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A History of Pediatric Specialties

This article is the ninth in this series. It is a wonderful account of the history of vaccine development, complete with stories of
serendipitous discoveries, the contributions of basic research and the threats posed by litigation and economic factors. This
article describes the dramatic issues associated with the development of bacterial and virus vaccines and the role of molecular
biology in future vaccine development. The prevention of infectious diseases in children by immunization, has been one of the

greatest achievements of research in the history of medicine.
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ABSTRACT

Vaccines against childhood diseases represent some of the
most important applications of 20th-century pediatric research.
This survey examines how the components of the current U.S.
immunization schedule emerged in three phases during the
course of the century. The first phase, after the development of
bacterial culture techniques, witnessed numerous efforts in the
early 1900s to develop bacterial vaccines. It proved most fruitful
with respect to diphtheria, tetanus, and pertussis. The rise of viral
tissue culture techniques in the 1950s brought about a second
phase of innovation resulting in vaccines against polio, measles,
mumps, rubella, and varicella. A third wave of innovation, still
very much alive, has drawn on a variety of new technologies and
led to vaccines against hepatitis B, Haemophilus influenzae type
b, pneumococcus, and still other organisms. Although basic
science research has thus been a primary factor shaping the
history of vaccine development, the collaboration between the

It is difficult to think of any specific medical intervention
that has done so much to reduce childhood morbidity and
mortality as has immunization. Yet the ease of administering
vaccines in the clinic belies the complex history behind the
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academic, private, and public sectors critical to its application
has not always proceeded smoothly. The history of vaccine
research and development has important implications for today,
as a variety of factors threaten to fragment this network. (Pediatr
Res 55: 347-356, 2004)

Abbreviations
BCG, bacille Calmette-Guérin
DTP, diphtheria-tetanus-pertussis
Hib, Haemophilus influenzae type b
IPV, inactivated poliomyelitis vaccine
MMR, measles-mumps-rubella
OPYV, oral poliomyelitis vaccine
RSV, respiratory syncytial virus
SV40, simian virus 40

research and development of each of the products used com-
monly today. The current U.S. childhood immunization sched-
ule can be viewed as a monument embodying this history,
bearing witness to nearly a hundred years of basic and applied
research. Some of its elements, such as the components of the
familiar DTP combination, date back from before the Second
World War. Polio, MMR, and varicella immunizations
emerged from a second wave of viral vaccines grown in tissue
culture beginning in the 1950s. The third phase of innovation,
still very much under way, has been propelled by the applica-
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Table 1. History of licensing of childhood vaccines in the
United States

Whole cell pertussis 1914
Diptheria toxoid 1926
Tetanus toxoid 1937

DT 1947

DTP 1948
DTaP 1996-1998
IPV 1955

OPV 1961-1963
Measles 1963
Mumps 1967
Rubella 1969
MMR 1971
MMR (RA 27/3) 1979

Hib polysaccharide 1985

Hib conjugated 1989-1990
HBV: plasma derived 1982
HBYV: recombinant 1990

Mgc C 1974

Mgc A/C/Y/W 135 1978

Mgc conjugates 2001 (U.K., Canada)
Pnc 7 1945

Pnc 14 1977

Pnc 23 1983

Pnc 7 conjugated 2000

Abbreviations: D, diphtheria; T, tetanus; P, pertussis; aP, acellular pertussis;
Mgc, meningococcus; Pnc, pneumococcal; HBV, hepatitis B virus.

tion of both molecular biology and advanced chemistry tech-
niques to develop such recent vaccines as recombinant hepa-
titis B and conjugated bacterial polysaccharides.

This essay will provide a brief overview of child vaccine
development during the past century (Table 1). Given the
breadth of this topic, two caveats are in order. The chief focus
will be on vaccine research and development, not delivery. We
will concentrate especially on vaccines recommended for uni-
versal use in children in the 20th century, as opposed to those
reserved for high-risk populations.

The Horse and the Cart: Science and Vaccines

Vaccine development today is firmly grounded in basic
science research. By contrast, one could argue that smallpox
variolation and vaccination represented effective folk practices
incorporated into mainstream medicine by astute observers.
Variolation, the dermal application of small amounts of infec-
tive smallpox material to protect against future infection, had a
long history in Asia and Africa before being introduced to
western medicine. It was first used in the United States thanks
to the vigorous advocacy of the Boston cleric Cotton Mather,
who learned of the technique from African slaves and pro-
ceeded to apply it during Boston’s 1721 smallpox epidemic.
All except one of the city’s physicians opposed him, and
indeed Mather’s experiment, although vindicated in hindsight,
was not without considerable risk. Persisting doubt surround-
ing variolation eventually spurred the British physician Edward
Jenner to test the belief of farmers and dairymaids that natu-
rally acquired cowpox protected against smallpox. Jenner’s
subsequent decision in 1796 to vaccinate 8-y-old James Phipps
is rightly remembered as a classic example of the experimental
method in medicine. Yet it, too, derived less from scientific
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knowledge than from a well-disciplined empiricism. Even
today the origins of vaccinia remain somewhat mysterious,
given that molecular studies of the vaccine virus have proven
identical with neither smallpox nor cowpox (1).

Louis Pasteur’s successful extension of the vaccination prin-
ciple to diseases besides smallpox represented a very different
kind of innovation. Pasteur was a scientist, not a physician,
whose work epitomized how the biomedical science of the day
was fundamentally transforming concepts of disease—
especially with respect to infection and immunity. He was also
a master of public spectacle with a flair for self-promotion that
sometimes obscured the patient laboratory work of his collab-
orators. It is now clear, for example, that Pasteur’s discovery of
the principle of attenuation in 1880 did not simply represent a
serendipitous moment in which he decided to inject laboratory
animals with a culture of chicken cholera inadvertently ex-
posed to air during his summer holiday. It emerged instead out
of a sustained program of laboratory research conducted by
Pasteur’s physician-associate Emile Roux. Pasteur moved re-
markably quickly from this laboratory discovery to his widely
publicized demonstrations of vaccines against sheep anthrax
and human rabies in the 1880s. The inoculation of Joseph
Meister in 1885 after a rabid dog’s bite initially attracted
considerable criticism from physicians (Roux himself did not
participate), but was ultimately instrumental in making Pasteur
a national hero rewarded by the creation of the institute that
still bears his name (2). Interestingly, the event received little
attention in the United States until several boys bitten by a
rabid dog in Newark, NJ, were sent across the Atlantic to be
treated by Pasteur himself. The Newark boys became media
celebrities and even went on tour around the country, exemplify-
ing on the popular level the promise of laboratory science (3).

Pasteur’s work marked the beginning of the process by
which laboratory science would transform vaccine develop-
ment during the course of the subsequent century. It has done
so in two broad ways. On the technical level, laboratory
breakthroughs making it possible to cultivate and manipulate
microorganisms in ever more precise ways have been critical
forces driving innovation. One can therefore readily divide
20th-century vaccine development into three eras, respectively
after the rise of bacterial culture techniques in the late 1800s,
viral tissue culture in the 1950s, and molecular biology meth-
ods in the 1970s. On the theoretical level, the relationship is
more complex. Vaccine development in the early 1900s typically
proceeded in parallel with, if not ahead of, emerging concepts in
immunology. Partly for that reason the widespread optimism
characterizing many vaccine enthusiasts of the time proved to be
premature. By the late 20th century, vaccine researchers could
draw on a formidable body of basic science knowledge regarding
microbiology and immunity, and therefore were able to produce
more-specific and better-tolerated vaccines.

Bacterial Vaccines: 1890-1950

Beginning in the 1890s, investigators around the world
scrambled to invent vaccines almost as quickly as new bacteria
were discovered. Unfortunately, although culture techniques
had made it possible to grow bacteria and subject them to
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various agents, it gradually became apparent that whole-cell
bacteria were complex systems triggering equally complicated
responses from the immune system. With the one possible
exception of BCG, Pasteur’s process of attenuation proved
difficult to emulate among bacteria. Several other strategies
were pursued instead. The discovery of the toxins associated
with diphtheria and tetanus furnished ready-made targets lead-
ing to highly effective immunizations against both of these
diseases. More problematic were the numerous attempts to
create inactivated whole-cell vaccines during this period. Al-
though many of these were directed against diseases relevant to
military or tropical medicine, such as typhoid, plague, and
cholera, pertussis vaccine emerged as well (4). These various
strategies will be reviewed sequentially, culminating in the
development of the DTP combination vaccine.

Live Bacterial Vaccines: BCG. Between 1908 and 1921,
French bacteriologist Albert Calmette and veterinarian Camille
Guérin developed BCG from a bovine mycobacterial strain
passed more than 230 times in various media. After encourag-
ing results from early clinical trials, French investigators
played a key role in persuading the Health Committee of the
League of Nations to adopt the vaccine in 1928. A major
disaster soon followed, however, in Liibeck, Germany. Be-
tween 1929 and 1930 a contaminated BCG strain led to the
deaths of at least 72 infants. A sensational trial of the three
physicians involved took place in the autumn of 1931, attended
by parents shouting from the galleries and a general atmo-
sphere of social disintegration characteristic of the twilight of
the Weimar republic. Germany rejected BCG. Yet the vaccine
continued to have many defenders encouraged by favorable
clinical trials and apparent success in other countries. After the
Second World War, the First International Conference on BCG
proclaimed the vaccine effective, leading to its use in greater
than 4 billion people around the world in the course of cam-
paigns by the World Health Organization and United Nations
Children’s Fund (5, 6).

Nonetheless, today it is fair to say that BCG is the most
controversial, as well as the oldest, vaccine in current use. It
never caught on in the United States. Before the 1940s, Amer-
ican public health leaders tended to view it as an unreliable
technical “quick fix” that threatened to divert resources from
tuberculin screening and personal hygiene education (7). The
positive results from early clinical trials were subject to many
of the criticisms that can be leveled at clinical investigation
methods before the Second World War. When one takes into
account all of the large clinical trials conducted from the 1930s
through the 1970s, estimates of efficacy have ranged from 0 to
80%. The reasons for such discrepancy have long been de-
bated. The lack of a suitable marker of immunologic response
has greatly complicated the design of field studies, as have
variations in the composition of the vaccine itself. Although
BCQG likely does provide protection against tuberculous men-
ingitis and disseminated disease in infancy, its efficacy against
pulmonary disease remains uncertain (5, 8).

Toxin-Antitoxin: Diphtheria. During the 1870s and 1880s,
diphtheria still ranked as a major epidemic disease in child-
hood. In New York City, for example, case fatality rates ranged
from 42 to 49%. Physicians confronted with the awful specta-
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cle of a suffocating child in the death throes of the disease had
little recourse beyond the surgical interventions of tracheos-
tomy and, by the 1880s, intubation. Yet the latter remained a
difficult procedure, and even when successful could not counter
the systemic effects of the disease toxin (9).

The first product to immunize against diphtheria was very
different from the toxoid used today. German investigator Emil
von Behring combined an extract of the deadly disease toxin
with the antitoxin produced by its injection into healthy ani-
mals. In 1913 he announced that his first clinical trials with this
“toxin-antitoxin” in children conferred immunity without sig-
nificant adverse effects. In the same year Bela Schick of the
University of Vienna published an account of a simple skin test
that could confirm immunity to diphtheria (10). Armed with a
plausible vaccine and a marker of immunity, conditions ap-
peared right for a coordinated assault on the bacillus.

German aspirations were abruptly cut short by the onset of
the First World War. In one of medical history’s more inter-
esting twists of fate, the opportunity to prove the efficacy of
toxin-antitoxin now fell to the ambitious Director of Hygiene
Services of the New York City Health Department, W.H. Park.
A great admirer of von Behring’s innovations, Park had him-
self been a pivotal figure in the city’s earlier diphtheria anti-
toxin campaign. He recruited more than 100,000 children from
the New York City public school system for a series of studies
that eventually made him the world’s leading proponent of
diphtheria toxin-antitoxin. The New York City diphtheria cam-
paigns of the 1920s, largely forgotten today, anticipated the
polio campaigns of later years by taking advantage of newer
media techniques such as flyers, posters, and film trailers to
promote immunization. They also marked one of the earliest
examples of mass vaccination through the school system (11, 12).

Toxoids: Diphtheria and Tetanus. Despite its great popu-
larity in a number of U.S. cities, diphtheria toxin-antitoxin had
significant adverse effects. Rare errors in balancing its two
components could be devastating; one such incident in Dallas,
TX, resulted in the deaths of five children. Another research
strategy thus emerged after Paul Ehrlich’s work suggesting that
bacterial toxins might be modified chemically to induce im-
munity without toxicity. In Britain, where toxin-antitoxin was
never licensed, Alexander Glenny and his colleagues devel-
oped such a product almost serendipitously during the early
1920s when they found that a batch of diphtheria toxin left in
a large container cleaned with formalin had become less
virulent yet still conferred immunity. Glenny thus by chance
created a formalin-modified toxoid. His product, however, still
incited significant adverse effects, and was only administered
in combination with antitoxin (10).

The key figure in developing the first efficacious and well-
tolerated toxoid vaccines was the French investigator Léon
Ramon of the Pasteur Institute. Ramon used both heat and
formalin to generate a chemically modified toxin (which he
termed anatoxin) with better properties than those of Glenny’s
toxoid in 1923. The French Academy of Medicine approved
this vaccine for children in 1927. Ramon, it should be noted,
also played a central role in developing tetanus toxoid between
1923 and 1926. In no small thanks to Ramon’s advocacy
efforts, France used diphtheria toxoid widely among children
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and tetanus toxoid among the military during the 1930s. The
United States and most other industrialized countries followed
suit during the course of the same decade, during which time
diphtheria toxoid replaced toxin-antitoxin as the preferred form
of the immunization for children. Tetanus toxoid also became
a routine U.S. pediatric immunization after the licensure of the
first combination product against diphtheria and tetanus in
1947 (10P'48, 13).

Whole-Cell Vaccines: Pertussis. Efforts to immunize
against whooping cough began almost as soon as Bordet
discovered the causative bacteria in 1912. Yet the road to a
successful vaccine proved arduous. The Danish physician
Thorvald Madsen conducted particularly influential early stud-
ies, testing the vaccine during the periodic whooping cough
epidemics sweeping the isolated Faroe Islands in the North
Sea. His work inspired two investigators in the American
Midwest during the 1930s, Louis Sauer and Pearl Kendrick.
Unfortunately, there was no equivalent of the Schick test to
demonstrate immunity to pertussis. The efficacy of whooping
cough vaccine thus could only be tested in clinical trials.
Kendrick took the important step of comparing immunized
children to observed controls. Her work convinced the Amer-
ican Academy of Pediatrics to recommend pertussis vaccine
during the early 1940s (14). In 1948 it was licensed in the
United States in combination with diphtheria and tetanus tox-
oids to become the familiar DTP, a final critical innovation
leading to its widespread use in American infants.

Interestingly, pertussis immunization did not become routine
in Britain for an additional 10 y. There it played an important
role in the history of the clinical trial. Thanks to the advocacy
of Bradford Hill and others, the British Medical Research
Council pioneered the use of randomized clinical trials in the
immediate postwar years. Rather than follow the American
lead, it embarked on a series of major randomized clinical trials
involving more than 36,000 children that lasted until the late
1950s before ultimately confirming the vaccine’s efficacy (15).
After this final hurdle, DTP immunization became widespread
in all industrialized countries.

Viral Tissue Culture Vaccines: 1950-1970

During the early 20th century investigators showed that
unseen agents capable of passing through a bacteria-tight filter
caused yellow fever, polio, and many other infectious diseases.
These “filterable viruses,” however, remained difficult to grow
or manipulate. Despite Pasteur’s early success with rabies
vaccine developed in rabbit spinal cord preparations, few
successful viral vaccines emerged before 1950. The chief
exceptions were yellow fever and influenza vaccines grown in
embryonated hens’ eggs. Although inactivated influenza vac-
cines were used widely in the U.S. military during the Second
World War, their poor performance during the 1947 epidemic
demonstrated the significant impact of antigenic shift that has
complicated their use ever since (16).

In the 1940s, however, the team of John Enders, Thomas
Weller, and Frederick Robbins scored a great breakthrough
that would transform vaccinology much as bacterial culture
techniques had done in the previous century. This was the
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development of tissue culture as a medium by which to prop-
agate and manipulate viruses. Ultimately this discovery would
spawn an entire generation of new vaccines. The first to
benefit, and indeed the one whose growth in tissue culture in
1949 would win for Enders and his team a Nobel prize, was
that of the most-feared infectious disease in the United States
at this time, poliomyelitis (17).

Polio. In 1937 the nation’s most prominent polio victim,
President Franklin D. Roosevelt, appointed his former law
partner Basil O’Connor to direct the newly created National
Foundation for Infantile Paralysis. Under his leadership this
organization became a powerful advocate for vaccine devel-
opment. Seeking funds from common citizens, not just the rich,
radio spots around the nation solicited listeners to send dimes
to Roosevelt on the occasion of his birthday. More than 2.5
million dimes were mailed in, overwhelming the White House
mailroom and prompting later fund drives to be known as the
“March of Dimes.” (18) Yet the Foundation’s efforts on behalf
of a vaccine met with caution from researchers, beset by the
memory of two failed trials of vaccine prepared in monkey
spinal cord in the mid-1930s that led to the paralysis of several
children and disgrace of the investigators (19).

The prospects for vaccine development for polio as well as
other childhood viruses changed dramatically when Enders and
his associates showed that the virus could be grown in tissue
culture systems. Very promptly their techniques were exploited
by Jonas Salk and Albert Sabin. Although mainstream scien-
tific opinion favored Sabin’s strategy of developing a live
vaccine as most likely to induce enduring immunity, Salk
attracted the attention of the national foundation through his
promising early trials with IPV (20). The successful 1954 field
trials involving nearly 2 million school children, announced
dramatically to the popular press by director Thomas Francis,
led to the immediate licensure of IPV and its rapid incorpora-
tion into the childhood immunization schedule (21). Despite
the Cutter incident, in which early lots of the vaccine containing
live virulent poliovirus resulted in the paralysis of 260 individuals,
IPV continued to be regarded enthusiastically and was quickly
embraced throughout Europe as well as the United States.

Running in parallel was the work of Albert Sabin, who now
found it difficult to pursue clinical trials of his live attenuated
OPV in the United States. There followed one of the most
remarkable stories of international scientific cooperation dur-
ing the Cold War. Sabin collaborated with Soviet investigators
during the years of the “Kruschev thaw” to conduct trials in
Russia and eastern European countries involving more than 10
million children. For a brief time afterward the Soviet Union
became the world’s leading producer of OPV, which conse-
quently became regarded in the west as the “communist vac-
cine” until it was adopted by other nations. After a favorable
report on the Soviet trials by Yale University’s Dorothy Horst-
mann, the first monovalent OPV was licensed in 1960 (fol-
lowed by a trivalent product in 1963) and fairly quickly
became the vaccine of choice in the United States (22).

Although the conquest of polio has become of the great
sagas of 20th-century medicine, both the Salk and Sabin
vaccines took more than their share of lumps and bruises along
the way. The Cutter incident, already mentioned, led to the
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resignation of President Eisenhower’s secretary of Health,
Education and Welfare in 1955. It is far from clear that
production standards at Cutter laboratories were inferior to
those anywhere else, as was charged at the time, and indeed the
entire episode may well have reflected basic limitations with
Salk’s inactivation techniques (23). A second contamination
incident occurred in 1960 when testing revealed that the mon-
key kidney tissues used to prepare the vaccine could be in-
fected with SV40, a virus that was soon shown to be capable of
causing tumors in hamsters and transforming human cells in
tissue culture. The following year the U.S. government estab-
lished standards to ensure that all new lots of polio vaccine
were free of SV40. Fortunately, no conclusive evidence has
emerged that this incident produced cancer in humans (al-
though studies have continued to the present day) (24). Finally,
live attenuated polio vaccine has been associated with a very
small risk (estimated as 1 in 750,000 after the first dose) of
inducing vaccine-associated paralytic poliomyelitis, which was
not reported in the Soviet trials. As wild polio vanished from
North America, and improved inactivated vaccines became
available, the pendulum once again swung to the side of IPV,
which today has become the recommended vaccine for routine
childhood immunization (25).

Measles. The next tissue culture vaccine developed after
polio was that for measles, a childhood illness with significant
morbidity and mortality until then accepted as inevitable. Once
again it was the Enders group that first propagated the Edmon-
ston B strain of the virus that became the progenitor of
subsequent vaccine strains (26). After successive passages in
human kidney and amnion tissue cultures, and the amniotic sac
of the embryonated hen’s egg, Enders’s associate Samuel Katz
successfully developed an attenuated live vaccine using chick
embryo cell culture. The vaccine was demonstrated to be
efficacious and well tolerated in subsequent clinical investiga-
tions by Katz and others, leading to licensure of the first live
measles vaccine in 1963. Although children receiving the
vaccine often experienced fever and rashes, they were consis-
tently noted to appear remarkably well. These relatively minor
side effects nonetheless encouraged further attenuation of the
vaccine into a still more benign product licensed in 1965.
Within several years the United States experienced a marked
reduction of measles from several million cases per year to
several thousand (27).

An interesting sidelight to measles vaccine was that, along
with polio, it marked a victory for the advocates of live over
inactivated vaccines. Two inactivated measles vaccines were
developed by pharmaceutical companies in parallel with the
live vaccine, and licensed in 1963. Both were eventually shown
to induce partial immunity that, when challenged by wild
measles, produced the atypical measles syndrome character-
ized by fever, headache, pneumonitis, and an unusual (some-
times petechial) rash. Nonetheless an estimated 1.8 million
children were given this vaccine before its withdrawal in 1967
(28). The vaccines subsequently licensed for mumps, rubella,
and eventually varicella were all live attenuated.

Efforts to control measles in the late 1960s were much more
systematic than those involving polio 10 y earlier. As the viral
vaccine revolution continued to gain speed over the course of
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the decade, the need for some measure of coordination and
central direction became increasingly evident. The American
Academy of Pediatrics Committee on Infectious Diseases
(“Red Book” Committee) had been making recommendations
on vaccines directed at private practitioners since 1938. In
1964 the Surgeon General established the Advisory Committee
on Immunization Practices to play an analogous role directed
especially at the public health sector. In practice the two groups
(joined more recently by the American College of Family
Physicians) have rarely diverged significantly in recommend-
ing and revising childhood immunization schedules (29).

Rubella. Rubella vaccine was developed not so much be-
cause of the severity of the disease itself, but its effects on the
fetus. Cases of congenital rubella peaked every 69 y in the
United States. During the 1964—-1965 epidemic alone, more
than 20,000 infants were born with manifestations of the
congenital rubella syndrome; 1,790 of these children were left
mentally retarded and 8,000 deaf (30). Public anxiety gener-
ated great pressure to develop a vaccine before the next
pandemic was expected in the 1970s. By 1969, investigators at
Merck laboratories (led by Maurice Hilleman, whose team had
also been instrumental in the later attenuation of measles
vaccine) and the Division of Biologics Standards had both
developed candidate vaccine strains. The Division of Biologics
Standards strain won out, and the congenital rubella epidemic
expected to recur in the early 1970s in the United States never
took place (31)P'*~11* Rubella did continue to appear among
underimmunized populations in several nations in which the
vaccine had not yet been adopted (32).

Rubella also marked the first example of a live attenuated
vaccine grown in human diploid cells rather than animal tissue
culture. The lessons of the SV40 episode were not lost on
researchers in their efforts to develop safer vaccines. Stanley
Plotkin and others developed a rubella vaccine grown in human
fibroblasts as an alternative in 1971 that was rapidly licensed in
Europe. These cells, derived from human fetal fibroblasts, were
initially controversial in the United States because of fears that
they might contain latent human cancer viruses and therefore
predispose to malignancy. Finally licensed in 1979, the
RAZ27/3 strain has remained in use in the United States to the
present day, providing a safe product that has continued to
prove highly effective in preventing congenital rubella (33).

MMR. In 1971, Merck laboratories again scored a major
breakthrough with the licensure of its trivalent MMR vaccine.
Hilleman had already developed a mumps vaccine in 1969
from a strain cultivated from his own daughter, Jeryl Lynn,
tested with the help of clinical investigators in Philadelphia
(34). But the vaccine remained something of an orphan during
the late 1960s in comparison to measles and rubella. Measles
eradication efforts suffered at the same time as national atten-
tion and federal funding shifted abruptly to rubella in 1969, and
indeed disease rates rose modestly during the early 1970s. The
MMR combination, coupled with a renewed political commit-
ment to promote vaccination under the Carter administration,
resulted in remarkably low levels of all three infections until
1989. That year witnessed new epidemics of measles princi-
pally among adolescents and young preschool unvaccinated
children. This led to the institution of a second MMR dose to
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address those children who had failed to convert after their initial
dose (estimated as 5% in research trials but as high as 10—-15% in
actual practice). Efforts to boost immunization rates in the second
year of life followed (35). As a result, since 1993 there has been
no indigenous measles in the United States. Of the approximately
100 cases of measles reported annually in the United States during
the years 1997-2002, nearly all that have been available for
molecular epidemiologic study have been proven to be importa-
tions (36).

A Time of Transition: 1970-1985

The 1970s marked a period of uncertainty for childhood
immunizations. With the exception of varicella immunization
in Japan, no new live attenuated vaccines were introduced for
routine use. Researchers during these years renewed their
interest in bacterial polysaccharide vaccines (most notably
meningococcal and multivalent pneumococcal vaccines) and
inactivated vaccine against hepatitis B virus. Still, it would be
some time before this important work would be incorporated
into the routine childhood immunization schedule. The Amer-
ican Academy of Pediatrics failed to recommend a single new
immunization for universal use in childhood between the li-
censure of MMR in 1971 and the first capsular vaccine for Hib
in 1985. To some extent this relative loss of momentum simply
reflected the time and expenses required in the laboratory and
clinical trials to develop a new generation of vaccines. Yet
ominous economic and legal developments became evident
during these years as well.

During the 1970s, pharmaceutical companies, critical to
vaccine development during the previous decade, increasingly
questioned the return on their investment. Low profit margins
were in part to blame. As the federal government became
increasingly involved in providing vaccines after the Vaccina-
tion Assistance Act of 1962, manufacturers contended with
low negotiated prices in the public health sector. DTP, for
example, at one point was sold for just 10 cents a dose. While
their European counterparts were compensated by substantial
governmental support and protection, U.S. pharmaceutical
companies were left to rely on the private sector for profits.
Vaccine development from this perspective offered a less
promising investment for many firms than other breakthrough
drugs emerging from the research pipeline (31)P'4°714%,

Compounding this problem was a second, the rise of vaccine
victim litigation after the 1974 ruling of Reyes v Wyeth. In this
case, the parents of a southern Texas child allegedly paralyzed
with OPV successfully sued the vaccine’s manufacturer for
allowing the product to be given in public health clinics
without ensuring consent. The court ruled against the manu-
facturer even though laboratory studies had indicated the
child’s illness to have resulted from a strain of wild polio
prevalent at the time in neighboring Mexico. The case set the
stage for the swine flu debacle of 1976, which triggered a
major round of lawsuits after epidemiologic study suggested an
association (since contested but never disproved) between
influenza vaccine and Guillain-Barré syndrome (37, 38). Legal
and economic pressure thus rose insidiously throughout the
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seventies (39). By 1982 there remained only one manufacturer
each for OPV and MMR, and three for the venerable DTP (40).

These worrisome trends escalated rapidly after the 1982
airing of DPT: Vaccine Roulette. This television documentary,
vividly depicting the lives of profoundly disabled children
allegedly injured by pertussis vaccine, sent the entire national
vaccine network into turmoil. Thanks in part to vigorous
counter-publicity by the American Academy of Pediatrics, the
media coverage did not cause immunization rates to plummet
(and whooping cough cases to rise) as had been the case in
Britain, Japan, and other countries during the previous decade.
But the controversy did ignite a crisis in the courts, as a record
number of lawsuits led to the withdrawal of two of the remain-
ing three DTP manufacturers by July 1985 (41). The crisis was
finally averted through passage of the National Childhood
Vaccine Injury Act in the following year. This legislation set
up a program to compensate victims of alleged vaccine adverse
reactions without having to resort to the tort system. Despite
ongoing controversy surrounding what kinds of conditions
deserve compensation, the act has proved an effective if prag-
matic deterrent to lawsuits. It has also provided a reliable
mechanism for scientifically validated review of possible inju-
ries brought to the program’s attention (39, 42).

The Third Vaccine Revolution: 1985—Present

Even as the older pertussis vaccine and OPV were coming
under fire (the latter for rare cases of vaccine-associated paral-
ysis), technological developments placed investigators on the
threshold of the most fruitful wave of innovation since the
1950s and 1960s. The Institute of Medicine helped galvanize
interest through the release of its 1985 report announcing a
well-planned set of new vaccine development priorities among
which were hepatitis B, Haemophilus influenza type b, RSV,
and varicella (43). Many of its targeted immunizations
emerged in the years to follow, although not necessarily in the
time frame predicted.

Hepatitis B. An important factor behind the renewed opti-
mism characterizing vaccine development in the 1980s was the
potential of using recombinant DNA technology to produce
specific subunit vaccines. One such product was developed
remarkably soon after the Institute of Medicine report. Hepa-
titis B virus had long presented especially formidable chal-
lenges for vaccine development because it could not be grown
in tissue culture and infected no animals other than higher
primates. Pediatric investigator Saul Krugman, however, suc-
cessfully prepared a heat-inactivated vaccine from the plasma
of chronically infected patients that became the basis for a
manufactured vaccine in the early 1980s. Unfortunately this
product became widely available in 1982 just as the incipient
AIDS epidemic cast suspicion on all plasma-derived products.
This unexpected reversal set the stage for the first venture to
develop a vaccine via the new technology of recombinant
DNA. After attempts to insert the surface antigen gene into
Escherichia coli failed to produce the correct three-
dimensional configuration, investigators accomplished their
purpose through the substitution of eukaryotic yeast as host.
Developed in collaboration with academic researchers and
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biotechnology firms, Merck’s Recombivax HB was licensed in
1986 and rapidly disseminated among at-risk adults. In 1992
the vaccine was recommended for all children (31P'%3729 44).

Acellular Pertussis. The road to the licensure of an effective
acellular pertussis vaccine, on the other hand, proved much
longer than expected. Japanese investigators introduced an
acellular product in 1981 in the course of their own pertussis
vaccine controversy. Yet because it was initially provided for
children at age 2 y, its immunogenicity among infants (who
experienced the worst complications of whooping cough) re-
mained uncertain (45). Clinical trials to answer this question
had to be conducted abroad among countries not routinely
using the vaccine. The first large trials, conducted in Sweden in
the mid-1980s, demonstrated efficacies of only 54% and 69%,
respectively, for the monovalent and bivalent products tested.
Introduction of acellular pertussis vaccine was consequently
delayed for more than 10 y until further studies of vaccines
(ranging from monovalent to pentavalent) tested in Italy, Ger-
many, and Sweden finally produced convincing evidence sup-
porting their use. Licensure for infants in the United States
finally came in 1996 (46). Ironically, by this time the Institute
of Medicine had concluded in its detailed 1991 review of
pertussis vaccine side effects that the alleged connection be-
tween whole-cell vaccine and permanent neurologic disability
remained unproven (47).

Varicella. Live varicella vaccine represented another case in
which a vaccine developed in Japan was not licensed in the
United States for another 15 y. In many ways this vaccine
belongs to the polio-MMR era of live tissue culture vaccines,
as Japanese investigators attenuated the Oka strain of this virus
during the early 1970s. Yet it differed in being the first live
viral vaccine to be developed for immunocompromised as well
as normal children. In the United States Anne Gershon and her
coworkers first tested it among leukemic children in remission,
among whom chicken pox incurred significant illness and
mortality, through a large collaborative study begun in 1979
(48). Once demonstrated to be safe and effective among these
youngsters, the great question was whether it should be applied
to healthy children in whom the disease was relatively mild.
Like other herpes viruses, varicella becomes latent after pri-
mary infection, and initially there was no way to know the
effects of vaccination on the incidence of zoster in later life.
Close follow-up for many years of children enrolled in the first
collaborative trials among leukemic youngsters has revealed
that the vaccine actually decreases the chance of zoster, a trend
that so far appears to apply to healthy children as well. The
vaccine was finally licensed in 1995 and incorporated into the
schedule alongside the 12-mo MMR (49). It may also be
offered on an individual basis to leukemic children who have
been in remission for greater than a year. Current studies are
exploring whether an adult dose of varicella vaccine might
further diminish the incidence of zoster in the geriatric
population.

Haemophilus influenzae type b. In terms of impact on child
health, the development of conjugate vaccines against encap-
sulated bacteria has represented the greatest vaccine break-
through of the late 20th century. Yet it is worth noting that
these were not products of molecular biology technology in the
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usual sense of the word, but in many ways drew on insights and
techniques developed earlier in the century. By the late 20th
century, Hib, pneumococcus, and meningococcus continued to
rank among the most lethal pathogens of early childhood. This
led to renewed interest in the older capsular vaccines as well as
finding a means to induce protective immunity in younger
infants. Development of an Hib vaccine began during the
1960s, spearheaded by two teams of investigators under the
leadership of David Smith and Porter Anderson in Boston (and
later Rochester, NY) and John Robbins and Rachel Schneerson
at the National Institutes of Health. The collaboration between
these laboratories, and indeed the general spirit of calm ac-
companying the development of the Hib vaccine, contrasted
markedly with the rivalries of the polio period. Smith and
Anderson tested the first purified Hib capsular polysaccharide
vaccine in Salem, MA, demonstrating it to be 87% effective in
inducing antibody response among children older than 2 y of
age but only 22% among infants (50). The publication of the
1973 Salem trial was followed by the vaccine’s use as a control
in a larger Finnish study of meningococcal A vaccine that
further confirmed its poor efficacy among infants (51). Al-
though the latter trial eventually led to the licensure of the first
Hib vaccine for use at age 2 y in 1985, the search for a means
to induce earlier immunogenicity continued unabated.

The answer came from the rediscovery of a technique
developed before 1940. Drawing on Karl Landsteiner’s artic-
ulation of hapten-carrier theory, Oswald Avery and W.F.
Goebel had succeeded in inducing antibodies in the mouse
model by binding the nonimmunogenic pneumococcal capsu-
lar polysaccharide to a protein carrier. Both groups of investi-
gators drew on this earlier research to develop the first Hib
conjugate vaccines. Introduced for 18-mo-olds in 1987 and all
infants in 1990, the widespread use of these and other conju-
gated Hib products was associated with a 99% decline of
incidence of invasive Hib disease between 1987 and 1996,
which has since been sustained (52, 53).

Pneumococcus. The road to the development of a pneumo-
coccal conjugate vaccine proved to be still more arduous. Two
pneumococcal polysaccharide vaccines had been introduced
after the Second World War only to be withdrawn after the
antibiotic revolution. The work of investigator Robert Austrian
showing that the case fatality rate of bacteremic pneumococcal
pneumonia remained substantial even with antibiotic therapy
rekindled interest during the 1970s, however. Merck produced
a 14-valent product licensed in 1977 and a 23-valent counter-
part in 1983. These polysaccharide vaccines had little efficacy
in infants, and found their chief application among medically
vulnerable children and adults (54). Immediately after the
licensure of Hib conjugate vaccine in 1987, the National
Institute for Allergy and Infectious Diseases sought to interest
industry in developing a seven-valent conjugate immunization
against pneumococcus. Only Praxis Biologics, a new venture
led by ex-pediatric professor (and associate of Porter Ander-
son) David Smith of the University of Rochester, submitted a
contract. Years were required developing the vaccine, incor-
porating three, then five, then finally seven conjugated polysac-
charide-proteins. Phase I trials proceeded even as Praxis was
absorbed by Wyeth-Lederle. Prevnar was finally licensed in
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February 2000, more than 20 y after the 14-valent capsular
vaccine. Although its universal application thus far has been
somewhat impeded by cost and supply shortages, this immu-
nization has already demonstrated its effectiveness in prevent-
ing the complications of invasive pneumococcal disease in the
face of growing antibiotic resistance (55, 56).

Meningococcus. Still another effective conjugate vaccine
has been developed against meningococcal disease. Here the
United Kingdom has led the way. The high complication rate
and predilection for school outbreaks of meningococcus have
long marked it as an illness especially loathed by parents and
doctors, yet interest in a vaccine has been impeded by the
failure thus far to develop an effective product against the B
serotype most characteristic of industrialized countries. In
Britain, as well as in Canada and a number of other European
countries, serotype C for uncertain reasons became increas-
ingly significant during the 1990s. In November 1999 the U.K.
Department of Health launched a highly successful immuniza-
tion campaign using a newly developed conjugate vaccine
targeting meningococcal serotype C. The campaign offered the
vaccine both to infants as part of their regular schedule as well
as to school-age children on a catch-up basis. Within 18 mo,
vaccine coverage rates of approximately 85% were achieved
and the incidence of serogroup C disease fell by more than
80% (57). The vaccine by now has been licensed in Canada
and used widely in Spain and other European countries as well.
Meanwhile in the United States, where serotype C is less
common and many babies are already receiving four immuni-
zations at some of their well-child visits, its use will likely have
to await development of a group B vaccine and newer combi-
nation vaccines. At this point the American Academy of
Pediatrics recommends considering the older nonconjugated
meningococcal vaccine (covering serogroups A,C, W135, and
Y) for precollege students.

CONCLUSIONS

Three observations emerge from this review of the history of
vaccine development. The first may be stated simply: it is basic
science, not mere political will, that makes possible great leaps
in vaccine innovation. Whereas investigators in the early 1900s
confidently predicted the imminent control of all kinds of
diseases through killed whole-cell immunizations, in reality
vaccines have emerged in a series of distinct phases triggered
by specific breakthroughs in the laboratory. Most of the em-
pirically designed whole-cell vaccines of the early 1900s have
long since been discarded from use. The national foundation’s
support for polio vaccine research only bore fruit after the
discovery of tissue culture techniques and the successful typing
of polio virus. Today, political pressure to develop an effective
vaccine against HIV raises similar questions of how realistic
such hopes are against the novel challenges posed by this
highly mutable retrovirus. Efforts to develop an RSV vaccine
will likewise require understanding why an inactivated product
tested during the 1960s resulted in higher morbidity and mor-
tality rates among clinical trial subjects.

A second striking theme apparent from the history of vac-
cine development is the ever-greater emphasis on ascertaining
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efficacy and safety through rigorous clinical trials and postli-
censure monitoring. During the heroic years of early 20th-
century vaccinology, immunizations were indeed often intro-
duced with remarkable speed to a public eager for the latest
miracle afforded by medical science. Many of the whole-cell
vaccines used during these years were later rejected, and others
induced considerable toxicity or even deaths (as with diphthe-
ria toxin-antitoxin). The Cutter incident complicating and tem-
porarily disrupting the introduction of the Salk vaccine has
long been a symbol, rightly or wrongly, of the dangers of
over-accelerating the introduction of a vaccine. One can, to be
sure, argue that more lives would have been lost had no
vaccine for polio been available that year. The point deserving
emphasis is simply that there is always a tradeoff between the
efficacy and safety standards applied to a vaccine and the time
required for its development and licensure. During the past
20 vy, childhood vaccines have been introduced only after
prolonged periods of clinical study; even so, one (rotavirus
vaccine) was withdrawn within a year after its release when
postlicensure monitoring revealed a rare association with in-
tussusception (58). The incident underscored the effectiveness
of today’s vaccine adverse effect surveillance system, but
represented a financial disaster for the manufacturer and a
major setback for children in developing countries who stood
to gain the most from a vaccine. A low tolerance for risk
translates into a longer time for vaccine introduction. Con-
versely, political pressure to introduce a vaccine quickly (as
has been mounting with concerns of bioterrorism from anthrax
and smallpox) invokes greater risk.

A final observation is that vaccine development has become
an increasingly complex and large-scale enterprise, involving
the academic, corporate, and government sectors. Although
vaccine discoveries were never as straightforward as conveyed
by the mythology of Pasteur’s decision to inoculate Joseph
Meister, without doubt they have come to involve much larger
networks of individuals and organizations. Here again,
tradeoffs are inevitable. Public intolerance for even low vac-
cine risks, as well as government pressure to keep prices low,
makes vaccine development less attractive to corporations.
Recent vaccine shortages and the withdrawal of vaccines
against rotavirus and Lyme disease highlight a worrisome
trend, the continued concentration of vaccine development
among an increasingly small number of manufacturers. At
present only two major U.S.-based pharmaceutical firms
(Merck and Wyeth-Lederle) and two multinational firms
(Aventis Pasteur and GlaxoSmithKline) provide the entire
supply of routine childhood immunizations (not counting in-
fluenza) in this country. This figure compares with seven in
1985 and twice that number in 1966 (59, 60).

Contemporary discussion of this problem rarely acknowl-
edges its deep historical roots. Vaccine development has relied
on an informal network of academic researchers, biotechnol-
ogy firms, manufacturers, and government agencies that
evolved in the wake of the success of the Salk vaccine in the
1950s. Manufacturers are critical to its success, yet vaccines
have not been nearly as profitable in recent years as other new
drugs given for common chronic conditions of adulthood. A
United Nations Children’s Fund study in the early 1990s, for
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example, showed that the best-selling drug Zantac brought in
more income ($3.5 billion) than the entire global vaccine
market during the same year (61).

Public health and pediatric leaders will need to be increas-
ingly aware of the close interplay among policies directed at
vaccine research, development, safety, and delivery. Assuming
this is the case, as the 21st century opens the prospects for new
vaccine development have in many ways never been brighter.
After a lull in the mid-1990s, federal levels of support for
vaccine development have increased considerably. An amazing
array of new techniques for vaccine design and delivery are
being explored. Work is proceeding, for example, to develop
more effective mucosal vaccines to be delivered by the intra-
nasal or oral route. Besides being easier to administer, such
vaccines would have the advantage of stimulating immunity in
the very tissues targeted by their associated organisms, as well
as inducing systemic humoral immunity. As of June 2003, the
U.S. Food and Drug Administration has just licensed a live
attenuated intranasal influenza vaccine. Increased knowledge
of the genetic components responsible for boosting cellular
immunity has heightened interest in DNA vaccines. Plasmids
are being studied as tools by which to introduce the DNA
coding to express the target protein in the cytoplasm of an
antigen-presenting cell. The near future may well witness the
introduction of a live vaccine against RSV as well as effective
immunizations against human papilloma and herpes simplex
viruses. Conjugated meningococcal vaccine, as mentioned, is
already used in Britain and Canada and could soon be available
in the United States. The list of other possible vaccines is too
long to enumerate, and includes candidates ranging from Hel-
icobacter pylori and group B streptococci to the more formi-
dable challenges of HIV, tuberculosis, and malaria (62). Given
the record of the past century, it is difficult not to be optimistic
about what the 21st may hold for vaccinology.
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