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Abstract: Baculovirus expression systems have been widely used to produce recombinant mammalian
proteins owing to the lack of viral replication in vertebrates. Although several lines of evidence
have demonstrated impacts of baculovirus infection in mammalian hosts, genome-wide effects have
not been fully elucidated. Here, we provide comparative transcriptome profiles of baculovirus
and host-immune response genes in recombinant baculovirus-infected mammalian and insect cells.
Specifically, to decipher the impacts of baculovirus infection in mammalian cells, we conducted total
RNA-seq on human 293TT cells and insect Sf9 cells infected with recombinant baculovirus. We found
that baculovirus genes were rarely expressed under the control of baculoviral promoters in 293TT
cells. Although some baculovirus early genes, such as PE38 and IE-01, showed limited expression in
293TT cells, baculoviral late genes were mostly silent. We also found modest induction of a small
number of mammalian immune response genes associated with Toll-like receptors, cytokine signaling,
and complement in baculovirus-infected 293TT cells. These comprehensive transcriptome data
will contribute to improving recombinant baculovirus as tools for gene delivery, gene therapy,
and vaccine development.
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1. Introduction

Baculoviruses have been extensively used for decades as eukaryotic gene expression systems.
Although baculoviruses primarily use insects as a host to produce viral progenies, they are also
capable of infecting some mammalian cells, despite deficiencies in their ability to replicate in these
cells [1]. This unique feature allows baculoviruses to serve as potent and safe mammalian gene-delivery
systems [2,3]. Baculovirus expression systems offer some additional benefits compared with other
currently used gene expression systems. For example, unlike bacterial expression systems, baculovirus
systems support post-translational modifications, enabling production of mammalian proteins in their
native form [4]. Compared with adeno-associated virus (AAV) vectors, which have a limited gene
insertion capacity (~4.7 kb), baculoviruses can accept large (>100 kbp) foreign DNA fragments [2].
Finally, because baculoviruses do not need any helper viruses for replication, producing recombinant
viruses is relatively fast and easy.
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One of the most widely used baculoviruses for gene expression systems is Autographa californica
multiple nuclear polyhedrosis virus (AcMNPV), a member of the Baculoviridae family [3]. Baculoviruses
commonly have large (80–200 kbp), circular, double-stranded DNA genomes containing over 100 genes.
Baculovirus gene expression is regulated in a phase-dependent manner following virus infection [3,5].
Baculoviruses are known to enter insect cells by endocytosis through fusion of the viral surface protein
GP64 with the endosomal membrane at low pH [6]. Following virus entry into cells, immediate early
genes, including IE-1 and its splice variant IE-01, are expressed in host cells [7,8]. Later, late expression
factors (lefs), including lef1 through lef12, are expressed in host cells, followed by the expression of
very late genes, such as p10 and Vlf-1 [9,10]. Several studies have also reported that baculovirus
infection of mammals can result in induction of some immune response genes [11–17]. For example,
expression levels of Toll-like receptor, proinflammatory cytokines, and complement factors are elevated
in baculovirus-infected mammalian cells and mice.

Although several studies have reported physiological effects of AcMNPV infection in mammalian
cells [18–22], genome-wide transcriptomic changes that occur in mammalian systems have never been
investigated. Here, using total RNA-seq analyses, we provide comprehensive transcriptome profiles
of both baculovirus and human genes in recombinant baculovirus-infected human cells. In addition,
we demonstrate that genes are distinctly regulated by baculovirus promoters and mammalian promoters
in our recombinant baculovirus expression system. Our findings provide insights that should facilitate
efforts to optimize baculoviral vectors for gene therapy and vaccine development.

2. Materials and Methods

2.1. Cell Culture

Human embryonic kidney 293TT cells (kindly provided by Dr. Schiller, National Cancer
Institute, Bethesda, MD, USA) were grown at 37 ◦C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin.
Spodoptera frugiperda 9 (Sf9) (Invitrogen, Carlsbad, CA, USA) insect cells were maintained at 27 ◦C
in Sf-900 medium containing 3% FBS and 1% antibiotic–antimycotic (Gibco, Carlsbad, CA, USA,
#15240062) to aid cell growth and to maintain sterile culture conditions.

2.2. Generation of Recombinant Baculoviruses

A recombinant baculovirus vector expressing HERVenv at the viral surface was constructed by
inserting a synthetic codon-optimized envelope gene for HERV type W (GenBank accession number
NM014590, GenScript Corp., Piscataway, NJ, USA) into pFastBac1 (Invitrogen) under the control
of the polyhedrin (polh) promoter (pFastBac-HERV) [23]. Next, the gene encoding enhanced green
fluorescent protein (eGFP) was embedded downstream of the CMV promoter in pFastBac-HERV.
Recombinant baculoviruses were produced using the Bac-to-Bac baculovirus expression system
(Invitrogen) according to the manufacturer’s protocol and were further propagated in Sf9 cells.
Virus titer was measured by qRT-PCR using a BacPac qPCR titration kit (Takara Bio, Mountain View,
Santa Clara County, CA, USA) and was calculated using the formula: Copies/mL = (raw copy number
(copies)) × (1000 µL/mL) × (elution volume (µL))/(sample size (µL)) × (volume (µL) per well).

2.3. Infection of Cells with Recombinant Baculoviruses

Both 293TT and Sf9 cells were infected with recombinant AcHERVenv-CMV-GFP at a multiplicity
of infection (MOI) of 30. After 72 h of virus infection, supernatants were removed, and cells were lysed
for RNA isolation.

2.4. Fluorescence Microscopy

After 72 h of recombinant baculovirus infection, cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 min. Following the washing step, cells were mounted with ProLong™ Gold
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Antifade Mountant with DAPI (Invitrogen) overnight in the dark. GFP was visualized with a Zeiss
LSM 800 confocal microscope using a 40 × oil objective lens. GFP was excited at 488 nm and emission
was collected using a 505–530 nm filter.

2.5. RNA Isolation

Total RNA was isolated from recombinant AcHERVenv-CMV-GFP-infected or -uninfected cells
using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions.
The quantity and quality of isolated RNA was analyzed using a microplate spectrophotometer
(BioTek Instruments, Winooski, VT, USA)

2.6. Quantitative Reverse Transcription-polymerase Chain Reaction (RT-qPCR)

cDNA was synthesized from total RNA using SuperScript III first-strand synthesis supermix
(Invitrogen), and qPCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) on the LightCycler 96 system (Roche, Mannheim, Germany). Gene-specific primers
used for qPCR are listed in Table S1. Expression levels of baculovirus genes and immune-response
genes were normalized to those of 18s rRNA and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), respectively.

2.7. Total RNA-Sequencing (RNA-seq)

Total RNA was isolated from recombinant baculovirus-infected and -uninfected cells and quantified
using the PicoGreen (Invitrogen) method using a Victor 3 fluorometer (Perkin Elmer, CT, USA).
The integrity of total RNAs was analyzed using a 2100 Bioanalyzer (Agilent Technologies, CA, USA).
RNA samples with an RNA Integrity Number (RIN) value ≥ 7 were used to generate RNA-seq libraries.
DNA contamination was removed by treating isolated RNA with DNase, and rRNA was removed
using a ribo-zero rRNA removal kit. Purified total RNA was randomly fragmented, synthesized into
cDNA, and then used to prepare an RNA-seq library using a TruSeq Stranded Total RNA LT Sample
Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. The quantity
and quality of libraries were assessed, and paired-end sequencing with an average length of 100 reads
was performed using a NovaSeq 6000 system (Illumina). Three replicates were used for sequencing.
The complete raw and normalized Total RNA-seq data have been deposited in the Gene Expression
Omnibus (GEO) under accession GSE158603.

2.8. Total RNA-seq Data Analysis

Low-quality reads were filtered out by trimming RNA-seq data using Trimmomatic. Subsequent
reads were mapped to the reference genome UCSC hg19 or GCF_000838485.1_ViralProj14023 using
the Bowtie2 aligner. For comparison of expression levels among all samples, fragments per kilobase
of transcript per million mapped reads (FPKM), fold change, and variance were calculated using
edgeR. Transcripts with a FPKM > 1 were used for further analysis. Transcripts with a log2 fold
change ≥ 2 and significant pairwise variance (p < 0.05) were classified as differentially expressed genes.
Gene set enrichment analysis (GSEA) was performed using the KEGG database and GO term (see the
Supplementary Materials). Violin plots, volcano plots, and heat maps were generated in R.

2.9. Statistical Analyses

Gene expression data are presented as means of independent biological replicates with standard
error of the mean (s.e.m.). A two-tailed unpaired t test was applied for statistical analyses.
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3. Results

3.1. Generation of a Dual Promoter-Controlled Recombinant Baculovirus

A recombinant baculovirus that is regulated by both a baculovirus promoter and a mammalian
promoter was used to examine the impact of baculovirus infection on genome-wide transcriptome
profiles in mammalian cells. In our previous study, we established the recombinant baculovirus
AcHERVenv expressing the envelope protein of human endogenous retrovirus (HERV) at the viral surface,
which enhances virus infectivity in mammalian cells [23–25]. HERVenv is embedded downstream
of the baculovirus polyhedrin (polh) promoter. To visualize mammalian promoter-regulated gene
expression, we further inserted the GFP gene under the control of the Cytomegalovirus (CMV) promoter,
yielding pFB-HERVenv-CMV-GFP (Figure 1A). The recombinant baculovirus, AcHERVenv-CMV-GFP,
was produced from pFB-HERVenv-CMV-GFP using the Bac-to-Bac baculovirus expression system and
was further propagated in Sf9 cells. For preparation of total RNA-seq samples, human 293TT and
insect Sf9 cells were infected with AcHERVenv-CMV-GFP at a MOI of 30 for 72 h (Figure 1B), and total
RNA was isolated.
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Figure 1. Schematic depiction of the recombinant baculovirus construct and experimental design.
(A) A pFastBac-HERVenv-CMV-GFP plasmid was constructed to express the envelope protein HERVenv

and GFP under the control of the baculovirus polh promoter and human CMV promoter, respectively.
The recombinant baculovirus, AcHERVenv-CMV-GFP, was generated using the Bac-to-Bac baculovirus
expression system and was propagated in Sf9 cells. (B) Human embryonic kidney 293TT cells and
insect Sf9 cells were infected with AcHERVenv-CMV-GFP at a MOI of 30. Gene expression profiles were
obtained by performing total RNA-seq and qRT-PCR analyses using total RNA isolated 72 h after virus
infection. 293TT-N, uninfected 293TT cells; 293TT, infected 293TT cells; Sf9-N, uninfected Sf9 cells;
Sf9, infected Sf9 cells.

To assess distinct gene regulatory events controlled by mammalian and baculoviral promoters,
GFP signals were visualized by fluorescence microscopy and Western blotting and qRT-PCR analyses
were performed (Figure 2 and Figure S1). As expected, green fluorescence and GFP expression was
only detected in AcHERVenv-CMV-GFP-infected 293TT cells, and not in Sf9 cells or uninfected controls
(Figure 2A–C). Next, we examined expression levels of gp64 and the gene encoding the viral surface
protein HERVenv, which are controlled by baculoviral promoters (Figure 2D,E). Both HERVenv and
gp64 were prominently expressed in AcHERVenv-CMV-GFP-infected Sf9 cells, but not in virus-infected
293TT cells or uninfected controls. These results indicate that the recombinant AcHERVenv-CMV-GFP
baculovirus expression system ensures promoter-specific gene regulation.
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Figure 2. Expression levels of representative genes controlled by mammalian and baculovirus promoters.
(A) Fluorescence images of CMV promoter-regulated GFP expression in AcHERVenv-CMV-GFP-infected
293TT and Sf9 cells. 293TT-N and Sf9-N were used as uninfected controls, respectively. DAPI visualizes
nuclei. Scale bars in all fluorescence images, 20 µm. (B) Western blot analyses of GFP expression in
AcHERVenv-CMV-GFP-infected 293TT and Sf9 cells. The levels of GFP protein were assayed using
anti-GFP antibody and normalized relative to β-actin levels, used a loading control. qRT-PCR
analyses of (C) GFP, (D) baculovirus promoter-regulated HERVenv, and (E) gp64 expression in
AcHERVenv-CMV-GFP-infected 293TT and Sf9 cells. GFP, HERVenv, and gp64 RNA levels were
normalized to 18s rRNA levels. Results are shown as the means ± s.e.m. of six independent replicates.
** p < 0.001, *** p < 0.0001, **** p < 0.00001. n.s., not significant.

3.2. Comparative Baculovirus Transcriptome Profiles in Insect and Human Cells

To obtain genome-wide baculovirus transcriptome profiles, we conducted total RNA-seq analyses
on AcHERVenv-CMV-GFP-infected 293TT and Sf9 cells. Total RNA-seq reads were mapped to
A. californica nuclear polyhedrosis virus (AcNPV, GCF_000838485.1_ViralProj14023). These analyses
showed that 148 baculovirus genes were associated with AcHERVenv-CMV-GFP-infected 293TT cell
transcripts, and 150 genes were associated with AcHERVenv-CMV-GFP-infected Sf9 cell transcripts.
Two genes that were not expressed in 293TT cells were Orf20 and Orf160. Orf20 is involved in
actin rearrangement and the enhancement of viral movement [26]. The biological function of
Orf160 has not yet been determined. No baculovirus genes were linked to uninfected 293TT cell
transcripts. Notably, the mapping ratio of virus-infected 293TT cell transcripts was less than 0.1%,
whereas a relatively high mapping ratio (>46%) was found for virus-infected Sf9 cell transcripts
(Table 1). These data suggest that baculovirus infection of 293TT cells induces only basal levels of
viral gene expression. Using independent biological replicates, we confirmed the reproducibility of
RNA-seq data (Figure S2A). Gene expression profiles were distinct between virus-infected 293TT
and Sf9 experimental groups (Figure S2B). Overall, baculovirus genes were rarely expressed in
AcHERVenv-CMV-GFP-infected 293TT cells; however, some genes were still expressed at modest levels.
To further understand these gene sets, we analyzed total read counts obtained from virus-infected
293TT and Sf9 cells. Mean read counts of baculovirus genes from virus-infected Sf9 cells (133,635 read
counts) were more than 700-fold higher than those from 293TT cells (180 read counts) (Figure 3A).
PE38, a baculovirus early expressed gene, showed the highest read count (3370) in virus-infected
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293TT cells, whereas the baculovirus late-expressed gene 39K/pp31 showed the highest read count
(1,268,493) in infected Sf9 cells. Expression levels of all 148 baculovirus genes associated with
AcHERVenv-CMV-GFP-infected 293TT cell transcripts were exclusively and significantly increased by
more than two-fold (log2 transformed) in virus-infected Sf9 cells compared with virus-infected 293TT
cells (Figure 3B).

Table 1. Mapping ratio of baculovirus genes for AcHERVenv-CMV-GFP-infected cells.

Sample Sample No. Number of Processed Reads Number of Mapped Reads

293TT-N 1 123,252,764 0 (0.00%)
2 130,201,768 16 (0.00%)
3 126,360,742 0 (0.00%)

293TT 1 100,237,542 56,316 (0.06%)
2 98,908,778 107,364 (0.11%)
3 148,781,606 170,092 (0.11%)

Sf9 1 136,870,040 63,122,142 (46.12%)
2 127,920,774 56,971,000 (44.54%)
3 112,371,568 51,938,850 (46.22%)
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induced in virus-infected Sf9 cells relative to 293TT cells (Figure 4B,C). RNA polymerase II subunits, 
including lef-4, lef-8, lef-9, and p47 [31], were modestly increased in Sf9 cells. Notably, expression 
levels of early-expressed genes such as PE38, IE-01, and IE-02 were higher than those of late-

Figure 3. Comparative baculovirus transcriptome profiles of recombinant baculovirus-infected human
and insect cells. (A) Violin plots illustrate read counts obtained for AcHERVenv-CMV-GFP-infected 293TT
and Sf9 cells. (B) Volcano plot shows the fold change (log2 transformed) and variance for all transcripts in
AcHERVenv-CMV-GFP-infected 293TT cells relative to virus-infected Sf9 cells. Differentially expressed
transcripts are highlighted in orange. Dotted gray lines indicate two-fold changes and a p-value ≤ 0.05.

To further understand the baculovirus transcriptome profiles of virus-infected 293TT and Sf9 cells,
we selected 18 baculovirus genes that have well-known functions [7–10,27–30] and compared expression
levels of these genes between virus-infected 293TT cells and Sf9 cells. All 18 genes showed a more than
two-fold change in expression in infected Sf9 cells compared with that in 293TT cells, changes that were
statistically significant (Figure 4A). Among these 18 baculovirus genes, the baculovirus late-expressed
genes 39K/pp31 and p10 showed greater differential expression (14- and 13-fold change) than the
early-expressed genes PE38 and IE-01 (6- and 9-fold change). In agreement with the RNA-seq data,
qRT-PCR results showed that overall baculovirus gene expression levels were significantly lower
in virus-infected 293TT cells than in virus-infected Sf9 cells (Figure S3). Overall, baculovirus very
late-expressed genes, including 39K/pp31, p10, and vp39, were dramatically induced in virus-infected
Sf9 cells relative to 293TT cells (Figure 4B,C). RNA polymerase II subunits, including lef-4, lef-8, lef-9,
and p47 [31], were modestly increased in Sf9 cells. Notably, expression levels of early-expressed genes
such as PE38, IE-01, and IE-02 were higher than those of late-expressed genes in 293TT cells (Figure 4D).
In comparison, expression levels of very late-expressed genes such as 39K/pp31, p10, and vp39 were
higher than those of early expressed genes in Sf9 cells. These data suggest that, although recombinant
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baculovirus infection of human cells can induce basal levels of baculovirus early gene expression, rare
expression of baculovirus late genes may not be sufficient to lead to the assembly of mature viruses
and further virus amplification.
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Figure 4. Transcriptome profiles of baculovirus early- and late-expressed genes in human cells.
(A) Volcano plot shows the fold change (log2 transformed) and variance for baculovirus early- and
late-expressed genes in AcHERVenv-CMV-GFP-infected 293TT cells relative to virus-infected Sf9 cells.
(B) Heatmap showing the relative changes in expression of representative early and late-expressed
baculovirus genes. (C) qRT-PCR analysis of baculovirus early and late genes in Sf9 cells, confirming
the RNA-seq data. Results are shown as the means ± s.e.m. of six independent replicates. * p < 0.05,
** p < 0.001, *** p < 0.0001, **** p < 0.00001. n.s., not significant. (D) Bar graph showing relative levels of
expression of 18 representative baculovirus genes in 293TT cells. FPKM values of baculovirus gene
transcript in 293TT cells were normalized to those of Sf9 cells.

3.3. Induction of Immune-Response Genes upon Baculovirus Infection in Human Cells

Several lines of evidence have shown that baculovirus infection can elicit immune responses
in human cells [11,20,32]. To further analyze the genome-wide impact of baculovirus infection on
human gene expression, we mapped the total RNA-seq reads obtained from infected and uninfected
293TT cells to the human reference genome. The mapping ratio was over 95% in both experimental
groups (Table S2). To investigate whether baculovirus infection affects the human transcriptome profile,
we carried out differential gene expression analyses on RNA-seq data from infected 293TT cell cultures
and uninfected controls. Of 16,883 human genes, 440 showed differential gene expression greater than
two-fold (log2 transformed, p < 0.05); 347 genes were upregulated and 93 genes were downregulated
in infected 293TT cultures compared with uninfected controls (Figure 5A).

Gene set enrichment analysis (GSEA) of RNA-seq data have demonstrated that genes associated
with immune responses, including those involved in the Toll-like receptor (TLR) signaling pathway,
cytokine–cytokine receptor interaction, complement and coagulation cascades, and cell adhesion
molecules, were significantly induced in AcHERVenv-CMV-GFP-infected 293TT cells compared with
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uninfected controls (Figure 5B and Figure S4). In the TLR signaling pathway, expression levels of TLR6,
TRL9, and TICAM2 genes were increased by more than two-fold relative to uninfected controls. In the
cytokine–cytokine receptor interaction pathway, IL32, TNFRSF14, and TNFRSF13B levels were induced
more than two-fold. Among MHC II molecules, HLA-DMB and HLA-DPB1 levels were increased.
In complement and coagulation cascades, C8G, C5AR1, and CFHR1 exhibited significant gene induction.
Among cell adhesion molecules, STAB1 showed the elevated expression levels. Several complement
components (C2, C4B_2, and C5) and factors involved in B cell development (CD19), the cell cycle
(CDK6), and translation initiation (EIF3C) were downregulated in virus infected 293TT cells. Changes
in the expression of representative genes, including TLR9, IL32, TNFRSF12A, HLA-DMB, C8G, STAB1,
C2, C5, CD19, and EIF3C, were validated by qRT-PCR analyses (Figure 5C). Consistent with previous
reports, these data demonstrate that baculovirus infection induces some immune response genes in
mammalian cells. Our data further provide extended transcriptome profiles that may deepen our
understanding of the genome-wide impact of baculovirus infection in mammals.
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4. Discussion 

Figure 5. Transcriptome profiles of host immune-response genes. (A) Volcano plot shows the fold
change (log2 transformed) and variance for human gene transcripts in AcHERVenv-CMV-GFP-infected
293TT cells relative to uninfected controls. Differentially expressed transcripts are highlighted in orange.
(B) Heatmap depicting relative change in the expression of host immune-response genes. (C) qRT-PCR
analysis of the indicated genes in AcHERVenv-CMV-GFP-infected 293TT cells and uninfected controls
verifies the RNA-seq data. mRNA levels of indicated genes in 293TT and 293TT-N were normalized to
GAPDH levels. Gene expression levels of 293TT relative to 293TT-N are shown as the means ± s.e.m. of
six independent replicates.

4. Discussion

Recent advances in next-generation sequencing technologies have led to a better understanding
of various genomic structures of viruses and the host transcriptomic changes that occur upon infection
with a specific virus. The genomic structure of the baculovirus AcMNPV [33] and the AcMNPV
transcriptome in the Ni insect cell line [34] have been previously identified. However, the biological
impact of AcMNPV infection in mammals has never been demonstrated at the genome-wide level.
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To compare baculovirus transcriptome profiles in insect and mammalian cells, we conducted total
RNA-seq analyses on both insect Sf9 cells and human 293TT cells after infection with recombinant
baculovirus. We first examined whether the dual promoter system in our recombinant baculovirus
distinctly regulated genes specific to each promoter. As expected, expression of GFP was restricted
to AcHERVenv-CMV-GFP-infected 293TT cells, indicating tight regulation of the mammalian CMV
promoter. In contrast, levels of the viral surface proteins HERVenv and gp64 were only dramatically
induced in Sf9 cells under the control of baculovirus promoters.

We further mined our RNA-seq data to determine whether any baculovirus genes were induced in
mammalian cells. We found that most baculovirus genes were expressed at basal levels in virus-infected
293TT cells, although some genes showed modest expression. Baculovirus early-expressed genes,
including PE38, IE-01, and IE-2, were slightly upregulated, whereas late genes essential for virus
assembly were relatively silent. qRT-PCR analysis showed that, 24 h after infection of human
HepG2 and 293 cells, AcMNPV could transcribe baculovirus immediate early genes, IE-1 and
IE-2 [19]. RT-PCR analysis showed that a second widely used baculovirus species, Bombyx Mori
nucleopolyhedrovirus (BmNPV), could induce the expression of baculovirus early genes, IE-1, he65,
and IE-0, but not late genes, such as p39 and pol, in 293 and Schwann cells [35]. In agreement with
previous reports, our global RNA-seq results also revealed that baculovirus early genes were modestly
expressed in human 293TT cells. In comparison, baculovirus late-expressed genes, including p10 and
39K/pp31, were highly expressed in baculovirus-producing Sf9 cells relative to early-expressed genes.
Baculovirus early genes are typically expressed until ~6 h post infection (h.p.i.) and are essential for
viral DNA synthesis and the expression of late genes [7,8]. The late genes (~6–18 h.p.i.) and very late
genes (~18–72 h.p.i.) are crucial for transcription of the viral structural proteins required for virus
assembly [9,10]. Our RNA-seq data suggest that the limited expression of baculovirus early genes in
293TT cells may not be sufficient for the full induction of late gene expression and viral DNA synthesis
and may further interfere with intact virus assembly and virus budding.

Finally, we explored the genome-wide impact of baculovirus infection on the human transcriptome.
A previous microarray analysis showed that infection of 293 cells by BmNPV did not appreciably
alter the expression of human genes, but did induce small changes in expression of 22 genes [35].
Our RNA-seq results showed that some immune response genes were sensitive to recombinant
AcMNPV infection and were slightly upregulated in virus-infected 293TT cells. These included genes
involved in the TLR signaling pathway or cytokine–cytokine receptor interaction, or those encoding
complement factors or adhesion molecules. Previous studies have reported that some inflammatory
cytokines, including type I interferons, interleukins, and tumor necrosis factors, can be induced upon
baculovirus infection in mammalian cells and in mice [11,18,20,21,32,36]. Activation of T cell responses
through MHC epitopes and induction of the complement system have also been reported [15–17].
Viral vector-mediated gene delivery was expected to induce immune responses. The most widely
used AAV vector has been shown to induce both innate and adaptive immune responses [37–39].
Similar to our results on baculovirus, AAV activates the TLR9 signaling pathway. However, AAV
further induces NF-κb, interferon response genes, and genes encoding several proinflammatory
cytokines, including TNF-α, IL-6, CCL5, MCP-1, and type I IFNs, as well as activating CD8+ T cells.
Although direct comparisons are necessary, these findings suggest that baculoviral vectors may be the
safer choice for gene delivery systems, as they induce only limited changes in host innate immunity.
Our RNA-seq data also reveal that few genes involved in B cell development, complement, cell cycle,
and translation initiation were downregulated in virus-infected 293TT cells. The induction of immune
responses may lead to further inhibition of protein translation and cell division of virus infected cells,
thereby protecting the host. Our data verify the immunogenic features of recombinant baculovirus
infection at the genome-wide level. These findings may be useful for efforts to enhance host immunity
as part of an effective vaccine strategy. Collectively, the results of our study expand our understanding
of transcriptomic changes that occur upon baculovirus infection in both human and insect cells.
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These data should provide a framework for the design of an advanced baculovirus expression system
and help ensure its safety for gene delivery, vaccine development and clinical therapeutics.

5. Conclusions

With the advent of RNA-seq protocols, extensive transcriptome landscapes have been uncovered
in diverse species and specific biological environments. In this study, we unraveled the genome-wide
impact of recombinant baculovirus infection in both insect and human cells. Our data clearly show that
baculovirus infection generates different baculovirus transcriptomes in invertebrate and vertebrate
cells and affects the human transcriptome. Further genome-wide analyses of baculovirus-infected
living organisms will deepen our understanding of the efficacy and safety of baculovirus expression
systems for clinical use.
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Figure S2: Assessment of intra- and intergroup variability, Figure S3: qRT-PCR analysis of baculovirus early and
late gene expression levels in recombinant baculovirus infected 293TT and Sf9 cells, Figure S4: KEGG pathway
analyses, Table S1: Gene-specific primer sequences for qRT-PCR analyses, Table S2: Mapping ratio of human
genes for recombinant baculovirus infected and uninfected cells.

Author Contributions: Conceptualization, H.Y.S. and Y.B.K.; methodology, H.C., N.K., N.P., and H.K.; software,
H.Y.S., N.K., N.P., H.K., and J.K.; validation, H.Y.S., N.K., and J.K.; formal analysis, J.K.; investigation, H.Y.S.;
resources, Y.B.K.; data curation, H.Y.S.; writing—original draft preparation, H.Y.S.; writing—review and editing,
H.Y.S., J.K., and Y.B.K.; visualization, H.Y.S., H.C., N.K., and J.K.; supervision, J.K. and Y.B.K.; project administration,
Y.B.K.; and funding acquisition, H.Y.S. and Y.B.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Health & Welfare (Republic of Korea), grant number
HI18C2177, and Konkuk University Researcher Fund in 2019.

Acknowledgments: We thank J. Park and Y. Koh (Macrogen) for technical assistance with, and helpful
discussions on, bioinformatic analyses. We thank Uijin Kim for technical assistance with confocal microscopy and
image analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Volkman, L.E.; Goldsmith, P.A. In Vitro Survey of Autographa californica Nuclear Polyhedrosis Virus
Interaction with Nontarget Vertebrate Host Cells. Appl. Environ. Microbiol. 1983, 45, 1085–1093. [CrossRef]
[PubMed]

2. Ghosh, S.; Parvez, M.K.; Banerjee, K.; Sarin, S.K.; Hasnain, S.E. Baculovirus as mammalian cell expression
vector for gene therapy: An emerging strategy. Mol. Ther. 2002, 6, 5–11. [CrossRef] [PubMed]

3. Ono, C.; Okamoto, T.; Abe, T.; Matsuura, Y. Baculovirus as a Tool for Gene Delivery and Gene Therapy.
Viruses 2018, 10, 510. [CrossRef] [PubMed]

4. Jha, P.K.; Pal, R.; Nakhai, B.; Sridhar, P.; Hasnain, S.E. Simultaneous synthesis of enzymatically active
luciferase and biologically active β subunit of human chorionic gonadotropin in caterpillars infected with a
recombinant baculovirus. FEBS Lett. 1992, 310, 148–152. [CrossRef]

5. Van Oers, M.M.; Pijlman, G.P.; Vlak, J.M. Thirty years of baculovirus-insect cell protein expression: From dark
horse to mainstream technology. J. Gen. Virol. 2015, 96, 6–23. [CrossRef] [PubMed]

6. Blissard, G.W.; Wenz, J.R. Baculovirus gp64 envelope glycoprotein is sufficient to mediate pH-dependent
membrane fusion. J. Virol. 1992, 66, 6829–6835. [CrossRef] [PubMed]

7. Schultz, K.L.; Wetter, J.A.; Fiore, D.C.; Friesen, P.D. Transactivator IE1 is required for baculovirus early
replication events that trigger apoptosis in permissive and nonpermissive cells. J. Virol. 2009, 83, 262–272.
[CrossRef]

8. Sokal, N.; Nie, Y.; Willis, L.G.; Yamagishi, J.; Blissard, G.W.; Rheault, M.R.; Theilmann, D.A. Defining the
roles of the baculovirus regulatory proteins IE0 and IE1 in genome replication and early gene transactivation.
Virology 2014, 468–470, 160–171. [CrossRef]

http://www.mdpi.com/2073-4425/11/11/1306/s1
http://dx.doi.org/10.1128/AEM.45.3.1085-1093.1983
http://www.ncbi.nlm.nih.gov/pubmed/16346229
http://dx.doi.org/10.1006/mthe.2000.0643
http://www.ncbi.nlm.nih.gov/pubmed/12095297
http://dx.doi.org/10.3390/v10090510
http://www.ncbi.nlm.nih.gov/pubmed/30235841
http://dx.doi.org/10.1016/0014-5793(92)81317-F
http://dx.doi.org/10.1099/vir.0.067108-0
http://www.ncbi.nlm.nih.gov/pubmed/25246703
http://dx.doi.org/10.1128/JVI.66.11.6829-6835.1992
http://www.ncbi.nlm.nih.gov/pubmed/1404622
http://dx.doi.org/10.1128/JVI.01827-08
http://dx.doi.org/10.1016/j.virol.2014.07.044


Genes 2020, 11, 1306 11 of 12

9. Knebel-Morsdorf, D.; Quadt, I.; Li, Y.; Montier, L.; Guarino, L.A. Expression of baculovirus late and very late
genes depends on LEF-4, a component of the viral RNA polymerase whose guanyltransferase function is
essential. J. Virol. 2006, 80, 4168–4173. [CrossRef]

10. Passarelli, A.L.; Guarino, L.A. Baculovirus late and very late gene regulation. Curr. Drug Targets 2007, 8,
1103–1115. [CrossRef]

11. Beck, N.B.; Sidhu, J.S.; Omiecinski, C.J. Baculovirus vectors repress phenobarbital-mediated gene induction
and stimulate cytokine expression in primary cultures of rat hepatocytes. Gene Ther. 2000, 7, 1274–1283.
[CrossRef]

12. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity.
Nat. Immunol. 2001, 2, 675–680. [CrossRef] [PubMed]

13. Abe, T.; Takahashi, H.; Hamazaki, H.; Miyano-Kurosaki, N.; Matsuura, Y.; Takaku, H. Baculovirus induces
an innate immune response and confers protection from lethal influenza virus infection in mice. J. Immunol.
2003, 171, 1133–1139. [CrossRef]

14. Abe, T.; Hemmi, H.; Miyamoto, H.; Moriishi, K.; Tamura, S.; Takaku, H.; Akira, S.; Matsuura, Y. Involvement of
the Toll-like receptor 9 signaling pathway in the induction of innate immunity by baculovirus. J. Virol. 2005,
79, 2847–2858. [CrossRef] [PubMed]

15. Luo, W.Y.; Lin, S.Y.; Lo, K.W.; Lu, C.H.; Hung, C.L.; Chen, C.Y.; Chang, C.C.; Hu, Y.C. Adaptive immune
responses elicited by baculovirus and impacts on subsequent transgene expression in vivo. J. Virol. 2013, 87,
4965–4973. [CrossRef] [PubMed]

16. Hofmann, C.; Strauss, M. Baculovirus-mediated gene transfer in the presence of human serum or blood
facilitated by inhibition of the complement system. Gene Ther. 1998, 5, 531–536. [CrossRef]

17. Kaikkonen, M.U.; Maatta, A.I.; Yla-Herttuala, S.; Airenne, K.J. Screening of complement inhibitors: Shielded
baculoviruses increase the safety and efficacy of gene delivery. Mol. Ther. 2010, 18, 987–992. [CrossRef]

18. Gronowski, A.M.; Hilbert, D.M.; Sheehan, K.C.; Garotta, G.; Schreiber, R.D. Baculovirus stimulates antiviral
effects in mammalian cells. J. Virol. 1999, 73, 9944–9951. [CrossRef]

19. Laakkonen, J.P.; Kaikkonen, M.U.; Ronkainen, P.H.; Ihalainen, T.O.; Niskanen, E.A.; Hakkinen, M.;
Salminen, M.; Kulomaa, M.S.; Yla-Herttuala, S.; Airenne, K.J.; et al. Baculovirus-mediated immediate-early
gene expression and nuclear reorganization in human cells. Cell Microbiol. 2008, 10, 667–681. [CrossRef]

20. Ono, C.; Ninomiya, A.; Yamamoto, S.; Abe, T.; Wen, X.; Fukuhara, T.; Sasai, M.; Yamamoto, M.; Saitoh, T.;
Satoh, T.; et al. Innate immune response induced by baculovirus attenuates transgene expression in
mammalian cells. J. Virol. 2014, 88, 2157–2167. [CrossRef]

21. Molina, G.N.; Tavarone, E.; Taboga, O.; Molinari, P. Two Distinctive Phenotypes of AcMNPV Display
Different Immune Abilities and Intracellular Destiny. PLoS ONE 2016, 11, e0168939. [CrossRef]

22. Fujita, R.; Matsuyama, T.; Yamagishi, J.; Sahara, K.; Asano, S.; Bando, H. Expression of Autographa californica
multiple nucleopolyhedrovirus genes in mammalian cells and upregulation of the host β-actin gene. J. Virol.
2006, 80, 2390–2395. [CrossRef]

23. Lee, H.J.; Park, N.; Cho, H.J.; Yoon, J.K.; Van, N.D.; Oh, Y.K.; Kim, Y.B. Development of a novel viral DNA
vaccine against human papillomavirus: AcHERV-HP16L1. Vaccine 2010, 28, 1613–1619. [CrossRef]

24. Lee, H.J.; Hur, Y.K.; Cho, Y.D.; Kim, M.G.; Lee, H.T.; Oh, Y.K.; Kim, Y.B. Immunogenicity of bivalent human
papillomavirus DNA vaccine using human endogenous retrovirus envelope-coated baculoviral vectors in
mice and pigs. PLoS ONE 2012, 7, e50296. [CrossRef]

25. Lee, H.J.; Yoon, J.K.; Heo, Y.; Cho, H.; Cho, Y.; Gwon, Y.; Kim, K.C.; Choi, J.; Lee, J.S.; Oh, Y.K.; et al.
Therapeutic potential of an AcHERV-HPV L1 DNA vaccine. J. Microbiol. 2015, 53, 415–420. [CrossRef]

26. Shrestha, A.; Bao, K.; Chen, Y.R.; Chen, W.; Wang, P.; Fei, Z.; Blissard, G.W. Global Analysis of Baculovirus
Autographa californica Multiple Nucleopolyhedrovirus Gene Expression in the Midgut of the Lepidopteran
Host Trichoplusia ni. J. Virol. 2018, 92. [CrossRef]

27. Passarelli, A.L.; Miller, L.K. In vivo and in vitro analyses of recombinant baculoviruses lacking a functional
cg30 gene. J. Virol. 1994, 68, 1186–1190. [CrossRef]

28. McLachlin, J.R.; Miller, L.K. Identification and characterization of vlf-1, a baculovirus gene involved in very
late gene expression. J. Virol. 1994, 68, 7746–7756. [CrossRef] [PubMed]

29. Guarino, L.A.; Mistretta, T.A.; Dong, W. DNA binding activity of the baculovirus late expression factor PP31.
Virus Res. 2002, 90, 187–195. [CrossRef]

http://dx.doi.org/10.1128/JVI.80.8.4168-4173.2006
http://dx.doi.org/10.2174/138945007782151324
http://dx.doi.org/10.1038/sj.gt.3301246
http://dx.doi.org/10.1038/90609
http://www.ncbi.nlm.nih.gov/pubmed/11477402
http://dx.doi.org/10.4049/jimmunol.171.3.1133
http://dx.doi.org/10.1128/JVI.79.5.2847-2858.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709004
http://dx.doi.org/10.1128/JVI.03510-12
http://www.ncbi.nlm.nih.gov/pubmed/23408634
http://dx.doi.org/10.1038/sj.gt.3300607
http://dx.doi.org/10.1038/mt.2010.25
http://dx.doi.org/10.1128/JVI.73.12.9944-9951.1999
http://dx.doi.org/10.1111/j.1462-5822.2007.01074.x
http://dx.doi.org/10.1128/JVI.03055-13
http://dx.doi.org/10.1371/journal.pone.0168939
http://dx.doi.org/10.1128/JVI.80.5.2390-2395.2006
http://dx.doi.org/10.1016/j.vaccine.2009.11.044
http://dx.doi.org/10.1371/journal.pone.0050296
http://dx.doi.org/10.1007/s12275-015-5150-0
http://dx.doi.org/10.1128/JVI.01277-18
http://dx.doi.org/10.1128/JVI.68.2.1186-1190.1994
http://dx.doi.org/10.1128/JVI.68.12.7746-7756.1994
http://www.ncbi.nlm.nih.gov/pubmed/7966564
http://dx.doi.org/10.1016/S0168-1702(02)00152-1


Genes 2020, 11, 1306 12 of 12

30. Rohel, D.Z.; Cochran, M.A.; Faulkner, P. Characterization of two abundant mRNAs of Autographa californica
nuclear polyhedrosis virus present late in infection. Virology 1983, 124, 357–365. [CrossRef]

31. Guarino, L.A.; Xu, B.; Jin, J.; Dong, W. A virus-encoded RNA polymerase purified from baculovirus-infected
cells. J. Virol. 1998, 72, 7985–7991. [CrossRef] [PubMed]

32. Hu, Z.P.; Yin, J.; Zhang, Y.Y.; Jia, S.Y.; Chen, Z.J.; Zhong, J. Characterization of the immune responses elicited
by baculovirus-based vector vaccines against influenza virus hemagglutinin. Acta Pharmacol. Sin. 2012, 33,
783–790. [CrossRef]

33. Ayres, M.D.; Howard, S.C.; Kuzio, J.; Lopez-Ferber, M.; Possee, R.D. The complete DNA sequence of
Autographa californica nuclear polyhedrosis virus. Virology 1994, 202, 586–605. [CrossRef]

34. Chen, Y.R.; Zhong, S.; Fei, Z.; Hashimoto, Y.; Xiang, J.Z.; Zhang, S.; Blissard, G.W. The transcriptome of the
baculovirus Autographa californica multiple nucleopolyhedrovirus in Trichoplusia ni cells. J. Virol. 2013, 87,
6391–6405. [CrossRef]

35. Kenoutis, C.; Efrose, R.C.; Swevers, L.; Lavdas, A.A.; Gaitanou, M.; Matsas, R.; Iatrou, K. Baculovirus-mediated
gene delivery into Mammalian cells does not alter their transcriptional and differentiating potential but is
accompanied by early viral gene expression. J. Virol. 2006, 80, 4135–4146. [CrossRef]

36. Lavdas, A.A.; Efrose, R.; Douris, V.; Gaitanou, M.; Papastefanaki, F.; Swevers, L.; Thomaidou, D.; Iatrou, K.;
Matsas, R. Soluble forms of the cell adhesion molecule L1 produced by insect and baculovirus-transduced
mammalian cells enhance Schwann cell motility. J. Neurochem. 2010, 115, 1137–1149. [CrossRef]

37. Rogers, G.L.; Martino, A.T.; Aslanidi, G.V.; Jayandharan, G.R.; Srivastava, A.; Herzog, R.W. Innate Immune
Responses to AAV Vectors. Front. Microbiol. 2011, 2, 194. [CrossRef] [PubMed]

38. Rabinowitz, J.; Chan, Y.K.; Samulski, R.J. Adeno-associated Virus (AAV) versus Immune Response. Viruses
2019, 11, 102. [CrossRef]

39. Ronzitti, G.; Gross, D.A.; Mingozzi, F. Human Immune Responses to Adeno-Associated Virus (AAV) Vectors.
Front. Immunol. 2020, 11, 670. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0042-6822(83)90352-5
http://dx.doi.org/10.1128/JVI.72.10.7985-7991.1998
http://www.ncbi.nlm.nih.gov/pubmed/9733837
http://dx.doi.org/10.1038/aps.2012.23
http://dx.doi.org/10.1006/viro.1994.1380
http://dx.doi.org/10.1128/JVI.00194-13
http://dx.doi.org/10.1128/JVI.80.8.4135-4146.2006
http://dx.doi.org/10.1111/j.1471-4159.2010.07003.x
http://dx.doi.org/10.3389/fmicb.2011.00194
http://www.ncbi.nlm.nih.gov/pubmed/21954398
http://dx.doi.org/10.3390/v11020102
http://dx.doi.org/10.3389/fimmu.2020.00670
http://www.ncbi.nlm.nih.gov/pubmed/32362898
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Generation of Recombinant Baculoviruses 
	Infection of Cells with Recombinant Baculoviruses 
	Fluorescence Microscopy 
	RNA Isolation 
	Quantitative Reverse Transcription-polymerase Chain Reaction (RT-qPCR) 
	Total RNA-Sequencing (RNA-seq) 
	Total RNA-seq Data Analysis 
	Statistical Analyses 

	Results 
	Generation of a Dual Promoter-Controlled Recombinant Baculovirus 
	Comparative Baculovirus Transcriptome Profiles in Insect and Human Cells 
	Induction of Immune-Response Genes upon Baculovirus Infection in Human Cells 

	Discussion 
	Conclusions 
	References

