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Since no occupational accidents or diseaseshave been attributed specifically to the use of constructions
containing recombinant deoxyribonucleicacid (rDNA), this paper evaluates the occupational health risks
in industries utilizinggenetically manipulated organismsmainlyon the basis of theoretical considerations.
Bacteria, filamentous fungi, yeasts, and mammalian cellsin culture are in use. For each of these systems
the possible hazards are considered. Concerning microbial production systems, infections are regarded
as the main problem, but the risk of infection is considered extremely low. As for cells in culture, only
dormant viruses are regarded as problematic, but well-defined production cell lines should not contain
such undetected and dangerous viruses. Overall, the additional risks posed by rDNA-modified micro­
organisms are minor. Only long-term observations can, however, confirm this assumption, and conse­
quently the highest feasible containment measures should still be used in the years to come.
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The last decade has seen a slow rise in the number of
industries trying to base their production on the use
of organisms modified by recombinant deoxyribo­
nucleic acid (rDNA). Until now only a limited num­
ber of products synthesized in this way has been mar­
keted, but the number has been limited mainly due to
the costly and time-consuming research and documen­
tation necessary before marketing is feasible (l, 2).
From a theoretical point of view the number of com­
panies that might be interested in this technique is very
high. In Denmark, where a substantial portion of the
industry involves the production and processing of
food, pharmaceuticals, and chemicals, it has been es­
timated that companies representing as much as 20 %
of the gross national product will sooner or later use
rDNA techniques (3).

In view of this potentially widespread use of rDNA
methodologies in the workplace, it is relevant to con­
sider the associated risks. Normally occupational risks
are defined empirically, that is, through acquisition of
knowledge about diseases and accidents that happen
within a given industry. In this respect rDNA research
and production appears to be rather unique, since no
diseases or accidents have so far been described which
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can be attributed solely to the fact that an rDNA con­
struction was used (4).

In the absence of empirical data one is left with only
theoretical speculations when trying to define areas
where problems may occur and where more systematic
research should be performed.

In this review we present our own views on these
problems. Initially a brief description of the normal
organization and function of a gene is given, followed
by a brief description of the various elements needed
to create an rDNA construction able to cause a cell
to produce a given protein. Then some of the methods
with which complex molecules are produced by use of
rDNA constructions are reviewed, and in this context
our views on potential risks in connection with the var­
ious kinds of productions are presented. Only the oc­
cupational health aspects are considered in this review,
not the possible risks to the external environment. Fi­
nally, some consideration is given to risk management.

ORGANIZATION AND FUNCTION
OF THE NORMAL GENE

Chemical structure of deoxyribonucleic acid

The information that codes for the numerous proteins
produced in a cell is contained in the deoxyribonucleic
acid (DNA). DNA is a double-stranded helical mole­
cule. Each strand is built up by a sequence of nucleo­
tides, and each nucleotide contains one phosphate and
one deoxyribose molecule, which together form the
backbone of the strand. In addition, each nucleotide
contains a heterocyclic base. Four different bases are
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involved . In DNA these bases are adenine, cytosine,
guanine, and thymine (5). The code is contained in the
sequence of appearance of these four bases in the
strand so that three bases in a given sequence specify
one amino acid in the protein which the gene codes
for. The overall base sequence thus gives both the iden­
tity of the amino acids and the sequence in which they
will be positioned in a growing polypeptide chain. The
fundamental basis for rDNA productions is the fact
that the genetic code is universal and ther efore allows
the genes from different organisms to be read simi­
Iarly, the result being the produ ction of the same poly­
peptide chain even if the gene and the synthesis ap­
paratus are from two different organisms.

Transcription and translation

When the information encoded in the DNA is needed
for the production of a polypeptide chain, the code
is copied onto a so-called mRNA molecule (m stands
for messenger and RNA for ribonucleic acid). The
mechanism by which the code is copied involves posi­
tion ing of specific bases opposite the bases in one of
the strands of the double- stranded DNA, a com­
plementary copy of the DNA code thereby being ob­
tained. This process is called tr anscription. In its sim­
plest form mRNA is then transported to the ribosomes,
and polypeptide chains with the sequence encoded in
the mRNA are synthesized. This process is called trans­
lation. In bacteria, which have no nucleus, the tran­
scription and translation can take place simultaneously.

Regulatory sequences

Several problem s arise when attempts are made to use
the simple design of introducing a human gene into
a bacterial host in order to achieve the synthesis of a
desired protein in the bacteria. Intense research over
the last decade has demonstrated that several regulating
sequences exist both closely in front of the gene and ,
for euka ryotic cells, far away from the gene (6). Such
sequences determine both the degree of expression
(meaning the amount of protein being synthesized) un­
der various conditions and the type of cell in which
expression will occur (species and /or organ specificity).

Splicing

Furthermore , a process called RNA-splicing occurs in
higher organisms but not in prokaryotes. Splicing is
a process by which mRNA is modi fied after transcrip­
tion but before leaving the nucleus. This process is
necessary since eukaryotic genes are often interrupted
by noncoding sequences inserted at various locations
in the gene. The noncoding sequences are termed in­
tron s, and the coding sections in between are called
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exons. Splicing involves the removal of noncoding sec­
tions of the mRNA and, thereafter , end-to-end liga­
tion. This process results in a shortening of the mRNA.
The fact that prok aryotes do not have this system sig­
nifies that such an organism will try to tran slate the
noncoding information of the eukaryotic mRNA also
and thereby produce erron eous polypeptides. The
molecular mechanisms behind splicing are slowly being
characte rized (7).

Posttranslational modification

A number of pro cesses under the common name of
posttranslational modification are involved in the con­
struction of complex molecules in eukaryotic cells.
These modifications may comprise a specific folding
of the newly synthesized polypeptide chain, assembly
of several polypeptides to form the final protein mol­
ecule, and perhaps couplin g of various compounds to
the polypeptide chain. The compounds in question are
phosphat es, sugars, vitamin metabolites, etc (I). These
final modi fications ofte n require the partic ipat ion of
other enzymes, enzymes that are coded for by other
genes. Therefore it is not certain whether or not a pro­
or eukaryotic host cell that is able to synthesize the
prima ry polypeptid e chain has the enzyme batt ery
necessary to make the final protein.

THE rONA CONSTRUCTION

In order to make a DNA construction for use in rDNA
produ ction, certain procedures to isolate the different
necessary elements are mandatory. The DNA elements
necessary for an operative constru ction are the gene
(preferably without the introns), certain regulating se­
quences (ensuring high and stable expression of the
gene in the host organism), and a vector (which can
be regarded as the carrier of the construction) . The
tools used in rDNA technology to create such a con­
struction have not been described in this report. (For
a review see reference 8.) Instead a few comments on
each of the element s in the construct ion are offered.

The insert

With regard to the isolation of specific genes from the
DNA of higher animals , several techniques exist which,
as a start ing point , use existing knowledge about the
protein in question. It may be in the form of antibodies
again st the protein or in the form of data about the
amino acid sequence. (For a review see referen ces 9
and 10.) With the use of this knowledge it is possible
to retr ieve the desired gene.



Regulatory sequences

The regulatory sequences needed to give a strong ex­
pression of a gene depend very much on the host in
use. In general, the strongest regulatory sequences are
derived from various viruses, but often the host spe­
cificity of the virus puts restraint on the choice of the
host cell. For many microorganisms too little is known
about the regulation of gene expression to construct
the ideal vector.

Vectors

Common for most vectors is the fact that they are
small, naturally occurring DNA elements that can be
taken up in various bacteria and cells; they multiply
together with the chromosomal DNA of the cell. For
bacteria, the vectors most commonly used are those
based on plasmids or phages. The plasmids are small
circular pieces of DNA which are naturally occurring
elements of many bacteria. They are present in a vary­
ing number of copies, depending on both the plasmid
and the host, and code for a number of functions, in­
cluding various antibiotic resistances (11). The phages
are bacteria-specific viruses which can enter the cell,
multiply with the cell or, after proliferation, lyse the
cell in order to infect other cells. With the use of both
plasmids and phages several rDNA vectors have been
developed. They are more or less artificial construc­
tions containing the sequences necessary for basic func­
tions. Some of the vectors are designed to cause the
expression of genes ligated into the vectors (expression
vectors), and others have a more or less unaffected
ability to infect cells by natural means. For cells from
higher animals, the vectors used are all based on viruses
which normally infect these cells (8, 12). Again, these
vectors are often modified in many ways, eg, made
defective so that they do not normally cause lysis and
death of the cell and thereby give the system more
stability.

RISK IDENTIFICATION AND EVALUATION IN
PRODUCTIONS USING rDNA TECHNOLOGY

Range of products

The major impact of rDNA technology has, until now,
been in the production of endogenous and exogenous
proteins for therapeutic and diagnostic use. Most of
these proteins fall in one of the following five cate­
gories: hormones (eg, human insulin, human growth
hormone, calcitonin, somatostatin, relaxin, parahor­
mone, erythropoietin), immunomodulators (eg, inter­
ferones, interieukines, colony-stimulating factors),
blood products (eg, tissue plasminogen activator, fac­
tor VIII, factor IX, human serum albumin, alpha-I­
antitrypsin), antitumor agents (tumor necrosis factor,
immunotoxins), and vaccines (hepatitis B) (1,13-15).

Future developments, apart from an increase in the
number of protein products, will probably show a
spread of rDNA technology to many other areas, such
as the synthesis of nonprotein compounds through the
construction of whole pathways in living organisms
(16), the production of nonprotein biopolymers (17),
and the catalysis of specific reactions such as bio­
leaching in mineral processing (18). These applications
are, however, very much at the experimental stage at
the moment and have not been considered in this re­
view; instead it is systems for the industrial produc­
tion of peptides and proteins that have been included.

Production systems

The biological systems with which to produce rDNA­
coded peptides and proteins are either microbial (bac­
teria, filamentous fungi, or yeast) or based on mam­
malian cells in culture. In addition, the possibilities of
producing complex molecules in transgenic animals are
currently being investigated.

These systems have been described in the following
discussion, together with considerations concerning the
possible risks.

Microbial systems

Bacterial systems. The simplest system and the system
which is still the most widely used in the rDNA pro­
duction of proteins is based on the incorporation of
the coding DNA, without introns, together with regula­
tory sequences, into a suitable bacterial vector, which
is then propagated in a bacterial host. The advantage
with bacterial systems lies in the simple substrate re­
quirements of bacteria, their ability to grow almost un­
restrictedly in huge fermentor vessels, and, at least for
some products, the possibility to design the system in
such a way that the host secretes the polypeptide into
the medium, downstream processing therefore being
made easier (2). The disadvantages are mainly con­
cerned with the rather primitive processing systems of
the prokaryotes in that these systems result in a lack
of splicing [can be overcome by the use of copy DNA
(cDNA) sequences in the insert] and a lack of more
refined posttranslational modifications. Therefore, in
general, these systems are used in the production of
more simple proteins (1). The possibility of produc­
ing precursor polypeptide molecules, which can later
be modified in other systems, are at present being
investigated.

The most popular host organism is still Escherichia
coli. This bacterium is by far the best characterized
microorganism. Many strains have been isolated, in­
cluding laboratory strains that are mutated to such a
degree that they are not able to survive outside con­
trolled culture conditions.

Of the bacterial hosts, E coli has, however, one dis­
advantage, namely, the tendency of forming inclusions
(2). Inclusions are insoluble aggregates of protein and
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DNA which form intraceliularly when foreign genes
are overexpressed in E coli. This phenomenon most
likely occurs because of a limited ability to secrete
proteins. It is possible to stimulate secretion by the
addition of signal sequences to the polypeptide chain,
but this step only transfers the protein as far as the
periplasmic space, where accumulation and protein
degradation then occurs. Another disadvantage is the
production of endotoxins from the outer cell wall of
E coli during degradation. Both of these problems can
be avoided with the use of members of the Bacillus
genus (19). These bacteria are genetically and bio­
chemically less characterized than E coli. Most strains
are nonpathogenic, some are nonsporogenic, and they
grow aerobically. The greatest advantage is, however,
that they, being gram-positive, have a much simpler
cell wall than E coli. Therefore they secrete over­
produced proteins much more easily and do not form
endotoxins.

A number of other bacteria (eg, various Lactobacil­
lus and Streptomyces species) are now being tried as
hosts for production, but the experience with these is
much more limited, and they will not be considered
in this report.

In practice the fermentations using both unmodi­
fied and rONA-modified microorganisms involve ini­
tially filling the fermentor with medium, sterilization,
and cooling. Then seeding is performed by the addi­
tion of the production organism, and the fermenta­
tion is run with stirring, aeration, and a supply of
extra nutrients. When the fermentation has reached
a certain level, it is either terminated (batch produc­
tion) or the fermentation mixture is continuously re­
moved and replaced with new medium (continuous
production). The produced compound is rescued by
an initial separation of the medium and cells followed
by the extraction and isolation of the product from
either the filtrate or the cell residue. These and the fol­
lowing steps are called the downstream processing.

Filamentousjungi. Filamentous fungi are of consider­
able industrial importance since they produce about
60 0J0 of known antibiotics. They are eukaryotes, grow
in filamentous form, and produce spores. They do per­
form some posttranslational modifications but are,
apart from this, comparable with bacteria. A few
rONA products are currently being produced in fungi
(13), and an increase is to be expected.

Yeast. Yeast is also a eukaryote, possessing the abili­
ty to perform posttranslational modification. The
modifications, eg, glycosylation, are, however, not
always exactly similar to what is done in mammalian
cells. Yeast is therefore an intermediary type of host,
being a eukaryote able to be cultivated like bacteria
on defined, simple media. In addition the generation
time is much shorter than for other eukaryotic cells.
As an industrial production organism, yeast has a very
long history, especially for alcohol fermentation and
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baking. One of the areas where rONA manipulation
on yeast has been tried is therefore not surprisingly in
the brewery industry (20). Attempts have aimed at
reducing the use of raw materials, improving the qual­
ity of beer, and developing new beverage products. In
addition yeast is being tried as a production organism
for various other products, eg, vaccines.

Possible risks in the use ojmicrobial systems. The in­
herent risks of working with microbial production sys­
tems can be related to the following; (i) the microbio­
logical agent involved in the fermentation (the host),
(ii) the biological material, which is either present in
the microorganism (eg, the rONA construction) or
produced by the organism (eg, toxins), (iii) the final
product, which the production is aimed at, and (iv)
various chemicals and other substances involved.

In order to have a harmful effect, the microbiolog­
ical agent has to gain access to the worker. In general,
the following events have to occur before this event
takes place: (i) the microorganism has to escape to the
work environment, (ii) the microorganism has to
spread and multiply, and (iii) the microorganism has
to establish itself on or in the worker.

Living microorganisms can escape during produc­
tion either from the fermentor vessel during the fer­
mentation or, in case the content of the vessel cannot
be sterilized prior to downstream processing, during
the recovery of the product. The risk of an accidental
escape from the fermentor vessel can be minimized by
proper design, and therefore massive contamination
from bioreactors is almost always due to operator
failures. The risks for accidental escape are somewhat
greater during downstream processing since it involves
several procedures, such as centrifugation, for which
full physical containment is notoriously difficult
to maintain and for which aerosol formation is a
problem.

Both the design of the system and the operational
procedures should obviously be optimized for the
highest degree of containment so that massive escapes
can be avoided. Absolute physical containment is,
however, extremely expensive, and therefore minor
leaks are probably rather common in most situations.

The extent to which an escaped microorganism will
spread and multiply outside the vessel is generally dif­
ficult to evaluate since this, among other elements, in­
volves assessments of interactions between the rONA
organism and the microorganisms in the existing
ecosystems. Such assessments have turned out to be
difficult to perform.

Some knowledge is available concerning spread in
terms of the environmental transport of microorga­
nisms. Several studies have investigated the airborne
spread of microorganisms in aerosols both indoors and
outdoors. These studies revealed that especially E co­
li is very susceptible to drying in aerosols and will, when
measured as colony-forming units after deliberate re­
lease in aerosols, disappear within a few minutes (21,



22). In contrast the organism can be found in moist
dust and similar environments for weeks. Other organ­
isms, more resistent to drying (eg, due to sporulation),
can be carried for hundreds of kilometers and still be
viable (23, 24). Therefore, once a microorganism is
released in aerosol in a building, it can in theory spread
as a viable organism to all locations in the building
and to the exterior.

Since, however, most accidental escapes are in the
form of minor leaks with only a limited number of
microorganisms escaping, the consequences will only
be serious if the microorganism finds ways to multi­
ply in the environment. Then so-called biological con­
tainment becomes relevant.

Biological containment is present if an rONA orga­
nism possesses a number of characteristics making it
unable to, or not very good at, multiplying outside the
vessel (25). Many biological containment features are
added in the form of very specific growth require­
ments, which cannot be met outside the vessel. In ad­
dition mutations, making a microorganism in other
ways weak when compared with wild types of bacte­
ria, fall into this category. Various suicide systems are
also being developed; with these systems an rDNA­
modified microorganism contains a gene coding for
a lethal toxin which is activated either if specific cul­
ture conditions are not present or at random after a
certain period of time (26, 27). These systems have not
been tried in production yet, but they seem promis­
ing. They are, however, sensitive to accidental muta­
tions that inactivate the toxin gene.

A phenomenon that clearly weakens the biosafety
of organisms with a high degree of biological contain­
ment is the fact that many of the characteristics giving
biological containment are derived from the host or­
ganism. This is a problem since it is to a great extent
the rONA construction and the information encoded
that must be worried about. A way to cross-circuit the
safety measures of biological containment would there-·
fore be for the rONA construction to escape from the
weakened primary host to a more robust wild type of
bacteria (28). This process of escape to other bacteria
is called horizontal transfer. Such transfer can occur
through three different processes, depending on the
relationship between the bacteria.

First , naked DNA, released , eg, through the death
and lysis of the donor bacterium , can be taken up
through the cell wall of the recipient organism by the
process of transformation.

Another process for horizontal transfer is so-called
transduction, which means transfer via a bacteriophage
which accidentally carries a piece of rONA from one
cell to another.

The third process is conjugation. This is the "natu­
ral" process by which one bacterium, using a special­
ized organ (sex pilus), can transfer plasm ids and in
some cases chromosomal DNA to another bacterium.
This phenomenon is common and results in a constant
reshuffling of the total pool of DNA within a wide

range of microorganisms. The phenomenon is so wide­
spread that it has been suggested that microorganisms
should not be considered discrete organisms or true
species in the sense that eukaryotes are. Rather, the
microbial community resembles a vast computerized
communication network, a global organism, whose
parts share most genetic information (29). Accepting
such a notion means of course that an escaped rONA
construction may in time be spread through the whole
bacterial community.

The likelihood of spread through the various
mechanisms can be minimized through the proper de­
sign of the vectors and the correct choice of host bac­
teria, but no one will probably claim that horizontal
transfer can ever be totally controlled through the de­
sign of the system.

The probability of the spread and multipl ication of
an escaped rONA construction is, however, considered
minor due to the fact that several specific events have
to occur before the rONA construction can survive out­
side the vessel.

A microorganism which has escaped and multiplies
in the work environment may establish itself in or on
the workers exposed to it. Several factors are impor­
tant in such cases. First , various intrinsic characteris­
tics of the escaped microorganism are of course rele­
vant. Second, factors such as size of dose and site of
invasion are important. This importance can be illus­
trated by the doses of microorganisms needed to cause
infection . The necessary dose for humans varies con­
siderably among the various pathogenic microorgan­
isms. Very few organisms are needed for infections
with some viruses, especially viruses which gain access
through the upper respiratory tract (measles, Influenza,
polio, etc). Similarly, the number of microorganisms
that can cause disease by intradermal inoculation in
diseases such as scrub typhus and syphilis are very low.
The opposite is generally the case with microorganisms
that cause gastrointestinal diseases, for which the route
of entrance is ingestion. In such cases many organisms
(105- 109) are needed, most probably due, first, to ex­
cessive killing in the acidic stomach juice and, second,
to the need for a sizable initial inoculation in the gut
in order to compete efficiently with the natural flora
in the first phase of the infection (30).

Fortunately most of the microorganisms used cur­
rently in rONA-based production are organisms that
invade though ingestion , and it is therefore considered
unlikely that minor leaks would result in ingestion of
the necessary number of organisms. Probably only two
situations could pose a problem. One would be when
specific circumstances confer advantage to a recom­
binant microorganism, eg, in the case of a worker
receiving the same antibiotic as the rONA construc­
tion confers resistance to . The other would occur when
an organism has a natural ecological niche on the body
of the worker to "return to." If it can survive there
without disadvantage, it could cause disease, eg, by
producing a toxin coded by the rONA construction.
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An example would be a normally occurring enterobac­
terium, which reestablished itself in the gut after re­
ceiving an rDNA construction coding for a toxin. The
often heard argument against such a mechanism is that
an enterobacterium containing an expressed rDNA
construction will have a disadvantage due to this "extra
luggage" and therefore will be eliminated by its wild
type of ancestors. Recently, however, observations
have been presented that seem to indicate that a foreign
plasmid can, after some time, form a symbiotic rela­
tionship with the new host and then is conferred with
selective advantage instead (31).

Adverse effects caused by a microorganism which
has established itself on a human being can, in gen­
eral, be either in the form of infection or an allergic
reaction. In order to cause an infection, the microor­
ganism has to have pathogenic capabilities. Only very
few of the many different microorganisms have this
ability (32). This scarcity is not surprising since effi­
cient pathogenicity is due to the balanced actions of
several genes. These genes code for functions such as
ability to attach to the surface of the organism to be
infected, mechanisms for obtaining entrance, mechan­
isms for interference with the phagocytotic processes,
toxin production, etc.

Three ways seem open when mechanisms by which
an escaped microorganism can be pathogenic are con­
sidered. First, the host bacterium can deliberately have
been chosen to be a pathogen. This is seldom the case,
but it does occur in connection with the production
of vaccines and similar products. Then extra tight
physical encapsulation is obviously needed. This
precaution makes such productions extremely expen­
sive, but technically full containment can be achieved,
as has been shown by the longstanding manufacturing
of vaccines from even the most dangerous pathogens.
Second, the host bacterium may start out as a well­
characterized, apathogenic organism, but during the
fermentation natural mutations result in the creation
of a new genotype with pathogenic abilities. Given the
thousands of generations of continuous fermentations
and the natural mutation rate of bacteria, substantial
genetic changes seem likely. The probability of a
change to pathogenicity seems, however, indefinitely
small due to the fact that several distinct genes are
needed for pathogenicity, combined with the fact that
pathogenicity confers no advantage upon an organ­
ism grown in a fermentor vessel. Third, the host may
be apathogenic, but the rDNA construction confers
pathogenic ability. This will be a rare situation since
a well-defined rDNA construction presumably confers
only one ability, such as toxin production, to the host.
Therefore other abilities, just as necessary for the de­
velopment of disease, will still be lacking.

The overall conclusion is therefore that exposure to
microorganisms with pathogenic capabilities will on­
ly occur in some defined circumstances. The likelihood
of an accidental development of pathogenic capabili-
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tics outside these specific circumstances is extremely
low and can be ignored.

With regard to allergy, workers can, in theory, be­
come sensitized to any microorganism with which they
come in contact. The general experience is, however,
that allergic reactions of patients towards intact bac­
teria established in or on the patients are rare.

The risks of exposure to the rDNA construction as
such, or to endo- and exotoxins, is greatest during the
downstream processes, especially in productions in
which the product is located intracellularly and in
which disruption of the cells is necessary. Exposure
may, however, also occur if the product is excreted sim­
ply because a certain cell death and lysis occurs dur­
ing the fermentation.

Risks associated with the recombinant vector itself
are probably minimal. This situation is due to the fact
that, although both plasmids and phages must be con­
sidered infectious agents, their host spectrum includes
only prokaryotes. In addition, the spread of their genes
is a normal event that occurs constantly in nature
(mediated by conjugation or transduction). Man has
therefore always been exposed to these sequences, al­
though the vectors used in rDNA work are artificial
constructions with sequences from many sources.

Endo- and exotoxins are known to be able to cause
both toxic and allergic reactions. Their escape will,
however, probably be limited to specific operations,
and this circumstance, combined with the fact that sen­
sitive test methods exist, means that proper measures
for protection can be taken (33).

The risks of accidental contact with the gene product
will also be greatest during the downstream process­
es. The gene products are, however, as are the toxins,
chemical compounds and not living organisms. Poten­
tial risks can therefore be assessed according to con­
ventional toxicologic principles.

The various chemicals involved in production with
rDNA biotechnology do not differ from those used in
other productions, and the associated hazards and risks
have not been considered in this report.

Mammalian cells in culture

Growing mammalian cells in cultures is at present the
only commercial method for producing those recom­
binant proteins which need specific conformations or
other kinds of posttranslational modifications that can­
not be achieved in microbial fermentation systems.

Cells in culture can grow either as anchorage-de­
pendent or anchorage-independent cells. Most cells
from blood, including the hybridoma cells used to pro­
duce monoclonal antibodies, grow anchorage indepen­
dently. Tissue cells almost always grow anchorage
dependently, and, apart from the production of
monoclonal antibodies, it is the general experience that
the best results with rDNA production are achieved
in cells which are anchorage-dependent (13).



The advantage gained with the use of production in
cell cultures is that the final product is obtained even
when very complex proteins are being produced. Un­
til now, production in mammalian cells has, however,
been limited due to the fact that these cells grow very
slowly, are larger and more fragile, and have more
complex nutritional requirements than microorgan­
isms. In addition, they are far more susceptible to con­
tamination. Until recently these disadvantages were
considered prohibitive for more widespread use, but
research in recent years has indicated that with proper
measures cell cultures can be established for most cell
types (34). In addition many kinds of cellscan be made
to grow to almost as high densities as microorganisms
if protected efficiently against physical damage (13).

Several products are presently being produced in
non-rONA-modified cell cultures. They include vari­
ous virus vaccines, immunoregulators, hormones, en­
zymes, and tumor-specific antigens (14). On the bor­
derline of rONA-modified cell lines are hybridoma
cells, which are used to produce a vast number of
monoclonal antibodies, both for diagnostic and ther­
apeutic purposes (35). Production in cell cultures that
are rONA-modified in the classical sense is still most­
ly at the experimental stage. One promising field is the
development of viral vaccines through the expression
of viral subunit proteins by such genetically modified
cell lines. Other products, which are presently being
developed and tested, are growth hormone, tissue plas­
minogen activator, factor VII, and factor VIII (14).

Possible risks in the use of mammalian cell cultures.
At first glance, cells in culture would seem far less
problematic than microorganisms due to the fact that
the cells are extremely "biologically contained" in
themselves because of the very stringent nutritional re­
quirements. It thus seems very unlikely that any cells
that escaped from a culture vessel would survive for
any appreciable period of time, and it is just as un­
likely that they would find an environment in which
they could establish themselves in continuous growth.

Any hypothetical risks in connection with cell cul­
ture production would therefore probably occur in con­
nection with any release of an active agent or com­
pound from the cells. These hypothetical agents or
compounds can, in principle, be either of exogen or
endogen origin. In this context exogen origin means
agents and compounds that are not normally present
in the cell culture, but which are present in the pro­
duction cells either by accident or on purpose. Exogen
agents, which are unintentionally present in the cul­
tures, are typically microorganisms that have infected
the cells, eg, viruses and mycoplasmas. Although these
agents can cause disease in the worker if they escape,
they will cause far more trouble for the production as
such, and a producer will normally use several test sys­
tems in order to detect and avoid the occurrence of
such infections in the cultures.

Foreign compounds which are present in the cells
on purpose include the rONA construction as such,
the product which the inserted gene is coding for, and
any viral elements which have been integrated into the
high molecular DNA in order to make the cells im­
mortal (36).

With regard to the rONA construction, then, the
vector is the most probable source of problems. As
previously mentioned, expression vectors for human
cells are based on viruses, ie, agents that can cause in­
fections in man. The risk for such infections is, how­
ever, minor due to specific circumstances in the con­
struction of virus vectors. The construction is based
on the identification of a region of the virus genome,
which is not essential for the normal life cycle, and
subsequent replacement of this region with the foreign
DNA. Since only a limited part of the viral DNA is
unnecessary and a virus particle can contain only a cer­
tain amount of DNA in order to be packed normally,
there are severe constraints on the amount of foreign
DNA such a virus can contain. It is possible to clone
larger fragments of DNA, using a viral vector, but in
such cases essential genes have to be deleted and the
vector virus is then defective and cannot go through
the life cycle alone (12). In such cases propagation of
the recombinant virus can only be achieved by the
presence of a helper virus. Then the protein elements,
which are absent in the cell due to the deletion of their
genes from the vector viral genome, are supplied from
the genome of the helper virus, and a normal life cycle
is achieved as long as the helper virus is present.

From the standpoint of safety it is generally con­
sidered an advantage that most virus vectors are defec­
tive, since then the properties necessary for infectivi­
ty are normally absent. It is, however, necessary to be
aware of the fact that coinfection with a helper virus
in addition to the virus vector removes this safety.

The risks due to the product can be assessed by tradi­
tional toxicologic methods, and they have not been
considered in this review.

Another issue that has resulted in a great deal of con­
troversy with respect to continuous cell lines is the pos­
sible presence (on purpose or accidentally) of sequences
which confer immortal growth capabilities to the cells.
Industry often prefers these cel1lines because of their
stability. As a consequence of their immortal growth
capability these cells can, however, form tumors when
inoculated into immunosuppressed rodents (37). There
has been a longstanding argument concerning the pos­
sibility that the tumorigenic ability of continuous cell
lines might be conveyed to persons in contact with the
cel1s. Such tumorigenicity might theoretically be me­
diated through several mechanisms. First, accidental
inoculation of the immortalized cells might result in
tumor formation. A major argument against this
mechanism is that such cells will be immunologically
rejected by the recipient organism, in agreement with
the fact that such cells are only tumorigenic in im­
munosuppressed animals. In all likelihood, a tumor
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would only occur if the compatibility of the human
leucocytlocus A is total (in practice meaning that the
transformed cell line should originate from the per­
son who is accidentally inoculated).

Another possible way for transformed cell lines to
cause tumor formation in persons handling them
would be by contact with cellular proteins with trans­
forming power. Transforming genes exert their effect
through proteins (38, 39), but such a risk would only
be realistic if the protein in question should transform
through action on the cell surface (which some of the
oncoproteins actually do) (39). In addition, the ex­
posure should be constant, since such proteins act
through reversible activation of cell surface receptors .
Obviously, without the corresponding DNA to create
continuous production of the oncoprotein, continu­
ous exposure will probably never occur.

A third possibility for the transfer of tumorigeni­
city from continuous cell lines would be through ex­
posure to cellular DNA. Experiments with injections
of as much as 500 ug of the total DNA from cells with
an activated oncogene did not give rise to tumor for­
mation in newborn rats and guinea pigs. Neither did
injections of similar amounts of cloned oncogene (40).
It thus seems that the integration and expression of
oncogenes from inoculated cellular DNA does not oc­
cur in practice.

A special problem is the possibility of total or par­
tial viral genomes integrated in the DNA of cell lines.
There is always the possibility that culture conditions
can induce the expression of such dormant viral ge­
nomes and result in the production of infective virus
particles. The risks posed by such viruses are in all
likelihood small since most of these viruses will belong
to strains that humans have been exposed to constantly
and which therefore do not pose a new hazard. In ad­
dition they have, in the case of nonhuman cell lines,
no host specificity towards humans. It must, however ,
in this context be borne in mind that the cooperation
of a helper virus can alter the host specificity barriers.

All in all, the probability of acquiring a serious in­
fection from dormant virus genomes in cell cultures
is considered extremely low. This conclusion is in
agreement with the fact that many transformed cell
lines have been grown in research laboratories for de­
cades without any reported problems for the persons
working with them .

Transgenic animals

By simple logic the best way to circumvent the prob­
lems caused by the delicacy of cells in culture would
be to let them stay in the animal, in which case the
whole animal would be the bioreactor. Then the rONA
modification is done through the process of injecting
the rONA construction (containing coding sequences
and regulatory sequences) into the pronucleus of a fer­
tilized ovum, reimplanting it into a foster mother, and
letting the resulting tran sgenic animal be born. The idea
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is then that the rONA construction is integrated into
the DNA of the stem cells and ultimately is present
and expressed in all the body cells of the animal.

This strategy has been tried extensively during the
last several years, first with mouse single-cell ova (41)
and later on with a number of other animals (rabbits,
sheep, pigs, and cattle) (42). The first gene to give suc­
cessful expression was the rat growth hormone gene
which was injected together with the mouse metal­
lothionein promotor into mouse ova (41). Several off­
spring from these series exhibited very high levels of
growth hormone in serum and grew to two to three
times the normal size. Later, ova of higher animals
have been injected with similar constructions con­
taining growth hormone, but the success rate has been
noticeably lower than with mice. In addition the few
animals that did get (marginally) increased levels of
growth hormone did not grow to larger size but in­
stead exhibited some side effects such as diminished
resistance to infections, increased mortality, and in­
fertility (42).

After these initial disappointments concerning the
possible use of larger animals as bioreactors, much of
the research has turned to attempts to create transgenic
animals with the expression of foreign proteins only
in single organs . The organ that has been experimented
with the most intensively is the mammary gland. The
logic behind this strategy is that less adverse systemic
effects are expected if the rONA product is expressed
only in an exocrine organ, and furthermore purifica­
tion from milk is expected to be without complications.
Several experiments have been done, most using the
incorporation of the gene in question into the beta ­
lactoglobulin gene, the result being expression only in
the mammary gland. The experiments have been per­
formed mostly on sheep, and expression in milk has
been achieved for factor IX and alpha-l-antitrypsin,
although onl y in minor amounts (42) .

In summary it can be concluded that the use of trans­
genic animals as bioreactors seems promising, but it
is far too early to say if it will be a feasible alternative
to cells in culture.

It is difficult to see any major risks associated with
the handling of transgenic domestic animals. As has
been stated, the risks are substantially lower when the
escaping rONA-modified organism can be " called
back." The arguments against the use of transgenic
domestic animals have therefore mostly dealt with the
ethical issues of using (or misusing) animals in this way.

RISK MANAGEMENT IN rDNA·BASED
PRODUCTION

Increased biosafety in modern biotechnology must be
achieved through the minimization of both the likeli­
hood and the severity of the consequences of unwanted
events. The processes by which to achieve this goal can
be divided into the following three elements: risk iden-



tification , risk estimation, and risk management. The
first two elements have to do with the identi fication
of risks and the estimation of the probability for such
risks to occur , as well as att empts to pred ict the over­
all consequences of such events. By contrast, risk
management has to do with actions to be taken .

The earlier sections of this review have concentrated
mainly on risk identification . It has, however , been
hampered by the fact that no adverse effects of rDNA­
based biotechnology have thus far been published. We
have therefore been forced to rely on the construction
of various scenarios which, at least in theo ry, might
pose a hazard and then try to estima te the probability
of their occurren ce. Such a strategy has obvious draw­
backs due to the fact that basic scientific knowledge
about such aspects as hor izontal transfer and the sta­
bility of ecosystems is limited .

Therefo re, in spite of the fact that available evidence
might suggest tha t no rONA -modified microorganism
has caused health problems to human beings so far and
that theoretical considerations also point to risks being
very minor, it must be stressed that ultimately only
epidemiologic studies over 20-30 years can confirm
the assumption that ther e is no special risk for work­
ers in rONA produ ction.

It is therefore not surprising that both competent
researchers and politicians have hesitated to conclude
definitely that there is no dan ger. Instead , the present
opinion of many experts is that optimal care should
always be taken to ensure that the production or­
ganism, the production equipment, and the operat ional
procedures are all designed in such a way that biosafety
is optimal (25).

Containment

Two different types of containment have been defined,
namely, physical and biological containment (25).

Physical containment

The concept of physical containm ent refers to all mea­
sures that aim at reducing the exposure of workers,
other persons , and the outs ide environment to poten­
tially hazardou s microorganisms. Physical containment
is usually considered under two headings, namely, pri­
mary and secondary form s.

Primary physical containment refers to devices that
separate the operator of a given process from the agent.
These are the relevant measures when occupational
health is considered. Precautions then focus on the
design of fermentor vessels, including ways of steri­
lizing fluids escaped during sampling, and exhaust air
released on purpose during fermentations. Efficient en­
capsulation of the downstream processes until a point
where no risks are present is also a part of these mea­
sures.

It is important to stress that full containment is not
obt ained by physical containment devices alone. Just

as necessary is scrupulous adherence to operational
pra ctices. Several recommendations have been pub­
lished in this respect. For reference see the recommen­
dations of the Organ izat ion for Economic Coopera­
tion and Development (OECD) (25), in which good in­
dustrial large-scale pra ctices are defined . Instruction
and education of the work force in operational prac­
tices is therefore necessary before full benefit can be
obtained from physical containment systems.

Secondary physical containment is concerned with
the protection of the environment beyond the confines
of the production plan t. Relevant measures are build ­
ing design, ventilat ion design, waste disposal, etc.
These aspects have not been dealt with in this review.

In the control of the physical cont ainm ent of fer­
mentor equipment, it is important to be able to moni ­
tor the surr oundings for the presence of the utilized
microo rganism, especially when pathogens or poten ­
tially harmful microorganisms are being worked with.
Several methods for the detection of viable microor­
ganisms have been published. The most commonly
used methods involve samplin g the airborne microor­
ganisms either according to the principle of impact ion
or on membrane filters (43). The detection is based on
the viability of the microorganisms, and therefore fac­
tors such as the choice of growth media , the collec­
tion time , and the storage of the sample are impor­
tant if excessive killing of the organism, and thereby
also unreliable results, is to be avoided. Geneticallyen­
gineered microorganisms are often weaker than wild
types and are therefore often difficult to detect. Gener­
ally speaking, microorganisms in the air are associated
with a complex of organic material, fibers, dust par­
ticles, and other microorganisms. Especially other
microorganisms are a problem when the sampling
procedures are based on microbial viability since these
wild types of microorganisms tend to overgrow the less
viable production organism. Therefore more untradi­
tional methods must be considered. Such methods
could be based on the demonstrati on of gene products
in the work environment or the detection of DNA se­
quences specific for the rDNA organi sm, eg, by the
polymerase chain reaction (44).

Biological containment

Th e concept of biological containment has been dis­
cussed in connection with the likelihood of an escaped
microorganism multipl ying in new environments. In
this review it will onl y be emphasized that one of the
basic principles of the OECD recommendations (25)
is always to construct the biological system with as
much biological containment as possible, given the
needs of the process .

Medical surveillance

Another aspect of risk managem ent , which has given
rise to some controversy, is the concept of medical sur-
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veillan ce of workers. The purpose of medical surv eil­
lance is to find , as early as possible, thos e person s in
the wor k force who , for some reason , may have higher
risk o f acqu iring an occupational disorder.

Medic al surveillance is usually performed through
the evaluation of the health status of the workers be­
fore, during, and after a work period. Several strate­
gies can be used in var iou s combinations.

Con sidering that the main health problems in rDNA­
based production in all likelihood are infections and
allergies, one strategy is based on the idea of iden­
tifying, as early as possible, tho se persons likely to run
into these problems. Therefore the whole force must
be screened for individuals with dimin ished resistanc e
to infections (immunosuppression , severe general dis­
ease, ant ibiotic treatment , widespread defects in skin
or mucosal membranes, etc), and also persons with
atopic predisposition must be screened for .

Another strategy is to look for the actual occurrence
of diseases that might be caused by the produ ction or­
ganism. This procedure includes penet rat ing diagnostic
procedu res in order to get a specific diagnosis as soon
as an employee has an, even shortlas ting, period of
illness. Interm ittent blood sampling follo wed by sto r­
age of serum for continuous serological mon itoring for
contact with specific microorgan isms is another use­
ful procedu re.

A third and still very controversial strategy is to
screen for a genetic predisposition tow ards occupa­
tional disorders (45). There is no doubt that the de­
velopment of methods for detecting variations on the
DNA level makes it techni cally possible to identi fy in­
dividuals with genetic predisposition , but a sensible de­
velopment in thi s ar ea has, to some extent, been
sabotaged by examples of clear misu se of such tech­
niques that have resulted in discriminat ion again st
single persons or ethnic grou ps. Fo r a discussion of
the ethical issues see reference 46.

A detailed descript ion of arguments for and aga inst
medical surveillance in occupational health will not be
given in this review, but most arguments against have
focu sed either on the risks for discriminat ion against
person s with a certain degree of predispo sition or on
the question of whether extensive med ical surveillance,
followed by the exclusion of wor kers at risk, would
only delay the establishment of techn ical preventi ve
measures in production .

As has already been stated, one of the major limi­
tations when risk estimations are performed in the field
of biotechnology is the lack of pr ecise knowledge on
which to base the estimates. Knowledge is lacking both
concerning the basic biological mechanisms that might
lead to problems and the types and frequencies of
specifi c health problems in these industries.

Wh ile basic biological mechanisms will be charac­
terized in detail in due time independentl y of occupa­
tional health aspects, increased knowledge of the health
problems involved requires more systematic epidemi­
ologic studies. It must , however, be stressed that such
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studies are slow at giving specific answers. It must
therefore be relevant, in these studies, to includ e med­
ical surveillance programs aimed at detectin g mild or
subclinical infection s cau sed by the product ion or­
ganism or part s of it in order to accelerate such studies.
This aspect is of cour se another argument for at least
some kind of medical surveill ance program in indus­
tries using rON A-ba sed production .

Regulations

Since the techniques of genet ic manipulation emerged
in the ear ly 1970s, several guid elines for working with
rONA organisms have been publi shed . First the Na­
tionallnstitutes of Health (NIH) in the Unit ed Sta tes
formulated guidelines for research involving rONA
molecules. They were published in 1976. At that time
there was consider able public concern over th e haz­
ards posed by this new technology, both to work ers
and to the community. The last decade has shown that
man y of these concerns were unfounded , and the NIH
guidelines have been loosened several times. Now work
with E coli K12, Saccharomyces cerevisiae (bakers'
yeast), and Bacillus subtilis is regard ed as safe, pro­
vided that the clon ed DNA does not contain any
" ha rmful" genes and that no self-transmittable vec­
tors are used .

Most countries have cho sen to observe the NIH
guidelines or mak e their own versions. As previously
mentioned, in 1986, the OECD published its recom­
mendations (25); they are the work of an ad hoc group
of government experts established in 1983. This was
an important step to ward s internat ional standa rdiza ­
tion.

Denmark has enact ed specific legislat ion concern­
ing work with rONA organ isms. Th e regulation is
based on the NIH guidelines, with some impo rtan t ex­
ceptions. In the Danish legislat ion there are no exempt
org anisms, ie, all work involving rONA organ isms
must observe the guidelines and must be notified to
the Danish Labour Inspection Service. As a part of
the legislation , all activities involving rONA organisms
arc being register ed in a data base at the Danish Na­
tion al Institut e of Occup at ional Health.
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