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Rapid mass transport and pandemics
Today, air travel takes people almost instantly between continents. Despite
the need to reduce fossil fuel consumption, air travel has continued to grow,
and populations are also growing. Therefore the world has become increasingly vulnerable to pandemics, such as the threatened COVID-19 pandemic.

Will the explosively growing COVID-19 epidemic become a global pandemic?
It is difficult to write about the COVID-19 emergency because the situation
changes drastically, not just from day to day, but from hour to hour. I am
writing this on the 11th of March, 2020. Here are links to a few articles that
describe what is happening:
• US Is Not Prepared for Coronavirus. We Need a Massive
Expansion of Health Care, by Kevin Zeese and Margaret Flowers,
Popular Resistance, March 3, 2020.
• Patents Are Slowing the Development of a Coronavirus Vaccine, by Dean Baker, Truthout, March 2, 2020.
• China’s coronavirus crisis wanes while epidemic takes hold in
U.S. and spreads to 80 countries, by Countercurrents Collective,
Countercurrents, March 2, 2020.
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• U.S. public health departments scramble against coronavirus,
decimated by funding cuts, by Countercurrents Collective, Countercurrents, March 2, 2020.
• ‘Do wear masks but don’t think you’re safe’: Top Soviet virologist & WHO expert explains Covid-2019 & debunks popular myths, by Countercurrents Collective, Countercurrents, March
2, 2020.
• Trump White House Bars Press From Filming or Recording
Coronavirus Briefing, by Jake Johnson, Common Dreams, March 4,
2020.
• Violations at US Hospitals Reveal They’re Not Ready for
Coronavirus, By Marshall Allen, Caroline Chen J. David McSwane
& Lexi Churchill, ProPublica, March 4, 2020.
• Coronavirus and the Terrifying Muzzling of Public Health Experts, By Union of Concerned Scientists, Ecowatch, February 29, 2020.
• Coronavirus: Countries are not grasping reality of threat,
warns WHO chief as 300 million students sent home worldwide, By Countercurrents Collective, March 6, 2020.
• As CDC Says ’Do Not Go to Work,’ Trump Says Thousands
With Coronavirus Could Go to Work and Get Better, By Common Dreams, Ecowatch, March 5, 2020.
• Three Intravenous Vitamin C Research Studies Approved for
Treating COVID-19, by Andrew W. Saul, TMS Weekly Digest, 9
March, 2020.
• Coronavirus Update: WHO Chief Calls for Private Sector to
Step Up, and, Should You Take That Flight?, by UN News, TMS
Weekly Digest, 9 March, 2020.
• COVID-19 Is A Classic Example Of The Dangers Of Putting
Profits Over Health, by Kevin Zeese and Margaret Flowers, Popular
Resistance, March 8, 2020.
• Coronavirus study predicts 15 million dead and a $2.4 trillion
hit to global GDP, by Reuters, Information Clearing House, March
7, 2020.
• Plunging Stock Market Ignites Fears of Meltdown as Coronavirus Spreads, by Jake Johnson, Common Dreams, March 9, 2020.
• Trump Bears Full Responsibility for Botched Response to
Coronavirus in US, by Dean Baker, Truthout, March 9, 2020.
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• Coronavirus and Ebola Show We Can’t Leave Vaccine Development to Big Pharma, by Juliana Broad, Truthout, March 9,
2020.
• It’s Not Just Pence. Evangelicals Are Leading US Coronavirus Response., by Heather Digby Parton, Salon, March 9, 2020.
• U.S.: Leaders’ fatal error in virus response, by Jamie Seidel,
Information Clearing House, March 9, 2020.

A worst-case scenario
Public health experts say that if the COVID-19 epidemic is not successfully
contained, it could become a global pandemic, perhaps spreading to 80% of
the world’s population. With a 1% mortality rate, this would mean that
75 million people would die of the disease. With a 2% mortality rate, the
total number of deaths would be twice that number, 150 million people.
Comperable numbers of people have died in the tragic wars and pandemics
of the past. There is a serious danger that it might happen again.

Biological specificity, the immune system, and vaccines
In the sections below, I will review the history of our developing knowledge
concerning biologial specificity, and the mechanisms of immune systems. At
the end, I will discuss how some innovations in this field might be used to
produce an urgently-needed vaccine against the COVID-19 virus.

The language of molecular complementarity
In living (and even non-living) systems, signals can be written and read at
the molecular level. The language of molecular signals is a language of complementarity. The first scientist to call attention to complementarity and
pattern recognition at the molecular level was Paul Ehrlich, who was born
in 1854 in Upper Silesia (now a part of Poland). Ehrlich was not an especially good student, but his originality attracted the attention of his teacher,
Professor Waldeyer, under whom he studied chemistry at the University of
Strasbourg. Waldeyer encouraged him to do independent experiments with
the newly-discovered aniline dyes; and on his own initiative, Ehrlich began
to use these dyes to stain bacteria. He was still staining cells with aniline
dyes a few years later (by this time he had become a medical student at
3

the University of Breslau) when the great bacteriologist Robert Koch visited
the laboratory. “This is young Ehrlich, who is very good at staining, but
will never pass his examinations”, Koch was told. Nevertheless, Ehrlich did
pass his examinations, and he went on to become a doctor of medicine at
the University of Leipzig at the age of 24. His doctoral thesis dealt with the
specificity of the aniline dyes: Each dye stained a special class of cell and left
all other cells unstained.
Paul Ehrlich had discovered what might be called “the language of molecular complementarity”: He had noticed that each of his aniline dyes stained
only a particular type of tissue or a particular species of bacteria. For example, when he injected one of his blue dyes into the ear of a rabbit, he
found to his astonishment that the dye molecules attached themselves selectively to the nerve endings. Similarly, each of the three types of phagocytes
could be stained with its own particular dye, which left the other two kinds
unstained1 .
Ehrlich believed that this specificity came about because the side chains
on his dye molecules contained groupings of atoms which were complementary to groups of atoms on the surfaces of the cells or bacteria which they
selectively stained. In other words, he believed that biological specificity results from a sort of lock and key mechanism: He visualized a dye molecule as
moving about in solution until it finds a binding site which exactly fits the
pattern of atoms in one of its side chains. Modern research has completely
confirmed this picture, with the added insight that we now know that the
complementarity of the “lock” and “key” is electrostatic as well as spatial.
Two molecules in a biological system may fit together because the contours of one are complementary to the contours of the other. This is how
Paul Ehrlich visualized the fit - a spatial (steric) complementarity, like that
of a lock and key. However, we now know that for maximum affinity, the
patterns of excess charges on the surfaces of the two molecules must also
be complementary. Regions of positive excess charge on the surface of one
molecule must fit closely with regions of negative excess charge on the other
1

The specificity which Ehrlich observed in his staining studies made him hope that it
might be possible to find chemicals which would attach themselves selectively to pathogenic
bacteria in the blood stream and kill the bacteria without harming normal body cells. He
later discovered safe cures for both sleeping sickness and syphilis, thus becoming the father
of chemotherapy in medicine. He had already received the Nobel Prize for his studies of the
mechanism of immunity, but after his discovery of a cure for syphilis, a street in Frankfurt
was named after him!
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Figure 1: This figure shows the excess charges and the resulting
electrostatic potential on a molecule of formic acid, HCOOH. The
two oxygens in the carboxyl group are negatively charged, while the
carbon and the two hydrogens have positive excess charges. Molecular recognition involves not only steric complementarity, but also
complementarity of charge patterns.
if the two are to bind maximally. Thus the language of molecules is not only
a language of contours, but also a language of charge distributions.

Paul Ehrlich, the father of chemotherapy
The first real understanding of the mechanism of the immune system was
due to the work of Paul Ehrlich and Ilya Mechnikov, and in 1908 they shared
a Nobel Prize for this work. Paul Ehrlich can be said to be the discoverer of
biological specificity. As a young medical student at the University of Strasbourg, he was fortunate to work under the distinguished chemist Heinrich
von Waldeyer, who took a great interest in Ehrlich. Stimulated by Waldeyer,
Ehrlich began to do experiments in which he prepared thin slices of various
tissues for microscopic examination by staining them with the newly discovered aniline dyes. During the last half of the 19th century, there was a
great deal of interest in histological staining. It was during this period that
Walther Flemming in Germany discovered chromosomes by staining them
with special dyes, and Christian Gram in Denmark showed that bacteria can
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be classified into two types by staining methods. (We now call these two
types “gram positive” and ”gram negative”). During this same period, and
while he was still a student, Paul Ehrlich made the important discovery that
mammalian blood contains three different types of white cells which can be
distinguished by staining.
Ehrlich’s early work on staining made him famous, and it also gave him
a set of theories which led him to his great discoveries in immunology and
chemotherapy. According to Ehrlich’s ideas, the color of the aniline dyes is
due to the aniline ring. However, dyes used commercially must also adhere
to fabrics, and this adherence, according to Ehrlich, is due to the specific
structure of the side chains. If the pattern of atoms on a side chain is complementary to the pattern of atoms on the binding site, the dye will adhere,
but otherwise not. Thus there is a “lock and key” mechanism, and for this
reason dyes with specific side chains stain specific types of tissue.
In one of his experiments, Paul Ehrlich injected methylene blue into the
ear of a living rabbit, and found that it stained only the nerve endings of
the rabbit. Since the rabbit seemed to be unharmed by the treatment, the
experiment suggested to Ehrlich that it might be possible to find antibacterial
substances which could be safely injected into the bloodstream of a patient
suffering from an infectious disease. Ehrlich hoped to find substances which
would adhere selectively to the bacteria, while leaving the tissues of the
patient untouched.
With the help of a large laboratory especially constructed for him in
Frankfurt, the center of the German dye industry, Ehrlich began to screen
thousands of modified dyes and other compounds. In this way he discovered
trypan red, a chemical treatment for sleeping sickness, and arsphenamine,
a drug which would cure syphilis. Ehrlich thus became the father of modern chemotherapy. His success pointed the way to Gerhard Domagk, who
discovered the sulphonamide drugs in the 1930s, and to Fleming, Waksman,
Dubos and others, who discovered the antibiotics.
Ehrlich believed that in the operation of the immune system, the body
produces molecules which have a pattern of atoms complementary to patterns
(antigens) on invading bacteria, and that these molecules (antibodies) in the
blood stream kill the bacteria by adhering to them.
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Figure 2: Paul Ehrlich (1854-1915). By the time that he developed
a drug that could cure syphilis, he had already received the Nobel
Prize for Physiology or Medicine, but to further honor Ehrlich, a
street in Frankfurt was named after him
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Figure 3: Dr. Paul Ehrlich and his assistant Dr. Sahachiro Hata.
They worked together to find cures for many diseases.
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Figure 4: A West German postage stamp (1954) commemorating
Paul Ehrlich and Emil von Behring, who worked together at Robert
Koch’s suggestion, producing a drug that could cure diptheria.
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Mechnikov
Meanwhile, the Russian naturalist Ilya Mechnikov discovered another mechanism by which the immune system operates. While on vacation in Sicily,
Mechnikov was studying the digestive process in starfish larvae. In order to
do this, he introduced some particles of carmine into the larvae. The starfish
larvae were completely transparent, and thus Mechnikov could look through
his microscope and see what happened to the particles. He saw that they
were enveloped and apparently digested by wandering amoebalike cells inside the starfish larvae. As he watched this process, it suddenly occurred
to Mechnikov that our white cells might similarly envelop and digest bacteria, thus protecting us from infection. Describing this discovery, Mechnikov
wrote in his diary: “I suddenly became a pathologist! Feeling that there
was in this idea something of surpassing interest, I became so excited that
I began striding up and down the room, and even went to the seashore to
collect my thoughts.”
Mechnikov later named the white cells “phagocytes” (which means “eating cells”). He was able to show experimentally that phagocytosis (i.e., the
envelop- ment and digestion of bacteria by phagocytes) is an important mechanism in immunity.
Metchnikov’s ideas were not immediately accepted. Wikipedia states that
“His theory, that certain white blood cells could engulf and destroy harmful
bodies such as bacteria, met with scepticism from leading specialists including Louis Pasteur, Behring and others. At the time, most bacteriologists
believed that white blood cells ingested pathogens and then spread them
further through the body. His major supporter was Rudolf Virchow, who
published his research in his Archiv für pathologische Anatomie und Physiologie und für klinische Medizin (now called the Virchows Archiv). His
discovery of these phagocytes ultimately won him the Nobel Prize in 1908.”
For a number of years, there were bitter arguments between those who
thought that the immune system operates through phagocytosis, and those
who thought that it operates through antibodies. Finally it was found that
both mechanisms play a role. In phagocytosis, the bacterium will not be
ingested by the phagocyte unless it is first studded with antibodies. Thus
both Mechnikov and Ehrlich were proved to be right.
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Figure 5: Ilya Mechnikov (1845-1916), sometimes spelled Élie
Metchnikoff. He shared the 1908 Nobel Prize in Physiology or
Medicine with Paul Ehrlich. Mechnikov
has been called “the fa11
ther of immunology” because of his discovery of phagocytosis.

Figure 6: Phagocytosis: A lymphocyte “eats” a bacterium, but only
if it is coated with the right antigens.

Burnet, Jerne and the clonal theory of immunity
As everyone knows, recovery from an infectious disease involves a response
of our immune systems. Recovery occurs after the immune system has had
some time to respond, and a recovered patient generally has some immunity
to the disease.
During the 20th century, there were conflicting ideas about how and why
this process occurs. One of these theories was proposed by Linus Pauling,
who thought that an antigen on the surface of a bacteria or virus provides
a template, and that the immune system uses this template to produce the
specific antibodies needed to combat the disease. However, experimental
evidence accumulated showing Pauling’s template theory to be wrong and
supporting the clonal theory of immunity proposed by Sir Frank Macfarlane
Burnet and Niels Kai Jerne.
According to the clonal theory of immunity, there are extremely many
strains of lymphocytes, each of which produces a specific single antibody.
Populations of all these many strains are always present in small numbers.
When a patient becomes ill with an infection, the antigens of the ingesting
bacteria or virus stimulate one specific strain of lymphocyte to reproduce
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itself in large numbers, i.e. to become a clone. This large population produces
exactly the right antibodies needed to combat the disease, and the large
population remains after recovery, conferring continued immunity.
In order for the immune system not to attack the cells of our own bodies,
a learning process must take place, early in our lives, in which the difference
between self and non-self is established, and the lymphocyte strains that
attack self are suppressed. Jerne postulated (correctly) that this learnubg
process takes place in the thymus gland, which is very large in infants, and
much smaller in adults.

Köhler, Milstein and monoclonal antibodies
Once the clonal theory of immunity became established, the way seemed
open to clone in vitro B lymphocytes of a predetermined specificity. However,
such clone cannot be made to live forever because like all other cells, except
cancer cells, they are subject to “programed cell death”. To overcome this
difficulty, Georges Köhler and César Milstein found a way to give the desired
lymphocytes immortality by fusing them with myoloma cells, thus producing
clones that could be cultured indefinitely.
The Wikipedia article on Monoclonal Antibodies states that “In the
1970s, the B-cell cancer multiple myoloma was known. It was understood
that these cancerous B-cells all produce a single type of antibody (a paraprotein). This was used to study the structure of antibodies, but it was not
yet possible to produce identical antibodies specific to a given antigen.
“In 1975, Georges Köhler and César Milstein succeeded in making fusions
of myeloma cell lines with B cells to create hybridomas that could produce
antibodies, specific to known antigens and that were immortalized. They
and Niels Kaj Jerne shared the Nobel Prize in Physiology or Medicine in
1984 for the discovery.
“In 1988, Greg Winter and his team pioneered the techniques to humanize monoclonal antibodies, eliminating the reactions that many monoclonal
antibodies caused in some patients.
“In 2018, James P. Allison and Tasuku Honjo received the Nobel Prize
in Physiology or Medicine for their discovery of cancer therapy by inhibition
of negative immune regulation, using monoclonal antibodies that prevent
inhibitory linkages.”
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Figure 7: Sir Frank Macfarlane Burnet (1899-1995). Both he and
Niels Kai Jerne proposed the clonal theory of immunity.
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Figure 8: The Danish immunologist Niels Kai Jerne (1911-1994).
He shared the 1984 Nobel Prize for Physiology or Medicine with
Georges Köhler and César Milstein “for theories concerning the
specificity in development and control of the immune system and
the discovery of the principle for production of monoclonal antibodies”.
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Figure 9: Georges Köhler (1046-1995).

Figure 10: César Milstein (1927-2002).
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Molecular biology and genetic engineering
Classical genetics
Charles Darwin postulated that natural selection acts on small inheritable
variations in the individual members of a species. His opponents objected
that these slight variations would be averaged away by interbreeding. Darwin
groped after an answer to this objection, but he did not have one. However,
unknown to Darwin, the answer had been uncovered several years earlier by
an obscure Augustinian monk, Gregor Mendel, who was born in Silesia in
1822, and who died in Bohemia in 1884.
Mendel loved both botany and mathematics, and he combined these two
interests in his hobby of breeding peas in the monastery garden. Mendel
carefully self-pollinated his pea plants, and then wrapped the flowers to prevent pollination by insects. He kept records of the characteristics of the
plants and their offspring, and he found that dwarf peas always breed true
- they invariably produce other dwarf plants. The tall variety of pea plants,
pollinated with themselves, did not always breed true, but Mendel succeeded
in isolating a strain of true-breeding tall plants which he inbred over many
generations.
Next he crossed his true-breeding tall plants with the dwarf variety and
produced a generation of hybrids. All of the hybrids produced in this way
were tall. Finally Mendel self-pollinated the hybrids and recorded the characteristics of the next generation. Roughly one quarter of the plants in this
new generation were true-breeding tall plants, one quarter were true-breeding
dwarfs, and one half were tall but not true-breeding.
Gregor Mendel had in fact discovered the existence of dominant and recessive genes. In peas, dwarfism is a recessive characteristic, while tallness is
dominant. Each plant has two sets of genes, one from each parent. Whenever the gene for tallness is present, the plant is tall, regardless of whether it
also has a gene for dwarfism. When Mendel crossed the pure-breeding dwarf
plants with pure-breeding tall ones, the hybrids received one type of gene
from each parent. Each hybrid had a tall gene and a dwarf gene; but the
tall gene was dominant, and therefore all the hybrids were tall. When the
hybrids were self-pollinated or crossed with each other, a genetic lottery took
place. In the next generation, through the laws of chance, a quarter of the
plants had two dwarf genes, a quarter had two tall genes, and half had one
of each kind.
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Mendel published his results in the Transactions of the Brünn Natural
History Society in 1865, and no one noticed his paper2 . At that time, Austria
was being overrun by the Prussians, and people had other things to think
about. Mendel was elected Abbot of his monastery; he grew too old and fat
to bend over and cultivate his pea plants; his work on heredity was completely
forgotten, and he died never knowing that he would one day be considered
to be the founder of modern genetics.
In 1900 the Dutch botanist named Hugo de Vries, working on evening
primroses, independently rediscovered Mendel’s laws. Before publishing, he
looked through the literature to see whether anyone else had worked on the
subject, and to his amazement he found that Mendel had anticipated his
great discovery by 35 years. De Vries could easily have published his own
work without mentioning Mendel, but his honesty was such that he gave
Mendel full credit and mentioned his own work only as a confirmation of
Mendel’s laws. Astonishingly, the same story was twice repeated elsewhere
in Europe during the same year. In 1900, two other botanists (Correns in
Berlin and Tschermak in Vienna) independently rediscovered Mendel’s laws,
looked through the literature, found Mendel’s 1865 paper, and gave him full
credit for the discovery.
Besides rediscovering the Mendelian laws for the inheritance of dominant and recessive characteristics, de Vries made another very important
discovery: He discovered genetic mutations - sudden unexplained changes of
form which can be inherited by subsequent generations. In growing evening
primroses, de Vries found that sometimes, but very rarely, a completely new
variety would suddenly appear, and he found that the variation could be
propagated to the following generations. Actually, mutations had been observed before the time of de Vries. For example, a short-legged mutant
sheep had suddenly appeared during the 18th century; and stock-breeders
had taken advantage of this mutation to breed sheep that could not jump
over walls. However, de Vries was the first scientist to study and describe
mutations. He noticed that most mutations are harmful, but that a very
few are beneficial, and those few tend in nature to be propagated to future
generations.
After the rediscovery of Mendel’s work by de Vries, many scientists began
to suspect that chromosomes might be the carriers of genetic information.
2

Mendel sent a copy of his paper to Darwin; but Darwin, whose German was weak,
seems not to have read it.
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The word “chromosome” had been invented by the German physiologist,
Walther Flemming, to describe the long, threadlike bodies which could be
seen when cells were stained and examined through, the microscope during
the process of division. It had been found that when an ordinary cell divides,
the chromosomes also divide, so that each daughter cell has a full set of
chromosomes.
The Belgian cytologist, Edouard van Benedin, had shown that in the
formation of sperm and egg cells, the sperm and egg receive only half of
the full number of chromosomes. It had been found that when the sperm
of the father combines with the egg of the mother in sexual reproduction,
the fertilized egg again has a full set of chromosomes, half coming from the
mother and half from the father. This was so consistent with the genetic
lottery studied by Mendel, de Vries and others, that it seemed almost certain
that chromosomes were the carriers of genetic information.
The number of chromosomes was observed to be small (for example, each
normal cell of a human has 46 chromosomes); and this made it obvious
that each chromosome must contain thousands of genes. It seemed likely
that all of the genes on a particular chromosome would stay together as
they passed through the genetic lottery; and therefore certain characteristics
should always be inherited together.
This problem had been taken up by Thomas Hunt Morgan, a professor of
experimental zoology working at Colombia University. He found it convenient
to work with fruit flies, since they breed with lightning-like speed and since
they have only four pairs of chromosomes.
Morgan found that he could raise enormous numbers of these tiny insects
with almost no effort by keeping them in gauze-covered glass milk bottles,
in the bottom of which he placed mashed bananas. In 1910, Morgan found
a mutant white-eyed male fly in one of his milk-bottle incubators. He bred
this fly with a normal red-eyed female, and produced hundreds of red-eyed
hybrids. When he crossed the red-eyed hybrids with each other, half of
the next generation were red-eyed females, a quarter were red-eyed males,
and a quarter were white-eyed males. There was not one single white-eyed
female! This indicated that the mutant gene for white eyes was on the same
chromosome as the gene for the male sex.
As Morgan continued his studies of genetic linkages, however, it became
clear that the linkages were not absolute. There was a tendency for all the
genes on the same chromosome to be inherited together; but on rare occasions there were “crosses”, where apparently a pair of chromosomes broke at
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some point and exchanged segments. By studying these crosses statistically,
Morgan and his “fly squad” were able to find the relative positions of genes
on the chromosomes. They reasoned that the probability for a cross to separate two genes should be proportional to the distance between the two genes
on the chromosome. In this way, after 17 years of work and millions of fruit
flies, Thomas Hunt Morgan and his coworkers were able to make maps of the
fruit fly chromosomes showing the positions of the genes.
This work had been taken a step further by Hermann J. Muller, a member of Morgan’s “fly squad”, who exposed hundreds of fruit flies to X-rays.
The result was a spectacular outbreak of man-made mutations in the next
generation.
“They were a motley throng”, recalled Muller. Some of the mutant flies
had almost no wings, others bulging eyes, and still others brown, yellow or
purple eyes; some had no bristles, and others curly bristles. Muller’s experiments indicated that mutations can be produced by radiation-induced physical damage; and he guessed that such damage alters the chemical structure
of genes.
In spite of the brilliant work by Morgan and his collaborators, no one had
any idea of what a gene really was.

The structure of DNA
Until 1944, most scientists had guessed that the genetic message was carried
by the proteins of the chromosome. In 1944, however, O.T. Avery and his
co-workers at the laboratory of the Rockefeller Institute in New York performed a critical experiment, which proved that the material which carries
genetic information is not protein, but deoxyribonucleic acid (DNA) - a giant chainlike molecule which had been isolated from cell nuclei by the Swiss
chemist, Friedrich Miescher.
Avery had been studying two different strains of pneumococci, the bacteria which cause pneumonia. One of these strains, the S-type, had a smooth
coat, while the other strain, the R-type, lacked an enzyme needed for the
manufacture of a smooth carbohydrate coat. Hence, R-type pneumococci
had a rough appearance under the microscope. Avery and his co-workers
were able to show that an extract from heat-killed S-type pneumococci could
convert the living R-type species permanently into S-type; and they also
showed that this extract consisted of pure DNA.
In 1947, the Austrian-American biochemist, Erwin Chargaff, began to
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study the long, chainlike DNA molecules. It had already been shown by
Levine and Todd that chains of DNA are built up of four bases: adenine
(A), thymine (T), guanine (G) and cytosine (C), held together by a sugarphosphate backbone. Chargaff discovered that in DNA from the nuclei of
living cells, the amount of A always equals the amount of T; and the amount
of G always equals the amount of C.
When Chargaff made this discovery, neither he nor anyone else understood its meaning. However, in 1953, the mystery was completely solved by
Rosalind Franklin and Maurice Wilkins at Kings College, London, together
with James Watson and Francis Crick at Cambridge University. By means of
X-ray diffraction techniques, Wilkins and Franklin obtained crystallographic
information about the structure of DNA. Using this information, together
with Linus Pauling’s model-building methods, Crick and Watson proposed a
detailed structure for the giant DNA molecule.
The discovery of the molecular structure of DNA was an event of enormous importance for genetics, and for biology in general. The structure was
a revelation! The giant, helical DNA molecule was like a twisted ladder: Two
long, twisted sugar-phosphate backbones formed the outside of the ladder,
while the rungs were formed by the base pairs, A, T, G and C. The base adenine (A) could only be paired with thymine (T), while guanine (G) fit only
with cytosine (C). Each base pair was weakly joined in the center by hydrogen bonds - in other words, there was a weak point in the center of each rung
of the ladder - but the bases were strongly attached to the sugar-phosphate
backbone. In their 1953 paper, Crick and Watson wrote:
”It has not escaped our notice that the specific pairing we have postulated suggests a possible copying mechanism for genetic material”. Indeed,
a sudden blaze of understanding illuminated the inner workings of heredity,
and of life itself.
If the weak hydrogen bonds in the center of each rung were broken, the
ladderlike DNA macromolecule could split down the center and divide into
two single strands. Each single strand would then become a template for the
formation of a new double-stranded molecule.
Because of the specific pairing of the bases in the Watson-Crick model of
DNA, the two strands had to be complementary. T had to be paired with
A, and G with C. Therefore, if the sequence of bases on one strand was (for
example) TTTGCTAAAGGTGAACCA... , then the other strand necessarily
had to have the sequence AAACGATTTCCACTTGGT... The Watson-Crick
model of DNA made it seem certain that all the genetic information needed
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for producing a new individual is coded into the long, thin, double-stranded
DNA molecule of the cell nucleus, written in a four-letter language whose
letters are the bases, adenine, thymine, guanine and cytosine.
The solution of the DNA structure in 1953 initiated a new kind of biology - molecular biology. This new discipline made use of recently-discovered
physical techniques - X-ray diffraction, electron microscopy, electrophoresis,
chromatography, ultracentrifugation, radioactive tracer techniques, autoradiography, electron spin resonance, nuclear magnetic resonance and ultraviolet spectroscopy. In the 1960’s and 1970’s, molecular biology became the
most exciting and rapidly-growing branch of science.

Protein structure
In England, J.D. Bernal and Dorothy Crowfoot Hodgkin pioneered the application of X-ray diffraction methods to the study of complex biological
molecules. In 1949, Hodgkin determined the structure of penicillin; and in
1955, she followed this with the structure of vitamin B12. In 1960, Max
Perutz and John C. Kendrew obtained the structures of the blood proteins myoglobin and hemoglobin. This was an impressive achievement for
the Cambridge crystallographers, since the hemoglobin molecule contains
roughly 12,000 atoms.
The structure obtained by Perutz and Kendrew showed that hemoglobin
is a long chain of amino acids, folded into a globular shape, like a small,
crumpled ball of yarn. They found that the amino acids with an affinity for
water were on the outside of the globular molecule; while the amino acids for
which contact with water was energetically unfavorable were hidden on the
inside. Perutz and Kendrew deduced that the conformation of the protein
- the way in which the chain of amino acids folded into a 3-dimensional
structure - was determined by the sequence of amino acids in the chain.
In 1966, D.C. Phillips and his co-workers at the Royal Institution in
London found the crystallographic structure of the enzyme lysozyme (an eggwhite protein which breaks down the cell walls of certain bacteria). Again,
the structure showed a long chain of amino acids, folded into a roughly
globular shape. The amino acids with hydrophilic groups were on the outside,
in contact with water, while those with hydrophobic groups were on the
inside. The structure of lysozyme exhibited clearly an active site, where
sugar molecules of bacterial cell walls were drawn into a mouth-like opening
and stressed by electrostatic forces, so that bonds between the sugars could
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easily be broken.
Meanwhile, at Cambridge University, Frederick Sanger developed methods for finding the exact sequence of amino acids in a protein chain. In
1945, he discovered a compound (2,4-dinitrofluorobenzene) which attaches
itself preferentially to one end of a chain of amino acids. Sanger then broke
down the chain into individual amino acids, and determined which of them
was connected to his reagent. By applying this procedure many times to
fragments of larger chains, Sanger was able to deduce the sequence of amino
acids in complex proteins. In 1953, he published the sequence of insulin.
This led, in 1964, to the synthesis of insulin.
The biological role and structure of proteins which began to emerge was
as follows: A mammalian cell produces roughly 10,000 different proteins. All
enzymes are proteins; and the majority of proteins are enzymes - that is,
they catalyze reactions involving other biological molecules. All proteins are
built from chainlike polymers, whose monomeric sub-units are the following twenty amino acids: glycine, aniline, valine, isoleucine, leucine, serine,
threonine, proline, aspartic acid, glutamic acid, lysine, arginine, asparagine,
glutamine, cysteine, methionine, tryptophan, phenylalanine, tyrosine and
histidine. These individual amino acid monomers may be connected together
into a polymer (called a polypeptide) in any order - hence the great number
of possibilities. In such a polypeptide, the backbone is a chain of carbon
and nitrogen atoms showing the pattern ...-C-C-N-C-C-N-C-C-N-...and so
on. The -C-C-N- repeating unit is common to all amino acids. Their individuality is derived from differences in the side groups which are attached to
the universal -C-C-N- group.
Some proteins, like hemoglobin, contain metal atoms, which may be oxidized or reduced as the protein performs its biological function. Other proteins, like lysozyme, contain no metal atoms, but instead owe their biological
activity to an active site on the surface of the protein molecule. In 1909, the
English physician, Archibald Garrod, had proposed a one-gene-one-protein
hypothesis. He believed that hereditary diseases are due to the absence of
specific enzymes. According to Garrod’s hypothesis, damage suffered by a
gene results in the faulty synthesis of the corresponding enzyme, and loss of
the enzyme ultimately results in the symptoms of the hereditary disease.
In the 1940’s, Garrod’s hypothesis was confirmed by experiments on the
mold, Neurospora, performed at Stanford University by George Beadle and
Edward Tatum. They demonstrated that mutant strains of the mold would
grow normally, provided that specific extra nutrients were added to their di23

ets. The need for these dietary supplements could in every case be traced to
the lack of a specific enzyme in the mutant strains. Linus Pauling later extended these ideas to human genetics by showing that the hereditary disease,
sickle-cell anemia, is due to a defect in the biosynthesis of hemoglobin.

RNA and ribosomes
Since DNA was known to carry the genetic message, coded into the sequence
of the four nucleotide bases, A, T, G and C, and since proteins were known
to be composed of specific sequences of the twenty amino acids, it was logical
to suppose that the amino acid sequence in a protein was determined by the
base sequence of DNA. The information somehow had to be read from the
DNA and used in the biosynthesis of the protein.
It was known that, in addition to DNA, cells also contain a similar, but
not quite identical, polynucleotide called ribonucleic acid (RNA). The sugarphosphate backbone of RNA was known to differ slightly from that of DNA;
and in RNA, the nucleotide thymine (T) was replaced by a chemically similar
nucleotide, uracil (U). Furthermore, while DNA was found only in cell nuclei,
RNA was found both in cell nuclei and in the cytoplasm of cells, where
protein synthesis takes place. Evidence accumulated indicating that genetic
information is first transcribed from DNA to RNA, and afterwards translated
from RNA into the amino acid sequence of proteins.
At first, it was thought that RNA might act as a direct template, to which
successive amino acids were attached. However, the appropriate chemical
complementarity could not be found; and therefore, in 1955, Francis Crick
proposed that amino acids are first bound to an adaptor molecule, which is
afterward bound to RNA.
In 1956, George Emil Palade of the Rockefeller Institute used electron microscopy to study subcellular particles rich in RNA (ribosomes). Ribosomes
were found to consist of two subunits - a smaller subunit, with a molecular
weight one million times the weight of a hydrogen atom, and a larger subunit
with twice this weight.
It was shown by means of radioactive tracers that a newly synthesized
protein molecule is attached temporarily to a ribosome, but neither of the two
subunits of the ribosome seemed to act as a template for protein synthesis.
Instead, Palade and his coworkers found that genetic information is carried
from DNA to the ribosome by a messenger RNA molecule (mRNA). Electron
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microscopy revealed that mRNA passes through the ribosome like a punched
computer tape passing through a tape-reader. It was found that the adapter
molecules, whose existence Crick had postulated, were smaller molecules of
RNA; and these were given the name “transfer RNA” (tRNA). It was shown
that, as an mRNA molecule passes through a ribosome, amino acids attached
to complementary tRNA adaptor molecules are added to the growing protein
chain.
The relationship between DNA, RNA, the proteins and the smaller molecules
of a cell was thus seen to be hierarchical: The cell’s DNA controlled its proteins (through the agency of RNA); and the proteins controlled the synthesis
and metabolism of the smaller molecules.

The genetic code
In 1955, Severo Ochoa, at New York University, isolated a bacterial enzyme
(RNA polymerase) which was able join the nucleotides A, G, U and C so
that they became an RNA strand. One year later, this feat was repeated for
DNA by Arthur Kornberg.
With the help of Ochoa’s enzyme, it was possible to make synthetic RNA
molecules containing only a single nucleotide - for example, one could join
uracil molecules into the ribonucleic acid chain, ...U-U-U-U-U-U-... In 1961,
Marshall Nirenberg and Heinrich Matthaei used synthetic poly-U as messenger RNA in protein synthesis; and they found that only polyphenylalanine
was synthesized. In the same year, Sydney Brenner and Francis Crick reported a series of experiments on mutant strains of the bacteriophage, T4.
The experiments of Brenner and Crick showed that whenever a mutation
added or deleted either one or two base pairs, the proteins produced by the
mutants were highly abnormal and non-functional. However, when the mutation added or subtracted three base pairs, the proteins often were functional.
Brenner and Crick concluded that the genetic language has three-letter words
(codons). With four different “letters”, A, T, G and C, this gives sixty-four
possible codons - more than enough to specify the twenty different amino
acids.
In the light of the phage experiments of Brenner and Crick, Nirenberg and
Matthaei concluded that the genetic code for phenylalanine is UUU in RNA
and TTT in DNA. The remaining words in the genetic code were worked out
by H. Gobind Khorana of the University of Wisconsin, who used other mRNA
sequences (such as GUGUGU..., AAGAAGAAG... and GUUGUUGUU...)
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Figure 11: Information coded on DNA molecules in the cell nucleus is transcribed to mRNA molecules. The messenger RNA molecules in turn provide
information for the amino acid sequence in protein synthesis.
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Figure 12: mRNA passes through the ribosome like a punched computer tape
passing through a tape-reader.
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Figure 13: This figure shows aspartic acid, whose residue (R) is hydrophilic,
contrasted with alanine, whose residue is hydrophobic.
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Table 1: The genetic code
TTT=Phe
TTC=Phe
TTA=Leu
TTG=Leu
CTT=Leu
CTC=Leu
CTA=Leu
CTG=Leu
ATT=Ile
ATC=Ile
ATA=Ile
ATG=Met
GTT=Val
GTC=Val
GTA=Val
GTG=Val

TCT=Ser TAT=Tyr TGT=Cys
TCC=Ser TAC=Tyr TGC=Cys
TCA=Ser TAA=Ter TGA=Ter
TGC=Ser TAG=Ter TGG=Trp
CCT=Pro CAT=His CGT=Arg
CCC=Pro CAC=His CGC=Arg
CCA=Pro CAA=Gln CGA=Arg
CGC=Pro CAG=Gln CGG=Arg
ACT=Thr AAT=Asn AGT=Ser
ACC=Thr AAC=Asn AGC=Ser
ACA=Thr AAA=Lys AGA=Arg
AGC=Thr AAG=Lys AGG=Arg
GCT=Ala GAT=Asp GGT=Gly
GCC=Ala GAC=Asp GGC=Gly
GCA=Ala GAA=Glu GGA=Gly
GGC=Ala GAG=Glu GGG=Gly

in protein synthesis. By 1966, the complete genetic code, specifying amino
acids in terms of three-base sequences, was known. The code was found to be
the same for all species studied, no matter how widely separated they were
in form; and this showed that all life on earth belongs to the same family, as
postulated by Darwin.

Genetic engineering
In 1970, Hamilton Smith of Johns Hopkins University observed that when
the bacterium Haemophilus influenzae is attacked by a bacteriophage (a virus
parasitic on bacteria), it can defend itself by breaking down the DNA of the
phage. Following up this observation, he introduced DNA from the bacterium
E. coli into H. influenzae. Again the foreign DNA was broken down.
Smith had, in fact, discovered the first of a class of bacterial enzymes
which came to be called “restriction enzymes” or “restriction nucleases”. Almost a hundred other restriction enzymes were subsequently discovered, and
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each was found to cut DNA at a specific base sequence. Smith’s colleague,
Daniel Nathans, used the restriction enzymes Hin dll and Hin dill to produce
the first “restriction map” of the DNA in a virus.
In 1971 and 1972, Paul Berg, and his co-workers Peter Lobban, Dale
Kaiser and David Jackson at Stanford University, developed methods for
adding cohesive ends to DNA fragments. Berg and his group used the calf
thymus enzyme, terminal transferase, to add short, single-stranded polynucleotide segments to DNA fragments. For example, if they added the singlestranded segment AAAA to one fragment, and TTTT to another, then
the two ends joined spontaneously when the fragments were incubated together. In this way Paul Berg and his group made the first recombinant DNA
molecules.
The restriction enzyme Eco RI, isolated from the bacterium E. coli, was
found to recognize the pattern, GAATTC, in one strand of a DNA molecule,
and the complementary pattern, CTTAAG, in the other strand. Instead
of cutting both strands in the middle of the six-base sequence, Eco RI was
observed to cut both strands between G and A. Thus, each side of the cut
was left with a “sticky end” - a five-base single-stranded segment, attached
to the remainder of the double-stranded DNA molecule.
In 1972, Janet Mertz and Ron Davis, working at Stanford University,
demonstrated that DNA strands cut with Eco RI could be rejoined by means
of another enzyme - a DNA ligase. More importantly, when DNA strands
from two different sources were cut with Eco RI, the sticky end of one fragment could form a spontaneous temporary bond with the sticky end of the
other fragment. The bond could be made permanent by the addition of
DNA ligase, even when the fragments came from different sources. Thus,
DNA fragments from different organisms could be joined together.
Bacteria belong to a class of organisms (prokaryotes) whose cells do not
have a nucleus. Instead, the DNA of the bacterial chromosome is arranged in
a large loop. In the early 1950’s, Joshua Lederberg had discovered that bacteria can exchange genetic information. He found that a frequently-exchanged
gene, the F-factor (which conferred fertility), was not linked to other bacterial genes; and he deduced that the DNA of the F-factor was not physically a
part of the main bacterial chromosome. In 1952, Lederberg coined the word
“plasmid” to denote any extrachromosomal genetic system. In 1959, it was
discovered in Japan that genes for resistance to antibiotics can be exchanged
between bacteria; and the name “R-factors” was given to these genes. Like
the F-factors, the R-factors did not seem to be part of the main loop of
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bacterial DNA.
Because of the medical implications of this discovery, much attention was
focused on the R-factors. It was found that they are plasmids, small loops
of DNA existing inside the bacterial cell but not attached to the bacterial
chromosome. Further study showed that, in general, between one percent
and three percent of bacterial genetic information is carried by plasmids,
which can be exchanged freely even between different species of bacteria.
In the words of the microbiologist, Richard Novick, “Appreciation of the
role of plasmids has produced a rather dramatic shift in biologists’ thinking
about genetics. The traditional view was that the genetic makeup of a species
was about the same from one cell to another, and was constant over long
periods of time. Now a significant proportion of genetic traits are known
to be variable (present in some individual cells or strains, absent in others),
labile (subject to frequent loss or gain) and mobile - all because those traits
are associated with plasmids or other atypical genetic systems.”
In 1973, Herbert Boyer, Stanley Cohen and their co-workers at Stanford
University and the University of California carried out experiments in which
they inserted foreign DNA segments, cut with Eco RI, into plasmids (also
cut with Eco RI). They then resealed the plasmid loops with DNA ligase.
Finally, bacteria were infected with the gene-spliced plasmids. The result was
a new strain of bacteria, capable of producing an additional protein coded
by the foreign DNA segment which had been spliced into the plasmids.
Cohen and Boyer used plasmids containing a gene for resistance to an
antibiotic, so that a few gene-spliced bacteria could be selected from a large
population by treating the culture with the antibiotic. The selected bacteria,
containing both the antibiotic-resistance marker and the foreign DNA, could
then be cloned on a large scale; and in this way a foreign gene could be
“cloned”. The gene-spliced bacteria were chimeras, containing genes from
two different species.
The new recombinant DNA techniques of Berg, Cohen and Boyer had
revolutionary implications: It became possible to produce many copies of a
given DNA segment, so that its base sequence could be determined. With
the help of direct DNA-sequencing methods developed by Frederick Sanger
and Walter Gilbert, the new cloning techniques could be used for mapping
and sequencing genes.
Since new bacterial strains could be created, containing genes from other
species, it became possible to produce any protein by cloning the corresponding gene. Proteins of medical importance could be produced on a large
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scale. Thus, the way was open for the production of human insulin, interferon, serum albumin, clotting factors, vaccines, and protein hormones such
as ACTH, human growth factor and leuteinizing hormone.
It also became possible to produce enzymes of industrial and agricultural
importance by cloning gene-spliced bacteria. Since enzymes catalyze reactions involving smaller molecules, the production of these substrate molecules
through gene-splicing also became possible.
It was soon discovered that the possibility of producing new, transgenic
organisms was not limited to bacteria. Gene-splicing was also carried out on
higher plants and animals as well as on fungi. It was found that the bacterium
Agrobacterium tumefaciens contains a tumor-inducing (Ti) plasmid capable
of entering plant cells and producing a crown gall. Genes spliced into the Ti
plasmid quite frequently became incorporated in the plant chromosome, and
afterwards were inherited in a stable, Mendelian fashion.
Transgenic animals were produced by introducing foreign DNA into embryoderived stem cells (ES cells). The gene-spliced ES cells were then selected,
cultured and introduced into a blastocyst, which afterwards was implanted
in a foster-mother. The resulting chimeric animals were bred, and stable
transgenic lines selected.
Thus, for the first time, humans had achieved direct control over the
process of evolution. Selective breeding to produce new plant and animal
varieties was not new - it is one of the oldest techniques of civilization. However, the degree, precision, and speed of intervention which recombinant DNA
made possible was entirely new. In the 1970’s it became possible to mix the
genetic repertoires of different species: The genes of mice and men could be
spliced together into new, man-made forms of life!

The Polymerase Chain Reaction
One day in the early 1980’s, an American molecular biologist, Kary Mullis,
was driving to his mountain cabin with his girl friend. The journey was
a long one, and to pass the time, Kary Mullis turned over and over in his
mind a problem which had been bothering him: He worked for a California
biotechnology firm, and like many other molecular biologists he had been
struggling to analyze very small quantities of DNA. Mullis realized that it
would be desirable have a highly sensitive way of replicating a given DNA
segment - a method much more sensitive than cloning. As he drove through
the California mountains, he considered many ways of doing this, rejecting
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one method after the other as impracticable. Finally a solution came to him;
and it seemed so simple that he could hardly believe that he was the first
to think of it. He was so excited that he immediately pulled over to the
side of the road and woke his sleeping girlfriend to tell her about his idea.
Although his girlfriend was not entirely enthusiastic about being wakened
from a comfortable sleep to be presented with a lecture on biochemistry, Kary
Mullis had in fact invented a technique which was destined to revolutionize
DNA technology: the Polymerase Chain Reaction (PCR)3 .
The technique was as follows: Begin with a small sample of the genomic
DNA to be analyzed. (The sample may be extremely small - only a few
molecules.) Heat the sample to 95 ◦ C to separate the double-stranded DNA
molecule into single strands. Suppose that on the long DNA molecule there
is a target segment which one wishes to amplify. If the target segment begins with a known sequence of bases on one strand, and ends with a known
sequence on the complementary strand, then synthetic “primer” oligonucleotides4 with these known beginning ending sequences are added in excess.
The temperature is then lowered to 50-60 ◦ C, and at the lowered temperature, the “start” primer attaches itself to one DNA strand at the beginning
of the target segment, while the “stop” primer becomes attached to the complementary strand at the other end of the target segment. Polymerase (an
enzyme which aids the formation of double-stranded DNA) is then added,
together with a supply of nucleotides. On each of the original pieces of singlestranded DNA, a new complementary strand is generated with the help of
the polymerase. Then the temperature is again raised to 95 ◦ C, so that the
double-stranded DNA separates into single strands, and the cycle is repeated.
In the early versions of the PCR technique, the polymerase was destroyed
by the high temperature, and new polymerase had to be added for each cycle. However, it was discovered that polymerase from the bacterium Thermus
aquaticus would withstand the high temperature. (Thermus aquaticus lives
in hot springs.) This discovery greatly simplified the PCR technique. The
temperature could merely be cycled between the high and low temperatures,
and with each cycle, the population of the target segment doubled, concentrations of primers, deoxynucleotides and polymerase being continuously
present.
3
The flash of insight didn’t take long, but at least six months of hard work were needed
before Mullis and his colleagues could convert the idea to reality.
4
Short segments of single-stranded DNA.
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After a few cycles of the PCR reaction, copies of copies begin to predominate over copies of the original genomic DNA. These copies of copies have a
standard length, always beginning on one strand with the start primer, and
ending on that strand with the complement of the stop primer.
Two main variants of the PCR technique are possible, depending on the
length of the oligonucleotide primers: If, for example, trinucleotides are used
as start and stop primers, they can be expected to match the genomic DNA
at many points. In that case, after a number of PCR cycles, populations of
many different segments will develop. Within each population, however, the
length of the replicated segment will be standardized because of the predominance of copies of copies. When the resulting solution is placed on a damp
piece of paper or a gel and subjected to the effects of an electric current
(electrophoresis), the populations of different molecular weights become separated, each population appearing as a band. The bands are profiles of the
original genomic DNA; and this variant of the PCR technique can be used
in evolutionary studies to determine the degree of similarity of the genomic
DNA of two species.
On the other hand, if the oligonucleotide primers contain as many as 20
nucleotides, they will be highly specific and will bind only to a particular
target sequence of the genomic DNA. The result of the PCR reaction will
then be a single population, containing only the chosen target segment. The
PCR reaction can be thought of as autocatalytic, and as we shall see in the
next section, autocatylitic systems play an important role in modern theories
of the origin of life.

A monoclonal vaccine against COVID-19?
The monoclonal antobody technique of Köhler and Milstein has already been
used to produce vaccines against a number of viral diseases. Here are some
excerpts from and article by Janice M. Richert, entitled Trends in the Development and Approval of Monoclonal Antibodies for Viral Infections5 :

Abstract
Monoclonal antibodies (mAbs) developed for either the prevention or treatment of viral diseases represent a small, but valuable,
5

Reichert, J.M. Trends in the Development and Approval of Monoclonal Antibodies
for Viral Infections. BioDrugs 21, 1-7 (2007)
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class of products. Since 1985, commercial firms have initiated clinical studies involving a total of 28 mAbs. To date, one product
(palivizumab) has been approved and eight candidates are currently in clinical study.
Most commercial mAbs studied as antiviral agents in the clinic
have either directly or indirectly targeted human immunodeficiency
virus, respiratory syncytial virus, or hepatitis C virus infections.
However, the ability of mAbs to bind to specific targets and utilize
various anti-infective modes of action would seem to make them
well suited for the prevention and/or treatment of a wider variety of viral diseases. A number of factors, including the continuing
need for innovative medicines for viral infections, the global spread
of viral infections, and increased government funding for the study
of pathogen countermeasures, have prompted companies to reconsider mAbs as antiviral agents. Public sector research into the use
of mAbs against emerging pathogens, such as severe acute respiratory syndrome coronavirus, may have already provided candidates
for further development.
Antibodies are produced by the immune system to combat invading organisms such as viruses. Prior to the development of
monoclonal antibodies (mAbs), polyclonal antibody preparations
derived from human serum were used for both prophylaxis and the
treatment of a number of viral infections.[1] mAbs, which can be
designed to function using various modes of action, seem to be well
suited to use as antiviral interventions. However, mAbs are inconvenient to administer compared with oral antibiotics and provide
protection from infection for much shorter time periods compared
with vaccines. mAbs also tend to be more expensive than either
antibiotics or vaccines. As a consequence, in the past mAbs have
not been the interventions of choice for infectious diseases. In fact,
mAbs for infectious diseases have comprised only 13
To inform future efforts in the research and development of
these innovative agents, an overview of trends in the commercial
development of mAbs for viral infections, with a focus on mAbs for
HIV, RSV, and hepatitis C virus (HCV) infections, is provided, and
the possibility of increased efforts to develop mAbs for emerging
pathogens is discussed.
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Discussion
To date, the majority of commercial clinical development of mAbs
for viral infections has focused on products that might meet existing medical needs for new therapies and provide sufficient return
on investment. Opportunities of this type exist for numerous viral diseases for which (i) current treatment options are not optimal; (ii) no effective vaccines are available; and (iii) markets, at
least those in the US and Europe, are defined. Examples of agents
that meet such criteria are the mAbs directed against HIV, RSV,
and HCV infections. Examination of the commercial preclinical
pipeline suggests that similar selection criteria have been applied
to the majority of candidates that might enter clinical study in
the near future. However, in the case of mAbs targeting SCV,
the current low incidence of new infections begs the question of
whether the preclinical candidates will progress, although as a defensive public health measure, products for these infections should
be available.
The current dearth of commercial research and development of
mAbs for emerging pathogens might be ameliorated somewhat by:
1. an increased level of government funding available for the development of bioterrorism countermeasures;
2. an emphasis on priority pathogens by the US National Institutes of Health (NIH);
3. the FDA’s easing of efficacy requirements in cases where human studies would not be ethical or feasible.
While these factors might indeed bolster the somewhat anemic
efforts of industry, the public sector appears to have already responded to the challenge in a more vigorous way. Numerous mAbs
for emerging viral diseases are in early research and preclinical
stages at academic and government institutions.[38,39] Work has
focused on priority pathogens such as Hanta and Ebola viruses
that are easily disseminated or transmitted person-to-person, and
on emerging pathogens such as Crimean-Congo hemorrhagic fever
virus, rabies, and SCV. Importantly, the emphasis has been on de36

velopment of human mAbs, which, along with humanized products,
comprise most of the commercial mAbs now in clinical study.
Ties between the public and private sectors are notoriously intricate.[40] In fact, the preclinical mAbs for SCV and West Nile
virus infections attributed here to the commercial sector were all
developed with at least some input from the public sector. However, it remains to be seen whether mAbs for infections that occur
at high levels only sporadically, or those that would be likely to
provide poor return on investment, will be commercialized. MAbs
could potentially be critical as a first response measure in the case
of a public health crisis, but substantial public sector input might
be required to get such products to the market. The NIH’s current
emphasis on translational medicine might ease the progress of less
commercially attractive products through the process of preclinical
and clinical development.
Despite obstacles to the development of innovative mAbs for
the prophylaxis or treatment of viral diseases, there is reason for
cautious optimism. Scientific advances have uncovered potential
new viral targets and mAb modes of action. New possibilities
exist for designing safer and more efficacious mAbs. An example of the success potentially achievable with improved design can
be found in the case of the mAbs for RSV - felvizumab did not
prove efficacious, palivizumab was sufficiently efficacious to be approved, motavizumab shows some improved efficacy compared with
palivizumab, and even more potent anti-RSV mAbs can be designed.In addition, increased emphasis from both the public and
private sectors on the study of mAbs as viral countermeasures
might serve the immediate purpose of providing mAbs useful as
either preventative measures or as treatments, but might also provide information potentially useful in the development of vaccines.
In either case, the results could greatly benefit public health.

Mass-production of a COVID-19 vaccine
Now suppose that a clone of lymphocytes producing antibodies against the
COVID-19 virus has been established. The thechniques of genetic engineering described above can then be used to mass-produce the vccine. The specific nucleotide sequence respondible for producing the antibody could be
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isolated, and then spliced into the plasmid of an easily-cultivated bacterium,
for example E-Coli. In this way, large cultures of the bacteria can be made
to produce the urgently-needed vaccine.

Balancing dangers in an emergency
We know with certainty that if a vaccine against the COVID-19 virus is
not developed quickly and distributed widely, enormous numbers of people
will die. Therefore, balancing dangers against each other, and choosing the
path most likely to result in a minimum of fatalities, it seems logical to
remove some of the restrictions that normally block the rapid development
of vaccines.
1. The profit motive must be kept out of the picture. Public
funds must be used for research.
2. Prohibitions against testing on humans must be temporarily
lifted.
3. The requirement of years of testing before widespread distribution of the vaccine must be temporarily lifted.
4. Government funds must be used to make the COVID-19 vaccine free for everyone,
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