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Abstract

Genetically transformed lepidopteran insect cell lines have biotechnological applications as
constitutive recombinant protein production platforms and improved hosts for baculovirus-
mediated recombinant protein production. Insect cell transformation is often accomplished with a
DNA construct(s) encoding a foreign protein(s) under the transcriptional control of a baculovirus
immediate early promoter, such as the /eZ promoter. However, the potential utility of increasingly
stronger promoters from later baculovirus gene classes, such as delayed early (39K), late (06.9),
and very late (pol/h), has not been systematically assessed. Hence, we produced DNA constructs
encoding secreted alkaline phosphatase (SEAP) under the transcriptional control of each of the
four temporally distinct classes of baculovirus promoters, used them to transform insect cells, and
compared the levels of SEAP RNA and protein production obtained before and after baculovirus
infection. The /e construct was the only one that supported SEAP protein production by
transformed insect cells prior to baculovirus infection, confirming that only immediate early
promoters can be used to isolate transformed insect cells for constitutive recombinant protein
production. However, baculovirus infection activated transgene expression by all four classes of
baculovirus promoters. After infection, cells transformed with the very late (po/h) and late (p6.9)
promoter constructs produced the highest levels of SEAP RNA, but only low levels of SEAP
protein. Conversely, cells transformed with the immediate early (/eZ) and delayed early (39K)
promoter constructs produced lower levels of RNA, but equal or higher levels of SEAP protein.
Unexpectedly, the 39K promoter construct provided tightly regulated, baculovirus-inducible
protein production at higher levels than the later promoter constructs. Thus, this study
demonstrated the utility of the 39K promoter for insect cell engineering, particularly when one
requires higher levels of effector protein production than obtained with /eZ and/or when
constitutive transgene expression adversely impacts host cell fitness and/or genetic stability.
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1. Introduction

The baculovirus-insect cell expression system is widely used for recombinant protein
production (Jarvis, 2009; Kost et al., 2005; Pennock et al., 1984; Smith et al., 1983). The
major advantages of this system include its ability to provide high levels of foreign gene
expression and eukaryotic protein modifications, such as phosphorylation and glycosylation.
Most recombinant baculovirus vectors express the sequence encoding a foreign protein of
interest under the control of the strong promoter from the viral polyhedrin (po/f) gene,
which functions in conjunction with a virus-encoded RNA polymerase complex. This
promoter-polymerase combination produces massive amounts of RNA encoding the protein
of interest during the very late stage of baculovirus infection. This can lead to high levels of
recombinant protein production, although the actual level obtained depends on the specific
protein being produced. Generally, baculovirus-infected insect cells appear to produce
secretory pathway proteins at 10 to 100-fold lower levels than nuclear or cytoplasmic
proteins. The reason for this is unclear, but one study has shown that the rate and efficiency
of recombinant glycoprotein processing decreases with time of infection, suggesting that
baculoviruses have an adverse impact on host secretory pathway function (Jarvis and
Summers, 1989).

This observation led to efforts to develop transformed insect cells as a new platform for
constitutive foreign gene expression in order to eliminate the need to infect the cells with a
baculovirus vector (Jarvis et al., 1990). The original approach involved genetic
transformation of lepidopteran insect cell lines with expression plasmids encoding a protein
of interest under the control of the promoter from a baculovirus immediate early gene, /eZ,
which had been found to be active in uninfected insect cells (Guarino and Summers, 1986).
Transformed insect cell lines encoding human tissue plasminogen activator under /eZ control
processed this complex, secretory pathway glycoprotein product more efficiently than insect
cells infected with a recombinant baculovirus vector encoding the same product under po/h
control (Jarvis et al., 1990). In addition, the yields of secreted, functional protein obtained
with the transformed or baculovirus-infected insect cell platforms were about the same,
despite the fact that /e is a much weaker promoter (Jarvis et al., 1990). Subsequently, a
broader selection of expression plasmids was produced, including some in which the /el
promoter was replaced with the promoter from another baculovirus immediate early gene,
/e2 (Hegedus et al., 1998), and some in which a baculovirus Ar5enhancer element was
added to stimulate transcription (Jarvis et al., 1996). Ultimately, various insect cell
transformation systems were commercialized and insect cell transformation is now
recognized as a standard approach for constitutive recombinant protein production. In
addition, insect cell transformation has evolved as an approach that can be used to engineer
insect cells as improved hosts for baculovirus-mediated recombinant protein production.
This latter application is exemplified by genetic transformation of insect cells with higher
eukaryotic genes encoding functions that extend their endogenous protein N-glycosylation
pathways, which has yielded transgenic insect cell derivatives that can produce recombinant
glycoproteins with human-type N-glycan structures (Harrison and Jarvis, 2006; Jarvis,
2009).

Baculovirus genes are expressed in a sequential, temporally regulated fashion in which
virus-encoded gene products synthesized during an earlier phase of infection activate
promoters controlling the expression of other genes in a later phase of infection (Friesen,
1997; Lu and Miller, 1997; Passarelli and Guarino, 2007; Rohrmann, 2011). Immediate
early genes such as /jeZ (Guarino and Summers, 1987) and /e2 (Carson et al., 1988) are
expressed first, independently of newly synthesized viral transcription factors, and their
promoters can drive transcription in uninfected lepidopteran insect cells, as noted above.
This is followed by the expression of delayed early genes such as 39K (Guarino and Smith,
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1990), which require at least some virus-encoded factors for transcriptional activity
(Guarino and Summers, 1986). These early phases of baculoviral infection are followed by
viral DNA replication, the late phase of infection, and the expression of late genes such as
p6.9(Wilson et al., 1987), which requires a larger number of virus encoded factors and is
probably coupled to viral DNA replication (Passarelli and Guarino, 2007). Finally,
baculovirus infections also include a very late phase during which the very late genes, such
as polh (Hooft van Iddekinge et al., 1983) are hyper-expressed and viral occlusions, which
are intracellular particles containing progeny virions, are produced.

The baculovirus /7eZ promoter was used as the transcriptional control element for the original
insect cell transformation efforts because it was expected to drive transcription in uninfected
lepidopteran insect cells. However, immediate early promoters are also the weakest of all
baculovirus promoters and, therefore, provide the lowest levels of transcription. Later
baculovirus promoters present attractive alternatives because they are stronger.
Unfortunately, they are inactive in uninfected insect cells, which lack the requisite virus-
encoded transcription factors. On the other hand, transcription by any baculovirus promoter
in a transformed insect cell line should be activated by baculovirus infection, as this would
introduce the requisite transcription factors. Indeed, it has been shown that baculovirus
infection initially stimulates transgene expression in insect cells transformed by a variety of
different /eZ constructs (Aumiller et al., 2012; Hollister and Jarvis, 2001; Hollister et al.,
2002; Hollister et al., 1998; Jarvis, 1993). It also has been shown that baculovirus infection
induces transgene expression in insect cells transformed with a po/f-green fluorescent
protein construct, which facilitates the identification of infected cells in baculovirus plaque
assays (Hopkins and Esposito, 2009). Finally, it has been shown that baculovirus infection
induces transgene expression in insect cells transformed with DNA constructs encoding
polyhedrin under the control of the po/i promoter, which enables the production of occluded
viral progeny during infection with occlusion-negative recombinant baculoviruses (Lopez et
al., 2010). Based on these precedents, we presumed that insect cells transformed with
delayed early, late, or very late baculovirus promoter constructs would likely express
transgenes in a tightly regulated, baculovirus-inducible fashion and at increasingly higher
levels, reflecting their relative promoter strengths. This possibility was of great interest to us
because, if correct, it would facilitate our insect cell engineering projects. However, a
literature search revealed no comprehensive information on the utility of different temporal
classes of baculovirus promoters for insect cell transformation for either constitutive foreign
gene expression or host cell engineering applications. Thus, we addressed this issue by
transforming insect cells with constructs encoding the widely used reporter protein, secreted
alkaline phosphatase (SEAP), under the control of four temporally distinct baculovirus
promoters, and then measuring SEAP production before and after baculovirus infection. Our
results confirmed that only the immediate early baculovirus promoter supported constitutive
SEAP production in uninfected, transformed insect cells. They also confirmed that delayed
early, late, and very late promoters can provide tightly regulated transgene expression, as
each is silent in the absence of infection and activated by baculovirus infection of
transformed insect cells. Unexpectedly, our results also showed that insect cells transformed
with the 39K construct produced the highest levels of SEAP after baculovirus infection,
even though the later promoters produced far more RNA. Thus, this study demonstrates that
39K and possibly other delayed early promoters have great utility for insect cell engineering,
particularly for modifications requiring higher levels of transgene expression than can be
obtained with the /eZ promoter and/or when constitutive transgene expression adversely
impacts cell fitness and/or genetic stability.
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2. Materials and methods

2.1 Construction of SEAP expression plasmids

The SEAP open reading frame was PCR-amplified with genomic DNA from a recombinant
baculovirus (AcSEAP; Davis et al., 1992) as the template and the product was gel-purified
and cloned into pIELIHR3 (Jarvis et al., 1996) to produce plE1-hr5-SEAP. Subsequently, the
39K, p6.9, and polh promoters were PCR-amplified with genomic DNA from Autographa
californica multicapsid nucleopolyhedrovirus (AcMNPV) strain E2 as the template using
primers that added unique £coR1 and BgA| sites to the 5" and 3” ends, respectively. Each
amplification product was gel-purified and cloned into £coRI/Bgi-digested pIE1-hr5-
SEAP, thereby replacing the /r5-je1 enhancer-promoter cassette with the 39K, p6.9, or polh
promoters to produce p39K-SEAP, p6.9-SEAP, and pPH-SEAP, respectively. Finally, the
ACMNPV Ar5enhancer element was PCR-amplified using plE1-hr5-SEAP as the template
and blunt-end ligated into the repaired E£coRl site of p39K-SEAP, p6.9-SEAP, and pPH-
SEAP to produce p39K-hr5-SEAP, p6.9-hr5-SEAP, and pPH-hr5-SEAP, respectively.
Error-free clones of the final expression constructs were identified by sequencing and used
for the remainder of this study.

2.2. Insect cell transformation

Sf9 cells were co-transfected with a mixture of pIE1-hygro plus pIE1-hr5-SEAP, p39K-hrb-
SEAP, p6.9-hr5-SEAP, or pPH-hr5-SEAP and transformed cells were selected for one week
in complete TNM-FH medium (Summers and Smith, 1987), which is defined as TNM-FH
medium containing 10% (v/v) fetal bovine serum (Thermo Scientific HyClone, Logan, UT)
and 1% (wi/v) pluronic F68 (Sigma Aldrich, St. Louis, MO), supplemented with 1 mg/mL
hygromycin (Sigma Aldrich), as described previously (Harrison and Jarvis, 2007). Surviving
cells were washed with fresh TNM-FH and amplified in complete TNM-FH without
hygromycin to produce polyclonal transformed insect cell cultures designated Sf-iel-hr5-
SEAP, Sf-39K-hr5-SEAP, Sf-6.9-hr5-SEAP, and Sf-PH-hr5-SEAP. The parental Sf9 cells
and their transformed derivatives were initially maintained at 28°C as suspension cultures in
complete TNM-FH, and then each was adapted to grow in serum-free ESF 921 medium
(Expression Systems LLC, Woodland, CA) and cells maintained in this latter medium were
used for the SEAP expression experiments.

2.3. SEAP expression and activity assays

Sf9 cells and the transformed insect cell derivatives were either mock- or AcMNPV-infected
at a multiplicity of ~2 plaque-forming units/cell, as described previously (Hollister and
Jarvis, 2001). The infected cells were washed with ESF 921, seeded in fresh ESF 921 into
50 mL DeLong shake flasks at a density of 1x106 cells/mL, and incubated in a console
platform shaker (Forma Model 4580, Marietta, OH) set at 125 rpm and 28°C. At various
times, 2.0 mL samples were taken from each culture, cell densities were measured, and the
cells were removed by low speed centrifugation. The cell free supernatants were used to
assay SEAP in the extracellular fractions. The cell pellets were washed once with Tris-
buffered saline, re-suspended in 0.3 mL of extraction buffer (50 mM Tris pH 8.0, 100 mM
NaCl, and 1% NP-40), and incubated on ice for 10 min. The extracts were centrifuged at
13,000 rpm for 10 min in a micro-centrifuge and the supernatants were used to assay SEAP
in the intracellular fractions. SEAP activity assays were performed in triplicate as described
previously (Davis et al., 1992). Briefly, 2 pL of each sample were added to 0.2 mL of SEAP
assay buffer (1 M diethanolamine, pH 9.8, containing 0.5 mM MgCl, and 10 mM
homoarginine) and the reactions were incubated for 10 min at 37°C. Subsequently, 20 L of
120 mM p-nitrophenylphosphate (Sigma-Aldrich) were added, the reactions were incubated
for 10 min at 37°C, and then absorbance was measured at 405 nm in a plate reader (Perkin-
Elmer Wallac 1420; Turku, Finland). Parallel reactions containing known amounts of calf
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intestinal phosphatase activity (New England Biolabs, Ipswich, MA) were performed to
generate a standard curve, which was used to convert the A4os values to units of SEAP
activity normalized to 106 cells. Finally, samples of each cell-free supernatant and
intracellular extract also were analyzed by immunoblotting with rabbit anti-human placental
alkaline phosphatase (AbD Serotec, Oxford, UK) as the primary antibody, a mouse anti-
rabbit 1gG-alkaline phosphatase conjugate as the secondary antibody, and a standard color
reaction, as described previously (Hillar and Jarvis, 2010).

Separate samples were taken at various times post-infection from the AcMNPV-infected Sf9
and transformed insect cell cultures described above for RNA extractions. The cells were
pelleted by low speed centrifugation, washed once with Tris-buffered saline, and then total
RNA was extracted from 1x10° cells using the TRI Reagent (Life Technologies
Corporation, Carlsbad, CA). After treatment with amplification grade DNase I (Life
Technologies), the RNA was quantified by spectrophotometry, and then 4 g of total RNA
were used for reverse transcription with ThermoScript Reverse Transcriptase (Life
Technologies) according to manufacturer’s instructions. Duplicate reactions were performed
with and without reverse transcriptase to monitor DNA contamination and reaction products
with no evidence of DNA contamination were used as templates for PCRs with 7ag DNA
polymerase (New England Biolabs). A preliminary experiment established that the PCRs
were in the linear range for detection of GAPDH and SEAP RNAs with 25 and 30
amplification cycles, respectively. The PCR products were analyzed by 1% agarose gel
electrophoresis and signal intensities were quantified using a GelDoc 1000 imaging system
with Quantity One v.4.5.2 software (BioRad Laboratories, Inc., Hercules, CA).

3.1. Isolation of transformed insect cells encoding SEAP under the control of temporally
distinct baculovirus promoter classes

To examine the utility of temporally distinct baculovirus promoter classes for insect cell
transformation, we constructed a new set of expression plasmids encoding SEAP under the
control of AcMNPV immediate early (/e1), delayed early (39K), late (p6.9), or very late
(polh) promoters linked to an AcMNPYV enhancer element (/r5). Each expression plasmid
was mixed with a separate /e expression plasmid encoding a hygromycin resistance marker
and each mixture was then used to co-transfect Sf9, an established lepidopteran insect cell
line widely used as a host for baculovirus expression vectors (Summers and Smith, 1987).
After co-transfection, transformed cells were selected for one week in complete TNM-FH
containing hygromycin and surviving cells were amplified, as described in Materials and
methods. This yielded polyclonal transformed cell cultures designated Sf-iel-hr5-SEAP,
Sf-39K-hr5-SEAP, Sf-6.9-hr5-SEAP, and Sf-PH-hr5-SEAP encoding SEAP under the
control of the ACMNPV Jel, 39K, p6.9, or polh promoters, respectively. These cells were
adapted to ESF 921, a serum free insect cell medium, and used to assess the ability of each
viral promoter to support transgene expression and SEAP production by transformed insect
cells with and without baculovirus infection. The ability of each promoter to support SEAP
production without baculovirus infection revealed its utility for creating transformed insect
cells for recombinant protein production applications. The ability of each to support SEAP
production after baculovirus infection revealed its utility for engineering insect cells as
improved hosts for baculovirus vectors, as these transformed cell lines would necessarily be
infected with one or more baculovirus vectors to induce recombinant protein production.
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3.2. Only the immediate early baculovirus promoter supported transgene expression in
uninfected transformed insect cells

Sf9, Sf-iel-hr5-SEAP, Sf-39K-hr5-SEAP, Sf-6.9-hr5-SEAP, and Sf-PH-hr5-SEAP cells
were seeded into shake flasks, incubated in parallel, and samples were taken at various times
and used to prepare cell-free supernatants for SEAP activity assays. The results showed that
only the cells transformed with the immediate early (/eZ) construct produced SEAP activity
above background levels observed in control samples from the parental cells (Fig. 1). In this
experiment, SEAP continued to accumulate in the extracellular fraction from 0-48 hr after
cell seeding. We replicated the same general results in other, independent experiments and
also found that SEAP activity continued to accumulate up to 72 hr after seeding. We
expected the 7eZ promoter to support constitutive SEAP production by transformed Sf9 cells
in the absence of baculovirus infection because, like other immediate early baculovirus
promoters, it can be transcribed at basal levels by cellular transcription factors (Guarino and
Summers, 1986). This is why immediate early baculovirus promoters such as 7/eZ and /e2are
commonly used in expression plasmids designed for insect cell transformation (Hegedus et
al., 1998; Jarvis et al., 1990; Jarvis et al., 1996). We also expected the baculovirus 39K,
p6.9, and polh promoters to be unable to support constitutive SEAP production by
uninfected transformed Sf9 cells because each of these viral promoter classes requires virus-
encoded transcription factors produced during the delayed early, late, and/or very late phases
of infection (Friesen, 1997; Lu and Miller, 1997; Passarelli and Guarino, 2007; Rohrmann,
2011). Thus, the direct assessment of all four promoter classes in uninfected, transformed
Sf9 cells confirmed our presumptions from previously published information.

3.3. All four baculovirus promoters supported transgene expression in baculovirus-
infected transformed insect cells

In the next set of experiments, Sf9, Sf-iel-hr5-SEAP, Sf-39K-hr5-SEAP, Sf-6.9-hr5-SEAP,
and Sf-PH-hr5-SEAP cells were infected with ACMNPV, seeded into shake flasks,
incubated in parallel, and samples were taken at various times post-infection and used to
prepare total RNA for semi-quantitative RT-PCR assays. The results of those assays showed
that only the Sf-iel-hr5- SEAP cells contained detectable levels of SEAP RNA at 2 hr post-
infection, Sf-iel-hr5-SEAP and Sf-39K-hr5-SEAP cells both contained SEAP RNA by 8 hr
post-infection, Sf-iel-hr5-SEAP, Sf-39K-hr5-SEAP, and Sf-6.9-hr5-SEAP cells all
contained SEAP RNA by 24 hr post-infection, and all four transformed insect cell types
contained SEAP RNA by 48 hr post-infection (Figs. 2A-2B). The Sf-6.9-hr5-SEAP and Sf-
PH-hr5-SEAP cells accumulated much higher levels of SEAP RNA than Sf-iel-hr5-SEAP
and Sf-39K-hr5-SEAP cells by 48 hr post-infection and continued to accumulate SEAP
RNA to even higher levels between 48 and 72 hr post-infection. Thus, baculovirus infection
induced transgene expression in each transformed insect cell culture with the timing and
magnitude expected from the temporal classification of each of the viral promoters. These
results suggested that insect cells transformed with the later promoter constructs would
produce higher levels of SEAP protein after baculovirus infection.

To assess this possibility, cell free supernatants were isolated from each baculovirus-
infected cell culture at various times post-infection and assayed for SEAP activity.
Surprisingly, we found that the insect cells transformed with the late and very late promoter
constructs produced only low levels of extracellular SEAP activity during the course of
infection (Fig. 3A). The Sf-iel-hr5-SEAP cells produced higher levels of extracellular SEAP
activity than the Sf-6.9-hr5-SEAP or Sf-PH-hr5-SEAP cells up to 48 hr post-infection. By
72 hr post-infection, the Sf-6.9-hr5-SEAP cells had produced about the same amount of
extracellular SEAP activity as Sf-iel-hr5-SEAP cells. In contrast, the Sf-PH-hr5-SEAP cells
failed to produce as much extracellular SEAP activity during the 72 hr infection period.
Strikingly, despite containing less RNA than the Sf-6.9-hr5-SEAP and Sf-PH-hr5-SEAP
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cells at both time points, the Sf-39K-hr5-SEAP cells produced higher levels of extracellular
SEAP activity by 48 hr post-infection and 4- to 6-fold more activity by the end of the 72 hr
infection period. These cells also produced about 4-fold more extracellular SEAP activity
than Sf-iel-hr5-SEAP cells by 72 hr post-infection. Thus, while the late and very late
baculovirus promoters supported the highest levels of transgene expression at the
transcriptional level, as expected, cells transformed with those promoter constructs failed to
produce correspondingly high amounts of extracellular SEAP activity. In fact, neither the
late nor the very late promoter yielded higher levels of extracellular SEAP activity than the
weakest (/e1) promoter during the course of transformed Sf9 cell infection. Moreover, the
delayed early 39K promoter, which is also relatively weak, yielded significantly higher
levels of extracellular SEAP activity.

To examine the possibility that the cells transformed with the late and very late promoter
constructs had actually produced high levels of intracellular SEAP, but it was not secreted
due to an adverse impact of baculovirus infection on secretory pathway function (Jarvis and
Summers, 1989), we also assayed SEAP activity levels in cell lysates from each culture at
various times after infection. The results showed that none of the transformed cell cultures
contained significant levels of SEAP activity at any time after infection (Fig. 3B; note ~10-
fold lower range of y-axis values relative to Fig. 3A). To examine the possibility that cells
transformed with the late and very late promoter constructs had actually produced and
possibly even secreted high levels of enzymatically inactive SEAP protein, we performed
immunoblotting assays on the extracellular and intracellular fractions isolated from all four
transformed insect cell cultures at various times after baculovirus infection. The results were
consistent with those from the enzyme activity assays, as they showed Sf-39K-hr5-SEAP
cells produced the highest levels of extracellular, immunoreactive protein, Sf-ie1-hr5-SEAP
produced lower levels than Sf-39K-hr5-SEAP cells beginning at earlier times than Sf-6.9-
hr5-SEAP and Sf-PH-hr5-SEAP cells, and Sf-6.9-hr5-SEAP, but not Sf-PH-hr5-SEAP cells
ultimately produced about as much as the Sf-iel-hr5-SEAP cells, but not until 72 hr post-
infection (Fig. 4). The immunoblotting results also showed that none of the baculovirus-
infected transformed insect cell cultures accumulated substantial amounts of
immunoreactive SEAP during the course of infection, which was consistent with the virtual
absence of SEAP activity in these cell lysates (Fig. 3B). Finally, we performed viable cell
counts to examine the possibility that differences in the viabilities of cells transformed with
the various promoter constructs after baculovirus infection could account for the observed
differences in SEAP production and secretion. The results showed no major differences
among the different cell lines, with viabilities ranging from 94-97%, 94-96%, 93.5-95.5%,
85-86.5%, and 60.5-63% at 18, 24, 48, 72, and 96 hr post-infection, respectively.

4. Discussion

This study provided the first comprehensive, side-by-side assessment of the utility of all four
temporally distinct classes of baculovirus promoters for insect cell transformation for
constitutive recombinant protein production and host cell engineering applications. As
expected, we found that only the immediate early promoter supported transgene expression
and protein production by transformed insect cells in the absence of baculovirus infection.
These results directly confirmed previous results indicating that immediate early is the only
temporal class of baculovirus promoters that can be used to isolate transformed insect cells
for constitutive recombinant protein production. Our results also showed that baculovirus
infection activated all four classes of viral promoters in transformed insect cells, confirming
and extending previous studies demonstrating that po/fbased transgene constructs can
provide baculovirus-inducible gene expression in transformed insect cells (Hopkins and
Esposito, 2009; Lopez et al., 2010). Except for immediate early, each baculoviral promoter
class provided tightly regulated expression, with no detectable transgene expression prior to

J Biotechnol. Author manuscript; available in PMC 2014 May 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lin and Jarvis

Page 8

baculovirus infection and, unlike other inducible promoters previously used in insect cell
systems (Aumiller et al., 2012; Hegedus et al., 1998), this did not require the addition of an
antibiotic or metal to the growth medium. Our results also showed that insect cells
transformed with very late (po/f) and late (p6.9) promoter constructs produced relatively
low levels of SEAP protein, despite having the highest levels of accumulated RNA after
baculovirus infection. This was not due to a secretory pathway defect, as these cells
contained virtually no enzymatically active SEAP protein. Nor was this due to the
production of dysfunctional protein during infection, as the cells contained only small
amounts and the cell-free media contained the expected amounts of immunoreactive SEAP
protein when analyzed by immunoblotting. Finally, our results showed that the delayed early
(39K) promoter construct provided the highest level of tightly regulated, baculovirus-
inducible protein production, as compared to any other class of baculovirus promoters. This
is the first result demonstrating that the 39K and possibly other delayed early baculovirus
promoters have great utility for insect cell engineering. In particular, 39K-based transgene
constructs will be useful for creating improved insect cell lines that do not detectably
express their transgenes until after infection with a baculovirus vector, at which time they
can be expected to be expressed relatively quickly and to drive effector protein production to
higher levels than constructs containing other temporal classes of baculovirus promoters.
These features will greatly facilitate certain host cell engineering projects, particularly those
requiring higher levels of effector protein production for optimal function and/or tightly
regulated gene expression due to adverse impacts of effector proteins on host cell fitness
and/or genetic stability.

In addition to providing a concerted analysis of the utility of temporally distinct baculovirus
promoters for transgene expression in transformed insect cells, the present results
complement previous findings on the utility of temporally distinct baculovirus promoters for
baculovirus-mediated foreign gene expression. Those studies have shown that recombinant
secretory pathway proteins are more efficiently glycosylated, secreted, and can have higher
specific activities when produced with baculovirus vectors encoding the foreign gene under
the transcriptional control of temporally earlier promoters. Most of this previous work has
focused on the relatively strong p6.9 promoter (Chazenbalk and Rapoport, 1995; Higgins et
al., 2003; Kost et al., 1997; Rankl et al., 1994; Sridhar and Hasnain, 1993), but similar
results have been obtained with the much weaker /el promoter (Jarvis et al., 1996). To date,
relatively little has been done to assess the utility of the 29K promoter for baculovirus-
mediated recombinant protein production, though one study showed that a recombinant
baculovirus encoding an insect-specific neurotoxin under 39K control killed insects more
quickly than one expressing the same neurotoxin under the control of a very late (pZ0)
promoter (Regev et al., 2006). The results obtained with the p6.9and /eI promoters are
consistent with the idea that recombinant secretory pathway protein production during
earlier phases is an approach that can be used to avoid the adverse impacts of baculovirus
infection on cellular secretory pathway function. However, this does not necessarily provide
a net practical advantage, as shown in a recent study in which recombinant baculoviruses
encoding Western equine encephalitis virus glycoproteins under the control of the /e, p6.9,
or polh promoters yielded approximately the same amounts of glycosylated, secreted
products (Toth et al., 2011). In contrast, the present findings showed that insect cells
transformed with the earlier, weaker 39K promoter produced more SEAP than those
transformed with the later, stronger p6.9and po/h promoter constructs after baculovirus
infection. Future studies are needed to determine if these same results will be obtained with
other secreted glycoproteins or, for that matter, with other types of proteins, such as
membrane bound and intracellular proteins. In addition, it will be interesting to assess the
mechanism underlying the disconnect observed in this study between the levels of SEAP
RNA and protein produced after baculovirus infection of insect cells transformed with
temporally distinct promoter constructs.
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Fig. 1.

Recombinant SEAP production by insect cells transformed with each expression construct.
Sf9 cells were transformed with jeZ (<), 39K (A), p6.9 (x), or polh (O) expression
constructs, as described in Materials and methods. Parental () and transformed Sf9 cell
cultures were then set up in parallel and samples were removed at various times, used to
produce cell-free supernatants, and the supernatants were assayed for SEAP activity in
triplicate, as described in Materials and methods. The plot shows the average SEAP activity/
million cells in the cell free supernatants from each culture after various times of cultivation.
The same trends were observed in three independent replicates of this experiment.
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Fig. 2.

Induction of SEAP RNA after baculovirus infection of transformed insect cells. Parallel
cultures of Sf9 cells transformed with the indicated expression constructs were infected with
ACMNPV, as described in Materials and methods. Samples were removed at various times
after infection, used to extract total RNA, and equivalent amounts of each RNA preparation
were used for RT-PCR assays, as described in Materials and methods. Preliminary
experiments were performed to establish the number of cycles needed to detect SEAP and
GAPDH transcripts in the linear range. RT-PCR amplimers produced under those conditions
were (A) analyzed on 1% agarose gels and (B) quantified using a BioRad imaging system,
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as described in Materials and methods. The semi-quantitative results shown in (B) represent

the ratio of SEAP:GAPDH RNA detected in Sf9 cells transformed with the /eZ (<), 39K
(A), p6.9 (%), or polh (O) expression constructs at various times post-infection.
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Fig. 3.

Induction of SEAP activity by baculovirus infection of transformed insect cells. Parallel
cultures of parental Sf9 (O0) and Sf9 cells transformed with the jeZ (<), 39K (A), p6.9 (x),
or polh (O) expression constructs were infected with AcAMNPV, as described in Materials
and methods. Samples were removed at various times after infection, used to produce cell-
free supernatants (A) and intracellular protein extracts (B), and each was assayed for SEAP
activity in triplicate, as described in Materials and methods. The plots show the average
SEAP activity/million cells in the extracellular (A) and intracellular (B) fractions from each
culture at various times post-infection, with a ~10-fold lower y-axis range in the latter. The
same trends were observed in three independent replications of this experiment.
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Fig. 4.

Induction of SEAP protein production and secretion by baculovirus infection of transformed
insect cells. Parallel cultures of Sf9 cells transformed with the indicated expression
constructs were infected with AcMNPV, as described in Materials and methods. Samples
containing 1x108 cells were removed at various times after infection, used to produce cell-
free supernatants and cell extracts, and equivalent amounts of each sample were analyzed by
immunoblotting with a SEAP-specific primary antibody, as described in Materials and
methods. The results obtained with the cell free supernatants (extracellular fraction; XC
SEAP) and cell extracts (intracellular fraction; IC SEAP) are shown.
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