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Abstract

The baculovirus-insect cell expression system is widely used to produce recombinant
glycoproteins for many different biomedical applications. However, due to the fundamental nature
of insect glycoprotein processing pathways, this system is typically unable to produce recombinant
mammalian glycoproteins with authentic oligosaccharide side chains. This minireview
summarizes our current understanding of insect protein glycosylation pathways and our recent
efforts to address this problem. These efforts have yielded new insect cell lines and baculoviral
vectors that can produce recombinant glycoproteins with humanized oligosaccharide side chains.

Overview

Baculovirus expression vectors (reviewed by Jarvis, 1997; Luckow and Summers, 1988;
O’Reilly et al., 1992) are widely used to produce recombinant proteins during productive
infection of insect larvae or established insect cell lines. Historically, one of the most
appealing features of baculovirus-insect expression systems has been the eucaryotic protein
processing capabilities of the host. Accordingly, these systems are widely considered to be
excellent tools for recombinant glycoprotein production. However, this perception is
inconsistent with the fact that there are fundamental differences in the glycoprotein
processing pathways of insects and higher eucaryotes (reviewed by Marchal et al., 2001;
Marz et al., 1995). The molecular analysis of the glycoprotein processing pathways in insect
systems is the central topic of research in our laboratory. One of our goals is to use the
knowledge gained through this research to direct metabolic engineering efforts to
“humanize” insect glycoprotein processing pathways. These efforts will lead to the
development of new baculovirus-insect systems that can be used to produce more authentic
recombinant human glycoproteins for various biomedical applications (reviewed by Jarvis et
al., 1998). This minireview will summarize our current understanding of insect glycoprotein
processing pathways and describe our recent efforts to engineer these pathways, with a
specific focus on the A-glycosylation pathway.

The insect cell protein N-glycosylation pathway

Studies on the A-glycan structures produced by mosquito cells provided our earliest views
of the insect protein A-glycosylation pathway (reviewed by Marchal et al., 2001; Marz et al.,
1995). For virologists, it is relevant to note that one factor driving some of these studies was
an interest in examining potential differences in the structures and functions of Sindbis virus
glycoproteins produced during its replication in mammalian, as compared to insect hosts
(Hsieh and Robbins, 1984; Stollar et al., 1976). The results showed that there were indeed
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some striking differences, as the structures of the A-glycans on the viral glycoproteins
produced by insect cells were much less complex than those produced by mammalian cells.
These observations suggested that the insect cell A~glycan processing pathway is truncated
relative to the mammalian pathway. More specifically, the insect pathway appeared to
include all the enzymes involved in A-glycan trimming, but few of the enzymes involved in
N-glycan elongation in mammalian cells (Fig. 1). This general conclusion was supported
and extended in many subsequent structural studies of the A-glycans from various
recombinant glycoproteins produced using baculovirus-insect expression systems (reviewed
by Altmann et al., 1999; Marchal et al., 2001). Additional support came from the findings
that insect cells have no detectable sialyltransferase activity (Hollister and Jarvis, submitted
for publication; Hooker et al., 1999; Jarvis et al., 2001; Seo et al., 2001; Stollar et al., 1976)
or CMP-sialic acids (Hooker et al., 1999; Tomiya et al., 2001). These and other studies
established that the major processed N-glycans produced by insect cells are highly trimmed,
but minimally elongated structures known as paucimannose structures (Mansz-GIcCNAc,- -
Asn), either with or without fucose residues, linked to the chitobiose (GIcNAc-GIcNAc-A-
Asn) core (Fig. 1).

In practical terms, this conclusion may be accepted, without further discussion, by any
investigator who wants or needs to predict the structures of the glycans linked to a
recombinant A-glycoprotein produced in the baculovirus-insect cell expression system.
However, a more thorough analysis of the basic science demands a brief consideration of
other data, which suggest that insect cells might have more extensive A-glycan processing
capabilities. These data indicate that, under some conditions, some insect cells can express
these additional functions and produce complex, even terminally sialylated A-glycans
identical to those produced by mammalian cells.

A structural analysis of recombinant human plasminogen provided the first direct and
convincing evidence that the baculovirus-insect cell system might be able to produce
complex, terminally sialylated A-glycans (Davidson et al., 1990). Considering its high
impact, an independent confirmation of this observation would be important, but this has not
yet appeared in the literature. During the 1990s, there were several other reports of
recombinant glycoprotein sialylation in the baculovirus-insect cell system (e.g., Davis and
Wood, 1995; Sridhar et al., 1993), but these provided only indirect and relatively
unconvincing support for this conclusion. More recently, it was reported that a new
Trichoplusia ni cell line could produce a sialylated recombinant glycoprotein when cultured
in the presence of the sialic acid precursor, A-acetylmannosamine (Joshi et al., 2001).
Another recent report indicated that treatment of several established insect cell lines with a
B-N-acetylglucosaminidase (Fig. 1) inhibitor allowed these cells to produce recombinant
glycoproteins with terminally sialylated A~glycans (Watanabe et al., 2001). Similar to the
plasminogen study, these studies provided convincing evidence for recombinant
glycoprotein sialylation in baculovirus-infected insect cells, but neither has been
independently confirmed in the literature at this time. If these studies are correct, they
indicate that at least some insect cells encode the machinery needed to produce complex,
terminally sialylated A~glycans. If this is true, the established insect A-glycosylation
paradigm must be modified to accommodate this finding. As we proposed long ago, a
simple way to do this is to envision a branched insect cell pathway (Fig. 1). One branch
could provide trimming with little elongation to produce the major processed A-glycan
subpopulation, while the other could provide trimming and elongation to produce the minor,
more highly processed N-glycan subpopulations (Jarvis and Finn, 1995; Jarvis et al., 1998).

The best way to unequivocally test this model and determine if lepidopteran insect cells
have the genetic potential to produce complex, sialylated A-glycans is to isolate and
characterize the genes and gene products involved in protein A-glycosylation in these cells.
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Our group has been using this approach since the mid-1990s as part of an overall effort to
try to elucidate the Atglycan processing pathway in lepidopteran insect cells at the
molecular level (Francis et al., 2002; Jarvis et al., 1997; Kawar et al., 1997, 2000, 2001;
Kawar and Jarvis, 2001). In addition, a consortium of investigators recently initiated a
lepidopteran insect genome project, which will facilitate molecular genetic analyses of the
protein A-glycosylation pathway in these insects. Meanwhile, several labs, including our
own, have turned to the relative wealth of information already available in a more widely
studied insect, Drosophila melanogaster.

There is convincing evidence that sialic acids exist in D. melanogastertissues (Roth et al.,
1992) and bioinformatic analyses have identified seven Drosophila genes predicted to
encode enzymes involved in the production of terminally sialylated, complex A-glycans
(Altmann et al., 2001; Aumiller and Jarvis, 2002; Farkas et al., 1999; Kim et al., 2002;
Segawa et al., 2002; Vadaie et al., 2002). On the other hand, only one of these genes has
actually been shown to encode a product with the predicted function (Kim et al., 2002). Two
encode products with related, but distinct functions (Aumiller and Jarvis, 2002; Segawa et
al., 2002; Vadaie et al., 2002) and the others have yet to be experimentally tested. Therefore,
it remains to be determined whether the fruitfly truly has the genetic potential to produce
complex, sialylated A-glycans.

In the final analysis, it should be appreciated that there is some tantalizing evidence
indicating that at least some insect cells, under some conditions, can produce complex,
terminally sialylated A~glycans, identical to those produced by mammalian cells. However,
it also should be recognized that the lepidopteran insect cell lines routinely used as hosts for
baculovirus expression vectors typically fail to produce these highly processed N-glycans.
Therefore, as stated above, investigators using the baculovirus-insect cell system may
confidently presume that their recombinant glycoprotein end products will have highly
trimmed, but not elongated paucimannose A-glycans in place of the complex A-glycans
found on the native mammalian products (reviewed by Marchal et al., 2001).

Genetically engineering insect N-glycosylation pathways

The fundamental difference between the major A-glycan processing pathways of
lepidopteran insect and mammalian cells imposes a serious limitation on the utility of the
baculovirus-insect cell system for recombinant glycoprotein production. In particular, one
should expect the absence of terminal sialic acids on therapeutic recombinant glycoproteins
produced with this system to be problematic because glycoproteins lacking sialic acids have
extremely short half-lives in vivo (reviewed by Raju et al., 1996; Varki, 1993). In fact, it has
been directly demonstrated that at least two different recombinant glycoproteins produced in
the baculovirus system have short half-lives in vivo (Grossmann et al., 1997; Sareneva et al.,
1993). A few years ago, our group began to address this problem.

Our basic approach was to use mammalian glycosyltransferase genes to create new
baculovirus vectors and transgenic insect cell lines with extended A-~glycan processing
capabilities. The platform for this work was established by our earlier efforts to genetically
transform lepidopteran insect cell lines. Methods developed in mammalian cell systems and
a promoter from the immediate early baculovirus gene, /feZ (Guarino and Summers, 1987),
were used to produce the first stably transformed lepidopteran insect cell lines (Jarvis et al.,
1990). Later, additional plasmids containing the jeZ promoter and a baculovirus enhancer
element, Ar5, which stimulates /eZ-mediated transcription (Guarino et al., 1986), were
created to facilitate this work (Jarvis et al., 1996). These “immediate-early” plasmids could
be used to create either transgenic insect cells, which would express foreign genes
constitutively in the absence of viral infection, or immediate-early baculovirus expression
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vectors, which would express foreign genes beginning immediately after infection. Finally,
we began to insert cDNAs encoding mammalian A-glycan processing enzymes, which were
generously provided by the glycobiology community, into these expression plasmids. The
resulting constructs were used, together with various selectable markers, either to transform
established lepidopteran insect cell lines, such as Sf9 (Summers and Smith, 1987) and
Tn-5B1-4 (High Five; Wickham et al., 1992), or to create novel recombinant baculoviruses.

The first example of an effort to modify the insect A-glycosylation pathway using these
tools involved the production of an immediate-early baculovirus expression vector, AcP (+)
IE1GalT, which encoded a bovine p1,4-galactosyl-transferase (4GalT) cDNA under /ir5-
/el control (Jarvis and Finn, 1996). This vector induced high levels of p4GalT activity,
beginning immediately after infection, and host cells infected with this vector, unlike
controls infected with a wild-type baculovirus, produced a terminally galactosylated form of
the major virion glycoprotein, gp64. Later, a similar B4GalT construct was used to
genetically transform Sf9 cells to extend their A~glycan processing pathway independently
of baculovirus infection (Hollister et al., 1998). This resulted in the production of a
transgenic insect cell line, SfR4GalT, which contained stably integrated genomic copies of
the Ar5-ieZ-driven mammalian 4GalT gene, had normal growth properties, supported
baculovirus infection, and constitutively expressed the integrated p4GalT gene. Expression
of this gene induced high levels of B4GalT activity, which allowed Sfp4GalT cells, unlike
the parental Sf9 cells, to produce terminally galactosylated foreign glycoproteins during
infection with a conventional baculovirus expression vector. Subsequently, additional
constructs were prepared and used to incorporate two mammalian genes, p4GalT and p2,6-
sialyltransferase (ST6Gall) into the Sf9 (Hollister and Jarvis, 2001), Tn-5B1-4 (Breitbach
and Jarvis, 2001), and baculovirus (Jarvis et al., 2001) genomes. These efforts yielded the
first transgenic insect cell lines (SfR4GalT/ST6 and Tn5p4GalT/ST6) and baculovirus
expression vectors (AcSWT series) that could routinely sialylate recombinant glycoproteins.
In essence, the new transgenic cell lines represented improved hosts for conventional
baculovirus expression vectors and the new viruses represented improved baculoviral
vectors for recombinant glycoprotein production in conventional insect cell lines or larvae.

analyses lead to more engineering

These extremely exciting results led us to perform detailed mass spectroscopic analyses to
more precisely determine the structures of the A-glycans produced by Sfp4GalT/ST6 cells
(Hollister et al., 2002). The results revealed that these cells actually produced
monoantennary structures in which only the lower (g3) branch was elongated (Fig. 1). The
same results were obtained when we analyzed the A-glycans on another recombinant
glycoprotein produced by Tn-5B1-4 cells infected with AcP (+)IE1GalT (Ailor et al., 2000)
and on total A~glycans isolated from Sf9 cells infected with this same virus (Wolff et al.,
1999). In the context of our efforts to humanize glycoprotein processing pathways in the
baculovirus-insect cell system, these results were extremely disappointing because there are
no monoantennary A-glycans on native mammalian glycoproteins. Fortunately, a previous
study had shown that lepidopteran insect cell lines have extremely low levels of endogenous
N-acetylglucosaminyltransferase Il (GIcNAc-TII) activity (Altmann et al., 1993), which is
the enzyme responsible for initiating elongation of the upper (B6) branch (Bendiak and
Schachter, 1987). Thus, there appeared to be an obvious explanation for the inability of our
cell lines to produce biantennary A-glycans.

We recently tested this hypothesis by genetically transforming Sf9 cells with expression
plasmids encoding five mammalian glycosyltransferases, including GIcNAc-TII, to produce
a transgenic insect cell line designated STSWT-1 (Hollister et al., 2002). Similar to their
progenitors, SFTSWT-1 cells have normal growth properties and can support baculovirus
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infection. These cells also constitutively express RNAs from all five glycosyltransferase
genes and have high levels of p4GalT, ST6Gall, and GIcNAc-TII activities. We have not yet
measured the activities encoded by the two other mammalian transgenes, -
acetylglucosaminyltransferase | (GIcNAc-TI) and p2,3-sialyltransferase (ST3GallV),
expressed by these cells. However, we have used conventional baculovirus vectors to
produce two different recombinant glycoproteins and have analyzed their A-glycans by
HPLC and mass spectroscopy (Hollister et al., 2002). These detailed structural analyses
revealed that both products had biantennary, terminally monosialylated A-glycans. These
results demonstrated that induction of GIcNAc-TII, p4GalT, and ST6Gall activities is
necessary and sufficient for the production of humanized A-glycans by baculovirus-infected
Sf9 cells. A parallel study done in collaboration with Y.-C. Lee and M. Betenbaugh at Johns
Hopkins University demonstrated that induction of GIcNAc-TII activity is necessary and
sufficient for biantennary N-glycan production in 7. n/cells, as well (Tomiya et al., 2003).

Where does the sialic acid come from?

The ability of our transgenic insect cell lines to produce sialylated glycoproteins was
surprising because it has been shown that Sf9 cells have no detectable CMP-sialic acid,
which is the donor substrate required by mammalian sialyltransferases (Hooker et al., 1999;
Tomiya et al., 2001). We had engineered these new cell lines to produce mammalian
glycosyltransferases, but had made no attempt to engineer these cells to produce CMP-sialic
acid or transport it into the Golgi apparatus. Thus, our results raised a compelling question:
how can transgenic insect cells, with no obvious source of CMP-sialic acid, sialylate newly
synthesized glycoproteins? We knew that one requirement was the intracellular
sialyltransferase activity encoded by a mammalian transgene in these cells because
SfR4GalT cells could not produce sialylated A-glycans. Recently, we learned that another
requirement for glycoprotein sialylation by Sf34GalT/ST6 and SfSWT-1 cells is that they
have to be cultured in a growth medium containing fetal bovine serum (Hollister et al., in
press). Interestingly, serum-free media supplemented with extensively dialyzed fetal bovine
serum (50,000 MWCO) also supported glycoprotein sialylation by these cell lines.
Furthermore, we found that the serum requirement could be met by culturing these cells in a
serum-free medium supplemented with a purified mammalian sialoglycoprotein, but not its
desialylated counterpart. These new results indicated that lepidopteran insect cells can
salvage terminal sialic acids from extracellular sialoglycoproteins and convert them to a
form, presumably CMP-sialic acid, that can be utilized by the intracellular sialyltransferase
in our transgenic cell lines.

Engineering insect cells with bits of two mammalian biosynthetic pathways

The salvaging mechanism proposed above would be an unusual and interesting way for
insect cells to acquire sialic acids from extracellular sources and we are working to elucidate
the details of this pathway and determine if this working hypothesis is correct. Meanwhile,
we began working to address the practical impact of the exogenous sialoglycoprotein
requirement, which was that our existing transgenic insect cell lines could not sialylate
recombinant glycoproteins when cultured in serum-free media. This imposed a significant
limitation on the use of these cells for recombinant glycoprotein production because the use
of fetal bovine serum in cell growth media raises safety and regulatory issues and
complicates efforts to recover and purify the end products. In addition, we considered that a
putative salvaging pathway might be a relatively inefficient way for these cells to obtain
sialic acids, which might limit their efficiency of recombinant glycoprotein sialylation. It
was recently shown that Sf9 cells can produce large amounts of CMP-sialic acid when
infected with conventional baculovirus vectors encoding human sialic acid synthase (SAS)
and CMP-sialic acid synthetase (CMP-SAS) and cultured in a serum-free growth medium
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supplemented with A-acetylmannosamine (Lawrence et al., 2001). These results were no
surprise, as virtually all recombinant enzymes produced in the baculovirus-insect cell system
have had the expected activities (reviewed by Jarvis, 1997; Luckow and Summers, 1988;
O’Reilly et al., 1992). In addition, these results supported the idea that transformation of
SfSWT-1 cells with mammalian genes encoding these two enzymes would yield a new
transgenic insect cell line that can produce sialylated recombinant glycoproteins when
cultured in serum-free media supplemented with A-acetylmannosamine.

This prediction was upheld in our most recent genetic engineering efforts, which yielded a
new transgenic insect cell line designated SFfSWT-3 (Aumiller et al., in press). STSWT-3
cells encode and constitutively express all five of the mammalian glycosyltransferase genes
found in Sf-SWT-1 cells, plus murine SAS (Nakata et al., 2000) and CMP-SAS (Munster et
al., 1998) genes, under /Ar5-ie control. STSWT-3 cells have normal morphology and normal
growth properties and support baculovirus replication as well as Sf9 cells. However, unlike
any other transgenic insect cell line, SFSWT-3 cells can produce CMP-sialic acid and
sialylate a recombinant glycoprotein when cultured in a serum-free medium supplemented
with A-acetylmannosamine. Furthermore, SFSWT-3 cells grown under these conditions can
sialylate this recombinant glycoprotein, a glutathione-S-transferase-tagged soluble Sf9 p1,2-
mannosidase (GST-SfManl; Kawar et al., 1997, 2000), more efficiently and extensively than
SfSWT-1 cells grown in serum. GST-SfManl acquires roughly equal amounts of two
processed N-glycans when produced in SFTSWT-1 cells cultured in the presence of serum.
One is an unsialylated, terminally galactosylated biantennary structure and the other is its
monosialylated counterpart. However, this same glycoprotein acquires a single major
processed A-glycan, which is the monosialylated, biantennary structure, and very minor
amounts of an A~glycan that appears to be a disialylated, biantennary structure, when
produced in STSWT-3 cells cultured in a serum-free medium supplemented with A-
acetylmannosamine. Thus, SFSWT-3 cells have the most efficient and extensive A-glycan
processing pathway of any transgenic insect cell line described to date and should be widely
useful as an improved host for baculovirus-mediated recombinant glycoprotein production.

Historically, the inability to produce authentic mammalian glycans has been one of the most
significant limitations of baculovirus-insect expression systems. However, we have
successfully addressed this limitation by genetically transforming established lepidopteran
insect cell lines with constitutively expressible mammalian genes. This approach has yielded
transgenic insect cell lines with normal growth properties that can support baculovirus
infection, have new A-glycan processing enzyme activities, and can produce humanized
recombinant glycoproteins. These cells require an extracellular sialoglycoprotein for de
novo glycoprotein sialylation, which provided the first evidence that these cells have an
interesting sialic acid salvaging pathway. This requirement prompted us to introduce genes
for de novo CMP-sialic acid production into a transgenic insect cell line with a large
repertoire of mammalian glycosyltransferase genes. This led to the creation of a transgenic
insect cell line that can very efficiently sialylate recombinant glycoproteins in the absence of
exogenous sialoglycoproteins. The development of transgenic insect cell lines for use as
improved hosts for conventional recombinant baculovirus expression vectors also has been
accompanied by the development of novel recombinant baculoviruses, which can be used as
improved vectors with conventional insect or insect cell hosts. Efforts to improve the host
cells have clearly outpaced efforts to improve the viral vectors. However, these efforts have
revealed the requirements for recombinant glycoprotein sialylation by insect cells cultured
under various conditions, which will expedite future efforts to develop baculoviral vectors
for humanized glycoprotein production.
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Note added in proof. Two recently published studies on the endogenous N-glycosylation capabilities of
lepidopteran insect cells are highly relevant to this minireview. In one of these studies, it was reported that Tn-4s, a
variant of the Tn-4h ( Trichoplusia ni) cell line originally described by Joshi et al., (2001), terminally sialylated
about 20% of the A-glyans on human secreted alkaline phosphatase expressed during infection with a baculovirus
vector (Joosten and Shuler, 2003). These results support and extend the previous report that Tn-4h cells sialylated
human secreted alkaline phosphatase when cultured under certain conditions, as discussed in the minireview. In the
other recently published study, it was reported that another new lepidopteran insect cell line, DpN1, which is
derived from the monarch butterfly, terminally sialylated about 13% of the A-glycans on human secreted alkaline
phosphatase produced during infection with a baculovirus vector (Palomares et al., 2003). Together, these studies
add to the growing body of evidence that at least some insect cells encode the machinery needed to produce
complex, terminally sialylated A-glycans and that this machinery functions under at least some conditions. Thus,
while this minireview focused on genetically engineered systems, it seems increasingly likely that some native,
non-engineered baculovirus—insect cell systems could be useful for humanized recombinant glycoprotein
production, as well.
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Fig. 1.

Protein A-glycosylation pathways in insect and mammalian cells. Monosaccharides are
indicated by their standard symbolic representations, as defined in the key. The insect and
mammalian A-glycan processing pathways share a common intermediate, as shown. The
major products derived from this intermediate are paucimannose and complex A-glycans in
insect and mammalian cells, respectively. It is generally recognized that insect cells have
only a limited capacity, at best, to produce complex A-glycans. However, this model
accommodates the possibility that some insect cells can produce complex Aglycans under
certain circumstances. Complex A-~glycans are extremely diverse and only representative
examples are shown in the figure. The structures of the Aglycans produced by transgenic
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lepidopteran insect cell lines, modified baculovirus expression vectors (BEVS), and BEVS-
transgenic insect cell combinations are shown as well.
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