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Foreword

Following the “Technical Discussions” on Health Research at the 1990
World Health Assembly, the Advisory Committee on Health Research
has devoted considerable time and effort to updating WHO research
strategies which are documented in the report on “Research for Health
— Principles, Perspectives and Strategies” (published in 1993). Devel-
opments in science and technology represent a major component of
this document and reflect WHO’s dependence on new knowledge and
the optimal application of science in developing its policies, strategies
and plans.

The joint WHO-CIOMS colloquium was held with the objective
of drawing attention to and documenting certain of the most critical
current and potential developments in science which are likely to have
a major impact on medicine and public health over the next 20 years.
Initial discussions ranged over the health and research implications of
advances in biological sciences, physical sciences, technology, epide-
miology and health systems research, behavioural sciences, social sci-
ences, ecology and the environment, bioethics as well as future-orierited
approaches.

The colloquium provided the forum to assess the present state of
science relative to health, to review the trends in science and technol-
ogy with respect to future health projections and to identify existing
and potential constraints regarding their application to problem solv-
ing in human health and development. '

We believe that an important message from this colloquium is the
urgency to mobilize scientific communities worldwide to devote more
attention to the application and promotion of scientific advances for
health and human development. The colloquium also recommended
that CIOMS and WHO should create a forum for the scientific com-
munity to discuss the needs and implementation of research necessary
for global health development, including a science summit for health.

"This monograph contains the background material which has been
discussed at the colloquium. The actual preliminary report of the meet-
ing was presented to the Advisory Committee on Health Research in
October 1994.

Z.. Bankowski
B. Mansourian






Impact of scientific
advances on future health:
Overview

E.O. Attinger

INTRODUCTION

The colloquium was convened with the aim to identify and document
the most critical, current and potential developments in science which
are likely to have a major impact on medicine and public health over
the next 20 years. An interpretation of the present state of science with
respect to public health and human development was presented in in-
troductory key papers. The discussion of basic science centred on
“DNA” technologies, since it was recognized that these technologies
and molecular biology in general represent the most important and
significant advances in the sciences relative to health, and are currently
being applied to the investigation, treatment or control of many major
problems. It was felt that products generated by biotechnology are too
expensive and that affordable products are needed. Emerging controls
onresearch threaten to restrict the growth of research, but it was stressed
that any application of these technologies to humans should be con-
ducted with respect to privacy and ethical conduct or else in many
cases be completely averted. Efforts to explore and expand applica-
tions in diagnosis, therapy, prevention and investigation of pathogenesis
of diseases should be pursued. Ethical aspects of somatic gene therapy
have raised no new issues, but germ line therapy should be discour-
aged. WHO and CIOMS, in cooperation with other international or-
ganisations should continue to work toward an international agreement
on a code of ethics in molecular biology especially on the human ge-
nome project.

APPLIED SCIENCE

Technological advances have led to many new diagnostic and thera-
peutic possibilities, many of which are costly. Imaging technologies,
new materials for internal or external prosthesis, lasertechnology,
biosensors, and silicon chips are examples. Information technology
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allows effective gathering and utilization of public health informa-
tion, modern computing technology and the use of computational
logic provides new opportunities for systems modelling and for the
use of advanced decision support at all levels.

" Inequities are easily created by such advances in science and tech-
nology. Deciding how and where to allocate resources to the new op-
portunities may be difficult. Human factors constitute important
elements in identifying what health care is acceptable and in designing
systems through which health care personnel provide acceptable health
care services. Development of technological hardware for developing
countries should be directed toward robust, cheap and readily main-
tained equipment.

Among the basic needs of direct technological concern is the sup-
ply of clean water, the provision of sewage disposal, the need for atten-
tion to environmental pollution and to industrially-linked disease and
disability, methods for early warning of developing health hazards and
problems, support devices for the disabled and the elderly, reduction
of traffic accidents, the need for better health indicators, and for im-
proved methods of screening sample populations for early signs of dis-
ease or for incapacity. These needs are requiring and justifying more
effort than they are currently getting.

The most important channel through which developing countries
can obtain new health technology is technology transfer usually medi-
ated by industry. At the user end there must exist the necessary infra-
structure and willingness to receive the technology, provide the means
to distribute and create an appropriate pattern of human and organisa-
tional performance in using, maintaining and supporting the technol-
ogy. Clearly, massive educational efforts are also needed for the
successful transfer of modern technology.

FUTURE PERSPECTIVES ON CONCEPTS OF DISEASE

The notion of disease is rooted in folk psychology, is extremely rich in
connotations and absorbs new meanings in each consecutive era of
social and scientific history. The current concept of disease is polythetic,
i.e., it is a class defined by any number of the following characteristics;
clinical abnormalities, pathological abnormalities of structure and/or
function, etiological agents, biological disadvantage and “therapeutic
concern”. Although disease is difficult to define, recent conceptual
advances articulate the general idea of disease into more meaningful
empirical components. The triad “disease-illness-sickness” is useful in
social research while the triad “impairment-disability-handicap” is the
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basis for the WHO classification (ICIDH). In general the current ten-
dency is one towards a multidimensional or multiaxial conceptualization
of disease phenomena which includes several relatively independent
dimensions: clinical syndromes, structural functional abnormalities,
etiology, co-morbidity and social functioning. There are considerable
advantages in the operationalization of diagnosis and in clinical meas-
urement in the individual case. The reliability of diagnosis is improving
due to the development of standard diagnostic criteria and there is a
clear trend of applying decision making theory and epidemiological
databases to the clinical diagnostic process.

At the population level, diagnosis and measurement are applied in
the context of epidemiology which maps diseases in terms of: inci-
dence and prevalence, lifetime risk, relative and attributable risks, mor-
tality and standard mortality rates, DALY (disability adjusted life years)
and QALY (quality of life adjusted vears).

Some of the problems that have to be solved by society are: di-
mensional versus categorical definition of diseases. With the increasing
capacity to diagnose preclinical disease and for predictive testing, we
are faced with serious ethical, social and economic dilemma. There is a
tendency for the conceptual boundaries between disease and non-
disease to become blurred and to massively increase the medicalization
of social problems. There is a need for a common language and world
wide agreement on operational definition of impairments, disabilities,
and handicaps and the use of multidimensional constructs in distin-
guishing disease from health. Furthermore, there is a need for a new
partnership of science and ethics based on the concept of “beneficiar-
ies in trust™.

PUBLIC HEALTH AND THE ECONOMIC ENVIRONMENT

Nineteen countries amongst LDCS show declining caloric supply per
capita, while twenty four indicate increasing caloric supply. In either
case daily requirements are not met, and about 1.1 billion people in the
developing world did not have sufficient income to obtain adequate
energy from their diet. In particular the situation in south Asia is still
serious and sub-Saharan Africa shows a definite worsening. Public ex-
penditure on health has declined in a number of countries. Further-
more, most current public spending goes for expensive curative services
benefitting mainly the rich in contrast to inexpensive health measures,
such as immunization and prenatal care. Among the key success ele-
ments of countries that have grown fast and achieved lower levels of
poverty and better health, the following were identified: investment in



6 The impact of scientific advances on future health

education, outward orientation, reliance on markets, selective govern-
mental interventions, asset redistribution, and technology transfer.
Improved criteria for allocating and channelling foreign assistance, and
deeper understanding of the implications of automation on employ-
ment are needed. The dependency burden and its impact on who pays
for health improvements need to be clarified. Better ways to reduce
unfavorable health effects during the epidemiological transition must
be sought. The investigation of nutritional and household factors as
well as levels of information availab_lé in countries in close geographical
relationship might be important. The DALY methodology should be
critically evaluated. :

PUBLIC HEALTH AND THE CONSTRUCTED ENVIRONMENT
Man’s ability to maintain and even improve his health depends on be-
ing able to cope with the physical and chemical risks imposed by an
increasingly difficult and hostile environment, which consists of chemi-
cal, microbial, physical, biological, economic, social and psycho-men-
tal components forming a complex ecosystem. These risks include
pollution of the air, surface and ground water, the food chain and con-
tamination of the general environment by ionizing radiation and elec-
tromagnetic fields. Public health has to be concerned, with the
development of environmental medicine, with increases in chronic low
level exposures.

A research agenda for the future was proposed which would pro-
vide the information necessary to develop programs and public health
measures to meet these emerging issues. The agenda should include:

B Human health assessment (correlation of environmental changes
with the health of human beings under a variety of conditions and
belonging to different age and ethnic groups).

m Global environmental epidemiology (investigation of environ-
mentally induced changes in health linked to changes in natural
eco-systems and ambient environmental exposure).

B Eco-system dynamics in relation to health.

B Integrated chemical and biological monitoring and environmen-
tal engineering.

m Systems research (planning and.organization of environmental
research at a global level).

The importance of the interaction between the natural and the social
environment is considered of crucial importance thus requiring con-
centrated research. Increasing industrial growth and centralization has
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led to population migrations, areas of massive pollution with associ-
ated social problems of consumerism and unemployment. Unemploy-
ment may well be the greatest problem facing the world in the next
century and must be considered a health hazard because of the social
problems it is creating.

PUBLIC HEALTH AND SOCIETAL BEHAVIOR

Exploring the parameters of the health transition (the nature of the
epidemiological change, the role of family members in recognition and
action, and responsiveness to health transitional problems) needs to be
extended across the full range of transitional problems. This approach
should be included among the priorities for future research, including
the special concerns that ways and means be developed for facilitating
the incorporation of research findings into relevant health systems de-
velopment. Health services research focused on population based, eq-
uity oriented, primary health care located in different socioeconomic,
cultural and political settings must be expanded. It is of special con-
cern that the incorporation of research findings into relevant health
systems be realized in various developmental settings. It is increasingly
appreciated that communities have critical roles to play in national de-
velopment. One of the goals of primary health care is to involve com-
munities in ways that empower them for their own further development.
Carefully built partnerships are necessary between communities and
health care providers if the goal of empowerment with impact is to be
reached. There are no universal solutions or blueprints for primary
health care and community involvements. Adaptations to local needs,
ingenuity and resources are required.

A partnership in health policy formulation is necessary. In the past
policy makers and researchers worked in separate worlds which led to
suboptimal or even undesirable results. In a partnership between re-
searchers and governmental health policy makers both work together
in formulating the questions, considering research approaches and ex-
amining the results and in formulating and implementing the policies.
Wider studies of how policies are made and implemented should be
encouraged.

Advances in science bring challenges to the ethical understanding
of health problems and interventions to improve health and this un-
derstanding varies according to the value system of a society. Ethics
has a critical role in guiding the construction of policies. But there are
tensions between what is desirable in terms of both ethics and policy
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and what is possible in the face of resource constraints. A growing ca-
pacity for ethical analysis as well as a sensitivity to linking ethics with
policy formulation is needed in all societies.

There are many important advances in public health that are well
supported by research but are lacking wide spread acceptance and im-
plementation. There should be strong initiatives to identify such fail-
ures of implementation and to develop strategies for remedying the
problem. These efforts to identify failures and implement important
advances should involve joint efforts of scientists, policymakers, health
systems leaders, educators, community representatives and other in-
terested parties.

Tt is important to realize that advances in science that are particu-
larly relevant to health and social development can rarely be directly
applied to recipient countries. They need to be adapted, absorbed, and
modified and local people and their organizations must be prepared
for effective utilization. Capacity building for more effective partner-
ship in transfers and uses of such advances are a central feature of
national development. Thus careful attention must be given by devel-
oped countries and international organization to building the capaci-
ties of developing countries for more effective partnership in the
generation and utilization of advances that are relevant to the health of
the public.

EPILOGUE

Since world war two, overall population health levels have dramatically
improved, as indicated by increasing life expectancies and decreasing
infant mortality rates. Much of this progress has been due to improve-
ments in economic conditions, education and nutrition, to widespread
programs in vaccination and immunization and to more effective thera-
peutic procedures particularly in the area of infectious diseases. How-
ever, excessive population growth remains a major problem and the
gap between wealthy and poor nations is widening. In many of the
poorer developing nations nutritional levels are decreasing.

The dichotomy between health and disease is deeply rooted in
human history but cannot be unequivocally defined. The WHO defini-
tion of Health is a state of complete physical, psychological and social
well-being, not merely the absence of disease and infirmity. Concep-
tual indicators for Quality of Life must still be developed. Earlier at-
tempts by Breslow and his group and by Bush and his group have
never been fully accepted. Based on extensive interviews Breslow es-
tablished indicators for the physical, mental, and societal health for the
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population of Alameda County in California in 1965 and 1974. Meas-
uring health at two points in time he could assess changes in health in
this population but he refrained from any predictions. Bush established
an elaborate scale of disability, ranging from death to complete health
but never tested his concept on a large scale. In 1993 the World Bank
published its annual world development report with the focus on health
problems. They proposed disability adjusted life years (DALY) as a
measure of the burden of disease and applied this concept to express
the health level for different age and sex groups of the eight regions of
the world. This represents a gargantuan effort which at this time is
doomed to failure since the necessary data are simply not available.
Nevertheless it is a welcome initiative by a powerful organization
which may lead to better and more reliable databases. It is not always
realized how unreliable official data are. For example, despite its elabo-
rate census system the under count of the population in the USA has
increased from an estimated 1% in 1980 to 4% or 10 million in 1990.
In particular the development of population or region specific epide-
miological databases will be needed in support of new diagnostic tech-
nologies.

There is a rapid increase in conditions which were not considered
diseases in earlier times but for which interventions are now available.
This has led to a blurring of the conceptual boundaries between dis-
ease and “non disease” which is responsible for the rise in medicalizing
social problems and which must be faced, particularly if one considers
the limits of available societal and economic resources, as has been so
well expressed by Garrett Harding in “Tragedy of the Commons?”.

On the other hand moral and ethical considerations demand equal
access to health care for all, independent of economic, racial or sexual
differences. In order to achieve such a goal health care systems must
be restructured in such a way that permit cheap and high quality
health care at some minimum level for all. The World Bank estimates
that such a package consisting of public health measures and essen-
tial clinical services would cost between 12 dollars per capita for low
income countries to 22 dollars per capita for middle income coun-
tries and would reduce the total disease burden by about 25%. Al-
though these estimated costs represent only a small percentage of the
average per capita income, very large fractions of these population
live far below the poverty level and would be unable to raise even
minimal amounts of funds for health care since they are unable even
to purchase sufficient food.
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The participants recognized the real and urgent need to mobilize
the ‘scientific communities to devote more attention than hitherto to
the development, application and implementation of scientific advances
for health and human development. They suggested the creation of a
forum for the scientific community to discuss the needs and imple-
mentation of research necessary for global health development by WHO
and CIOMS. CIOMS has a special mission to fulfil in continuing to
perform its advocacy role for international order and a code of ethics in
health research.



Basic science

J. Lederberg*

GENERAL CONSIDERATIONS
New knowledge continues to be needed, even in the face of incomplete
application of what has already been learned, in order to have tech-
nologies better adapted to the needs and circumstances of the coun-
tries other than where they were developed. There is also the
unmistakable fact of the revolutionary push of new science and new
technologies — outstandingly so in fields like bio-technology, electron-
ics, computers and communications, that simply cannot be overlooked
in the development of the most effective modalities for health care.

But the speed of growth of knowledge in science and technology
means that there is a great need for careful selection, by developing
countries, of the available technologies. Here the metaphor of ‘receptor
site’ in a developing country is appropriate: for well informed, dynamic,
and critical assessment of the kind of technologies that are available or
are often thrust in great profusion towards the developing countries.
And indeed there are many hazards of industrialization that require
particular attention in order to forefend environmental disasters like
those associated with air pollution, or radioactive or chemical accidents,
in a variety of places. So even the most advanced technologies cannot
simply be purchased over the counter, in a turnkey fashion. They must
be dynamically received, with an alert constituency capable of adapt-
ing them optimally to the needs of the recipients.

An outstanding example of the requirements for the adaptation of
technology is still with us in the field of vaccines. There are millions of
children and adults throughout the world who die or suffer needlessly

* Professor Lederberg chaired the Colloquium’s session on Basic Science. The presentation
General Considerations is adapted from a previous paper of his in the WHO publication
Research Strategy for Health. The presentations on the Current Sizuation and Discussion are a
synthesis of the Colloquium’s deliberations. The annexed articles by Professor Lederberg
are included for the purpose of presenting a more complete representation of the role of the
DNA technologies in present day science and medical care.
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over the years, where infectious disease is known to be preventable by
the administration of vaccines that have already been developed.

But in many cases, these vaccines are poorly adapted to the re-
quirements of developing countries. If they require a cold chain, which
is typically the case, this is no problem in an advanced or industrialized
setting; but it could be an insuperable obstacle to their effective use in
remote rural areas. And yet, physical chemists could find very exciting
scientific challenges in devising ways to ensure the thermostability of
protein vaccines, even in the face of great external insult; there has
simply been no requirement for that as part of the specifications for
vaccines in the developed world. A vaccine that needs to be adminis-
tered on repeated occasions, which is typical of many vaccines, poses
no problems in settings where families can go to their personal paedia-
trician every two or three months, and receive three or four inocula-
tions over a period of a year. This is obviously an inappropriate model
for health care in many other settings, and yet those are the vaccines
that are available at the present time.

But even at its best, science can sometimes be wrong; it should not
be understood as being a reservoir of fixed and enduring ‘revealed
knowledge’ — unalterable, and totally reliable in all circumstances.

It was a third world scientist, S.N. De who set things right about
cholera toxin, some 35 years ago: fundamental research on toxins had
been misdirected for a very long period of time, based on confounding
research in microbiology and a concept of toxins that was quite appro-
priate for tetanus, diphtheria, staphylococcus and pertussis, but inap-
propriate for cholera. The cholera toxin does not kill by the same kinds
of cell toxic mechanisms as apply to these other entities, and an ap-
proach that was too close to the laboratory, and too far from the field,
was a tragic misdirection of scientific development. Only effective col-
laboration between the sites of disease and the laboratory studies needed
to substantiate them has made it possible to correct that situation. Many
other such examples could be mentioned.

Communicable diseases transcend political boundaries. There is
an urgent need, which is only dramatized by the AIDS pandemic (who
can believe that this is the first or last example of that manifestation of
viral evolution, although many policies are directed as if it is a unique
circumstance?), for sentinels of local surveillance that have the capac-
ity to detect new and emerging viruses, newly drug-resistant parasites,
evolving vectors, and new contacts with zoonoses, in order to contain
outbreaks of communicable disease and deal with them most effec-
tively at their early stages, before they become a metastatic cancer that
engulfs the globe.
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Scientists in the developing countries have both the personal right
and the national necessity to participate in the global progress of tech-
nology and in the fellowship of international science, to permit the flow-
ering of genius, and to permit the most effective contributions to
economic and technical development of their own countries.

Molecular genetics has moved from the laboratory prototype of
the understanding of rare diseases where a single gene determines the
presence or absence of disease. From these very rare circumstances,
with a few exceptions (notably thalassemia and sickle cell disease), of
limited public health significance, we are moving now into the applica-
tion of that kind of science to the much broader problems of predispo-
sition to more common diseases. These vary from well established
prototypes in cardiovascular disease, to a few forms of cancer and per-
haps most exciting of all, the portent of application to severe behav-
ioural disorders. Starting with Huntington’s disease there is progress in
the understanding of bipolar affective disorders, depression and schizo-
phrenia, where we have a very involved etiology and where the genetic
component may be the one that enables us to unravel a more compli-
cated situation, even if the genetic component is not always of primary
significance. The cardiovascular disease situation is a wonderful exam-
ple of this, in that the molecular genetics study of rare syndromes has
" opened up our understanding of one of the most common group of
diseases. ‘

Monoclonal antibodies have provided indispensable new reagents
for diagnosis, and in a few cases for therapeutic applications. And now
we see them being developed not only in mice and in human lymphoid
cells, but even in bacteria, and by bacteriophages that give still more
amenable approaches to their control and manipulation.

In neurobiology our understanding of the ever increasing panoply
of neuro-transmitters has given us new insights to the action of psy-
chotropic drugs and also opened our eyes to neurotoxins of dietary
origin and how they may be important in significant disease syndromes
in special settings. Recombinant DNA vaccines are no longer dreams
of the future; they already play a pre-eminent role in hepatitis vaccines,
but that is only the first example; there will be a long series of greatly
improved specific vaccines for a variety of circumstances.

We have new findings in cancer diagnosis, in therapy; we have
new approaches for environmental monitoring and the assessment and
response to ecological threats; new materials for prostheses; new ap-
proaches to drug design. All of these findings should be expanded and
developed in the context of well thought out health systems, guided by
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health systems research, as has already been noted. It is not just a mat-
ter of passively waiting for the design of the system and fitting research
into it; the potentialities of research and new technology have also to be
part of the design of the health care system, that can help support the
kind of rigour and application of quantitative methodology which 1s
absolutely essential for all research. Furthermore, new technologies can
bring in new information systems to help support the rational integra-
tion of the entire health system — and indeed of the ‘health cum eco-
nomic’ system. '

All of these advances will become possible only if a full partner-
ship is established between the developed and the developing coun-
tries: in the human resources, in the personal interactions of people
with different skills, coming from different settings, and seeking the
application of science in most parts of the world.

CURRENT SITUATION
The development of the DNA technologies represents the most im-
portant and significant advances in the basic sciences relative to health.
They have enabled the development of new and safer vaccines, medi-
cines and therapeutic agents; highly sensitive and specific diagnostic
tests and procedures; the large scale production of existing biological
substances; and an understanding of normal life and disease processes.
These developments and the commercial availability of required rea-
gents makes the application of the technologies globally possible.
Currently the following technologies are amongst those being ap-
plied to research and investigation, and the treatment or control of many
major health problems:

DNA cloning

DNA sequencing

protein sequencing and i vitro assembly
polynucleotide synthesis

polymorphism detection and 7z vitro hybridization
Polymerase Chain Reaction (PCR)

gene splicing

transgenics

transplants

RNA-ribozymes

monoclonal antibodies

phage presentation
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Investigations, Epidemiology

Major interest is in molecular epidemiology and genetics and the Hu-
man Genome Project. Studies of significance are those relating to the
epidemiology of genetic diseases and defects and the common diseases
with genetic predisposition. Other examples of interest in application
of this knowledge are in biological psychiatry, mental disorders, gene
therapy, male fertility and family planning, pathological ageing and the
relationship of HIV strains.

Vaccine research is centred around the development of vaccines
for cholera and other diarrhoeal diseases, malaria, schistosomiasis, tu-
berculosis, AIDS and other infectious diseases. Vaccine technology
currently is focussed on the application of subunits and conjugates;
altered pathogens; bacterial and viral vectors; microspheres, attenu-
ated viruses and naked DNA. Research is also ongoing for a cancer
vaccine. At this time consideration for this vaccine is strictly for thera-
peutic application. The development of heat stable and one shot vaccines
are research targets of great importance.

Other investigative work is in the continued development of the
biological control of vectors, transgenics and organ transplants,

Diagnostics, Case Detection

Highly sensitive and specific diagnostic tests have been made possible
by the DNA technologies. Monoclonal antibodies, defined and puri-
fied antigens, nucleic acid probes and PCR now form the basis for
many standard diagnostic techniques. Based on these technologies di-
agnostic kits are available for use in areas which include many of the
communicable diseases, AIDS, the zoonoses and food safety. They have
also led to the development of pocket test kits and dipsticks for field
use in tropical disease, sexually transmitted disease, cholera and other
disease control programmes.

The understanding of molecular genetics and the application of
genetic markers are making it possible to predict whether a person has
or will develop a genetic disease or to detect common disorders with a
genetic predisposition. Examples of the application of these techniques
include control of haemoglobinopathies, detection of hereditary and
chronic diseases, fertility regulation, HIV and tropical disease control.

Treatment

The major thrust in disease control has been in the development of
new vaccines or the improvement of existing vaccines with the Hepati-
tis B vaccine being the initial success. More recently two new cholera
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vaccines have been licensed in some countries. Target vaccines include
those for diseases which are major causes of mortality of children in
developing countries. Vaccines for other than communicable diseases
include an anti-fertility vaccine and a rabies vaccine.

The technology has also led to the development of new drugs and
therapeutic agents such as insulin and the human growth hormone.
Recent work includes effective drugs for leprosy and onchocerciasis.

The treatment and prevention of genetic, hereditary and related
diseases are receiving increased attention. The developments in basic
genetic concepts, somatic gene therapy and defective gene replacement
are making possible the treatment of many of these noncommunicable
diseases.

Nutrition

Genetic manipulation of plants has increased yield and food produc-
tion. Further, the nutritional quality of the product can be improved,
e.g. increasing the content of essential amino acids in plants or rearing
cattle that yield low fat meat.

DISCUSSION

In spite of the high level of activity in research and development in the
DNA technologies, the products needed by the most vulnerable in the
developing countries and poorest populations are either not available
or are not affordable. :

This is due to several factors. Initial research and the following
product development are expensive, thus industry incurs extensive costs
before the product is placed on the market. As industry must make a
profit it tends first to concentrate on those products which are profit-
able. In the health care industries these tend to be therapeutic products
rather than vaccines, or those vaccines which are most required by the
poorest populations. High cost is also due to governmental regulations,
often restrictive, pertaining to the DNA technologies. This is further
compounded by the fact that international harmonization of such regu-
lations has not occurred. Another restriction to research and product
development is that of patent rights. Lengthy periods of time are re-
quired for obtaining patents and considerable legal expenses are en-
tailed. Ethically such factors should not interfere with critical research
and development and the group expressed the group hope that WHO
and the ACHR could make recommendations on how to alleviate the
problem.
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Discussion also related to the possibility of developing the means
for basic research and or product development in those countries where
they are needed the most. This requires considerable infrastructure
development but such has paid off in the advanced developing coun-
tries in Asia and Latin America.

In summary, it was noted that products produced by DNA tech-
nology bear the burden of heavy fixed development costs, and that
affordable products are required. The growing participation of devel-
oping countries may help to ameliorate this obstacle, taking note of
encouragement from organizations like the International Center for
Genetic Engineering and Biotechnology (ICGEB: Trieste and New
Delhi). It was also stressed that any applications of DNA technology
pertaining to humans should be conducted with regard to privacy and
ethical conduct or else in many cases be completely averted.

It was agreed that:

m Efforts should continue to explore and expand the applications in
diagnosis, therapy, prevention and investigation of pathogenesis of
diseases, particularly as they apply to infections, heart disease,
autoimmune disorders, cancer, ageing, mental disorders, family
planing and food production. Molecular biology technology also has
enormous potential in the manufacture of valuable protein products
(thrombopoeitin, vaccines), in production of transgenic animals,
transplants, anti-viral agents and in cellular regulatory processes.

B Ethical aspects of somatic gene therapy have raised no new issues,
but germ line therapy should be kept on hold until its ramifications
are more deeply understood and widely accepted. The WHO and
CIOMS should continue in cooperation with other international
organizations to explore international agreement on a code of ethics
in molecular biology especially on the human genome project.
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ANNEX ONE

Medical Science,
Infectious Disease, and
the Unity of Humankind*

J. Lederberg**

The ravaging epidemic of acquired immunodeficiency syndrome has
shocked the world. It is still not comprehended widely that it is a natu-
ral, almost predictable, phenomenon. We will face similar catastrophes
again, and will be ever more confounded in dealing with them, if we do
not come to grips with the realities of the place of our species in nature.
A large measure of humanistic progress is dedicated to the subordina-
tion of human nature to our ideals of individual perfectability and au-
tonomy. Human intelligence, culture, and technology have left all other
plant and animal species out of the competition. We also may legislate
human behavior. But we have too many illusions that we can, by writ,
govern the remaining vital kingdom, the microbes, that remain our
competitors of last resort for dominion of the planet. The bacteria and
viruses know nothing of national sovereignties. In that natural evolu-
tionary competition, there is no guarantee that we will find ourselves
the survivor.

Some of the great successes of medical science, including the “mira-
cle drugs,” the antibiotics of the 1940s, have inculcated premature com-
placency on the part of the broader culture. Most people today are
grossly overoptimistic with respect to the means we have available to
forfend global epidemics comparable with the Black Death of the 14th
century (or on a lesser scale the influenza of 1918), which took a toll of
millions of lives.

Visualize human life on this planet as mirrored in the microcosm
of a culture of bacteria; a laboratory test tube can hold ten billion cells,

* This article was published in the Journal of the American Medical Association (FAMA),
August 5, 1988, 260 (5):684-685, and annexed to the document with the permission of
the author.

** From the Office of the President, The Rockefeller University, New York. Dr Lederberg
won the Nobel prize in physiologv and medicine in 1958. This article was adapted from a
presentation at a conference of Nobel laureates sponsored by Frangois Mitterand and Elie
Wiesel, Paris, January 1988.
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twice the human population of the globe. More than 70 years ago,
Frederick William Twort and Felix d’Herelle discovered that bacteria
have their own virus parasites, the bacteriophages. It is not unusual to
observe a thriving bacterial population of a billion cells undergo a dra-
matic wipeout, a massive lysis, a sudden clearing of the broth following
a spontaneous mutation that extends the host range of a single virus
particle. A hundred billion virus particles will succeed the bacteria; but
their own fate now is problematic, as they will have exhausted their
prey (within that test tube). Perhaps there are a few bacterial survivors:
mutant bacteria that now resist the mutant virus. If so, these can
repopulate the test tube until perhaps a second round, a mutant-mu-
tant virus, appears.

Such processes are not unique to the test tube. The time scale, the
numerical odds, will be different. The fundamental biologic principles
are the same.

Humans are more dispersed over the planetary surface than are
the “bugs” in a glass tube; there are more diverse sanctuaries, and we
have somewhat fewer opportunities to infect one another. The culture
medium in the test tube is more hospitable to virus transmission than is
the space between people (with the exceptions of sexual contact and
transfusion). The ozone shield still lets through enough solar ultravio-
let light to hinder aerosol transmission, and most viruses are fairly vul-
nerable to desiccation in dry air. The unbroken skin is an excellent
barrier to infection; the mucous membranes of the respiratory tract are
much less so. Our immune defenses are a wonderfully intricate legacy
of our own evolutionary history. This enables machinery for produc-
ing an indefinite panoply of antibodies, some one of which is (we may
hope) a specific match to the antigenic challenge of a particular invad-
ing parasite (7). In the normal, immune-competent individual, each
incipient infection is a mortal race between the penetration and prolif-
eration of the virus within the body and the evolution and expansion of
antibodies that may be specific for that infection. Previous vaccination
or infection with a related virus will facilitate an early immune response.
This in turn provides selective pressure on the virus populations, en-
couraging the emergence of antigenic variants. We see this most dra-
matically in the influenza pandemics, and every few years we need to
disseminate fresh vaccines to cope with the current generation of the
flu virus.

Many defense mechanisms, inherent in our evolved biologic capa-
bilities, thus mitigate the pandemic viral threat. Mitigation also is built
into the evolution of the virus: it is a Pyrrhic victory for a virus to
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eradicate its host! This may have happened historically, but then both
the vanquished host and the victorious parasite will have disappeared.
Even the death of the single infected individual is relatively disadvanta-
geous, in the long run, to the virus compared with a sustained infection
that leaves a carrier free to spread the virus to as many contacts as
possible. From the perspective of the virus, the ideal would be a nearly
symptomless infection in which the host is oblivious of providing shel-
ter and nourishment for the indefinite propagation of the virus’ genes
(2,3). Our own genome carries hundreds or thousands of such stowa-
ways. The boundary between them and the “normal genome” is quite
blurred (4). Not much more than 1% of our DNA can be assigned
specific physiological functions; most of it is assumed to be a “fossil”
legacy of our prior evolutionary history, DNA that is today parasitic on
the cell (5,6). Further, we know that many viruses can acquire genetic
information from their hosts, which from time to time they may trans-
fer to new ones. Hence, intrinsic to our own ancestry and nature are
not only Adam and Eve, but any number of invisible germs that have
crept into our chromosomes. Some confer incidental and mutual ben-
efit. Others of these symbiotic viruses or “plasmids” have reemerged
as oncogenes, with the potential to mutate to a state that we recognize
as the dysregulated cell growth of a cancer. This is a form of Darwinian
evolution that momentarily enhances the fitness of a cell clone at the
expense of the entire organism. Still other segments of “nonfunctional”
DNA are available as reserve of genetic potental for further evolution,
in a sense more constructive for the individual and the species.

At evolutionary equilibrium we would continue to share the planet
with our internal and external parasites, paying some tribute, perhaps
sometimes deriving from them some protection against more violent
aggression. The terms of that equilibrium are unwelcome: present
knowledge does not offer much hope that we can eradicate the compe-
tition. Meanwhile, our parasites and ourselves must share in the dues,
payable in a currency of discomfort and precariousness of life. No theory
lets us calculate the details; we can hardly be sure that such an equilib-
rium for earth even includes the human species even as we contrive to
eliminate some of the others. Our propensity for technological sophis-
tication harnessed to intraspecies competition adds a further dimen-
sion of hazard.

In fact, innumerable perturbations remind us that complex sys-
tems often fluctuate far from equilibrium — each individual death of an
infected person is a counterexample. Our defense mechanisms do not
always work. Viruses are not always as benign as they would be if each
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particle had the intelligence and altruism to serve the long-term advan-
tage of the group.

Fears of new epidemics as virulent as those of the past have been
mollified by the expectation that modern hygiene and medicine would
contain any such outbreaks. There is, of course, much metrit in those
expectations. Influenza in 1918 was undoubtedly complicated by bac-
terial infections that now can be treated with antibiotics (7); vaccines,
if we can mobilize them in time, can help prevent the global spread of
a new flu. However, the impact of technology is not all on the human
side of the struggle. Monoculture of plants and animals has made them
more exposed to devastation. The increasing density of human habita-
tions as well as inventions such as the subway and the jet airplane that
mix populations all add to the risks of spread of infection. Paradoxi-
cally, improvements in sanitation and vaccination sometimes make us
the more vulnerable because they leave the larger human herd more
innocent of microbial experience.

The opening of wild lands to human occupation also has exposed
people to unaccustomed animal viruses, to zoonoses. Yellow fever has
sustained reservoirs in jungle primates, and the same source is the prob-
able origin of the human immunodeficieny virus in Africa. It is mysti-
fying that yellow fever has not become endemic in India, where
competent mosquitoes and susceptible people abound. We will almost
certainly be having like experiences from the “opening” of the Ama-
zon basin. ‘

Our preoccupation with acquired immunodeficieny syndrome
should not obscure the multiplicity of infectious diseases that threaten
our future. It is none too soon to start a systematic watch for new vi-
ruses before they become so irrevocably lodged. The fundamental bases
of virus research can hardly be given too much encouragement.
Recombinant DNA, still a scare word in some quarters, is our most
potent means of analyzing viruses and developing vaccines (8). Such
research should be done on a broad international scale to both share
the progress made in advanced countries and amplify the opportuni-
ties for field work at the earliest appearance of outbreaks in the most
afflicted areas.

The basic principles of vaccination were established long ago, but
practical means of production of vaccines for viral afflictions like polio
had to await the cell and tissue culture advances of the 1950s. The most
celebrated example, smallpox, also has the oldest historical roots. That
success has encouraged other proposals for the eradication of other
infectious agents. Rarely do we have the understanding of its natural
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history needed to calibrate the feasibility of the goal. This will strain
our basic knowledge of the genetics and evolution of the etiologic agents.

For example, our stratagems on malaria, gonococcus, and hu-
man immunodeficiency virus are all confounded by the poorly un-
derstood capacity of the viruses to undergo further antigenic evolution.
We know a bit more about influenza, but not enough to give us more
than a few weeks or months of lead time merely to respond to its
perennial variations.

As one species, we share a common vulnerability to these
scourges. No matter how selfish our motives, we can no longer be
indifferent to the suffering of others. The microbe that felled one child
in a distant continent yesterday can reach yours today and seed a
global pandemic tomorrow. “Never send to know for whom the bell
tolls; it tolls for thee.”
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ANNEX TWO

The lnterface
of Science and Medicine*

J. Lederberg™*

My only contribution to the field of cancer was a paper I wrote 45
years ago, in which I defended the somatic mutation theory (1), a theory
that has proven successful. However, I can discuss with alacrity the
interface of science and medicine, since I have had occasion to look
into this question from time to time, both in a fairly systematic way and
also as part of my daily work at the Rockefeller University. I am happy
to share some observations about how I think the science-medicine
interface has gone, how it may go in the future, and how it can be
directed in its proper path in the future.

The SATT Model. My first response was generated in reaction to
some propositions made at an earlier stage in the direction of the Na-
tional Institutes of Health (NIH). I saw a report that tried to provide
some justification for the research programs of NIH by the so-called
SATT model. The basic notion is that we begin with the development
of fundamental knowledge. We need a large basic science substrate from
which technological and clinical applications will be devised. The flow
is all in one direction, from basic science to medical practice. And clini-
cians and patients would all bow down in great gratitude to the illumi-
nations provided by the basic scientists. That may not be a bad idea,
but not necessarily for the right reasons.

The “Can of Worms” Model. My own observations about what
has happened in the history of science and medicine are best portrayed
by what I call the “can of worms” model, in that progress is by no
means linear, that no particular direction can be described, that there is
constant interplay not only of the applications of basic knowledge to

* This article was published in the Mount Sinai Journal of Medicine, 1992, 59 (5):380-383,
and annexed to the document with permission of the author.

** Adapted from the author’s presentation at the symposium “Human Cancer: From
‘Precurable’ to Curable” commemorating the 65th birthday of James E Holland at the
Mount Sinai Medical Center on May 29 1990. Address reprint requests to the author at
The Rockefeller University, Suite 400, 1230 York Avenue, New York, NY 10021.



Basic science 25

medical practice but of natural historical and clinical observation both
inspiring and provoking important discoveries. I venture to say that the
most revolutionary discoveries have arisen out of observations that did
not fit prevailing scientific doctrine, and required a reexamination of
the fundamental concepts.

The most outstanding example I can think of is in the foundation
of my own field. Oswald Avery was a biochemist who was commis-
sioned in the 1910s to study the biochemistry of pneumonia at the
Rockefeller University. He became an expert on the specific soluble
polysaccharide which was the characteristic antigen that defined the
different serotypic variants of this organism. This was a necessary basis
for the development of serodiagnostic reagents and of serum therapy.
Then came the bombshell. In 1928, Fred Griffith in London described
an experiment which was ignored by most people, since they could not
grasp its significance. He showed that an extract of one pneumococcal
type could alter the serologic character of the cells of another (2). Avery
proceeded to investigate that particular phenomenon from 1928 till
1944, and in effect established that the foundation of genetic influence
appears in a molecule which nobody at that time suspected could pos-
sibly have those characteristics (3). This molecule is deoxyribonucleic
acid.

Everything we do today in molecular genetics and molecular medi-
cine stems from that source. I do not think those experiments could
have been performed except in the context of a clinical observation.
The motive, the drive, the financing, the resources for an inquiry so far
out of the context of general genetics would have been absent. But in
the setting of a medically important and necessary investigation, the
experiments were possible. The tools were there: background informa-
tion, natural and historical information about pneumococcus, and so
forth. Probably the most revolutionary discovery in modern biology
arose by this “can of worms” model.

MEDICAL-SCIENTIFIC PROGRESS
Medical-scientific progress over the last century can roughly be di-
vided into three phases.

Microbe Hunting

Modern scientific medicine began with discoveries about infectious
diseases that reached their flowering just 110 vears ago, with the work
of Louis Pasteur and Robert Koch, and the identification of specific
bacteria as the etiologic agents of a variety of diseases. There again an
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important biological discovery was founded, provoked, inspired, and
substantiated by clinical observations, whether the discovery was chol-
era, tuberculosis, or anthrax. Out of that arose one of the two or three
major biological revolutions of the 19th century. I don’t want to put
down Darwin and Mendel as equal competitors, but the recognition of
the world of the microbe, the development of experimental tools for
the isolation of specific microbiological agents, the concept as we now
know that the etiology of each infectious disease can be traced to some
specific pathogenic entity, a different species of microorganism, con-
stituted a biological revolution.

From the 1880s until the 1920s and 1930s, 90% of medical progress
consisted of the systematic exploitation of that fundamental insight —
the “microbe hunting” that Paul de Kruif described so vividly (4. It
was a rather clear paradigm, a highly reductionist one. For every dis-
ease, find the bug that causes it, isolate it, use it to develop a vaccine,
and in due course use that knowledge for the development of chemo-
therapeutic agents. We had a highly reductionist approach within that
particular sphere. One could start with scientific knowledge of the mi-
crobe and from that develop important, necessary, and effective modes
of management of disease. This has of course reached its culmination,
and 90% of the battle has been won. But we must never forget that it is
an eternal battle, and we live with constant reminders at the present
time that infectious disease is far from conquered.

Constitutional Diseases

Roughly by the time of World War II, we had the beginnings of the
antibiotic industry, a fairly well routinized set of procedures for the
development of vaccines, and we rather knew what to do about infec-
tious disease. The new horizons were constitutional diseases. The NIH
was founded on the ideological groundings of the work on infection,
but then faced a much more difficult problem, trying to deal with the
complexities of the human host. When questions such as cancer, psy-
chiatric disorders, and heart disease arise, the answer is not so simple
as locating a bug and stamping it out. Investigative protocols are more
complicated because you cannot conduct experiments with billions of
people overnight as you can with microbes without facing ethical, tech-
nical, and economic constraints. Intrinsic biology is also very much
more difficult. Trying to drive a wedge between a tumor and its host is
intrinsically far more difficult than trying to do that between an alien
bacterial invader and its host. It has taken a very long time. During that
interval, a great deal of medical progress was made, albeit in the em-
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pirical mode. It is hard to point to any important drug that was not
discovered by serendipity or empirical observation. That applies to the
vast majority of chemotherapeutic agents used in cancer. In large screen-
ing programs based on limited rationale, one cannot predict which com-
pound is going to work. One learns ex post facto that some things work
better than others. One can do meticulous science in terms of calibra-
tion and validation of findings, but one cannot confidently operate from
any theory which can predict the next step. The latter is what I mean by
rationale.

DNA as Key to Therapeutic Advantage

The breakthroughs that led to the third phase started emblematically
in 1944 with Avery’s discovery. The knowledge of the role of DNA as
the central storehouse of the blueprints of the cell was and is the key to
how to approach questions of the distinctions within the human organ-
1sm and its cells which can be used for therapeutic advantage.

'The first clinical application of this knowledge goes back just about
ten years ago to Y.W. Kan developing diagnostic procedures for the
prenatal diagnosis of sickle-cell disease and thalassemia (5). This was
the first time that a clinically significant procedure depended on one’s
knowing the structure of DNA. My criterion is: Could you have done
it without knowing about the double helix? Nothing prior to that time
did require that specific knowledge and information. The 1980s have
seen a veritable explosion of knowledge in this direction and the
rebeginnings of rationally based therapy, using drugs designed not with
perfect predictability but rather founded on some specific theory of
the nature of the interaction of the chemical entity with the targets, the
receptors and the cell they are supposed to address. That kind of
reductionism is much in vogue today, and to some degree it is well
founded. There are astonishing developments in our knowledge that
simply were not available thirty or forty years ago. I used to be quite
impatient, as I have been working in this general area since the 1940s.
When were the fruits going to come? Where were we going to see spe-
cific useful, clinical applications of the kind of knowledge that other
molecular biologists and myself were having a great deal of fun devel-
oping? And what good would they be?

Intermediary metabolism, with its energy interconversions, mu-
tual interconversions from nutrients into building blocks, has been the
subject of extensive investigation during this past half century, and much
of its details have been elucidated. There are about four hundred enti-
ties of these interconversions, each of which requires a few or a half
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dozen enzymes. To deal with that scope of intermediary metabolism
probably takes about five thousand genes, genes which are reasonably
commonly shared among most organisms on earth and whose struc-
tures are to some degree actually conserved from one species to an-
other. Not every cell has every one of the steps. Humans are quite
deficient compared even to Escherichia coli and certainly to green plants.
We require some of these materials as nutrients in our environment.
Our assumption is that we have in the course of evolution lost some of
those synthetic functions that were originally present in the primordial
cell. The fact that a scheme of intermediary metabolism exists at all is
the triumph of biochemistry, or premolecular biology if you like, with
the development of that kind of insight. Of course we had to have this
foundation to do other things, such as therapeutic intervention.

The other reductionist paradigm can be expressed in terms of a
physicochemical approach to DNA itself. Here we do not have a map
quite as coherent as I can give you for intermediary metabolism; we
don’t even know the size of the human genome to one significant fig-
ure. It’s more or less 3 billion nucleotides. This is an approximation,
and there may be variations from cell to cell. A reductionist project is
currently in operation to try to get down every one of them, spending
about $3 billion (6). It can’t be done at that price today, but with a little
extrapolation this human genome project can be completed for about a
dollar a base pair. Out of that, it would be hypothetically possible to
build about ten million genes, which is roughly the information con-
tent of a few copies of the Encyclopedia Britannica.

We now know that only about 1% of that information is coding
information. Maybe another 4% or 5% play some role in the regulatory
functions. About 90% of the DNA has no discernible function and
may in fact not have one from the perspective of the organism; that
percentage exists not because it serves any purpose of the organism,
but because it serves some purpose of the DNA. Once a piece of DNA
has been smuggled into the genome, it is difficult to see any special
procedure by which it can be eliminated. DNA will tend to accumulate
in any genome up to a certain point, just out of the dynamics of the
molecular basis of replication of that DNA within that chromosome,
and may not necessarily have any functions. We know today that the
vast majority of mutations that occur in DNA are not subject to any
great natural selection but have indifferent results, either not causing a
change in the corresponding amino acid, or causing a change that for
the most part does not make much difference. Particular genes in closely
related species have a lot of variation in protein composition but that
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variation does not seem to alter their functionality. The stringent
NeoDarwinians among us, including myself, used to think that every-
thing we saw was a consequence of a specifically oriented natural se-
lection. I think we have had to abandon that position. There could be a
lot of drift in that composition.

At any rate, we end up with the coding of about 100,000 proteins
that are necessary to make up the entire body, about 5,000 of those
being the housekeeping entities. As a crude guess, any given eucaryotic
cell is probably expressing about 10,000 proteins, using 10% of the
total genome in a given cell. About half of these proteins are the house-
keeping proteins common to most cells, and the other half unique to
that particular cell. So there is room in the difference between the 10,000
proteins expressed in one cell and 100,000 available for all the diversi-
fication of gene expression which is involved in differentiation, adapta-
tion to different circumstances, and so forth.

We have just scratched the surface; that is to say, we are only a
couple of percentage points into a simple complete cataloging of the
architectural units of the body, the variety of different proteins involved
in its structures, the vast repertoire of enzymes, the enormous variety
of growth factors and other control factors.

DNA and Coping with Human Diseases

The agenda for the next two decades is exciting. We know the direction
of a large part of biomedical research. It is going to be the exploration
of this catalog of DNA information. I not only don’t quarrel with that,
I am excited about the kinds of prospects it can generate.

What I am concerned with is an excessive reductionist approach:
“That’s all we have to do.” Nothing can be further from the truth. If we
were given the complete DNA sequence of a particular human being
today, it would still not advance our pragmatic knowledge of how to
cope with any specific human disease. It might help a couple of people
who are already far down the track of locating specific genes to have
some dictionary against which they can match their results. But they
can still get their results without the benefit of the complete panoply.
My fear is that in the great excitement of this new wave of knowledge,
we may lose some of the convergence, the feel for the organism, the
natural historical context, the excitement and provocations that come
from clinical observation which in my view will be necessary not only
to further clinically important needs but even to give us the most im-
portant revolutionary findings within biology itself.
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ANNEX THREE

What the Double Helix
Has Meant for

Basic Biomedical Science*
A PERSONAL COMMENTARY

J. Lederberg™**

The article published by Watson and Crick in 1953 (1) was the land-
mark pointer to our contemporary model of DNA as a macromolecular
structure. This lay on a well-worn path of biophysical analysis, reduc-
ing microscopic anatomy to the molecular level. It also helped inspire
an enormous body of biochemical research that has defined DNA as
the informational molecule, a discontinuity that has been labeled the
Biological Revolution of the 20th Century. As a piece of structural analy-
sis, the concepts

B that DNA is a duplex structure, comprising two paired complemen-
tary strands, associated by secondary, non-covalent bonds;

m that the strand pairs are coiled, forming a double helix; and

B that these are antiparallel — the orientation of one strand being in the
opposite polarity from the other.

The most novel features of DNA are associated with its duplicity,
rather than its helicity. Linear polymers rarely form stiff straight rods;
folding into coils is the norm. The genetic functions of DNA are in-
extricably associated with its duplex structure, and hardly at all with
its helical shape; this is reflected in the preoccupation of DNA re-
search with its role as an informational molecule. However, we shall
see a recent concentration of interest in supercoiling. Inevitably, the
biochemical interactions of DNA with other molecules, be they regu-
latory proteins or chemotherapeutic inhibitors, will often be intimately

* This article was published in the Journal of American Medical Association (FAMA), April
21,1993, 269 (15): 1981-19853, and annexed to this document with the permission of the
author.

** From the Rockefeller University, New York. Dr Lederberg is a consultant for Affymax
Technologies, which uses DNA combinatories.
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wound up with the precise three-dimensional conformation of the
helix. This is also proxy for higher orders of coiling, interactions with
histones and other DNA-binding proteins, and the organization of
DNA into chromosomes.

DNA can be built in either an antiparallel or a parallel format,
although the former adds a note of symmetry that may account for the
prevalence of the antiparallel in nature. For parallel DNA a different
enzyme would be needed to recognize and replicate from the 3" com-
pared to the 5" end. Recognizing this asymmetry, Watson and Crick (1)
speculated that DNA was antiparallel prior to concrete observational
evidence for this conformation. ‘

Rarely has a structural determination been coupled so promptly
with functional implications. Watson and Crick (1) immediately in-
ferred that DNA duplexes were formed automatically when each strand
was replicated, and that his involved the assembly of nucleotides, one
by one, complementary to the existing structure (2).They overreached
the mark by suggesting that this might be possible even without the
intervention of specific anabolic enzymes, the discovery of which we
owe to the prodigious labours of Arthur Kornberg and his school in the
1960s. But in imputing autocatalytic powers to the DNA double helix,
Watson and Crick(7) might lay claim to having anticipated the enzymatic
functions of RNA (if not DNA), an iconoclasm that earned the Nobel
Prize in 1989 for Sidney Altman and Thomas Cech.

Despite the intellectual revolution initiated by Watson and Crick
(1), we might still ask the question. At what point was the welfare of
any patient altered by specific knowledge of the double helix? This is a
question I agonized over during the 1970s, and its first answer was
perhaps the work of Y.W. Kan on the prenatal diagnosis of hemoglobin
disorders, using DNA hybridization (1978). How rapidly we have
moved in the interval is recounted by Caskey (3) in the companion
article. Why did that take 25 years? One may simply point to the enor-
mous edifice of contributory knowledge that now bridges the most
reductionist aspects of DNA structure to pathological manifestations.

HISTORICAL BACKGROUND OF WATSON AND CRICK

The biological role of DNA was still enmeshed in controversy in 1953.
Nucleic acids had been extracted from pus cells by Miescher in 1869,
and from the beginning were associated with cell nuclei. These sub-
stances are now known to be macromolecules composed of a linear
array of nucleotides joined by phosphodiester bonds. Cytologists writ-
ing in the early 1900s remarked on the association of nucleic acids with
chromosomes and speculated that this basophilic material in chroma-
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tin might be the substance of genetic continuity. This brilliant anticipa-
tion was, however, submerged by a misleading observation, namely,
the apparent loss of basophilia in the chromosomes of oocytes, leading
E.B. Wilson (1925) to remark “That the continued presence of ‘chro-
matin’ [ie, basi-chromatin] is essential to the genetic continuity of the
chromosome has, however, become an antiquated notion.” We now
know that these chromosomes become remarkably unraveled in keep-
ing with their massive involvement in transcription, associated proteins
then overshadowing the continuity of the DNA.

"T'his skepticism was reinforced by the apparent monotony of DNA
structure embedded in Phoebus Levene’s first analyses of DNA. They
contained only four constituent nucleotides — each comprising a phos-
phate group, a sugar, and one of the four bases: cytosine (C), thymine
(T), adenine (A), or guanine ((3). Within the limited analytical preci-
sion available in the 1920s, these appeared to be present in exact stoi-
chiometric equivalence. Hence the provisional hypothesis of DNA as a
tetranucleotide, although it was well recognized that its molecular weight
and other key parameters had yet to be ascertained. Nor was there any
biological system or array of sources to tell that one DNA preparation
was in any way different from any other. Such a simple molecule seemed
a poor candidate for the miraculous capabilities of the gene. On the
other hand, proteins contained an abundant variety of constituent amino
acids (eventually 20). More important, dozens, even hundreds of pro-
teins were isolated with vastly different biological, physical, and chemi-
cal properties, including wide disparities in composition. The 1920s
saw the most exciting developments in protein chemistry, even the crys-
tallization of urease and of pepsin and the demonstration that enzymes
were pure proteins (Sumner, 1926; Northrop, 1930). The cap seemed
to be a similar characterization of the tobacco mosaic virus, claimed to
be pure protein by Wendell Stanley in 1935. This was, however, soon
to be corrected by Bawden and Pirie in 1937, who found phosphorus
and carbohydrate in infectious concentrates of tobacco mosaic virus
and inferred the presence of RNA. Stanley, nevertheless, received the
Nobel Prize in chemistry in 1946, together with Sumner and Northrop.
By that time, Stanley acknowledged “that the nucleic acid could not be
removed without causing loss of virus activity and there was general
agreement that the virus was a nucleoprotein.” Thus, this prize was a
noble reinforcement of the primacy of proteins as the seat of biological
specificity.

The breakthrough challenge to that dogma was thrust forth in 1944
by Oswald T. Avery, Colin Macl.eod, and Maclyn McCarty. They had
studied the diverse serological types of the pneumococcus and followed
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up Griffith’s report (1928) that these could be altered or transformed
by extracts of other strains. The gist of the 1944 study was that the
transforming substance was DNA! This was contrary to expectations
that the carbohydrate antigen or some associated protein would be the
transforming substance. Avery, a member of the same Rockefeller In-
stitute as Wendell Stanley, was intimately familiar and impressed with
the difficulties of characterizing biopolymers. Though fully cognizant
of the biological implications of the discovery, he was even more hesi-
tant to dwell on them — but did include a remark that “The inducing
substance has been linked to a gene....”

Their claims, of course, aroused intense critical controversy, largely
around the obvious question whether their DNA preparations were
still contaminated with traces of biologically active protein. Avogadro’s
number, 6 x 10%* per mole, would allow a residuum of 107 protein
molecules per microgram of a preparation that was 99.99% protein
free, at the limit of analytical detectability. The sensitivity of the active
materials to deoxyribonuclease might be ascribed to a protective rather
than informational function of the DNA. Likewise, the insensitivity to
proteases might be an attribute of a nucleoprotein complex.

My own role in the debate was a willingness, even desire, to be-
lieve — but a sense of responsibility that the issue was too important to
be regarded as closed until there was no escape. It was not clear what
feasible experiments (short of ab initio synthesis of DNA) could ulti-
mately seal all these infinitesimal loopholes. One might go along with
“DNA” as a working hypothesis, and some did. Most biologists blurred
their judgments by talking about nucleoproteins — not necessarily in-
formed by the distinction they were implying. Some might have meant
something like “protein” or “nucleic acid” or a combination thereof;,
but please do not ask the role of the constituents. A rare few gambled
on the DNA - as in some sense did Watson and Crick (1), although
they would have enjoyed working out its structure regardless of its bio-
logical implications. In the event, the final elucidation of DNA struc-
ture was a horse race. By Watson’s own account, only a few weeks
would have separated their priority from the looming insights of Maurice
Wilkins and Rosalind Franklin (who had provided the critical experi-
mental data) or of Linus Pauling.

The biological significance of the pneumococcus transformation
was also problematical. It looked like a transfer of genetic information;
but until 1951, the only markers tested were the serotype antigens.
Could one extrapolate from those to genes in general, particularly given
that the very idea of a bacterial genetics was in its infancy?
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After the 1944 bombshell, more chemical attention was given to
the tetranucleotide model, and signs of greater chemical complexity
emerged. Of particular import were the deviations of the four bases
from the simplistic 1:1:1:1 ratio, found by Erwin Chargaff. Further-
more, DNA from different sources exhibited different base composi-
tion. So perhaps DNA could be more complex, more diversified than
previously thought — could be rehabilitated as a candidate for the gene.
During the 1940s, the Feulgen cytochemical test for DNA and analy-
ses indicating constancy of DNA per genome in somatic cells and a
halving in germ celis also added to DNA’s respectability. But these
findings did not necessarily prove more than a structural or scaffolding
role for the DNA. The pneumococcus transformation remained the
only biological assay for a genetic role for DNA — in contrast to the
innumerable enzyme and immunological assays available for candi-
date proteins.

This impasse was alleviated by the broadening of phage research,
sternly governed by Max Delbruck’s genius, to embrace a wider range
of chemical studies of phage infection. A critical one was the 1952
double-labelling experiment of Hershey and Chase. Most of the S-35
label (capsid protein) was excluded from infected cells: most of the
P-32 (DNA) entered and was transmitted to the phage progeny. This
experiment is often cited as the crowning blow on behalf of the “DNA-
only” model. But Hershey himself did not go so far — well aware that
“most” is not “all,” he was still referring to “nucleoprotein” in 1953 —
and this at the same Cold Spring Harbor Symposium that sponsored a
critical discussion of the paper by Watson and Crick (7).

The article by Watson and Crick (7) did not, of course, bear di-
rectly on the loopholes in Avery’s claims. It did add a further note of
plausibility to a DNA-only concept of the gene. In the absence of any
serious contradiction, this gradually hardened from working hypoth-
esis to central dogma. The most serious challenge today is the prion
hypothesis: that some “infectious” agents may be devoid of nucleic
acid. This is still contentious at an experimental level: the hypothesis
least in conflict with nucleic doctrine is that the infectious prion is a
sort of epitaxial primer of aggregation of a host-determined protein.
This still leaves obscure how and whether different prions could main-
tain and propagate their identty in a genetically defined host.

Long after many other lines of evidence converged to support an
informational role of DNA — eg, the collinearity of DNA sequences
with protein products (Yanofsky), genetically active DNA was eventu-
ally synthesized in the chemical laboratory (Khorana) and replicated
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enzymologically (Kornberg), fully vindicating Avery et at and those
who gave their faith to these propositions.

THE FLOWERING OF MOLECULAR GENETICS

Since the rediscovery in 1900 of Mendel’s 1865 work, genetics has had
an extraordinary development, even without the benefit of tangible
physical and chemical models of the genetic material. The biological
phenomena of mutation and of sexual crossing (genetic recombina-
tion) opened the door to experiments in which existing organisms were
the reagents. Genomes could be mixed by crossing, and new combina-
tions of factors segregated into the offspring. Likewise, fruit flies could
be subjected to radiation, and variant or mutant forms discovered.
Genetic information is organized into linear chromosomes, and the
processes of meiosis in gametogenesis: precise synapsis of homologues
and crossing-over or segmental exchange of chromosome parts allowed
powerful dissection of fine structure on a scale that rivals that of micro-
chemical analysis. These methods continue to play an indispensable
role in the denomination and mapping of mutant genes. By 1941,
through the work of Beadle and Tatum, the ground work of biochemi-
cal genetics had been laid — the role of genes in the prescription of
protein products, and the use of mutations in the dissection of meta-
bolic pathways. Indeed, many of these ideas had been anticipated by
Archibald Garrod’s studies of human biochemical defects at the very
dawn of genetics.

Since 1953, we have had a new language for the description of
genes: they are now segments of DNA that can be defined and ma-
nipulated as chemical entities. The linguistic transition has been con-
ceptually smooth, though marked by occasional generational quarrels.
Understandably, very few individuals can combine erudite knowledge
of the life histories of a wide range of organisms in their natural habi-
tats with focused and specialized knowledge of biochemical manipula-
tions in the laboratory. Nor have many radical revisions of genetic
doctrine issued from the molecular perspective, We have had to ac-
knowledge that genes, as bits of DNA, are subject to a wider range of
chemical and biological interactions than was previously though — es-
pecially with other DNA. The icon of stability of genomes has been
shaken by the discovery of transposable elements, first noted in maize
by McClintock in 1951; these remained inexplicable until they could
be studied as DNA molecules. And concentrating on DNA now allows
us to inject genes with viruses, needles, even “shotguns,” into a range
of cellular targets including the germ line, providing a technical revolu-
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tion in the construction of new genotypes in all kinds of organisms —
bacteria, plants, and mammals.

Meanwhile, other advances, notably the extension of recombina-
tion analysis to somatic cells in culture by cell fusion, have extended
the technical power of genetic analysis in ways compatible with, but
not dependent on, the double helix. It is paradoxical that the human
chromosome number, 2n = 46, was not correctly understood until 1956
(Tjio and Levan), and that for about 20 years thereafter this was at
least as important in the development of human genetics as was the
structure of DNA.

The adumbration of DNA-based research, molecular genetics,
since 1953 would embrace a substantial fraction of world science. Many
encyclopedic monographs struggle to record the details and promptly
become obsolete. We can hardly do more herein than summarize the
major headings, following an imprecise dichotomy distinguishing topo-
logical DNA — an informational duplex — from mechanical DNA — a
three-dimensional geometric object.

DNA AS AN INFORMATIONAL DUPLEX

Denaturation and Hybridization

The most elementary aspect of the duplex is the separability of its
strands, using temperature or chemical denaturants. A-T base pairs
melt (separate from one another) at a lower temperature than G-C
pairs, so melting curves can distinguish DNA of different base compo-
sition. Single strands once separated can also be reannealed, allowed to
rejoin, the kinetics allowing the discovery that much DNA (in
eukaryotes) has a repetitive or a redundant sequence. Radioactively
labeled probes can be used to ferret out target homologous DNA with
high precision.

Homology and Evolution; Polymorphism Within the Species
These and related methods can be used as quantitative indices of the
genetic relatedness of diverse species, supplanting the subjectively evalu-
ated morphological criteria used in systematics heretofore. Within the
species, genetic polymorphism can now be described at the DNA level
— one astonishing finding is that humans are typically heterozygous
with a prevalence of two or three per 1000, ie, almost once in every
gene. As most of these base substitutions have no perceptible phenotypic
effect, random drift (rather than selectible or adaptive change) may
predominate in evolutionary change (Kimura).
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Mutagenesis and DNA Repair .
The vulnerability of genes to mutational change in response to X-rays
was known empirically since 1927 (Muller), and to chemicals since
1944 (Auerbach). Early hopes that chemical mutagenesis would be a
direct path to the chemistry of the gene were not substantiated. Most
chemical mutagens react with amino acids as well as DNA bases. The
exceptions are nuclein base analogues, which may be misincorporated
into DNA; but these were discovered much later. Above all, we now
understand that the initial lesions in DNA would usually be lethal, and
that eventual mutations are the result of intricate repair metabolism
that occasionally misfires.

Transcription; Genetic Code

The “central dogma” of information flow has emerged, that DNA =
(transcription) RNA = (translation) protein. The base sequence of
DNA is transcribed faithfully into a messenger RNA copy. This in turn
governs the assembly of a polypeptide sequence, each three-base frame
of RNA encoding one particular amino acid. The polypeptide then
folds (perhaps with the guidance of a chaperone) into a preordained
protein three-dimensional shape, which can then function as an en-
zyme, antibody, hormone, structural unit, and so forth. This folding
process is not yet fully computable. There may even be circumstances
where a given polypeptide might have alternative foldings — but this is
not accepted dogma.

“The details of messenger RNA synthesis have become much more
intricate. Primary transcripts are usually processed, only some of the
RNA tracts being spliced together to form the final message. The other
“intervening sequences,” or introns, may be the major part of the RNA
— their functions remain obscure. As with repeated sequences, they
may reflect “selfish DNA,” whose presence in the genome has little to
do with their adaptive value to the overall organism. In other examples,
RNA may be edited in other ways before translation is completed.

Enzymology: ‘

Nucleases, Ligase, Replication; Reverse Transcriptase

For a legion of brilliant and tireless investigators, the DNA structural
model has been the platform for isolating a host of enzymes involved in
every aspect of DNA metabolism. Besides giving us that metabolic
map, explaining how DNA is replicated, sliced, stitched, spliced, and
repaired, these enzymes are the vital technical tools for further study of
DNA and for the engineering of new constructs.
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Some viruses, notoriously the retroviruses (including human im-
munodeficiency virus), exhibit a reverse transcriptase, whereby RNA
= DNA. This knowledge is indispensable to the virologist. It has also
given some of the most valuable tools for studying RNA, eg, messen-
ger, by allowing the production of DNA copies for input into other
technology.

Tools for Engineering:

DNA Splicing; PCR

These sempstering tools have founded the multibillion-dollar biotech-
nology industry. DNA tailored in vitro, with inserts from human or a
variety of other sources, can be patched into convenient host garments
(from bacteria to cows) for the easier exhibition of a variety of prod-
ucts — growth factors, enzymes, immunizing antigens, replacement
therapeutics (like clotting factors) — in unlimited variety. Related tech-
nology is used to target specific host genes, to elucidate their functions
in physiology and development.

The PCR (polymerase chain reaction) has been the instrument of
the “democratization of molecular biology.” With it a single DNA mol-
ecule in a messy mixture can be fished out and amplified ad libitum,
most importantly at low cost and with simple instruments. High school
students do experiments today that would have been doctoral disserta-
tions 15 years ago. The applications range widely, from forensics and
diagnosis of genetic disease to the hunt for new viruses and the revival
of fossil DNA. At its heart, a synthetic DNA probe is a rational, linear,
digital signature to locate any counterpart in the analysand. Its core of
combinatorial specificity can be contrasted with that of antibodies, which
is founded on three-dimensional shapes of the immunoglobulin and its
targets.

Drug Discovery

DNA combinatorics has reached a new peak in a paradigm for drug
discovery that mimics natural evolution (4). Randomized DNA se-
quences are expressed on host cells (or phages), and these are then
selectively screened for specificities of binding to specific reagents —
usually receptors for which agonists or antagonists are sought. The cell
expressing the desired epitope can then be grown out for larger scale
production and testing. In one application, the mammalian antibody-
forming mechanism can be emulated, and mutant immunoglobulin
polypeptides selected for the desired specificity. RNA can fold into
stereospecific objects; hence, randomized RNA molecules can be di-
rectly selected and replicated with reverse transcriptase.
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Human Genome Project
With the availability of all of these tools, the image has firmed of estab-
lishing the complete DNA sequence of the human genome. As a scien-
tific objective, this is uncontroversial. The controversy pertains to the
primacy given to the staging of the effort. Should it be a once and for
all technological production, mindless of the ancillary interest in some
genes or DNA tracts compared with others? Does it need to be a cen-
tralized project, administered top-down with the trappings (and politi-
cal appeal) of other Big Science? Or can it be left to the cumulative
efforts of hundreds or thousands of laboratories, each digging more
deeply at some features of the terrain, and intent on going much fur-
ther than establishing a sequence of bases? In fact, we are seeing the
emergence of constructive compromise among these visions; and at
the same time the technologies of mapping and sequencing are ad-
vancing to where the costs of a unified project need no longer preju-
‘dice more individualized efforts.

In any case, sequence information is but the beginning of more
intensive inquiry into the polymorphisms, regulatory factors, and gene
functions associated with any DNA segment.

DNA AS A HELIX

Higher Orders of Organization

The visible chromosome is a packaging of DNA, histones, and acces-
sory proteins three or four orders of coiling beyond the double helix.
Cytological observation leaves no doubt that the morphological ex-
pression of the chromosome reflects functional allocation of different
genes; but we are at the mere beginning of understanding.

Gene Regulation and Morphogenesis

The basic outlines of the central dogma now consensually agreed, the
core challenge of molecular biology has been the path from the gene to
the organism. Given that, to some approximation, each somatic cell
has the identical genotype, ‘

m how is gene expression differentially modulated, and
B how is this transmitted in cell lineages?

A multitude of DNA-binding proteins have been found that do
modulate gene expression: transcriptional regulators. As a three-dimen-
sional interaction, protein binding is fully sensitive to three-dimensional
shape and the major and minor grooves of the double helix, as well as
the base sequences contained therein. In addition, if not in consequence
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of bound proteins, some tracts of DNA are methylated shortly after
DNA replication, in ways correlated with gene activation.

How these properties are locally transmitted remains a matter of
speculation, but may well be bound up with local methylation.

DNA Supercoiling; Topoisomerases; Other Conformations

The standard double helix exhibits a pitch of about 10 base pairs per
complete turn. If nothing else, the processes of replication and tran-
scription would entail the unraveling and rewinding of the helices: this
is the task of enzymes generically called topoisomerases. These can
transiently cut single strands to permit the relief of torsional stress,
then rejoin them. In its natural habitat, DNA is often found in states of
positive or negative supercoiling, often correlated with maintained gene
expression. In addition, many cytotoxic and cancer chemotherapeutic
agents seem to be topoisomerase inhibitors, and most owe some of
their specificity to the momentary DNA-supercoil status of a given
cell. It is particularly intriguing that environmental signals can modu-
late that status, often by regulating the production of the various
topoisomerases.

At least in vitro, DNA can undergo a spontaneous transition to a
totally different, kinked and left-handed conformation called Z-DNA.
Tracts rich in G-C pairs are especially prone to this shift. The impor-
tance of Z-DNA i vivo is hotlv contested.

DNA conformations plainly confer different chemical reactivity
on the bases, a principle exploited by the footprinting methods used to
study conformation. This must have some implications for localized
chemical mutagenesis — a matter not yet systematically studied.

TRIUMPH OF MECHANISM

The dominion of the DNA paradigm has been the triumph of mecha-
nistic interpretation in 20th-century biology. It is sometimes remarked
that human personality is nothing but the individual’s 3 billion base
pairs — an assertion that fascinates some, terrifies others, and has much
to do with the debate about the Human Genome Project. If we could
believe that existing genotypes had achieved more than a tiny fraction
of the human potential — in culture, in intellect, in compassion, in a
sane ordering of affairs — we could elevate the genome to that pedestal
of nemesis. On the other hand, we do know that many, probably most,
individuals labour under some potentially remediable burden of he-
reditary origin. As much to understand the better nurturing of human
development, a euphenics, as to intervene in genetic constitution, eu-
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genics, it does behoove us to learn all we can about genetic poly-
morphisms and their impact on human health and capability. It 18 par-
ticularly important to distinguish interventions in germ cells from those
in the somatic cells, and to communicate that it is only the latter that
are intended to be the targets of the new gene therapies.
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