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Human adenovirus-5 (hAd5) is an important gene delivery vector, which has

been widely used in various fields of biomedicine, such as gene therapy, cancer

therapy, and vaccine development. However, replication-competent

adenovirus (RCA) generated when adenoviral vectors are prepared in

HEK293 cells has remained a concern. In this study, the human adenovirus-

5 was modified to shorten the length of homologous sequence between the

adenovirus and HEK293 genomic DNA, thereby reducing the production of

RCA. The recombinant hAd5 was amplified and serially passaged 12 times in

HEK293 cells. The amounts of RCA at passage 2, 4, 6, 8, 10, and 12 were

detected by quantitative real-time PCR. The results demonstrated that the

modification of adenoviral vector could effectively reduce the production of

RCA during serial passages in HEK293 cells.
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Introduction

In recent years, recombinant adenoviral vectors have been used in different fields of

biomedical sciences such as in vitro and in vivo gene transfer, vaccine development, and

gene therapy (Russell, 2000; Mitani and Kubo, 2002). Multiple features of recombinant

adenoviral vectors such as high packaging capacity for transgene insertion, ability to

recombine in culture and ability to grow at high-titer make them useful vectors for gene

therapy (Deal et al., 2013). There are more than 60 known human adenovirus (hAd)

serotypes, which are divided into seven subgroups (A–G). Among them, human

adenovirus type 5 (hAd5) in subgroup C is the most widely used serotype for gene

therapy (Bullard et al., 2020). The hAd5 contains five early transcription units (E1A,

E1B, E2, E3, and E4), two late early units (IX and IVa2), and five late units (L1–L5) (Saha
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et al., 2014). Because hAd5 can be incorporated with up to

2.8 kb foreign genes, which is inadequate for gene therapy,

some trans-acting elements are deleted (Zhang and Zhou,

2016). The first-generation adenoviral vector is the most

widely used in gene therapy (Zhu et al., 2020), which deletes

the E1 and E3 regions and can be incorporated with up to 6.5 kb

foreign genes (Zhang and Zhou, 2016). Because the first-

generation adenoviral vector lacks the E1 region necessary

for virus proliferation, it only can be produced in producer

cell lines not in target cells (Granio et al., 2009).

HEK293 is the most widely used adenovirus producer cell

line which provides the complementary E1-function for E1-

deleted adenovirus. Graham et al. (1977), Gao et al. (2019).

However, the presence of the E1 gene in HEK293 cells may cause

undesirable generation of “wild-type-” like replication-

competent adenovirus (RCA) contaminants through

recombination between recombinant hAd5 and HEK293 cell

DNA (Zhu et al., 1999) (Figure 1A). The presence of RCA

contaminants constitutes a risk of unintended viral spread and

host inflammation response when the viral products are used

clinically (Lochmüller et al., 1994). Therefore, for clinical

purposes, the Food and Drug Administration (FDA) requires

less than 1 RCA in 3 × 1010 viral particles (VP) (Wold and Toth,

2013) of one dose adenovirus product.

FIGURE 1
(A): Schematic diagram showing homologous recombination between HEK293 cells and RD rAd5. (B): Schematic diagram showing production
of the low-RCA rAd5. (C): Schematic diagrams of the R rAd5, the low-RCA rAd5, and the RD rAd5. RD rAd5, replication-defective recombinant human
Ad5; RCA, replication-competent adenovirus; Low-RCA rAd5, low-RCA recombinant human Ad5; R rAd5, replicative recombinant human Ad5; ORF,
open reading frame.
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FIGURE 2
Schematic diagram showing procedures for constructing the left-arm plasmid and the right-arm plasmid. Ad5 GenBank ID: NC_001406.1. The
linker was CMV-hGM-CSF-SV40 fragment.
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In this study, the recombinant hAd5 vector backbone was

modified by rearrangement of the pIX gene, which could not only

reduce the frequency of recombination between the recombinant

hAd5 and HEK293 cells genome, but also ensure normal

proliferation of the virus. The results showed that, compared

with the normal first-generation adenoviral vector, this new

vector produced much less RCA. This will eliminate potential

safety hazards for the application of adenoviral vectors in various

fields of biomedicine.

Materials and methods

Viruses, cells and plasmids

The hAd5wt plasmid contains the complete wild-type

hAd5 genome (GenBank ID: NC_001406.1), and was stored

in our laboratory. The replication-competent recombinant

hAd5 (R rAd5) was removed E1B and E3 regions of

hAd5 genome, and the replication-defective recombinant

hAd5 (RD rAd5) was removed E1 and E3 regions of

hAd5 genome (Figure 1C). The HEK293 cells were purchased

from the American Type Culture Collection (ATCC). Cells were

cultured in Dulbecco’s Modified Eagle Medium (DMEM)

containing 10% fetal bovine serum (FBS), and were incubated

at 37°C in a humidified incubator containing 5% CO2. The

pGEM-7Zf (+) vector and pBHG10 vector were purchased

from the Tsingke Biotechnology Co., Ltd. The linker sequence

(CMV-hGM-CSF-SV40 fragment) was synthesized by the

Tsingke Biotechnology Co., Ltd.

Construction and identification of the left-arm
plasmid

The left-arm plasmid contains nt 1–5,196 of hAd5 (GenBank

ID: NC_001406.1), along with the replacement of E1B and pIX

gene (nt 3,551–4,070) by a linker sequence (CMV-hGM-CSF-

SV40). The Ad5 (nt 1–1,668) fragment and the Ad5 (nt

4,091–5,196) fragment were amplified using hAd5wt plasmid

as the template, and these fragments were inserted into the

pGEM-7Zf (+) vector to construct pGEM-7Zf (+)-Ad5

(1–1,668)-Ad5 (4,091–5,196) plasmid. Then, this plasmid was

linearized by restriction endonucleases EcoR Ⅴ, and the

chemosynthetic linker sequence (CMV-hGM-CSF-SV40) was

inserted into this plasmid by homologous recombination to

construct pGEM-7Zf (+)-Ad5 (1–1,668)- linker sequence-Ad5

(4,091–5,196) plasmid (Figure 2). The recombinant plasmid was

identified by restriction endonucleases SnaB I andMfe I, and the

digested products were separated by 1% agarose gel

electrophoresis. Simultaneously, the plasmid was sequenced to

accurately clarify the construction. The recombinant plasmid was

named the left-arm plasmid.

Construction and identification of the right-arm
plasmid

The right-arm plasmid contains nt 4,091–35,934 of hAd5,

with a reverse insertion of pIX gene (nt 3,551–4,070) into the

right terminal of hAd5 (nt 35,771). Meanwhile, the whole

E3 region (nt 27,325–31,096) except adenovirus death protein

(ADP, nt 29,485–29,771) was deleted. The Ad5 pIX gene (nt

3,551–4,070) fragment, Ad5 (nt 4,091–5,764) fragment, Ad5 (nt

29,485–29,771) fragment and Ad5 (nt 31,096–35,915) fragment

were amplified using hAd5wt plasmid as the template. The

Ad5 pIX gene (nt 3,551–4,070) fragment was inserted into the

Ad5 (nt 31,096–35,915) fragment in reverse orientation to obtain

the Ad5 (nt 31,096–35,915)-reverse (nt 3,551–4,070) fragment.

Then, the Ad5 (nt 4,091–5,764), Ad5 (nt 29,485–29,771), and

Ad5 (nt 31,096–35,915)-reverse (nt 3,551–4,070) fragments were

inserted into the pBHG10 vector to construct the complete

plasmid (Figure 2). Next, the recombinant plasmid was

identified by restriction endonuclease EcoR I. The digested

products were separated by 0.8% agarose gel electrophoresis.

Simultaneously, the plasmid was sequenced to verify the

construction. The recombinant plasmid was named the right-

arm plasmid.

Packaging and identification of recombinant
hAd5

The left-arm and right-arm plasmids were digested by Pac I,

followed by incubation at 65°C for 30 min to inactivate the

endonuclease. HEK293 cells were seeded in the 6-well cell

culture plates (Thermo, United States) a day in advance. The

two plasmids were co-transfected into 80%–90% confluent

HEK293 cells using PEI in vitro transfection reagent

(YEASEN, China) (Figure 1B). The low-RCA rAd5 packaging

and proliferation processes were observed each day. We collected

the cell suspension containing the low-RCA rAd5 when more

than 50% of cells had detached from the bottom of culture flasks.

Cell suspension subjected to three freeze-thaw cycles were

centrifuged (3,000 × g, 10 min) to remove cell debris. Only

the supernatant was collected and stored at −80°C.

In order to get a larger amount of virus, HEK293 cells were

seeded in the 175 cm2
flask a day in advance and infected with the

virus supernatant. When 50% of the cells had detached from the

bottom of culture flasks, we collected the cell suspension and

obtained the low-RCA rAd5. We extracted viral genomic DNA

from the low-RCA rAd5 using DNeasy Blood&Tissue Kit

(QIAGEN, Germany), which was identified by restriction

endonucleases BstZ17I and Pme I. The digested products were

separated by 0.5% agarose gel electrophoresis. PCR was

performed to identify the low-RCA rAd5. The primers were

designed and synthesized as follows: F: 5′-CCC GGG ATC CAT

AATCAGCCATACC-3’; R:5′-CTC TCAAGTCTGTATACG
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GGG ACA CG-3’. PCR was performed using PrimeSTAR Max

DNA Polymerase (Takara, Japan): denaturation at 98°C for 90 s,

followed by 30 cycles of denaturation at 98°C for 10 s, annealing

at 55°C for 15 s and extension at 72°C for 1 min. Simultaneously,

the viral genomic DNA was sequenced to verify whether the low-

RCA rAd5 had successfully formed.

Passaging and purification of recombinant hAd5

HEK293 cells were seeded in the 175 cm2
flasks a day in

advance and infected with the virus supernatant. When 50% of

the cells had detached from the bottom of culture flasks, we

collected the cell suspension. After cell suspension was subjected

to three freeze-thaw cycles, we obtained the passage number 1

(P1) virus supernatant by centrifugation (3,000 × g, 10 min).

Similarly, the low-RCA rAd5, the R rAd5, and the RD rAd5 were

serially passaged in HEK293 cells for 12 times.

Benzonase nuclease was added to the rAd5 supernatant and

incubated at 37°C for 1 h to digest the naked nucleic acid. Then

the rAd5 supernatant was purified by the PureVirus adenovirus

purification kit (Cell Biolabs, United States) to remove residual

protein and nucleic acid contaminants from HEK293 cells.

Quantification of recombinant hAd5 and RCA

Quantitative real-time PCR (qPCR) was performed to

quantitate the DNA copies of rAd5 and RCA

contaminants. The primers and probe for quantifying total

rAd5 copies (targeting E4 ORF6 region) were designed and

synthesized as follows: F: 5′-CTC CCG CGT TAG AAC CAT

ATC-3’; R: 5′-GAC AAT GCA CAA CGT GAG TTA C-3′,
probe: FAM-TCA GCG TAA ATC CCA CAC TGC AGG-

TAMRA. The primers and probe for quantifying RCA

contaminants (targeting E1B region) were designed and

synthesized as follows: F: 5′-TAG CGG TAC GGT TTT

CCT GG-3’; R: 5′-CCG AAC CCT TAC ATC GGT CC-3′,
probe: FAM-TAT ACC CGG TGA GTT CCT CAA GAG GC-

TAMRA. qPCR was performed using cycling conditions:

denaturation at 94°C for 10 min, followed by 45 cycles of

denaturation at 94°C for 15 s, annealing and extension at 60°C

for 1 min. The signal was read at the end of each cycle.

Absolute quantification was used to analyze the data

obtained by qPCR. The hAd5wt plasmid was used as the

reference sample. We converted the hAd5wt plasmid

concentration into copy number by formula: copies/mL =

plasmid concentration (g/mL) *6.02 *1023 (copies/mol)/

[plasmid size (bp)x 650 (Dalton/bp)]. The standard curve

was made with the reference sample, and the Ct values

obtained from the amplification curves of samples to be

tested were substituted into the standard curve to calculate

the copy number. The value of uninfected and purified

HEK293 cell sample was set as the limit of detection.

Results

Identification of the left-arm and the right-arm
plasmids

To identify the recombinant plasmids, the left-arm plasmid

was digested by the restriction endonucleases SnaB I and Mfe I.

As expected, nucleic acid electrophoresis showed that the 821 bp

segment and 6,241 bp segment were cut from the vectors

(Figure 3A). The right-arm plasmid was digested by the

restriction endonuclease EcoR I. As expected, nucleic acid

electrophoresis showed that the 6,776 bp segment and

25,531 bp segment were cut from the vectors (Figure 3B).

These results demonstrated that the left-arm plasmid and the

right-arm plasmid were successfully constructed.

Packaging and identification of low-RCA rAd5

To obtain the low-RCA rAd5, the left-arm and the right-arm

plasmids were co-transfected into HEK293 cells using PEI. After

12 days, cytopathic effect (CPE) was observed, and the cell

suspension was collected (Figure 3C).

Then, rAd5 was confirmed by restriction endonuclease

analysis and PCR. Virus supernatant was collected by

centrifugation after consecutive freeze-thaw cycles, and then

identified by PCR. As shown in Figure 4A, a segment of

1934 bp was obtained. The rAd5 was identified by

endonucleases BstZ17 I and Pme I. The digested products

were separated by 0.5% agarose gel electrophoresis and

showed three bands containing 4,722 bp segment, 7,490 bp

segment, and 20,806 bp segment (Figure 4B). The results

demonstrated that the low-RCA rAd5 was successfully generated.

Quantification of rAd5 and RCA

The low-RCA rAd5, R rAd5 and RD rAd5 were serially

passaged in HEK293 cells for 12 times, and RCA copies was

quantified by qPCR at passage number 2, 4, 6, 8, 10, and 12.

As shown in Figure 4C, the RCA copies of R rAd5 and RD

rAd5 were 1 × 104/108 total copies at passage 2, which were about

100 times higher than that of the low-RCA rAd5. Subsequently,

the RCA copies of R rAd5 remained stable, while the RCA copies

of RD rAd5 gradually increased during serial passages. At the

same time, the RCA copies of the low-RCA rAd5 fluctuated

around the limit of detection. Our results demonstrated that the

low-RCA rAd5 can successfully reduce the production of RCA.
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Discussion

In recent years, adenoviral vectors have beenwidely used in novel

vaccine and gene therapy, including the prevention of COVID-19 and

the treatment of cancers. With the increasing application of

recombinant adenoviral vectors, their biosafety remains a concern

(Jönsson and Kreppel, 2017). Currently, HEK293 is still the primary

producer cell line for producing recombinant adenoviral vectors. Due

to the presence of E1 gene in their genome, HEK293 cells are prone to

generate replication-competent adenovirus (RCA) contaminants

during production (Kumar et al., 2015). The proliferation of RCA

is not restricted, which causes serious biosafety problems (Duigou and

Young, 2005). To prevent RCA generation, alternative E1-

complementing cell lines have been derived (Howe et al., 2006).

PER.C6Human embryonic retinal (HER) cells only contain E1 region

(nt 459–3,510) of the Ad5 genome. As a result, homologous

recombination is not likely to occur between the E1-deleted

adenovirus and PER.C6 HER cell genome. It could prevent the

generation of RCA while allowing high rAd5 yields comparable to

that in theHEK293 cells (Fallaux et al., 1998).However, PER.C6HER

cells are difficult to obtain and are currently available only to large-

scale producers of recombinant vectors for clinical purposes.

Therefore, we chose to reconstruct the adenovirus to reduce the

occurrence of RCAcontaminants. In this study, the adenoviral vectors

backbone was modified by rearrangement of the pIX gene, thereby

reducing the frequency of recombination between HEK293 cells

genome and the adenoviral vector.

HEK293 cells are incorporated with a fragment of hAd5 DNA

(nt 1–4,344) in chromosome 19 (Louis et al., 1997). The first-

generation adenoviral vector is usually deleted nt 459–3,512, which

results in an 830 bp homologous sequence between rAd5 and

HEK293 genomic DNA (Kumar et al., 2015). According to a

previous report, the frequency of homology is proportional to

homology length (Fujitani et al., 1995). In this study, the homology

FIGURE 3
(A): Agarose gel electrophoresis showing digested products of the left-arm plasmid using the restriction endonucleases SnaB I and Mfe I.
Marker: Fast DNA Ladder (NEB, United States). (B): Agarose gel electrophoresis showing digested products of the right-arm plasmid using the
restriction endonuclease EcoR I. Marker: Fast DNA Ladder (NEB, United States). (C): Normal HEK293 cells and cytopathic changes of HEK293 cells
transfected with the recombinant plasmids.
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length between rAd5 and HEK293 cells genomic DNA was

shortened to 254 bp by deleting nt 1,669–4,090. The pIX gene

(nt 3,551–4,070) is a minor capsid protein, which confers stability

to the hexon shell and the entire virion, and plays roles in events

occurring after internalization, such as endosomal penetration,

transcriptional activation, and nuclear re-organization (Smith

et al., 2010). To ensure structural stability of the low-RCA

rAd5, the pIX gene was reverse-inserted behind the E4 region.

However, the modification of pIX gene may result in

homologous recombination between rAd5 and HEK293 cells

genomic DNA at the right end of the rAd5. If so, E1 region could

be incorporated into the rAd5, which still poses biosafety risks.

According to a previous report, the packing capacity of the

hAd5 capsid is less than 36 kb (Vayda et al., 1983). DNA

sequence length of the low-RCA rAd5 is 33,018 bp, if

homologous recombination occurs at the right end of the

rAd5, the length of the recombinant viral DNA is 36,696 bp,

which exceeds the maximum packing capacity of rAd5 capsid

and cannot form stable virus particles.

Quantification of RCA contaminants is critical for this study.

Assays based on cell culture and cytopathic effect (CPE) after viral

infection have been generally used for RCA contaminants

quantification for adenoviral vector products (Marzio et al.,

2007). Since most adenoviral products are replication-deficient

adenoviruses, the RCA contaminants can be measured by

culturing in non-productive cell lines, such as A549 (human lung

cancer cells). However, due to the presence of E1A gene in the low-

RCA rAd5, this method is not suitable for distinguishing RCA

contaminants from the low-RCA rAd5 because both can replicate in

test cell lines. Real-time quantitative PCR (qPCR)-based assay can

FIGURE 4
(A): Agarose gel electrophoresis showing PCR products of the low-RCA rAd5. Marker: Fast DNA Ladder (NEB, United States). (B): Agarose gel
electrophoresis showing digested products of low-RCA rAd5 genome treated with endonucleases BstZ17 I and Pme I. Marker: Quick-Load 1 kb
Extend DNA Ladder (NEB, United States). (C): Changes in the RCA amounts of the RD rAd5, the R rAd5, and the low-RCA rAd5 during serial passages.
The dotted line indicates the value of uninfected and purified HEK293 cell sample, which was set as the limit of detection.
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take advantage of the sequence difference between the low-RCA

rAd5 and RCA to detect and quantify RCA contaminants in batches

of the low-RCA rAd5 (Lock et al., 2019; Gao et al., 2022). In this

study, we designed primers targeting E1B specifically to distinguish

between RCA contaminants and the rAd5. However, the E1B region

also presented in the HEK293 genome, and the HEK293 genome

was mixed into the extracted viral genomic DNA, which caused

interference to the detection results. The PureVirus adenovirus

purification kit cannot completely remove the HEK293 genome

contamination. We also tried to use cesium chloride gradient

centrifugation to purify the virus, but the residual HEK293 DNA

interference still existed. Therefore, new method is needed to be

developed to purify the virus and eliminate the cell genomic DNA

interference.

Adenoviral vector is relatively easy to insert foreign genes,

and thus the desired gene transfer or antigen expression can be

easily achieved (Chang, 2021). Adenovirus has a very broad

spectrum of host cell tropism, and this is an excellent

characteristic of a delivery vector (Majhen et al., 2014). In

addition, when a recombinant adenovirus-based vaccine is

used via a mucosal route, high transduction efficiency can be

expected because mucosal infection is an inherent characteristic

of adenoviruses (Afkhami et al., 2016). To sum up, adenoviral

vector has emerged as very promising platforms for vaccines.

Due to the ongoing COVID-19 pandemic worldwide, the

recombinant adenovirus-based vaccines against COVID-19

have become research hotspots (Logunov et al., 2020; Zhu

et al., 2020; Ferreira et al., 2021). Besides, in recent decades,

developmental researches about Ebola, HIV-1, Zika and

influenza virus vaccines based on adenoviral vectors are

actively ongoing (Sakurai et al., 2021). Due to its negative

impact on vaccine safety, RCA restricts the development of

adenovirus-based vaccines (Zhu et al., 1999). Based on the

low-RCA rAd5 constructed in this study, a replication-

defective low-RCA rAd5 can be obtained by deleting the E1A

region. This replication-defective low-RCA rAd5may be used for

developing new vaccines, and can contribute to improve the

biosafety of the recombinant adenovirus-based vaccines.
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