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The trials and tribulations of
producing the first genetically
engineered drug
Irving S. Johnson

I have had the honour and opportunity of
attending several celebrations of the fiftieth
anniversary of the publication of Watson and
Crick’s model of the structure of DNA in the
25 April 1953 issue of Nature. By coincidence,
this year is also the fiftieth anniversary of my
receiving a doctorate in developmental biology, or as they called it then, embryology.
Although my thesis — entitled The Molecular
Basis of the First Heart Beat — was very fundamental in nature, I was aware of the Watson
and Crick article and followed the subsequent
developments assiduously; however, I would
never have been able to predict how many
scientific advances this article would portend.
The purpose of this paper is to discuss the
obstacles on the way to one particular
advance — the large-scale production of
human insulin using genetically engineered
bacteria — an achievement that marked the
birth of pharmaceutical biotechnology.

high blood-sugar levels and the development
of diabetes. An important step on the road to
using insulin to treat diabetes was taken by
George Zuelzer in 1908, who showed that
sugars levels in a depancreatized dog could be
controlled by injecting a pancreatic extract. He
then used this extract to treat a small number
of diabetics, whose condition improved until
the supplies ran out. Building on this work and
that of others, Frederick Banting and Charles
Best, together with John Macleod and James B.
Collip, isolated pure animal insulin from
pancreatic extracts, which was tested with
success in diabetic patients in 1922.
Eli Lilly has had a long and honourable history in the development of the animal insulins
for the treatment of diabetes. The first scientifically trained Director of Research was a native
of the United Kingdom, Dr George Henry
Alexander Clowes. In the Christmas holiday of
1921, he attended a meeting at which the work
of Banting and Best was presented, and on his
return to the United States convinced Eli Lilly
(the grandson of the founder) of its therapeutic potential. Following the success of insulin in
clinical trials, Lilly became the first supplier of
beef and pork insulins to the diabetic population, and has since felt a special relationship
and responsibility towards them.

History of insulin use

Origins of human insulin

The key role of insulin in the regulation of
blood-sugar levels is now well understood.
Insufficient insulin production by β-cells in the
islets of Langerhans in the pancreas leads to

Following my graduation, I joined the staff of
the Lilly Research Laboratories in Indianapolis,
Indiana, in September 1953. I was hired to
initiate a new programme in cancer research,

Fifty years ago, the determination of the
structure of DNA sparked a genetic
revolution. Here, I give a personal
perspective of the challenges involved in
the development of the first biological
therapeutic resulting from this revolution:
recombinant human insulin.
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involving both tissue culture and transplantable human and animal tumours, which
was aimed at the development of drugs for
the treatment of human malignant disease.
Clowes, who also had a strong interest in
cancer research (he was one of 13 founding
members of the American Association for
Cancer Research), called me into his office
almost weekly and opened our conversation
with “Well, young man, what have you been
doing?”, with the strong implication that I
should have cured cancer since our most
recent conversation.
I had also developed an ancillary interest
in diabetes and molecular biology. I became
an expert in islet isolation, and developed
submerged and stirred islet cultures that produced insulin (although these were never
conceived of as a production process, but
rather as a tool for physiological studies). In
the mid-1970s, it seemed clear that the biological revolution initiated by the Watson and
Crick paper — which had been followed by
DNA sequencing and synthesis, the breaking
of the genetic code, the development of techniques for gene insertion, and more — was
going to be vitally important to biomedical
research and, indeed, all aspects of biology. I
was enamoured with my phrase “that in time,
we are going to know how to turn genes off
and on and put these switches in a bottle and
call them drugs”. I am still enamoured with it,
and believe it is beginning to happen!
Lilly’s interest in developing human
insulin as a fermentation product, in its simplest terms, was one of supply and demand.
The number of insulin-using diabetic
patients had been growing rapidly, owing to
factors such as greater awareness and
improved methods of detection, changes in
dietary habits, and the availability of insulin
itself (which allowed diabetics, who otherwise
did not usually live beyond their teens, to live
long, productive, and reproductive, lives).
However, animal insulins were derived exclusively from the pancreas glands, which were a
by-product of the meat industry. The animals
were not raised just for their pancreases, and
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capitalist Robert Swanson, a respected molecular biologist from the University of California
at San Francisco (UCSF), Herb Boyer, and
Tom Perkins, a venture capitalist for whom
Swanson once worked. The other collaborator
was the Department of Biochemistry at UCSF,
chaired by Bill Rutter, which included Howard
Goodman and John Baxter in addition to
Boyer. My impression was that the relationships within the department were highly competitive, including those between post-docs
and graduate students.
Opposition to rDNA research

Protein production

Separation and purification

Combine A and B chains

Insulin

Figure 1 | Bacterial production of human insulin. Insulin consists of an A chain and a B chain, which
are linked by disulphide bonds. In the initial process for insulin manufacture, synthetic DNA coding for the
A and B chains was inserted into two plasmids, which were then separately introduced into Escherichia
coli. The A and B chains were purified from the two bacterial cultures and then recombined to give the
full insulin molecule.

demands for meat, or climatic or economic
factors that influenced meat production,
affected the availability of the glands. One
possible approach to addressing the problem
of supplying enough insulin in the future was
to use the emerging recombinant DNA
(rDNA) technology; that is, to manufacture
human insulin through fermentation of
bacteria expressing DNA that coded for
human insulin (FIG. 1).
By the late 1970s, it became obvious that
Lilly would have to collaborate with other
investigators to be competitive in the race to
manufacture biosynthetic human insulin, in
particular, because of the scarcity of people
with expertise in the various disciplines
involved, especially of synthetic nucleotide
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chemists (even though the techniques
involved were improving dramatically, facilitating their more widespread use). Largely
because of my vociferous promotion of molecular biology as the answer to many problems
in drug development, and the fact that we
were beginning to recruit a modest nucleus of
molecular biologists, I was asked to lead the
company’s efforts and collaborations to
develop a process to produce human insulin
as a microbial fermentation product. Such a
process could be increased to match demand
for the product and was not tied to demands
for any other product. One collaborator was
the recently formed biotech company
Genentech, based in South San Francisco,
which was founded by the young venture

During the first US National Academy of
Sciences (NAS) symposium on research with
recombinant DNA in 1977, I made a presentation illustrating the increasing need for
insulin, citing the reasons described above.
We had examined all of the theoretical alternatives, such as total chemical synthesis or
islet cell culture, that we could think of, or
which had ever been suggested. All had deficiencies, which in our view would have been
catastrophic in terms of meeting the projected needs. It was at this meeting, which
was billed as an open forum by the NAS, that
I first came into direct contact with the intensity of the opposition to rDNA technology,
both on safety and ethical grounds. As the
only industrial speaker on the programme,
my presentation was interrupted by a group
of opponents who attempted to physically
take over the meeting, waving banners, comparing proponents to Hitler and so on. I was
surprised at some of the opponents who
appeared. After order had been restored, in
the question and answer session, a Harvard
academic asked me: “When are you going to
quit lobbying against legislation to regulate
and control rDNA research?”. My reply was
that I was not lobbying against regulation,
although I was not in favour of legislative
control of freedom of scientific inquiry; however, if necessary, I would lobby to make sure
that any restrictions applied to academia as
well as industry. I suggested that it should be
a level playing field, and that we were used to
having governmental oversight and he was
not, and I did not think he would like it.
Retrospectively, although I believe some
concerns over the safety of this research were
blown out of proportion, and did hold back
its development, I also believe that it gave the
public more confidence that the scientists
were behaving appropriately, and helped to
keep the public informed of the relevant
issues. I have always felt that scientists have a
responsibility to explain what they are doing
and why they are doing it, if there are any
public concerns about their research. I felt
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that this had to be done in terms that laymen
could understand, and that almost any new
technology could be explained in such terms.
People do not usually fear things they understand, but might fear things they do not
understand. Owing to these feelings, I always
spoke to any group that had concerns about
rDNA technology, which led to me being
asked to testify before committees in both of
the houses of congress and committees of
state legislatures, and to give depositions to
committees of both the World and US
Council of Churches concerning the impact
of genetic engineering on man’s future, and so
on. I usually started by pointing out that man
had been changing the characteristics of
plants and animals for several millennia, by
very imprecise hybridization based on phenotypic traits (for example, all of today’s grains
are derived from grasses, domesticated dogs
have been bred from wolves and so on).
Whereas the changes brought about with
selective breeding and hybridization were
often achieved in ignorance of what was
being manipulated, those made with rDNA
technology were much more precise: what is
being added or taken away is well defined.
Obstacles to progress

The series of events that I feel did retard the
therapeutic application of rDNA technology
started in 1972, after Paul Berg and associates
described the use of restriction enzymes to
cut DNA from two different organisms, and
the recombination of the fragments to produce biologically functional DNA molecules.
At the next Gordon Conference on nucleic
acids in 1973, scientists in attendance recognized the probability of imminent breakthroughs in molecular genetics through gene
transplant techniques. This recognition led to
concern over the possible hazards of rDNA,
which were expressed in an open letter to the
NAS, suggesting that it establish a committee
to consider the problem and recommend
action or guidelines where appropriate. The
NAS responded by asking Berg to form a
committee to evaluate the research and propose a course of action. In 1974, the Berg
committee proposed a voluntary moratorium
on certain types of rDNA experiments, called
for guidelines from the National Institutes of
Health (NIH), and for an international meeting of involved scientists to consider the risks
which might be associated with rDNA. The
Asilomar Conference on rDNA molecules
was held in 1975 (the year that David
Baltimore, Howard Temin and Renato
Dulbecco received the Nobel prize for the discovery of reverse transcriptase), and included
more than 100 scientists from 17 countries.
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Timeline | Key points on the route to recombinant human insulin
First recombinant human
insulin (~20 ng) produced
using A and B chains of
insulin expressed in
Escherichia coli from
chemically prepared genes,
which were then combined.

1978

First doses of recombinant
human insulin administered to
normal human volunteers in
London, UK.

Approval received to
market human insulin
manufactured by the
separate fermentations for
the A and B chains in the
United Kingdom, Germany
and the United States.

Clinical testing in diabetic
patients started.

1979

Permission received from the
US Recombinant Advisory
Committee to go ahead with
150-litre bacterial fermentation.

1980

1981

First full-scale
40,000-litre
bacterial fermentation completed.

However, attendance was largely restricted to
academic genetic researchers (I asked to
attend, but this request was denied), and I
believe it would have benefited by including
others, particularly experts in infectious disease. As a result, it was felt in industry that
some of the guidelines defined at Asilomar
—which formed the basis for the NIH
Guidelines published in 1976 specifying criteria for physical and biological containment
of rDNA experiments, and identifying forbidden or undesirable experiments — were
unnecessarily restrictive. An example was the
establishment of a 10-litre limit for rDNA
fermentations, which clearly excluded industrial-level activity, although we were accustomed to handling hazard containment
problems at far greater volumes.
The publication of the NIH guidelines
ended the two-year moratorium, which I
firmly believe had been obeyed. Guidelines
were also established in many European
countries, but in some cases were considerably more lax than those in the United States.
For example, Switzerland only required that
rDNA work be registered with the relevant
authorities, under the presumption that if
something bad happened, the registration
would reveal who was involved and where it
happened. In the United States, experiments
involving human DNA were forbidden except
in a P4 facility — a completely isolated facility
capable of inactivating its own sewage. In
France, human DNA could be handled in a
P2 facility, which was essentially a normal
laboratory facility except for some negativepressure requirements. In both France and
the United States, committees had to be established with local representatives. By this time,
we had contractual agreements with both
Genentech and UCSF, and a manufacturing
facility at Fegersheim. I had a laboratory

1982

1986

Approval to market human insulin
manufactured by the single fermentation or
pro-insulin route in the United States.
Similar approval followed in other countries.

constructed at Fegersheim to allow us to send
small groups of Lilly scientists and UCSF
post-docs to carry out experiments so that we
could stay competitive while we waited for the
expected relaxation of the US guidelines. Our
local committee was chaired by Dr Pierre
Chambon from the University of Strasbourg,
a widely known and respected scientist for his
work on the role of retinoids in development.
In Indianapolis, I was chairman of our committee, and our local representative and
public member was Mayor William Hudnut,
an ordained Presbyterian minister and a protector of the safety of the city in his role as
mayor. We owe a debt of gratitude to both of
these gentlemen for their participation in
these committees.
Although we meticulously adhered to the
NIH guidelines, as well as those in France,
and even though I still believe progress was
retarded by the guidelines, significant
progress was made by both of our collaborative partners. By 1977, the UCSF group had
isolated and analysed a gene that ordered the
production of human growth hormone, and
had spliced a rat insulin gene into a bacterium; Genentech had inserted a gene for
human somatostatin that had been chemically synthesized by Keiichi Itakura and
Arthur Riggs at City of Hope Medical Centre;
and by 1978, a team from Harvard and the
Joslin Diabetes Foundation, led by Wally
Gilbert, reported the successful production of
rat pro-insulin (the precursor of insulin) by
rDNA bacterium. In the same year, the first
recombinant human insulin (~20 ng) was
produced by David Goeddel (Genentech) and
colleagues using A and B chains of insulin
expressed in Escherichia coli (from genes that
had been chemically prepared by Itakura,
Riggs and colleagues), which were then
combined (FIG. 1; TIMELINE).
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During this period of exciting scientific
progress, the NIH Guidelines were gradually
being relaxed and modified because the results
of many experiments indicated that the original concerns were in fact mostly groundless.
One important limitation — the 10-litre
limit on rDNA fermentation — did, however, remain.
In 1979, we requested the first exemption
from this limit. The Recombinant Advisory
Committee (RAC), which was established in
1974 to deal with concerns about the containment of potentially harmful organisms, gave
us permission to carry out 150-litre fermentations, but not the 40,000-litre fermentations
we knew would be needed for full-scale
insulin production. The chairperson of the
RAC asked me if Lilly would present to them a
seminar on large-scale fermentation, because
in the absence of any reassurance about the
safety of the process we were proposing, the
RAC might have insisted that we build dykes
around each fermentor that could contain its
entire contents. One opponent of the technology actually had a paper published in a reputable journal suggesting that children living
in the area around a Lilly production facility
might become infected with Escherichia coli
producing insulin and die of hypoglycaemia.
I agreed to the seminar request on one
condition: that it be a public seminar, so that
every one could have the same information,
questions could be asked, and a public record
of the event could be produced. The chairperson of the RAC agreed, and David Dennen
from our production group made an excellent
presentation. I felt that there were individuals
on the RAC and in the audience who realized
for the first time that we were not using threestory-high Ehrlenmeyer flasks made of glass
on some sort of a mammoth shaker, but stationary stainless steel fermentors that could
be inactivated by pushing a button! Later,
following a site visit to our production facilities
by the RAC, we were given approval to use
2,000-litre fermentors.
Insulin production

Genentech initially supplied us with E. coli
containing plasmids that coded for either the
A or B chains of insulin (FIG. 1). Lilly biochemists and physical chemists knew how to
separate the chains and how to combine them
functionally from their studies with animal
insulins. These first cultures had the chains
fused to a large E. coli peptide, a 1,004-residue
form of β-galactosidase. We laboriously
accumulated enough insulin made by this
procedure to demonstrate it was in fact
functional human insulin (ultimately,
Genentech was able to provide us with an
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organism containing plasmids coding for
human pro-insulin fused to an 190-aminoacid tryptophan synthetase protein, which
gave better yields).The significant advantage
of this approach over producing insulin from
animal pancreases was that only about 1% of
the pancreas glands are islets of Langerhans,
and only a fraction of the islet cells are β-cells,
whereas in a bacterial fermentation of the
rDNA organism, 100% of the cells are producing the desired protein. Unfortunately,
because of the time between receiving the two
different types of hosts, we eventually had to
make a new process submission to the appropriate agencies to make the transition from
the dual fermentation process to the single
fermentation process. Nevertheless, by mid1980, we had accumulated enough biosynthetic human insulin from multiple small
fermentations to carry out tests in healthy
human volunteers in the United Kingdom
(TIMELINE). By September of that year, reports
of the Phase I studies of biosynthetic human
insulin in the United Kingdom, Germany and
Greece were made to the 16th European
Association for the Study of Diabetes in
Athens, indicating, as expected, that little
difference could be demonstrated between it
and purified porcine insulin.
Road to approval

We now had to consider the concerns of the
various regulatory agencies when faced with
the submission of the first human health
product made by this controversial new technology. My approach to this was for myself
and John Marsden (then Director of the Lilly
Clinic) to visit the US and European agencies,
where I presented a seminar detailing the relevant technology, responded to questions,
indicated what I took to be the principal concerns and how we intended to address them,
and asked whether the agencies still had any
concerns over the technology. I also indicated
that we would return when we had the
expected data, and then present it to them for
discussion. In general, they all agreed with us.
As soon as we had the data, we returned,
presented a new seminar and indicated what
we had found. In essence, this strategy made
them all our partners, or at least collaborators,
and not our adversaries.
Their concerns were fairly predictable and
reasonable. In retrospect, by being first, we
were probably establishing specifications and
criteria for future rDNA products, and therefore might have been stricter than necessary.
But we were first. We showed that recombinant human insulin was identical to insulin
from human pancreas in amino-acid composition and sequence, immunological identity,

gel electrophoresis characteristics, FAB mass
spectra, HPLC traces, peptide mapping, zinc
crystallization, X-ray crystal structure, twodimensional nuclear magnetic resonance
spectra, pro-insulin RIA, C-peptide RIA, and
so on. Purity and safety were studied by
putting the bacterial host through the insulin
isolation procedure to examine what the host
might contribute as contaminants. These
were a small group of small E. coli peptides.
They were non-immunogenic except with
Freund’s adjuvant, and even then did not
cause anaphylaxis. Using the antibody stimulated by the adjuvant, we established an RIA
which allowed us to establish a parts-permillion standard. These peptides were also
studied in a human endogenous pyrogen
assay, in which human white blood cells were
incubated with the peptides and the supernatant injected in a standard pyrogen assay.
They were always negative. These peptides
were subjected to routine toxicological studies
in animals, and no systemic or tissue toxicities were observed. The Limulus assay for
endotoxin on the insulin was also negative.
Our first 40,000-litre fermentation
occurred in mid-1981, a year in which Lilly
invested about US $40 million in new production facilities for biosynthetic human insulin
in both the United States and the United
Kingdom. These investments provided a backup source of human insulin in case of some
unforeseen catastrophic event. In 1982, we
received approval to market human insulin
manufactured by the separate fermentations
for the A and B chains in the United Kingdom,
Germany, and the United States. By 1986, we
had received approval to market human
insulin manufactured by the single fermentation or pro-insulin route in the United States.
Similar approval followed in other countries.
The first US FDA approval in 1982 was
obtained about five months after submission,
at a time when the average FDA review period
was two-and-a-half years. Recombinant
human insulin is now used for the daily treatment of more than two million diabetic
patients worldwide, demonstrating not only
the value of rDNA technology in providing an
important medical product, but also guaranteeing that the diabetic population will have
supplies of this vital hormone available, as well
as subsequent analogue refinements.
Closing remarks

I accept some responsibility for our strategy,
and made vigorous defences at every opportunity that I had of the potential and safety
of this controversial technology as a tool in
biomedical and biological research. I defer to
no one in terms of the joy and satisfaction
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that being involved in the development of
the therapeutic application of rDNA technology gave me, and which, even 15 years
after my retirement, still gives me, from
observing its progress, participating in an
advisory role as a consultant, and attempting to participate in its role as an instrument
of National Science Policy. My adversaries in
the early years of the rDNA controversy
probably took no comfort in my appointment to the RAC as a public representative
by the Secretary of Human and Health
Services during the Reagan administration.
But the appointment was made, and I represented the public to the best of my ability,
which I continue to do. On the day after I

retired, I participated in a ten-year anniversary celebration of the production of
human insulin at the Arnold and Mabel
Beckman Center of the National Academies
of Sciences and Engineering at Irvine,
California, at which Jim Watson was also a
participant. One of the first questions I was
asked after my presentation of our role was
“But couldn’t you have done the same thing
with the animal insulins?”. In my horror, I
responded “Yes, but why in heaven’s name
would I want to?”.
Irving S. Johnson is at Sanibel Island,
Florida, USA.
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A path to improved pharmaceutical
productivity
Carl M. Cohen
The current use of metrics-driven
approaches to improve the productivity of
pharmaceutical drug discovery will fail. This
article presents an approach to the use of
performance metrics that has the potential
to guide fundamental industry improvement
though cooperation.

Drug discovery is a trial-and-error process
that relies on biological science, yet is hampered by the incompleteness of our biological
scientific knowledge. The consequence is that,
more than in any other industry, drug discovery relies on applying scientific discoveries
according to rules that are only partly known.
Imagine trying to design a modern aircraft
with the knowledge that there might be rules
of aerodynamics that are yet undiscovered,
and that the only real test of the aircraft will
come when passengers are placed on board.
This is the problem that the pharmaceutical
industry faces daily.
We undertake drug discovery with awareness of some general principles of the scientific
method and a very incomplete understanding
of the rules that biological systems obey. What
is typically left unsaid when we observe that as
many as 50% of the genes in the human
genome have yet to be characterized is that
there are many levels of biological complexity
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that remain to be understood. For every biochemical pathway that we think we understand, there are many more that impinge on a
given physiological process that we do not
understand. Because of this, the front end of
drug development is more closely allied to
discovery research than in any other major
industry. As a consequence, attempts to
abstract lessons learned from other industries,
in which advances or improvements can be
achieved by fine tuning the application of
known principles, are flawed. Only if we
accept the fundamental difference between
the state of our knowledge of the biological
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universe, and the state of our knowledge of
the physical and chemical universe, will we
develop appropriate paradigms for improving
drug development. The reliance on discovery
in the early stages of drug development frustrates rational efforts to improve the process
because there are no formulae for how to
accelerate discovery on an industrial scale, or
on any scale for that matter.
A common approach that has been
applied to improving drug discovery is that of
empiricism — determining what works best
by trial and error. Two principal problems
plague this approach. The first is the absence
of validated metrics for drug discovery performance, and the second is the small size of
the data set from which conclusions are
drawn. Without metrics, one cannot know
whether changes in process or technology
affect performance or outcome. Moreover,
performance, however it is defined, must be
measured in a time frame short enough that it
can be used as feedback to guide the modification of practices. So, quantitating the number of drugs that reach the market is obviously
a poor measure of discovery performance

Box 1 | Current use of metrics: a missed opportunity?
Many pharmaceutical and biotechnology companies set explicit annual goals for the number
of targets validated, leads optimized, new chemical entities developed and so on. These are
often posted in conspicuous places throughout the organization to remind researchers of their
productivity objectives. From my own observations, such numerical goals are viewed with
cynicism both by those who produce them, and by those who are supposed to be guided by
them. Company productivity managers acknowledge that ‘people produce what you measure’.
A frequent complaint in organizations in which drug development is segmented is of the
existence of the ‘throw it over the wall’ syndrome. This results from one group tossing a less
than optimal product ‘over the wall’ to the next group in the development line in order to meet
its quota. The recipients of such products become resentful and are tempted to perpetuate the
process further downstream.The good news is that companies that collect accurate data on
productivity and economic metrics already have in their hands the most difficult to collect
subset of the data needed for the proposal presented here.
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