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Abstract: Lentiviral vectors (LVs) have many advantageous characteristics making them a good choice in the 
field of gene therapy. Nevertheless, their integration may lead to detrimental effects. To overcome this problem, 
lentiviral integration can be targeted through using integration-deficient lentiviral vectors (IDLVs). In this 
study, an integration-proficient lentiviral vector (IPLV) and a battery of IDLVs with single or multiple 
mutations affecting integration were produced and their integration levels were compared. eGFP time-course 
experiment and clonogenic assay were used to make these comparisons. It was found that there was not any 
significant difference between the residual integration of any of the IDLVs used in this study and that of the 
standard IDLV; D64V-IDLV. It can be concluded that most IDLV integration is mediated by integrase-
independent mechanisms. 
 

Keywords: Gene therapy, IDLV, Lentivector, residual integration, triple mutation  

 
I. Introduction 

LVs have many advantageous characteristics making them a good choice in the field of gene therapy, 
such as comparatively large coding capacity, lower immunogenicity upon in vivo administration compared to 
other gene delivery vehicles like adenoviral or adeno-associated viral vectors, transduction of non-dividing cells 
and stable gene expression because of their integration into the host chromosome.  

They have been used successfully to deal with many genetic diseases such as thalassemia, chronic 
lymphocytic leukemia, metachromatic leukodystrophy, and Wiskott-Aldrich syndrome [1-4].  Integrating 
vectors such as lentivectors have the potential to cause insertional mutagenesis (IM) via inserting their genome 
into the host genome. For instance, in an ex vivo study using an integrating retroviral vector, it was observed 
that the transduced bone marrow cells caused leukemia in mice [5]. This result was confirmed by the 
development of leukemia due to IM of a gammaretroviral vector in the LIM domain only 2 (LMO-2) proto-
oncogene [6, 7]. 

Many enhancements were made to increase the safety of LVs, and one of them was to convert these 
vectors into IDLVs. IDLVs fail to integrate and instead become episomal circles in the transduced cell, which 
significantly reduces the risk of causing IM. IDLVs are most commonly generated with mutations in the gene 
coding for integrase (IN), the viral enzyme encoded by the end sequence of Pol gene, which plays an essential 
role in integrating viral genome into the host genome.  

Viral integration has several steps starting with recognizing conserved attachment sites (att) at both 3' 
ends of reverse transcribed viral genome and cutting a dinucleotide from both ends (3′-processing). Then, IN 
bridges the viral cDNA ends within intracellular proteins consisting of viral and cellular proteins. Some cellular 
proteins contribute in IN activation. The most prominent one is lens epithelium-derived growth factor 
(LEDGF/p75) [8].  

Once in the nucleus, IN activates the strand transfer step in which IN transfers viral DNA to the 5' 
phosphorylated ends of a double-stranded cut in the target DNA (with 5 nucleotides between cuts of the 
opposing strands) where it is integrated. After strand transfer step, gaps are then repaired producing 5 base-pair 
duplications flanking the inserted genome [9, 10] via the action of host cell proteins. There has been a debate 
about the nature of IDLV integration. In this study, we tried to investigate the nature of residual integration of 
IDLVs through using different mutation combinations of IN catalytic triad of the catalytic core domain, lens 
epithelium-derived growth factor (LEDGF/p75) binding domain of IN, and att site.  
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II. Materials And Methods 
2.1. Plasmids 

pRSV.REV plasmid, pMD2.VSV.G env plasmid and pMDLg_pRRE packaging plasmid possessing 
wild-type integrase were previously described [11, 12]. pMDLg/pRRE-intD64V_v1 having D64V mutation was 
prepared via subcloning [13], while pMDLg/pRRE-intD64V_v2 plasmid having the same mutation was 
prepared by Andrew McNeill and Klaus Wanisch from Yáñez-Muñoz lab (RHUL) via site-directed mutagenesis 
of pMDLg_pRRE plasmid. The former plasmid carries other mutations outside the catalytic core domain. 

R8.91 IN DDE-AAA 2nd generation packaging plasmid carrying (D64A-D164A-E152A) triple 
mutation in the catalytic domain of IN coding sequence was kindly donated by Dr. Rik Gijsbers (University 
Leuven, Belgium). pMDLg_pRRE_IN DDE-AAA 3rd generation packaging plasmid was constructed by 
inserting AgeI-AflII fragment carrying the triple mutation from R8.91 IN DDE-AAA into pMDLg_pRRE 
plasmid. 

Both pMDLg_pRRE and pMDLg_pRRE_IN DDE-AAA packaging plasmids were mutated using 
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies LDA) as per the manufacturer’s 
protocol to generate Q168A mutation in LEDGF/p75 binding domain of integrase. The resulting plasmids were 
pMDLg/pRRE_Q168A and pMDLg/pRRE-intDDE-AAA_Q168A, respectively. 

Transfer plasmid carrying eGFP gene driven by CMV promoter and puromycin acetyl transferase 
expressing gene driven by PGK promoter, pRRLsc_C_GFP_P_Puro_W plasmid, was kindly provided by Eric 
Campeau (Addgene plasmid, 17448) [14]. pRRLsc_C_GFP_P_Puro_W transfer plasmid was also mutated by 
site-directed mutagenesis to generate two dinucleotide mutations at both 3' att and 5' att sites. The resulting 
plasmid was pRRLsc_C_GFP_P_Puro_W_m 5P3P. All the plasmids produced in this study were verified by 
restriction analysis and sequencing (not shown). 
 
2.2. Bacteria 
Escherichia coli (E. coli) Top 10 strain (Invitrogen) was used for routine plasmid propagation while XL10-Gold 
ultracompetent strain provided with QuikChange II XL Site-Directed Mutagenesis kit was used for site-directed 
mutagenesis. 
2.3. Cell growth and maintenance 
Dulbecco’s modified Eagle medium (DMEM) (PAA), supplemented with 10% fetal bovine serum (FBS) (Gibco 
or PAA), 100 units/ml penicillin, and 100 μg/ml streptomycin (PAA), was used for HeLa and HEK-293T cell 
culture.  
2.4. Lentivector production 
Lentivector production was done using the transient calcium phosphate transfection method [13].  
2.5. Lentivector titration  
After the transduction of HeLa cells with serial dilutions of lentivectors and harvesting the cells after 24 h, 
genomic DNA extraction was performed using Qiagen DNeasy® tissue kit. Then, Bushman's lentiviral late 
reverse transcript reaction was used for real-time quantitative polymerase chain reaction (qPCR) as previously 
mentioned [15]. 
 Functional titer, eGFP titer, was performed by flow cytometry analysis as previously described [13].  
2.6. Measuring eGFP expression 
To measure eGFP expression, HeLa cells (1 x 105 per well in 6-well plate) were transduced with different 
lentivectors at 1 eGFP multiplicity of infection (MOI). Untransduced cells were also incorporated to be used as 
a negative control. After 72 h, the cells were harvested and fixed in 1 % paraformaldehyde (PFA) (Sigma-
Aldrich) in PBS. Flow cytometer was then used to measure the percent of eGFP positive cells as previously 
described [13]. 
To assess eGFP time-course expression, an amount of the harvested cells was fixed and analyzed by flow 
cytometry and another amount was re-seeded in a fresh medium. This process was repeated at different time 
points. 
2.7. Clonogenic assay 
After three days from HeLa cell transduction with different lentivectors (eGFP MOI 1), the medium was 
replaced by puromycin-containing medium (0.4 µg/ml). Then, the medium was changed every two days. After 
11 days post-transduction, the colonies were stained with crystal violet and counted blindly. 
2.8. Statistical analyses 
GraphPad Prism software was used to perform statistical analyses. Either One-way or two-way ANOVA 
analysis was used, followed by Tukey's multiple comparisons test. Data were expressed as mean ± standard 
deviation and differences were stated to be statistically significant if P<0.05. (*) means P<0.05, (**) means 
P<0.01, (***) means P<0.001, and (****) means P<0.0001.  
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III. Results 
3.1. Lentivector production 
Different lentivectors were produced. Details on these vectors and the plasmids used in their production are 
shown in Table 1. 
 

Table 1: Different lentivectors used in this study and packaging and transfer plasmids involved in their 
production. 

Lentivector name Packaging plasmid Transfer plasmid Integration potentiality 
IPLV pMDLg/pRRE pRRLsc_C_GFP_P_Puro_W IPLV 
D64V_v1 pMDLg/pRRE-intD64V_v1 pRRLsc_C_GFP_P_Puro_W IDLV 
D64V_v2 pMDLg/pRRE-intD64V_v2 pRRLsc_C_GFP_P_Puro_W IDLV 
DDE_AAA_v1 pR8.91 IN DDE-AAA pRRLsc_C_GFP_P_Puro_W IDLV 
DDE_AAA_v2 pMDLg/pRRE-intDDE-AAA pRRLsc_C_GFP_P_Puro_W IDLV 
att-- pMDLg/pRRE pRRLsc_C_GFP_P_Puro_W_m 5P3P IDLV 
D64V_att-- pMDLg/pRRE-intD64V_v2 pRRLsc_C_GFP_P_Puro_W_m 5P3P IDLV 
Q168A pMDLg/pRRE_Q168A pRRLsc_C_GFP_P_Puro_W IDLV 
DDE_AAA_Q168A pMDLg/pRRE-intDDE-AAA_Q168A pRRLsc_C_GFP_P_Puro_W IDLV 
Q168A_att-- pMDLg/pRRE_Q168A pRRLsc_C_GFP_P_Puro_W_m 5P3P IDLV 
DDE-AAA_Q168A_att-- pMDLg/pRRE-intDDE-AAA_Q168A pRRLsc_C_GFP_P_Puro_W_m 5P3P IDLV 

 
3.2. Analysis of the residual integration of IDLVs with catalytic core mutations 

IDLVs with triple mutation (D64A, D116A, and E152A) in the catalytic core domain of IN were 
compared to IDLVs with D64V catalytic core mutation. IDLV with the D64V mutation had two versions: 
D64V_v1, which is different from IPLV in having a D64V mutation in the catalytic core domain together with 
other integrase mutations outside the catalytic core domain, and D64V_v2, which carries a D64V mutation in 
the catalytic core, as the only difference between this vector and IPLV. IDLV with triple mutation (D64A, 
D116A, and E152A) had two versions: DDE_AAA v1 produced by using pR8.91 IN DDE-AAA 2nd generation 
plasmid, and DDE_AAA v2 produced by using pMDLg/pRRE-intDDE-AAA 3rd generation packaging 
plasmid. Different experiments were performed to compare these vectors.  

 
3.2.1. eGFP time-course experiment of different lentivectors in HeLa cells. 

To compare the levels of residual eGFP fluorescence obtained with LVs carrying mutation(s) in the 
catalytic core domain of IN, a time-course experiment was done by transducing Hela cells with different IDLVs, 
using eGFP multiplicity of infection (MOI) 1, and measuring eGFP expression at two or three days interval by 
flow cytometry (Figure 1). Phase contrast and fluorescence micrographs were also captured at various time points 
(Figure 2). It was revealed by both flow cytometry and fluorescence microscopy that throughout the experiment, 
eGFP expression of cells transduced with IPLV, remained within the same range. However, after nine days, 
eGFP expression in cells transduced with IDLVs was shown to be 0.1-1.0%, which was close to that observed in 
control cells (0.06%). Moreover, there was not any remarkable difference neither between both versions of 
D64V-IDLV nor between both versions of DDE-AAA-IDLV. It was also revealed that IDLVs with triple 
mutation (D64V D116A E152A) did not have a significantly lower residual integration than those with D64V 
single mutation (D64V). 
 

 
Figure 1: A graph showing the results of the time-course experiment of eGFP expression in cells transduced 
with different lentivectors.Percentages of eGFP-positive cells were determined over time by flow cytometry. 

Data are represented as (Mean %eGFP-positive cells ± STDEV). 
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3.2.2. Residual integration of IPLV and IDLVs with catalytic core mutation(s) using clonogenic assay 
The clonogenic assay was used as a more sensitive assay to compare residual integration of different 

LVs. This assay was performed after using IPLV, D64V-v2 IDLV, and DDE-AAA-v2 IDLV in HeLa cells 
transduction. A preliminary clonogenic assay had not shown any difference between both versions of each 
IDLV (not shown). The results of this experiment shown in (Figure 3) confirmed the results obtained from the 
eGFP time-course experiment. There was a highly signifJicant difference (P ≤ 0.0001) between IPLV and any 
other IDLV with catalytic core mutation(s). On the other hand, there was not any significant difference between 
D64V-v2 IDLV and DDE-AAA-v2 IDLV. 
 

 
Figure 2: Comparison of eGFP fluorescence in HeLa cells transduced with integrating lentivector or 
catalytic core mutant IDLVs. Shown are phase contrast and fluorescence photomicrographs of cells 
transduced with integrating lentivector or catalytic core mutant IDLVs at different time points. Cells transduced 
with IPLV showed persistent eGFP expression over time in contrary to the remaining IDLVs, which showed the 
same trend of eGFP expression decrease over time. Scale bar = 100 µm. 

 
Figure 3: Puromycin-resistant colony formation after transduction using IPLV and IDLVs with catalytic 
core mutation(s) at eGFP MOI 1.Data are represented as (Mean colony number ± STDEV); Analysis was 
done using one-way ANOVA followed by Tukey's multiple comparisons test. **** indicates (P ≤ 0.0001). 
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3.3. Clonogenic assay after using IPLV and IDLVs with different mutation combinations of catalytic 
core mutation(s), att sites mutations and LEDGF/p75 binding domain mutation. 

Novel IDLVs with different mutation combinations of catalytic core mutation(s), att sites mutations 
and LEDGF/p75 binding domain mutation were also compared with the standard D64V IDLV. LVs tested in 
this experiment included: IPLV; D64V_v2, IDLV with D64V mutation; Q168A, IDLV with Q168A mutation in 
LEDGF/p75 binding domain; DDE_AAA_Q168A, IDLV with D64A_D116A_E152A triple mutation and 
Q168A mutation in LEDGF/p75 binding domain; att--, IDLV with dinucleotide mutation at both attachment 
sites; D64V_att--, IDLV with D64V mutation and dinucleotide mutation at both attachment sites; DDE-
AAA_att--, IDLV with D64A_D116A_E152A triple mutation and dinucleotide mutation at both attachment 
sites; Q168A_att--, IDLV with Q168A in LEDGF/p75 binding domain plus dinucleotide mutation at both 
attachment sites; DDE_AAA_Q168A_att--, IDLV with dinucleotide mutation at both attachment sites, 
D64A_D116A_E152A triple mutation and Q168A mutation in LEDGF/p75 binding domain. 
The results of this experiment represented in (Figure 4) can be summarized in the following points: 
• All IDLVs had colony counts significantly lower than that of the IPLV (P ≤ 0.01 for Q168A-IDLV and P ≤ 

0.001 for the remaining IDLVs). 
• Q168A-IDLV had a non-significantly higher residual integration than any other IDLV.  

 
Figure 4: Puromycin-resistant colony formation after transduction using IPLV and IDLVs with different 
mutation combinations of catalytic core mutation(s), att sites mutations and LEDGF/p75 binding domain 
mutation at MOI 1.  Data are represented as (Mean colony number ± STDEV); Analysis was done using one-
way ANOVA followed by Tukey's multiple comparisons test. ** indicates (P ≤ 0.01) and *** indicates P ≤ 
0.001. 
 

IV. Discussion 
In this study, IN mutants with different alterations of catalytic site residues were compared. Moreover, 

IDLVs having combinations of mutations such as Q168A mutation in LEDGF/p75 binding domain of IN and 
mutations at both sequences coding for the attachment sites (att sites) were also assessed. These LVs were 
compared with the standard D64V-IDLV (D64V-v2) and with LVs carrying one type of mutations to assess if 
there was a synergistic effect of combining different mutations. 

By using flow cytometry as an initial approach, IPLV eGFP gene expression remained within the same 
range throughout the experiment in agreement with previous studies [13, 16, 17] as gene cassette is integrated 
and hence expressed along with host genome in the transduced cells and their progenies. This result was 
supported by phase contrast and fluorescence micrographs. However, the eGFP fluorescence of HeLa cells 
transduced with different IDLVs was shown to be 0.1-1.0% without any significant difference between them.  
The clonogenic assay was then used as a more sensitive tool to compare residual integration levels. Integration 
levels of D64V IDLV and DDE_AAA IDLV were 0.47 and 0.33%, respectively compared to IPLV. This 
indicated that an IDLV with a triple mutation at the catalytic triad is not better than IDLV with a single point 
mutation at the catalytic triad in terms of residual integration. Previous studies concerning D64V IDLV showed 
reductions of 3-4 logs in the number of resistant colonies [18]. 
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IDLV possessing att site mutations showed persistent transfer gene expression in non-dividing cells 
and transient transfer gene expression in dividing cells [19]. In our study, att site mutations led to a similar 
reduction in integration frequency as IN catalytic active site mutations. According to clonogenic assay, residual 
integration of att-- IDLV was found to be 0.8% compared to IPLV integration. Previous studies showed lower 
residual integration compared to IPLV by about 100 fold [20] or 200 fold [19]. We have confirmed that LVs 
with mutations at both the integrase catalytic site and attachment sites had no synergistic effect on integration 
efficiency, in agreement with previous studies [19, 21, 22].  

The interaction between LEDGF/p75 and IN can be targeted in gene therapy field to decrease 
integration as well as in the field of antiretroviral drug development. It has been shown in a previous in vitro 
study [23] that Q168A integrase mutation in LEDGF/p75 binding domain affected IN-LEDGF/p75 interaction 
and hence prevented tethering between integrase and chromosomes and subsequently lowered the integration to 
a level, which was quite similar to that of D116A integrase mutation. However, in our study, we found that 
Q168A-IDLV had 9.5% residual integration compared to IPLV according to clonogenic assay, which was more 
than that of any other IDLV in this study (0.5% -1.2% residual integration). This result indicated that the role of 
LEDGFP/p75 in integration is accessory in contrast to the roles of both the conserved catalytic triad (D64, 
D116, and E152) and the conserved sequences at both att sites, which are crucial for integration.  

All IDLVs used in this study were shown to have significantly lower integration levels compared to 
IPLV (P ≤ 0.0001) with slight differences between them. This means that these IDLVs, excluding Q168A-
IDLV, are good candidates for further research to assess the safety and integration site preference of each of 
them. No synergy effect was found between different mutations. The only exception was Q168A, which gave 
lower residual integration when combined with other mutation(s) in IDLV production. This supports the 
conclusion that the residual integration of proficient IDLVs is IN-independent. DNA repair mechanisms 
naturally exist to repair double-strand breaks (DSBs) were proposed to be the cause of illegitimate integration of 
IDLV [24]. This was supported by the fact that DSBs usually uptake extrachromosomal DNA fragments, and 
finding that an IDLV was preferably integrated into DSBs pre-existing in human osteosarcoma U2OS cells [25]. 
 

V. Conclusion 
This study gives a better understanding of the residual integration of LVs. The residual integration of 

IDLV mutants used in this study appeared to be integrase-independent, as it could not be reduced by combining 
mutations. The only exception was the Q168A IDLV. This exception confirms that integrase with Q168A 
mutation in the binding site for LEDGF/p7 is partially functional. More studies are needed to compare the sites 
of integration of different IDLVs.  
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