RT U/mouse or 2 x 10%RT U/
mouse of (1) IDLV-GAE, (2) IDLV-GAEdUS3, (3) IDLV-GAEdPPT,
and (4) IDLV-GAEdPPTdU3, expressing the codon-optimized
HIV-1JR-FL gp120 envelope protein (JR). A control group of naive,
non-immunized mice were kept for parallel analysis. Abs were

measured in plasma at the day of immunization (day 0) and at sacri-
fice (5 weeks). The cellular immune responses were analyzed at
sacrifice (5 weeks) in splenocytes. Heparin-treated glass Pasteur pi-
pettes were used to collect plasma samples and stored at —20°C until
assayed. Splenocytes were prepared by mechanical disruption and
passage through cell strainers (BD Biosciences), counted, and resus-
pended in complete RPMI 1640 (GIBCO) medium containing 10%
FBS (Lonza, Treviglio, Milan, Italy), 100 U/mL PSG (GIBCO), non-
essential amino acids (GIBCO), sodium pyruvate 1 mM (GIBCO),
HEPES buffer solution 25 mM (GIBCO), and 50 mM 2-mercaptoe-
thanol (Sigma Chemicals) or were frozen in liquid nitrogen for
storage.

IFN-y ELISPOT assay

The IFNy ELISPOT assay was carried out using the BD ELISPOT kit
reagents and protocol (BD Biosciences). In brief, 2.5 x 10° spleno-
cytes/well were seeded in flat-bottom 96-well plates previously coated
with 5 mg/mL anti-mouse IFNy and stimulated overnight with 2 pg/
mL of the H-2Kd-restricted HIV-1 gp120 V3 loop epitope (IGPGRA-
FYT) (UFPeptides, Ferrara, Italy), or using medium alone and
concanavalin A (ConA; 5 mg/mL; Sigma Chemicals) as negative
and positive controls, respectively. Spot-forming cells (SFC) were
counted with an ELISPOT reader (A.EL.VIS, Hannover, Germany),
and results were expressed as number of IFNy-secreting cells
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(SFCs)/10° cells. Samples positive score was attributed when a mini-
mum of 50 spots per 10° cells were present and 2-fold higher than un-
stimulated cells.

Measurement of Ab titers

Plasma was collected from each mouse by retro-orbital bleeding at
pre-immunization and at 5 weeks post-IDLV immunization and
frozen at —20°C. Specific Ab titers against gp120 were measured by
ELISA. In brief, Microlon High binding, flat-bottom 96-well polysty-
rene microplates (Greiner Bio-One) were coated with 3 pg/ml HIV-1
JRFL gp140 Recombinant Protein (B.JRFL gp140CF; NIH AIDS Re-
agent Program Catalog [Cat.] No. 12573) in PBS and incubated over-
night at 4°C. Plates were blocked at room temperature for 2 h using
PBS with 1% BSA (Sigma Chemicals). Following three washes with
PBS supplemented with 0.05% Tween 20, mouse plasma was serially
diluted in dilution buffer (0.1% BSA and 0.025% Tween 20 in PBS),
transferred into the JR-coated plate (100 pL), and incubated at
room temperature for 2 h. Plates were washed again, and biotin-con-
jugated goat anti-mouse IgG secondary Ab (Southern Biotechnology,
Birmingham, AL, USA) diluted 1:20,000 was added into wells. After
2 h of incubation at room temperature, plates were washed, and
100 pL of 1:20,000 streptavidin horseradish peroxidase-conjugated
(HRP) substrate (AnaSpec) was added to each well for 30 min. Plates
were washed and incubated in the dark for 30 min with 100 pL of
TMB substrate (SurModics). Enzymatic reaction was stopped with
H,S04 1M (VWR), and OD was measured at 450 nm with a micro-
plate reader Wallac (Perkin-Elmer). The starting dilution was 1:100
for all plasma samples, with serial 2-fold dilutions thereafter. Sera
with no activity at 1:100 were assigned titers of 1:100. Endpoint titers
were defined as the reciprocal of the highest dilution that gave an OD
reading three standard deviations above the mean of the pre-immu-
nization plasma.

Statistical analysis

Comparisons among number of colonies were statistically analyzed
by paired two-tailed t test using Prism software (GraphPad); "p >
0.05, *p < 0.05, **p < 0.01, **p < 0.001, as specified in the figure leg-
ends. ELISA titers and ELISPOT results were jointly modeled by Pois-
son regressions within a generalized structural equation modeling
(GSEM) framework.”>>* ELISA titers (at two different dosages: 1 x
10° and 2 x 10°) at 5 weeks and ELISPOT results (at two different
dosages: 1 x 10°and 2 x 10°) at 5 weeks were used as the dependent
variables, while type of IDLV was used as the independent variable.
Dependent variables were allowed to be correlated. All analyses
were carried out in Stata 16.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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