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B
y virtually any measure, constraints in current
manufacturing capacity are hindering the devel-
opment of new biologic drugs, as well as the
greater market penetration of several licensed 
biologics.1 This capacity demand is being driven

not only by the increasing number of new biologics being
approved, but by the number of biologics that are in the 
product development pipeline. Figure 1 shows United States
FDA biologics approvals for the 20-year period from 1981-
2000. While there is year-to-year variability in approvals,
especially in later years, the five-year averages (shown by red
bars) show a doubling in the annual rate of product approval
for each successive five-year period. Clearly, these averages
cannot continue to increase at the same rate. In fact, only six

biologics were approved by the FDA in 2001.
However, with well over 1,300 products currently in the

development pipeline,2 and about 100 in Phase II or Phase
III stages of clinical development,3 industry observers
expect 40-60 new approvals in the 2001-2005 time frame.
The bulk of the products  approved are expected to be 
monoclonal antibodies, with most targeting high incidence
indications such as cardiovascular disease and cancer, and
having higher dosage levels than non-monoclonal products.
Hence, product material requirements are expected to grow
at a higher rate than those suggested by the product
approval numbers themselves.

Looking beyond the next five years, biologics are expected
to take an ever-increasing share of the total U.S.
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pharmaceutical market. Figure 2
shows historical data for the years
1991, 1997 and 2000. Applying a con-
stant annual growth rate of 7% to total
pharmaceutical industry sales, and a
constant 19% annual growth rate for
biopharmaceutical sales, leads to the
conclusion that, by 2010, the biophar-
maceutical industry will top $100 bil-
lion in annual sales and constitute
approximately 40% of all pharmaceu-
ticals sold in the U.S. While figures for
Europe and Japan are harder to come
by, these markets are lagging the U.S.
by only a few years, so appreciable
growth for biologics can be expected
outside the U.S. as well.

Manufacturing Capacity is Also
Growing…

As noted above, the majority of
future products are expected to be 
monoclonal antibodies, or derivatives
thereof, like antibody fusion proteins.
These products are currently made by
culturing genetically engineered mam-
malian cells in stainless steel bioreac-
tors. Estimates of currently available
bioreactor capacity, from numerous
sources,3-6 and expressed in liters 
of culture volume, are remarkably
consistent at about 400,000L. Of that
available culture volume, about 30% 
is found in contract manufacturing
organizations (CMOs), with the
remainder in the hands of the 
product developers.

On occasion, a product developer
will temporarily sell some of its excess
manufacturing capacity. However,
availability of excess capacity varies
considerably according to the internal
manufacturing needs of product
developers, and these firms are 
not typically a reliable outsourcing
outlet.

Equally remarkable, estimates of
bioreactor manufacturing capacity are
also fairly consistent among 
several sources, with industry capacity
expected to range between 938,000L
and 1,490,000L by 2006. By far,
the majority of this new capacity 
will be in the hands of product devel-

opers, with CMO capacity dropping
from its present 30% of total capacity
to about 20% by 2006.3

But Is It Enough?

Divining future product material
requirements is at best a tricky propo-
sition, even for the developer with
intimate knowledge of its own 
product. Dosage levels and adminis-
tration frequency are not settled until
fairly late in the clinical trial process,
and the overridingly important factors
of product acceptance and market
penetration cannot be predicted with
very high accuracy, as recently evi-
denced by Immunex’s ENBREL® and
MedImmune’s Synagis®.

Of course, complicating the predic-
tion procedure are the process
assumptions that are employed in cal-
culating the amount of material that
can be produced by a given manufac-
turing process. Issues such as cell 
line productivity (typically expressed
in picograms per cell per day of
culture), cell culture density and envi-
ronment (media, additives, selection
agents), type of bioreactor technology,
and downstream processing efficien-
cies all play a critical role in determin-
ing the ultimate yield of the process
(usually expressed as grams of purified
product per liter of cell culture vol-
ume). In addition, future bioreactor
and purification processes can be
expected to be more efficient than
present-day processes.

Given these caveats, attempts 
have been made to calculate future
capacity requirements. A recent calcu-
lation made by a biopharmaceutical
engineering firm indicates that by
2006, the bioreactor volume require-
ments for monoclonal antibody prod-
ucts alone could range between
2,450,000L and 2,950,000L.4 What
makes this result so interesting is that,
even if this is a 100% overestimate,
the required capacity for this class of
products alone will be comparable to
predicted capacity in 2006, and it does
not account for the large number 
of non-monoclonal antibody products

that are expected to be on the 
market by that time.

Embracing Alternate Technologies

Disregarding the accuracy of the
information reported in the literature,
most product developers are duly con-
cerned about future production capacity
for their products, particularly smaller
or emerging biotechnology companies
that do not have the financial liquidity to
build their own manufacturing facilities.
Moreover, many of the blockbuster
monoclonal antibody products in the
pipeline have annual projected material
requirements in the thousands of
kilograms—an amount of material that
would be difficult to produce in current-
technology bioreactors, especially if cell
line productivity is moderate or low.

As a result, most product developers
are beginning to consider the possibilities
of alternative production systems
–notably the various transgenic tech-
nologies under development in the U.S.
and Europe. Transgenic technologies
tend to fall into three types: animal,
plant and avian. Transgenic animals,
where the transgene is expressed in milk,
were the first systems to be developed,
and are farthest along as viable commer-
cial sources of therapeutic proteins.

Transgenic plant systems provide the
widest range of expression possibilities,
with therapeutic biologics under 
development in corn (seeds), tobacco,
alfalfa, canola, rice, and potatoes (tuber
and leaves). A number of plant-based
products are in early-stage human 
clinical trials. Avian systems, where the
transgene is expressed in egg white, are
still in early-stage development, but
hold promise for efficient and inexpen-
sive scale-up to ultra-large production
volumes. The technical basis, and other
important commercialization factors
for transgenic systems, has been 
discussed elsewhere.1

The Seven Fears of Transgenic Systems

Although transgenic systems show
great promise for the cost-effective
scale-up of biopharmaceutical proteins,
the industry has not fully embraced the

31www.bioprocessingjournal.com • Summer 2002

Brandon J. Price, Ph.D., is president & CEO, Goodwin Biotechnology, Inc., Plantation, FL and Blacksburg, VA,
bprice@goodwinbio.com



technology concept, even though both
animal and plant systems have been
under development for the better part
of the last decade. There are a number of
reasons for industry caution.

Fear of the Regulatory Unknown
Product developers, even in biotechnol-
ogy, are somewhat cautious about devel-
oping products where scant, or no, regu-
latory guidelines exist. FDA’s Center for
Biologics Evaluation and Research
(CBER) issued a “Points to Consider”
document for transgenic animals in
1995. An industry-wide consortium of
transgenic plant companies presented a
draft “white paper” to CBER in early
1999, and CBER conducted a follow-up
meeting on the production of therapeutic
proteins in transgenic plants in April
2000 (Ames, Iowa). However, CBER has
yet to issue any written guidance for
product developers.

Meanwhile, a European industry
consortium presented similar data to
the European Medicines and
Evaluation Agency (EMEA) in 1999.
The EMEA responded by issuing draft
guidelines for industry comment in
March 2001. There are no guidelines in
existence for preparation of biologics
from transgenic chickens, although
vaccines have been produced in eggs
for decades. Many product developers
will await the first product licensure

employing a transgenic system before
seriously considering these technologies.

Fear of Unknown Timelines
Product development timelines drive
almost every aspect of this industry.
Time to clinic, time to Phase III, and
time to market are critical to successful
fundraising and partnering activities.
The industry is not as familiar with
development timelines for transgenic
systems as they are with microbial or
mammalian systems.

Generally, a product developer will
require milligram to gram quantities of
a purified protein to evaluate a product
candidate. Small animal (mouse, rabbit)
and plant cell culture systems might be
able to create these protein quantities in
an acceptable time frame (from gene to
product in about 6 months), but 
how will proteins expressed in these 
“feasibility” systems compare to those at
commercial scale (large animals or
whole transformed plants)? And 
how long will it really take to go 
from milligram-level production to 
kilogram-level production? 

Except for work done with some
large-animal systems, no one has scaled
transgenic biopharmaceutical produc-
tion to these levels. At present, there
just is not enough industry data to
assuage this fear in the minds of many
product developers.

Along with timelines, costs also drive
this industry. Most transgenic system
developers can tell you the cost of a 
feasibility study, which can range more
than ten-fold, depending upon the 
system. It is highly unlikely that any of
the transgenic companies make a profit
on feasibility studies. After all, they are
trying to prove their technology mettle
in a demanding market with consider-
able competition, not only from other
transgenic systems, but from microbial
and mammalian cell culture systems. If
no one but the large-animal companies
has scaled production of therapeutic
biologics to the kilogram scale, how
firm can development and production
cost estimates be?

Another important issue is the 
relative contributions of upstream 
(animal or plant growth) and down-
stream (purification) costs to total cost
of goods. Most of the smaller 
transgenic players emphasize the
potentially low costs of producing
unpurified bulk material. However, in
some cell culture applications, the
purification costs can be close to 50%
of the total cost of goods. Unless trans-
genic manufacturers can demonstrate
how the unique qualities of their feed
streams will lower downstream costs,
substantially lower total cost of goods
is not achievable.

Fear of Unproven Technologies
Transgenic techniques have not been
around as long as fermentation and cell
culture. Since many of the transgenic
developers are small companies 
jockeying for notice in the biopharma-
ceutical marketplace, there tend to be
conflicting claims, especially with
respect to productivity in plant-based
systems. These claims center around the
amount of target protein expressed as a
percentage of total soluble protein, and
versus protein expressed as a percentage
of plant weight, as well as the types of
codon optimization required to increase
expression levels, plus data on 
post-translations processing.

The large-animal systems (goat and
cow) are furthest along in having their
therapeutic products approved.
Products produced in plant-based 
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Figure 1.  Annual Biotechnology Product Approvals from 1981 to 2000
Source:  United States Food & Drug Administration Data
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systems are in early-stage (Phase I or II)
clinical development. Avian expression
systems are still at the stage of improving
expression levels from less than 1 mg
per egg, to the 100 mg per egg level
required for large-scale commercial 
viability. In short, transgenic technolo-
gies (especially plant and avian) may be
a bit premature in their development
for anyone except the “early adopter”
product developers.

Fear of the Intellectual Property
“Minefield”
Key to the usefulness of any manufac-
turing technology is its ability to be
freely employed without intellectual
property challenges. Among the avail-
able transgenic technologies, animal
based systems appear to have the least
problems. In general, this technology
has been under development for 
a longer period of time, and there 
are fewer companies engaged in its 
development.

The situation is considerably 
murkier with plant transgenic technolo-
gy, where there are clearly conflicting
patent claims, as well as several
instances of ongoing litigation. Some
claims concern very specific techniques,
such as the plant gene insertion method
that involves the selection markers for
isolating the genetically transformed
plants, while others are extremely
broad, such as the production of mono-
clonal antibodies in any plant system.
Any company that seeks to employ these 
systems should be fully aware of these
freedom to operate (FTO) issues, and in
particular, should closely question any
company whose primary strategy is
winning future litigation over a patent
that they believe is indefensible.

Fear of Public Perception
Regardless of the scientific “facts,” the
public still has concerns about the use of
transgenic animals and plants in the
production of therapeutic proteins.
This fear is not as widespread or deep as
that surrounding transgenically 
modified food crops, but it is present
nonetheless. Animal rights activists have
shown up at tradeshows and other 
public meetings. Considerable press
coverage has surrounded “gene flow”

issues in plants, and especially in corn.
The industry has addressed these issues
by employing very strict containment
methods for animals and crops, and 
by developing unique post-harvest 
expression systems in plants. But the
primary public fear still lingers, and
therefore must be addressed by any
product developer wishing to employ
these technologies.

Fear of Being First
Regardless of the prospective benefits of
any new technology, there are product
developers that will not stick their
“product necks” out on any new 
technology. Typically, the larger compa-
nies tend to be a bit more cautious,
because they may not be as driven by
financial pressures as their smaller
brethren. Also, they may have competi-
tive transgenic technologies of their
own under development, and may
intend to carve out a position for them-
selves in any future transgenic market.

Some Biopharmaceutical “Facts of Life”

Common among the several 
hundred biopharmaceutical product
developers are several “facts of life”
that must be confronted in the prod-
uct development process. First, no
matter how carefully you plan, and
how well you execute, you will always
be in a rush to meet clinical deadlines
(particularly those promised to
investors). Second, in manufacturing

and regulatory realms, the “tried and
true” is always better than the “untried
and possibly true.” Third, if your
product is clinically successful, you
probably have mis-estimated the
amount of product material needed
for the market. Fourth, when it comes
to manufacturing, almost everything
costs more and takes more time than
you originally told your boss (or
Board of Directors). Fifth, biologics
contract manufacturing capacity is
currently at a premium, and is likely
to remain so for several years. Lastly, if
your project material needs are con-
siderable, say over 100 kg annually,
you will at some point consider trans-
genic systems for manufacture.

Options, options …

Mammalian cell culture is the accept-
ed method of production for monoclon-
al antibodies and other complex recom-
binant proteins. The technology is well
understood from both technical and reg-
ulatory standpoints, and represents the
“tried and true” method to get your
product into the clinic. With a reason-
ably productive seed cell line (~10
pg/cell/day), an experienced CMO
should be able to create and qualify the
Master and Working Cell Banks, develop
and test (at small scale) cGMP-compli-
ant upstream and downstream processes,
plus produce 50-100 grams of recombi-
nant protein for Phase I or II 
clinical trials.
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Figure 2.  The Growing US Biopharmaceutical Market
Sources:  1991, 1997, 2000:  Industry Trade Reports



At Goodwin Biotechnology, this
process, including vialing, should take
7-9 months, and will cost in the neigh-
borhood of $750,000. Issues such as
low cell line productivity may add sev-
eral months to the timeline, since the
cell line may have to be re-engineered
and the media optimized. Many clients
may wish to pursue transgenic systems
if they have large projected material

requirements, and they are afraid that
sufficient manufacturing capacity 
will not be available for Phase III 
production and beyond.

Many firms believe that they must
choose “traditional” or “transgenic,” to
the mutual exclusion of the other
option. Choosing the traditional
option exposes them to the prospect of
not  meeting market demand, while

the transgenic option raises the fears
described above. It is possible to
choose both options (traditional plus
multiple transgenic approaches) 
and still maintain product develop-
ment timelines.

A “Dual Track” Approach to Clinical
Manufacturing

Figure 3 shows a hypothetical, but
hopefully reasonable, timeline that
begins a year before the commence-
ment of a Phase I/II clinical trial, with
the assumption that it will take about
18 months from the start of Phase I/II
to enter Phase III. It is further assumed
that the product developer wishes to
move into Phase I/II clinicals via cell
culture, but also wishes to explore one
or more transgenic options. If the proj-
ect is successful, product for Phase III
clinical trials (and beyond) will be pro-
duced by a transgenic system.

Four representative transgenic 
systems are considered: a large-animal
system (such as goat or sheep), an
avian system (eggs), and two plant sys-
tems (corn and tobacco). The critical
path milestones for any transgenic sys-
tem are: 1) creation of milligram-levels
of purified protein for analysis of
structural and functional comparabili-
ty to the mammalian cell produced
protein; 2) manufacture of gram-levels
of cGMP-compliant material for fur-
ther identity, and possibly, clinical
comparability studies; and 3) readiness
for production at the scale and compli-
ance level required for the Phase III
clinical trial. At this point, transgenic
system time frames are taken from
brochures and web sites of several
companies involved in each system,
and from personal communications.

As shown in Figure 3, starting a year
ahead of Phase I/II clinical trials is ade-
quate for material produced from cell
culture, with a little room to spare.
However, if the cell line has to be 
re-engineered, timelines would be very
tight. Interestingly, both plant and avian
systems claim to take about 24 months
to go from demonstration of feasibility
to full-scale production, although the
critical milestones occur at different
points. Going from gene to full-scale
production in a goat or sheep system
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Figure 3.  The Dual Track Approach:  Option 1
Source:  Transgenic Company Brochures and Websites

Figure 4.  The Dual Track Approach:  Option 2
Source:  Transgenic Company Brochures and Websites 



would be very tight in the 30 month
total time frame. However, if your own
product development time frames are
longer than 30 months, then it might be
possible to use both mammalian cell
culture and transgenic animal tracks to
develop your product.

Most product developers will plan
to begin both development tracks at
about the same time. The question
then arises as to whether you can 
proceed to a feasibility stage with 
a transgenic system, and then await
clinical trial results with the 
mammalian cell culture product
before “committing” to the transgenic
system, and still be in full-scale pro-
duction by Phase III. Figure 4 breaks
the transgenic timelines out so that
work is halted after feasibility, and
then recommences at the time needed
for development of full-scale produc-
tion capability.

If the trigger for further develop-
ment of the transgenic system is 
preliminary clinical trial data, Figure 
4 shows that corn or avian systems may
be good choices, owing mainly to 
the shorter length of time required 
to go from a feasibility system to full-
scale manufacturing.

On the other hand, the tobacco 
system may be best at providing 
feasibility study material very quickly.
But scale-up to kg production levels is
a bit longer than in the corn or avian
systems. Therefore, a decision to move
forward might have to be taken prior to
the availability of clinical trial results.
Finally, consideration of a large animal
system does not leave any “free time”
for decision-making based upon 
clinical trial results.

Of course, the caveats in this figure
include the fact that no plant or avian
system has been scaled-up for 
Phase III clinical trial production 
at the kg level, so projections of the
time required are not supported by
actual data. Such is not the case with
animals. The other caveats relate to 
the planned, and actual, timelines of
the product developer. If you, for
example, expect to take 24 months for
Phase I/II clinical trials, then you have
more latitude in the types of trans-
genic systems you can explore, plus

more latitude if the actual timelines
turn out to be longer than the adver-
tised timelines.

Bridging the Gap Between
Production Systems

The final, but extremely important,
issue is what might be required by
CBER, and like foreign agencies, when
you switch from mammalian cell 
culture to a transgenic system in 
mid-stream (clinically). Fortunately,
although this has not been reported
for transgenic systems, there is some
regulatory guidance available since
companies have made significant 
manufacturing changes in cell culture
systems while going from Phase I/II to
Phase III manufacturing.

Regulatory authorities will be
focusing on two questions: 1) Is the
Phase III protein identical to the Phase
I/II protein in structure and function;
and, 2) Does the Phase III protein have
the same safety and efficacy profile as
the Phase I/II protein?

In addition, good analytical tools
exist to perform comparative studies
between the cell culture and 
transgenically produced proteins.
Identity will have to be shown with
regard to shape and size (circular
dichroism, electrophoresis, chromatog-
raphy, ultrafiltration, light scattering),
structure and sequence (N- and C-ter-
minal sequencing, amino acid analysis,
peptide mapping and sequencing, disul-
fide bonds, oligosaccharide analysis),
surface charge (isoelectric focusing, ion
exchange chromatography, chromatofo-
cusing), activity (in-vivo and in-vitro
assays, specific binding assays) and
purity (reverse phase HPLC, GPC,
SDS-PAGE, ELISA).

Special attention will have to be given
to glycoproteins produced in plant sys-
tems. Although not a topic for further
discussion here, plant glycans are quite
similar in overall structure to human gly-
cans. However, plants can add sugars not
present in human glycans (xylose and a
differently linked fucose), and plants can-
not add certain functions (terminal phos-
phorylation) that may be necessary for
efficacy in humans.

Finally, data on safety and efficacy
in humans will likely be required.

Biosafety and other contaminants 
particular to the transgenic system will
have to be addressed. For animal 
systems, the considerations will be 
similar to mammalian cell culture pro-
duction (DNA, viruses, and possibly
prions) with milk proteins replacing
host cell proteins as an area of
contaminant concern.

In plants, DNA and viruses will not
be the primary issue, as plants cannot
support replication of human viral
agents. However, insecticides and 
fertilizers will have to be quantitated,
and acceptability threshold levels will
have to be monitored on a lot-by-lot
basis, in the unpurified and/or puri-
fied bulk. Some of these concerns will
be lessened, or eliminated altogether, if
the plant is grown under controlled 
conditions in a greenhouse, or per-
haps, hydroponically.

Lastly, avian systems have some 
natural advantages because the egg is
essentially an aseptic system. There
may be biosafety issues due to the
potential presence of certain avian
viruses (e.g., avian leucosis virus),
however, the primary concern will
likely be contaminating egg proteins
that are in far greater concentrations
than the target transgenic protein.
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