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Quality control of biologicals produced by
recombinant DNA techniques*

WHO CONSULTATION'

The efforts now being made in the pharmaceutical industry to apply recom-
binant DNA techniques to the large-scale production of medically useful biologicals
require that procedures be developed for the standardization and control of these
products. These procedures will need to test the identity, purity, and stability of the
plasmid, the reliability of the procedure used in the preparation of the seed clone of
bacteria, and all intermediate andfinal products. In many cases, new techniques will
have to be developedfor this testing. Some of thefactors will be safeguarded by in-
process control, but great reliance will be placed on tests of the final product. The
present article outlines the tests that would be appropriate for the control of the
safety and efficacy ofrecombinant DNA products; it is aimed mainly at scientists and
administrators in countries not involved in the production of such biologicals, to
inform them of the problems involved in their control.

The present article reviews the application of recombinant DNA technology to the pro-
duction of medically useful biologicals and outlines the tests that would be appropriate for
control of the safety and efficacy of these products. In particular, it aims to inform scien-
tists and administrators in countries not involved in the production of such biologicals of
the problems in their control and use. A limited glossary of terms is given in Annex 1.

PROKARYOTIC CELL EXPRESSION SYSTEMS

Fundamental studies of the molecular genetics of viruses and of the enterobacterium
Escherichia coli and its plasmids, carried out over the past 30 years, have provided a clear
picture of the basic mechanisms involved in the replication and utilization of genetic infor-
mation. Knowledge of the structure and biochemical properties of nucleic acids, which
constitute the genetic material (genome) of all living organisms, enables genes to be
analysed in fine detail. In addition, techniques have been developed to transfer genes from
one organism to another so as to obtain highly efficient synthesis or modification of their
products.
A gene is a defined region of a chromosome, comprising a specific sequence or part of a

long polynucleotide. It codes for some specific function or characteristic (phenotype) of a
cell, and is characterized by the sequence of its four bases - adenine (A), cytosine (C),
guanine (G), and thymine (T) - in one strand of a large, double-stranded, linear molecule;
the two strands are held together by highly specific interactions between A and T and
between G and C. When the two strands are separated, each forms a template for synthesis
of a complementary copy, thus providing a mechanism for the faithful reproduction of
genes. The sequence of bases specifies the primary structure of the gene product. The

* This article is based on the report of a WHO Consultation held in Geneva in March 1983. Requests for reprints should be
addressed to Chief, Biologicals, World Health Organization, 1211 Geneva 27, Switzerland. A French translation of this article will
appear in a later issue of the Bulletin.
' A full list of participants is given on pages 908-909.
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decoding of this information and synthesis of the gene product are termed "expression" of
the gene and occur in two phases. First, the information carried in the appropriate strand is
transferred by the synthesis of a complementary copy of ribonucleic acid, termed
messenger RNA (mRNA). This is the process of transcription; it is followed by translation,
a series of reactions involving (a) decoding of the information carried by the mRNA
molecule and (b) protein synthesis.

Replication and expression of genes thus involve many complex and highly specific
macromolecular interactions. Those involved in expression are summarized in Fig. 1. An
understanding of the steps involved and the identification of the base sequences necessary
for the key steps of gene expression have permitted the development of recombinant DNA
techniques for use in the synthesis of gene products.
The organization of genes in higher organisms is more complex than that encountered

in bacteria and viruses. Frequently, the linear array of information in a complex gene
contains one or more interruptions of non-coding sequences, called introns. The remaining
sequences, which encode information for proteins, are called exons. In the eukaryotic cell,
the DNA is transcribed to give a large RNA molecule from which the introns are removed
to leave an mRNA molecule that can then be translated to produce the corresponding
protein (Fig. 2).

Bacterial genes are not organized in this way and consequently bacterial cells do not
contain the enzymes necessary for RNA splicing. Thus, if eukaryotic genes containing
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Fig. 1. The principal stages of gene expression. Transcription of a gene begins with recognition of the
promoter site by RNA polymerase which then progresses along the DNA molecule, making an mRNA
molecule with a sequence complementary to the coding sequence of the gene, until it reaches the termin-
ator sequence. Translation of the mRNA begins with the binding of ribosomes to the mRNA, followed by
interaction with charged tRNA molecules which recognize a particular codon. Any one of three codons can
signal the termination of translation, but release of the resulting proteins may be followed by further pro-
cessing (e.g., cleavage or modification of certain specific amino acid residues) or association, sometimes
with other proteins, to give a functional product.
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Fig. 2. The organization of a eukaryotic gene and processing of the RNA transcript. The DNA sequence
coding for a protein, indicated by regions a-e, is interrupted by non-coding sequences, called introns. The
regions of the primary RNA transcript corresponding to the introns are excised and adjacent exon regions
are spliced to form the mature mRNA, which is translated in the normal way.

introns are introduced into the bacterial cell they will not be properly expressed. This
problem can be circumvented by making a DNA copy (cDNA) from the appropriate
mRNA using the enzyme reverse transcriptase. One of the key developments in this field is
the isolation and characterization of a class of enzymes known as restriction endo-
nucleases. These cleave DNA at specific target sequences to give large fragments, the range
of which depends on the complexity of the DNA concerned. The size of the fragments is
variable, but is usually such that each fragment will contain one or several genes. These
fragments can be transferred in their biologically active form into other cells by joining
them to a vector molecule, which carries a genetic marker to facilitate the identification of
the cell containing it. These vectors are small molecules of DNA capable of autonomous
replication and expression within the bacterial cell, and are usually plasmids or bacterio-
phages. Extensive information is available concerning factors affecting the expression of
plasmid and phage genes (promoter and operator sequences). Occasionally it is convenient
to use synthetic polynucleotides as the source of coding information for implantation into
plasmids, and a combination of synthetic gene segments and parts of a cDNA or genomic
DNA fragment may be used.

In the mechanism of gene expression, six key factors govern the level of synthesis of any
gene product:

(1) The number of gene copies. This affects the number of mRNA molecules that can be
produced.

(2) The efficiency of the promoter sequence. Different genes have different promoter
sequences, and an efficient promoter will give a high level of mRNA synthesis.

(3) The stability and structure of the mRNA. Efficient synthesis ofmRNA must include
a correct transcription termination signal; the tertiary structure of the molecule may also be
important for stability, as well as for efficient translation.

(4) The efficient binding of ribosomes for the initiation of translation. This factor varies
with different genes.
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(5) The control of expression. High product levels may be lethal to the cells and it is
therefore necessary to regulate expression in vectors that are able to maximize protein
synthesis.

(6) The stability of the synthesized protein. Genes from various sources can be tran-
scribed and translated efficiently in E. coli, but there are a number of examples where the
protein produced is unstable.

The various components of the overall gene expression process have been exploited with
a number of genes for expression in E. coli, yeasts, and animal cells to produce, e.g., a
number of enzymes, hormones (e.g., insulin), interferon, thrombolytic agents, antigens
used in vaccines against viral, bacterial, and parasitic diseases, and diagnostic reagents.

EUKARYOTIC CELL EXPRESSION SYSTEMS

Eukaryotic cell systems may offer certain advantages over other systems in producing
genetically modified biological products. Some advantages are: (1) products can be
secreted into the culture medium; (2) secreted products will usually be appropriately
processed (e.g., by glycosylation or gammacarboxylation); and (3) products lethal to
bacteria may not be lethal to eukaryotic cells.
The enzymes required for the synthesis and processing of complex oligosaccharides vary

between different eukaryotic cells, and the synthesis of glycoproteins of human origin in
yeast or mammalian cells may, therefore, produce glycans that are different from the
normal human product. Whether such products will be bioactive and antigenic in man
remains to be seen.

Mammalian cell cultures

Two broad categories of mammalian cell cultures might be used as substrates for
recombinant DNA products: (1) primary and diploid cell lines, with a limited life-span,
which have already been approved for vaccine production, and (2) established cell lines
with an indefinite life-span (aneuploid). There are three types of aneuploid cell lines:
(a) those originating from normal tissue and without evidence of tumorigenicity, e.g.,
Vero cells; (b) those originating from normal tissue but with evidence of tumorigenicity,
e.g., baby hamster kidney (BHK) cell lines; and (c) those from malignant tissue, which
may be tumorigenic when implanted into suitable laboratory animals, e.g., HeLa cells. All
these cell types could be used, but the safety of aneuploid cell lines in the production of
biologicals is, as yet, uncertain.

Assessment of the acceptability of biologicals derived by recombinant DNA techniques
using substrates should consider the following:

1. Characterization of a manufacturer's working cell bank (MWCB). Criteria for this
have been formulated by WHO (1).

2. Tumorigenicity testing. Cells from the MWCB used in production should be
evaluated in a test approved by the appropriate national control authority. Several test
systems have been shown to be suitable (1).

3. Contamination by cellular DNA. The use of aneuploid cell substrates presents a
theoretical possibility of transmitting potentially oncogenic DNA from the cellular
genome. This DNA may be derived from cell lysis or by incorporation of DNA into a repli-
cating agent. However, the risk must be considered in the light of previous experience in the
use of these substrates and the potential benefits to be derived from the products (2-5).
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One approach to this problem is to ensure that the final product contains less than a
specified level of cellular DNA, and the purification procedure used to derive the final
product should therefore include a method, such as ion-exchange or affinity chroma-
tography, to remove or inactivate contaminating cellular DNA (6). The efficiency of this
purification process should be established by appropriate techniques, e.g., molecular
hybridization procedures, which have already been used to validate the purification
process for inactivated poliomyelitis vaccines (6, 7).

Estimates of the potential transforming activity of any contaminating DNA in the final
product could be used to calculate a maximal transformation frequency. Transformation
in this context refers to the conversion of primary or non-established cell lines, which will
not grow as discrete colonies in soft agarose and exhibit contact inhibition, to those that
will form colonies in agarose or that have lost contact inhibition. Both properties can
generally be correlated with tumorigenicity but are definitely not synonymous.
Although biochemical techniques can provide a fairly accurate measure of the level of

DNA in the final product, an independent measure of the potential tumorigenicity should
also be provided. Tumorigenicity assays of the final product and of the DNA from the
substrate cells can be measured either in vitro in appropriate tissue culture systems or in
vivo in animal models.

Yeast cells

Yeast cells may be preferable to E. coli for the production of some biologicals by
recombinant DNA procedures because they have no endotoxins, can process the signal-
peptides needed for the secretion of protein, and can synthesize some glycoproteins (8).

Plasmids have been constructed to direct the synthesis of human interferons IFN-cal and
IFN-a2 (9) in the yeast Saccharomyces cerevisiae. Both the secreted and intracellular
products have been found to contain a mixture of the mature and immature interferons. It
remains to be seen, however, whether the immature protein will cause antibody formation
when injected into human subjects over a long period.

CONTROL

Background

Immense efforts are now being made in the pharmaceutical industry to apply recom-
binant DNA methods to the large-scale production of scarce, medically useful products.
Procedures for the standardization and control of such products must be developed and
adapted to a rapidly changing methodology.
The main points to be considered in developing such procedures are: (1) the products are

generally "biologicals", i.e., complex substances of biological origin whose identity,
purity, potency, and safety will have to be tested by both physicochemical and biological
means; (2) the identity of the instructing DNA (in the fabricated plasmid) must be correct;
this requires careful analysis of both the plasmid and the end-product; (3) the characterized
plasmid must be kept stable in a seed clone of a suitable microorganism; (4) error forms of
the product resulting from mutation, mistranslation, or erroneous cleavage should be
excluded; (5) extraneous contaminants such as bacterial proteins, nucleoproteins, and
pyrogenic endotoxins should be rigorously excluded.
Many of these aspects are safeguarded by particular emphasis on in-process control,
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such as is used in the manufacture of virus vaccines, rather than reliance only on tests on the
end-product. All production and control procedures should comply with good manu-
facturing practices.
Some of the tests described in this report will be needed only in the initial stages to estab-

lish the validity or acceptability of a procedure. Other tests will have to be performed on a
series of batches to accumulate evidence of consistency, while others will be required to be
done regularly on every batch.

Products

Products now made by recombinant DNA procedures include the peptides and proteins
with hormone activity (somatostatin, human insulin A and B chains (10), human
proinsulin (11), the large molecular form (relative molecular mass, 22 000) of methionyl
human growth hormone (met hGH) (12)), proteins with humanca and -y-interferon activity
(13, 14), human plasminogen, and various components of vaccine antigens, such as those
of hepatitis viruses A and B (15). Similar products are also being made for use in veterinary
medicine, e.g., bovine growth hormone and various vaccines.
At present, the procedures are being used to manufacture products that are in relatively

short supply; it is likely, however, that in due course the technology may be applied to the
manufacture of many other products such as albumin, enzymes and diagnostic reagents.
As yet, it has not been possible to modify bacteria to make glycosylated peptides, so the
current products are those peptides and proteins without carbohydrate moieties.

Products made by recombinant DNA techniques were first administered clinically in
1981. Human insulin made by the combination of A and B chains made by recombinant
DNA methods, methionyl hGH, and interferon have been undergoing clinical trials for
several months (16, 17). Product licences for insulin have been granted in the Federal
Republic of Germany, the Netherlands, the United Kingdom, and the United States of
America.
The clinical uses of hormones, interferons, and vaccines contrast markedly. Insulin is the

most widely used life-sustaining biological product; it is injected parenterally 1-3 times a
day, for many years, in otherwise healthy diabetics (1-407o of the population in certain
countries). Growth hormone is currently used to treat growth-hormone-deficient dwarf
children, and is injected three times a week, for about 10 years. A vaccine is injected 1-3
times only, generally in normal persons, with the prime intention of immunizing them.
Interferon-pending a better understanding of its therapeutic use-is injected in doses
several thousands of times greater than the level found naturally, to treat patients who are
gravely ill with severe virus infections or malignant disease. Thus, although many aspects
of control apply to all these products, certain properties of each product may require
special emphasis. For example, insulin and growth hormone must be pure and as free as
possible from all immunogenic contaminants, whereas a vaccine may be heterogeneous
and highly immunogenic.
The physiological effects of treating animals with large quantities of a previously

untested substance should be studied to preclude any detrimental effect to man when the
animals are used as food.

Identity, purity, and stability of recombinant DNA

The technology used for the construction of plasmids (18) is highly advanced and carried
out in special facilities for large-scale fermentation of microorganisms. Control of the
process may require detailed consideration of the construction of the plasmid and the
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expression of the product made by the DNA. For instance, the appropriate DNA is usually
inserted into a suitable expression vector, and the rationale used to promote and control the
expression of the cloned gene in the host cell should be described in detail.
The desired product may also be expressed by the bacteria as a chimeric protein, linked

via a short peptide sequence to the C-terminal of a protein coded for by another part of the
plasmid DNA.

It is pertinent to require evidence that the inserted DNA has the correct sequence. This
DNA may have been obtained from mRNA from normal human tissue using reverse
transcriptase or by chemical synthesis, if the sequence of the required protein is known;
alternatively, the component parts may be made by either method and then joined
together. If the mRNA is derived from tumour tissue (some tumours have a high mRNA
content), evidence should be provided that it is identical with the normal form.

Certain products for clinical use occur naturally in vivo in heterogeneous forms, e.g., the
groups of interferon molecules of a, i3 and ey forms; the large molecular form (RMM,
22 000) of human growth hormone, which is naturally secreted together with a smaller
form (RMM, 20 000) and smaller amounts of other proteins similar to hGH. It is therefore
necessary to ensure that the appropriate molecular form has been selected for the intended
activity of the end-product. The manufacturer will have to demonstrate the stability of the
plasmid in the bacterial clone, and the consistent fidelity of replication of the plasmid.
At each successive stage in the assembly of the desired plasmid a selection by cloning

should be made to ensure genetic homogeneity. The clone used for the seed strain should be
subjected to comprehensive genetic characterization.

Identity, purity, and stability of the seed clone of bacteria

Once a suitable plasmid has been constructed, it is essential that a supply be held as the
seed from which all cultures used to make the end-product will be grown. Similarly, a
master host-cell lot should be characterized and maintained for use in subsequent trans-
formation procedures. The resulting transformed bacterial seed, initial plasmid, and host-
cell stocks should be subdivided among several hundred ampoules, and kept under condi-
tions that will ensure their stability, i.e., at - 70 °C or below. Each batch of transformed
bacterial seed should be characterized to ensure that there have been no mutations in the
host or plasmid. New seed clones of bacteria may be prepared and used for production
provided that substantial evidence has been assembled to demonstrate their equivalence to
the initial bacterial seed.
The manufacturer licensed to make the product must have physical and legal possession

of the bacterial seed clone, since he bears the responsibility for consistency of the end-
product.

Large-scale culture

In order to ensure consistency of the product in successive batches, each bulk fermen-
tation should be inoculated with a culture grown from ampoules of the seed bacteria. Full
details of the fermentation process used to manufacture the product should be provided. In
some countries, regulations require that the degree and nature of any microbial contamin-
ation in the fermentation vessels at the end of each fermentation run must be declared,
while in other countries, physical and chemical monitoring of the fermentation process is
required.
The expected frequency of point mutations is so low (1 in 109) that for the number of

generations occurring in a large-scale fermentation, there would be very little likelihood of
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a change in the product expressed. Moreover, in the event of such a change, it is probable
that it would be detected in the physicochemical tests of the end-product. Data should be
presented on the consistency of yield of the product in full-scale fermentation.
At the end of the large-scale fermentation, the organisms may be killed, for instance by

treatment with chemicals or with heat. It is desirable that the method used does not alter the
product in any way since the altered products may be difficult to remove or detect. Infor-
mation will be required concerning the methods of harvesting of the product, its bulk
storage, and its stability.

Identity and purity of recombinant DNA peptides and proteins synthesized as intermediate
components

Certain products may be made by recombinant DNA-directed synthesis of component
peptides, which are then assembled in vitro to form the end-product; for example, human
insulin has been synthesized by making the A and B chains separately and then joining
them. Insulin has also been made by synthesis of the precursor molecule, proinsulin, by
recombinant DNA procedures and then removal of the C-peptide by enzyme treatment in
vitro.
For all such products, evidence should be provided that the peptide has been cleaved

correctly (if it is cotranslated with a carrier protein or peptide sequence) and that the
product is free from incorrectly cleaved components. This may require the determination
of the sequence of a polypeptide after at least one large-scale culture.

It may not be essential to achieve a high degree of purity of certain intermediate peptides,
if the method of production ensures that the end-product itself is pure.

Use of antibody-affinity chromatography during purification of recombinant DNA
products

There is increasing use of antibodies for affinity purification of recombinant DNA
products; both polyclonal and monoclonal antibodies are useful in this regard.
Monoclonal antibodies are produced from hybrid cells obtained by fusing myeloma cells

with B lymphocytes from immunized animals. These hybridoma cells are grown either in
vitro or in the peritoneal cavity of mice and, in both instances, biological contamination
(primarily tumorigenic material derived from the myeloma parental cell) could be intro-
duced into a recombinant DNA product when monoclonal antibody affinity is used for
purification. The process of purification of the monoclonal antibodies should be shown to
exclude unwanted biologically active substances (e.g., murine leukaemia virus, retro-
virus DNA), as described for the recombinant DNA products themselves. Efficient
coupling of the monoclonal antibody to the column matrix, followed by extensive washing
with the solvents to be used in the purification of the recombinant DNA product, might
elute any remaining contaminants. However, this may not prevent co-elution of the anti-
body itself with the recombinant DNA product. Therefore, appropriate monitoring and
control of any recombinant DNA product purified in this way should be carried out.

Identity, purity and stability of the final product

The products presently made by recombinant DNA techniques are extracted after lysis of
the bacteria and thus require extensive purification from bacterial components. As in the
production of intermediate components, certain products may be made by the host
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bacteria in the form of a larger chimeric protein which requires chemical or enzymic
treatment to separate the product from its leader peptide. (In the case of human growth
hormone, a suitable means of removing the methionine group from the amino end has not
yet been found, and the product is thus N-methionyl human growth hormone.) The end-
product must be free from erroneously cleaved products and from any enzymes or
chemicals used in its preparation.

Evidence for the correct identity of the product can be obtained from a wide variety of
tests, some of which may be required by regulatory authorities on the initial batches only,
whereas some may be a routine requirement for all batches. Some possible tests are listed
below.

Physicochemical characterization

The following procedures have been shown to be useful in the physicochemical charac-
terization of the final product. The relevance of the tests is explained in more detail in
Annex 2.

1. Amino acid analysis is necessary in order to determine the complete amino acid
composition of the peptide or protein.

2. Partial sequence analysis, such as amino terminal sequence or carboxy terminus
analyses, may serve as a useful index of identity.

3. Peptide mapping is most discriminating for comparison of the recombinant DNA-
produced material with a sample of the natural product or authorized retained sample.

4. Polyacrylamide gel electrophoresis and isoelectric focusing are important techniques
for the verification of purity and relative molecular mass of proteins and peptides, and as
criteria of homogeneity since densitometer scans after staining give a degree of quantifi-
cation.

5. High performance liquid chromatography is a useful method for the determination of
the purity of a protein or peptide and for the evaluation of the molecular configuration.

6. Circular dichroism and optical rotatory dispersion are useful for comparing the
degree of tertiary structure in the material prepared by recombinant DNA technology with
that in the natural product.

Biological tests

Additional evidence for the correct identity of the product is given by suitable bioassays
against an authentic biological standard; (the precision of these tests should be high but not
necessarily as high as that needed to prove purity). Immunological methods may also be
useful in evaluating identity and purity.

Various types of bioassay may be used. In vitro assays are usually faster, less expensive,
and better controlled than animal studies, but the most rigorous test of a biological product
before it can be administered to human subjects may require an animal study. Regardless
of the results of the preliminary assays, the efficacy in man will be the final measure of
biological activity.

Tests for contaminants

Although physicochemical characterization can ensure a high degree of purity for a
product made by recombinant DNA methods, reliable and sensitive biological tests will be
needed to assay for trace contamination in individual production batches.

Pyrogenic materials. Pyrogen testing should be carried out using the Limulus amoebo-
cyte lysate test and the rabbit test. Criteria for acceptability of a product will be similar to
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those adopted for biological products made by conventional methods.
Recent experience with products made by recombinant DNA procedures has emphasized

that some of them may be pyrogenic in man despite having passed the Limulus test.
Another test for endogenous pyrogens, in which the test product is incubated with human
monocytes and the supernatant then injected into rabbits to determine if endogenous
pyrogen peptide has been produced (19), has been used to detect the presence of pyrogenic
materials in several preparations which were negative in the Limulus test and rabbit test but
which were nevertheless pyrogenic in man (20). Such materials have included recombinant
human growth hormone and conventionally-produced human serum albumin. The use of
this test, which is technically straightforward, should significantly increase the likelihood
of detecting bioactive contaminants in biological products. The technique is particularly
suited, but not limited, to material produced by microorganisms.

This method has another potential application. It could be used to differentiate the
intrinsic pyrogenicity of a recombinant DNA product from that due to bacterial contamin-
ants. For example, despite clinical pyrogenicity, IFN-a does not elicit leukocytic pyrogen
production from human mononuclear cells. It is likely that the pyrogenicity is not due to
microbial contamination but that the interferon itself induces fever in a way not yet
understood.

Other contaminants. The possibility of development of a humoral or cellular immune
response to minor contaminants should be carefully assessed, particularly for products
that are to be administered repeatedly and over long periods. Reliable and sensitive tests to
detect contaminating immunogenic proteins in production batches will be needed.

Sensitive techniques such as radioimmunoassay and ELISA may be used to seek IgG and
IgM antibodies in the serum of animals injected with the product, and periodic skin testing
may be performed to test for delayed hypersensitivity.

Other biological tests with great sensitivity are assays of serum complement activation
and metabolic activation of leukocytes. The former is sensitive to bacterial cell wall
carbohydrate and the latter to small bacterial peptides present in quantities of less than
1 nmol (10- 9 mol).
Products are currently made in the K12 strain of E. coli, a bacterium to which man is

continuously exposed throughout life. When other organisms, such as yeast or even mam-
malian cells, are used as the host organism, the tests for contaminants derived from them
may have to be more rigorous.

Toxicity tests in animals

A recombinant DNA product that has been shown to be identical with a natural
constituent of the body (e.g., human insulin, human growth hormone) and whose phat-
macology and toxicology have already been thoroughly investigated need not undergo all
the animal toxicity tests normally carried out in the evaluation of a new chemical drug. Any
product consisting of a natural substance with a minor modification (e.g., methionyl
human growth hormone) would require some testing in animals. A substance radically
different from any natural substance would require more extensive animal tests, including
those for tumorigenicity, teratogenicity and, where appropriate, effects on fertility.

Reference preparations used in comparison tests

Authentic reference preparations of natural substances are required for use in various
comparative biological and physicochemical tests, notably for comparison of peptide
maps. However, if the natural product is too scarce, or is not available, a stable prepar-
ation of the product made by recombinant DNA techniques may itself be authorized for
use in tests on subsequent batches.
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Modified protein products

The structure of proteins made by recombinant DNA procedures may be modified to
enhance their desired biological properties and/or diminish undesirable ones, in the same
way that chemical drugs and synthetic peptides have been "tailor-made". Modification of
proteins may include the addition or removal of chemical groups, the production of pre-
cursor forms, or the production of a portion which retains all or some of the desired bio-
logical properties of the original molecule, e.g., the main antigenic fragment of a large
antigen molecule.
Any such substance that is not a natural constituent of the human body may be antigenic

and may have adverse biological effects. The decision to use such a product in man will
depend on a careful assessment of its benefits in comparison with the risks identified during
preclinical and clinical evaluation.

Clinical studies

The steps and tests described will help to ensure the safety, purity, and potency of
recombinant DNA products. Certain products, however, such as interferon, are active
only in the homologous species and certain types of adverse reaction, such as pyrogenicity,
cannot always be predicted from studies in animals. The final test of efficacy is provided by
clinical studies, which are done in three phases.
The phase I clinical study is usually designed to assess the safety and, in certain cases, the

in vivo potency of a product. It is carried out on volunteers and may rapidly indicate
unexpected reactions. The phase II study is usually done to determine whether the product
is effective against a specific disease. Phase III studies usually consist of large multicentre
trials in which the product is tested for efficacy and the identification of any rare adverse
reactions.

In clinical studies on certain preparations of interferon, a few unforeseen adverse reac-
tions were observed (21, 22). In some patients receiving high doses (30 x 106 IU daily) of
IFN-aI, various disturbances of the central nervous and cardiovascular systems occurred.
These effects had a delayed onset and continued for several days after treatment with
interferon had ceased. It is believed that these adverse effects were due to the high dose
administered and not to some modification of the product molecule, or to an unidentified
contaminant in the product.

Flexibility in control procedures

The production of biologicals by recombinant DNA technology is a new process, and
there has been relatively little experience of its use or of the control problems encountered.
It must be expected that many developments, modifications, and trial procedures will be
introduced and, where possible, effort should be made to allow for improvements by the
adoption of a flexible attitude to control problems. Nevertheless, it is highly desirable that
each manufacturer should show batch-to-batch consistency in the identity, purity, and
quality of the product, especially when scaling up the size of production batches and in
subsequent batches. During this period of development of new procedures, it will be
necessary that control authorities are kept informed of proposed changes.
The health hazards that might result from the escape of microorganisms carrying

plasmids constructed to make medically desirable products have not been encountered; the
concern felt in the early years of genetic engineering about this aspect has diminished
considerably.
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Continued extensive and open communication between industry and regulatory agencies
is necessary for the rapid and constructive development of recombinant DNA products.
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Annex I

GLOSSARYa

This glossary defines some of the terms relating to recombinant DNA technology, as
they are used in this article.

Aneuploid: describes a cell having an abnormal number of chromosomes.
cDNA: a complementary DNA copy of messenger RNA.
Chromosome: a cellular structure composed of DNA, RNA, and protein, which

contains hereditary information. It replicates prior to cell division
and segregates among the progeny.

Clone: a group of cells, each containing identical genetic information. New
techniques have made it possible to endow cells with information they
did not previously possess, and to make that information a
permanent part of the cell's genetic constitution.

Exon: a region of eukaryotic DNA which contains coding information for a
protein; exons are separated from each other by introns (see Fig. 2).

Expression: the combination of decoding of information and synthesis of the gene
product.

Gene: a defined region of a chromosome, which contains the coding
information for a specific protein or polypeptide.

HeLa cells: a cell line commonly used in tissue culture, derived from a human
cervical carcinoma.

Intron (intervening a portion of DNA which does not appear in mRNA, although an
sequence): RNA copy is made. Interrupts two exons (see Fig. 2).

Mutation: a permanent, heritable change in DNA.
Operator: the region of DNA that can bind a repressor. Acts to control the

transcription of adjacent gene or genes.
Plasmid: an autonomously replicating, circular, extrachromosomal DNA

element. Usually carries a few genes, among which is resistance to
various antibiotics, which can be used in the discrimination of
bacteria that contain the plasmid from those that do not. Useful as a
cloning vehicle.

a Many terms in this limited glossary have been taken from PERGOLIZZI, R. G., ED., Genetic engineering/biotechnology
sourcebook, Washington, DC, McGraw-Hill Inc., 1982.
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Polymerase:
Polynucleotide:

Promoter:

Ribosomes:

Splicing:

Tissue culture:
Transcription:
Translation:

Vector:

enzyme which synthesizes DNA or RNA from precursors.
a polymer composed of nucleotides, the basic units of RNA and
DNA, linked through their sugar residues.
DNA sequence which is recognized by RNA polymerase. Starting
point for transcription.
the cellular organelles, composed of RNA and protein, on which
protein synthesis occurs.
act of removal of introns from mRNA precursors, or of joining
together two pieces of DNA for cloning purposes (as in ligation).
growing cells in glass or plastic vessels outside the organism.
making of an RNA copy of a region of DNA.
the conversion of the genetic code in mRNA into the primary
structure of proteins. Performed on ribosomes.
any piece ofDNA that can direct its own replication within a host cell,
and to which other DNA molecules can be attached and thus
amplified.

Annex 2

PHYSICOCHEMICAL CHARACTERIZATION OF PROTEINS AND PEPTIDES

Amino acid analysis

The complete amino acid composition of the peptide or protein is important. The
procedure should include accurate determination of methionine, 1 /2-cystine and
tryptophan, which may require sample preparation procedures other than hydrolysis in
6 mol/litre HCI. The amino acid composition presented should be the average of separate
determinations on the same product or lot number. The amino acid composition must be in
close agreement with the known composition for the native protein or peptide.

For small proteins or peptides with a relative molecular mass less than about 10 000, the
demonstration of near integral ratios of the various amino acids would provide evidence of
peptide purity.
For proteins with a relative molecular mass in excess of about 10 000, integral values for

the amino acid residues generally found in low quantities, such as tryptophan and
methionine, could be used as additional evidence of purity.

Partial sequence analysis

Amino terminal sequence analysis (of, for example, 15 residues) and carboxy terminus
analysis can serve as important criteria of identity for recombinant DNA-produced
proteins or peptides. The sequence data should include both the total yield and the
repetitive yield for each amino acid at each cycle. Unexpected heterogeneity in the amino
terminus and carboxy terminus, due to proteolytic degradation of proteins produced by
recombinant DNA techniques, has been revealed by sequence analysis.
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Peptide mapping

Peptide mapping is most discriminating for comparison of the recombinant DNA-
produced material with either an authentic sample of the natural product or an authorized
reference sample. It is best accomplished by using a pure and specific peptidase to cleave
the proteins under identical conditions, followed by 2-dimensional electrophoresis or high
performance liquid chromatography. Peptide mapping in conjunction with amino acid
composition and sequence analysis of each peptide can provide precise evidence of the
identity of a protein. For proteins produced by the reformation of inter- or intramolecular
disulfide bonds, peptide mapping is essential to verify the correct pairing of the disulfide
bonds in the final product.

Polyacrylamide gel electrophoresis (PAGE) and isoelectric focusing

PAGE and isoelectric focusing are valuable techniques for verifying the purity and
relative molecular mass of proteins and peptides. The PAGE should be run in sodium
dodecylsulfate, with and without reducing agents, and standards of appropriate relative
molecular mass.

It is preferable to use slab-type gels in duplicate, one stained with Coomassie blue and the
other stained with silver. The silver stain is considerably more sensitive for the detection of
very small quantities of proteins and is useful for identifying any non-protein materials,
such as nucleic acids, carbohydrates, and lipids, which may be present.
For peptides of relative molecular mass less than about 8000, most PAGE methods will

probably not be sufficiently accurate for estimates of relative molecular mass.

High performance liquid chromatography (hplc)

Hplc is a very useful method for determining the purity of a protein or peptide and
evaluating its molecular configuration. A widely used method is reverse-phase hplc. A
protein or peptide that elutes as a single symmetrical peak in two markedly different
systems, including an ion-pair system, is generally quite pure. For proteins, the methods of
size exclusion chromatography (gel filtration) and ion-exchange chromatography are
valuable in the evaluation process.

Other methods

Circular dichroism and optical rotatory dispersion may be useful in comparing the
spectrum of material prepared by recombinant DNA techniques with that of the
corresponding natural product. Similarly, where applicable, X-ray crystallography and
Fourier-transform analysis may also provide evidence of identity.
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