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The development of vaccines:
how the past led to the future

Stanley A. Plotkin and Susan L. Plotkin

Abstract | The history of vaccine development has seen many accomplishments,
but there are still many diseases that are difficult to target, and new technologies
are being brought to bear on them. Past successes have been largely due to
elicitation of protective antibodies based on predictions made from the study of
animal models, natural infections and seroepidemiology. Those predictions have
often been correct, as indicated by the decline of many infections for which
vaccines have been made over the past 200 years.

It is said that only those who have seen the
beginning of things can understand the
present. As the development of vaccines con-
tinues in the twenty-first century, and as it

is now over 215 years since vaccinology was
launched by Edward Jenner’s observations of
the powers of cowpox to prevent smallpox,

it is useful to contemplate the past. This is all
the more true because there is a great deal

of forward gazing, with an explosion of new
potential strategies for vaccine development
based on genetic engineering, and the hope
that systems biology and structural biology
will tell us which genes must be upregulated
or downregulated and what antigenic con-
structions are needed to achieve a protective
immune response'*. However, as the future
unfolds, the past is sometimes deprecated, a
fact that is conveyed in recent expressions by
two distinguished individuals: “What hap-
pened in the past is that most vaccines have
been made empirically without a real immu-
nologic rationale” (REF. 5) and “We really don’t
know how to make vaccines in a predictable
way. It’s still a little bit of black magic” (REF. 5).
Although those statements are true of the
early history of vaccines, they have not been
true for most of the twentieth century, as we
show below.

The beginning

First, let us return to the 1700s, when both
the farmer Benjamin Jesty and the physician
Edward Jenner paid attention to the unsullied

complexions of milkmaids and inferred that
cowpox protected them from the ravages of
smallpox. Jesty inoculated his own family®,
but Jenner carried out what passed for clini-
cal trials in the eighteenth century and then
broadcast the results to the world”®. There
ensued a rapid spread of inoculation, using
material obtained from poxvirus lesions on
the arms of humans®'°. To this day, we do
not know the origin of the virus that Jenner
called vaccinia, which may have been a now-
extinct strain of horsepox'"'2, but its use was
adopted in all parts of the world, culminating
in the eradication of smallpox.

However, 80 years were to pass before
the next step in the history of vaccines,
which was taken in the laboratory of Louis
Pasteur. The story that his discovery of
attenuation — using the causative organ-
ism of chicken cholera, now known as
Pasteurella multocida — was an accident has
gained currency'>'. That story is disputed
but, whether by accident or premeditation,
Pasteur learned that he could attenuate a
bacterium by exposure to adverse condi-
tions. His work on anthrax and rabies
followed from that discovery'>'¢, but
his theoretical basis for attenuation was
completely wrong. Pasteur thought that
resistance was due to the depletion of an
element that was crucial to the growth of an
organism. Nevertheless, although he did not
understand what the vaccines were doing,
the practical results achieved were epochal.

In the last decade of the nineteenth
century, vaccine development started to
have a rationale. The science was produced
by workers in Great Britain, Germany, the
United States and Pasteur’s laboratory in
France. The key developments were methods
to inactivate whole bacteria, which could
then be used as vaccines, the discovery of
bacterial toxins, the production of antitoxins
and the realization that immune serum con-
tained substances (antibodies) that neutral-
ized toxins or bacterial replication. Daniel
Salmon and Theobald Smith were the first to
inactivate bacteria, and wrote: “Immunity is
the result of exposure of ... the animal body
to the chemical products of the growth of
specific microbes which constitute the virus
of contagious fever.” (REF. 17.) Furthermore,
during the last years of the nineteenth
century and the beginning of the twentieth,
inactivated whole-cell vaccines against
typhoid'®, cholera' and plague® were
produced and tested.

The key workers responsible for develop-
ing the concept of serum antibody include
Emil von Behring, Shibasaburo Kitasato,
Emile Roux, Alexandre Yersin, Almwroth
Wright and Paul Ehrlich. In 1888, Roux and
Yersin demonstrated that diphtheria bacilli
produce an exotoxin®', and 2 years later von
Behring and Kitasato showed that an anti-
toxin was induced in the sera of animals that
had received sublethal doses of the toxin*.
Von Behring summarized both the practical
and theoretical facets of the work by saying:
“Briefly expressed, serum therapy works
through antibodies”” (REF. 23.) Ehrlich, in
particular, thoroughly developed the con-
cept of antibody as being complementary to
antigen®.

In 1923, Alexander Glenny and Barbara
Hopkins showed that diphtheria toxin can
be converted into a toxoid by the action of
formalin®. Its toxicity was thus reduced, but
it was well tolerated only in combination
with antitoxin. A stable, non-toxic, formalin-
inactivated diphtheria antigen was finally
produced by Gaston Ramon*.

In the early years of the twentieth
century, it became clear that the passage
of organisms in unnatural hosts results
in genetic selection for avirulent strains.
Thus, the Mycobacterium bovis bacille

Takeda EX1038

NATURE REVIEWS ‘ MICROBIOLOGY

1
© 2011 Macmillan Publishers Limited. All rights reserved

VOLUME 9 [ DECEMBER 2011 | 889



PERSPECTIVES

Timeline | A history of vaccine development
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Calmette-Guérin vaccine was obtained by
230 serial passages of M. bovis over a period
of 14 years, on artificial medium containing
bile. Albert Calmette and Camille Guérin
demonstrated that the resulting mutant
protected animals and infants against
Mycobacterium tuberculosis, although the
basis for protection was unknown?%,

Viruses

Filterable agents, which were subsequently
called viruses, were also described in the

last years of the nineteenth century. At

this time, yellow fever was an important
problem in Africa, and many scientists
sought to attenuate the virus. The yellow
fever virus strain 17D was selected from a
virulent strain by Max Theiler by serial pas-
sage in minced chicken embryo and then in
embryonated chicken eggs®. The goal was
to eliminate neurovirulence, and for animals
this was lost between the eighty-ninth and
one hundred and seventy-sixth passages, but
the attenuated virus still elicited neutralizing
antibodies that protected monkeys from
challenge with a virulent virus*~'. The vac-
cine made with yellow fever virus strain 17D
became a major public health success.

At about the same time, two additional
vaccines came into use: the whole-cell
Bordetella pertussis vaccine and the influenza
virus vaccine. The first B. pertussis vac-
cines were composed of inactivated whole
bacterial cells, which induced agglutinating
antibodies®*. Later in the twentieth century,
the bacterial antigens that induced protec-
tive antibodies were identified, and acellular
vaccines containing 1-5 of these proteins
replaced the whole-cell B. pertussis vaccine
in many countries**.

Wilson Smith, one of the discoverers of
influenza virus, used the ferret as an experi-
mental animal to show that prior infection
by influenza virus induces immunity to
future challenge®. However, by the 1940s it
was clear that there is more than one influ-
enza virus strain and that antigenic variation
occurs frequently, rendering earlier vaccines
ineffective”. Routine vaccination with inac-
tivated influenza virus or, later, with viral
haemagglutinin is based on the protection
afforded by haemagglutination-inhibiting
antibodies. Nevertheless, antigenic varia-
tion continues to be a problem, and cur-
rent research is directed towards finding
conserved antigens. In addition, building
on the work that was initially carried out in
the former Soviet Union, an intranasally
administered live attenuated influenza virus
vaccine is now in use®. This vaccine is effec-
tive because it induces secretory immuno-
globulin A in the nasopharynx and serum,
as well as cytotoxic T cell responses against
the virus.

In the last decade of the
nineteenth century, vaccine
development started to have a
rationale.

The golden age

The golden age of vaccine development
was launched by a methodological break-
through in the mid twentieth century:
the growth of viruses in cell culture. The
pioneers of this technique were John
Enders, Frederick Robbins and Thomas
Weller, and their method was rapidly

disease
(meningococcal
polysaccharides)

(live) (live)

Rabies (cell culture)

applied to vaccine development®. The
1950s was the era of the great poliovirus
vaccine controversies, during which both
an inactivated vaccine and a live vaccine
were developed, the former by Jonas Salk*
and the latter by Albert Sabin*2. Salk had
learned about virus inactivation from his
prior work on the influenza virus vac-
cine, and Sabin’s selection of attenuated
mutants in cell culture followed Hilary
Koprowski’s attenuation of poliovirus
type 2 by passage in mice®. In both cases
it was understood that antibodies against
the three types of poliovirus would protect
individuals, because prior successful trials
had demonstrated the prophylactic power
of immunoglobulins*.

In the 1960s, three classical attenuated-
virus vaccines were developed: against mea-
sles virus, by Samuel Katz and John Enders*;
mumps virus, by Maurice Hilleman*; and
rubella virus, by several workers (including
S.A.P.)"*. These were all developed by pas-
sage in embryonated eggs or cell culture, and
in the case of rubella virus, passage in cells
incubated at 30°C selected for attenuation.
In all three cases, it had been established
using passive administration that the pres-
ence of neutralizing antibodies correlated
with protection, so the aim was to render the
viruses less reactogenic but maintain their
immunogenicity.

In the 1970s, those principles were applied
to the varicella zoster virus vaccine by
Michiaki Takahashi, who attenuated the
virus by passage in guinea pig cells™. As
the vaccine induces both antibodies and cel-
lular immune responses against the virus,
similarly to natural infection, the efficacy of
the vaccine was predictable. In addition, an
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inactivated Japanese encephalitis virus vac-
cine based on production in mouse brain®',

a tick-borne encephalitis virus vaccine pro-
duced in cell culture®, and a live, auxotrophic
strain of typhoid bacillus® were licensed. In
all three cases, serum antibodies against the
organism were elicited and correlated with
protection.

The 1980s saw the birth of two important
strategies for vaccine development: the con-
jugation of bacterial capsular polysaccharides
to proteins, and genetic engineering. In fact,
the use of protein conjugation to improve the
immunogenicity of polysaccharides had been
devised years before — by Oswald Avery
and Walther Goebel in 1931 (REF 54) — but
it was not put to good use until much later.
Capsular polysaccharides from Haemophilus
influenzae type b*, groups A, C, Y and
W135 meningococci*® and multiple sero-
types of pneumococci’”*® were turned into
bacterial vaccines (by Porter Anderson and
David Smith, Emil Gotschlich, and Robert
Austrian, respectively) because they induced
opsonophagocytic antibodies and because it
had been shown that the presence of those
antibodies coincided with natural immunity.
However, it soon became apparent that the
polysaccharides induced poor B cell memory
and failed to induce functional antibodies
in infants. Robbins and Rachel Schneerson,
along with their associates, launched the
conjugate-vaccine era by coupling diph-
theria toxoid to the H. influenzae type b
capsule”. Soon, conjugation with diphtheria
or tetanus toxoids was also used to develop
potent vaccines against meningococci® and
pneumococci®. In countries that use these
conjugate vaccines, the diseases caused by
meningococci and pneumococci have been

almost eliminated. A capsular polysaccharide
vaccine against typhoid was also licensed®>®,
and attempts are being made to improve it by
protein conjugation.

A highly effective vaccine against hepati-
tis A virus was developed by classical inac-
tivation of the whole virus®. Its success was
also predictable, owing to the high efficacy
of antibodies against the virus. Similarly,
several cell culture-derived rabies virus vac-
cines have been developed that contain inac-
tivated virus and induce antibodies against
the virus®. These antibodies neutralize the
virus at the site of the bite and thus block its
attachment to the axons of neurons.

The golden age of vaccine
development was launched by a
methodological breakthrough in
the mid twentieth century: the
growth of viruses in cell culture.

Genetic engineering

Genetic engineering, first conceived by
Stanley Cohen and Herbert Boyer (alleg-
edly after a conversation in a delicatessen),
has allowed bacteria, yeast, animal cells and
insect cells to become substrates for the
production of immunogenic proteins — for
insect cells, through the use of baculovirus
vectors®. The first vaccine to be developed
through genetic engineering was against
hepatitis B virus. Maurice Hilleman had
previously made a vaccine by purifying

and inactivating hepatitis B virus antigen
particles from infected individuals, but this
method carried an obvious safety risk®.
Nevertheless, this plasma-derived vaccine

Hepatitis B (yeast Typhoid (live Japanese Cholera (live Acellular Rotavirus Cold-adapted Varicella zoster virus Pneumococcal
or baculovirus Salmonella encephalitis attenuated) pertussis infection influenza infection (live) disease (13-valent
recombinant for enterica subsp. (inactivated) I (various) (reassortants) I pneumococcal
surface antigen) enterica serovar Typhoid I I Rotavirus infection conjugates)
Typhistr. Ty21a) (Vicapsular Hepatitis A Meningococcal (attenuated and
polysaccharide) (inactivated) disease new reassortants)

(meningococcal T

conjugate* Human papillomavirus infection

(group C)) (quadrivalent recombinant)

established the fact that antibodies against
the antigen protect against infection. The
development of genetic engineering at

the University of California, USA, and at
Genentech allowed new hepatitis B virus
vaccines to be made by expressing the gene
for the surface antigen in one of the available
cellular substrates®.

Other important licensed vaccines that
were developed through genetic engineering
are those against human papillomaviruses. In
this case, the genes encoding the L1 proteins
of oncogenic serotypes were inserted into
yeast or baculoviruses for the production of
virus-like particles®*”. Evidence obtained
with animal papillomaviruses showed that
antibodies prevent viral attachment to the
basement membrane and subsequent infec-
tion of basal cells, thus blocking the eventual
transformation of cells to malignancy; on
the basis of this finding, the vaccines against
human papillomaviruses could be developed.

A vaccine against Lyme disease contain-
ing a Borrelia burgdorferi surface antigen
(OspA) that was produced in Escherichia coli
was briefly on the market in the United
States. Antibodies induced by the antigen
inactivate the bacterium in the tick, which
is why that antigen was chosen for the vac-
cine””2, Efficacy correlating with antibody
titres was demonstrated in field trials.

Two other important vaccines to be
licensed recently are directed against rota-
viruses. These vaccines are live viruses —
in one case, a pentavalent combination of
serotypes”, and in the other, a single strain™.
However, the success of both vaccines was
based on two important facts: prior natural
infection results in immunity to disease, and
two viral proteins on the surface of the virus
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Box 1 | Adjuvants

The word adjuvant is derived from the Latin adjuvare, meaning ‘to help’. Adjuvants are supposed
to increase the adaptive immune response to antigens. Until recently, the only adjuvants used in
licensed vaccines were aluminium salts. It was thought that they caused a depot effect at the site
of the injection, such that the adjuvant allows the slow release of antigens over time, but now it
has been realized that they act as inflammatory agents. The development of new adjuvants is a
burgeoning field, in part owing to the discovery of cellular receptors that react to danger signals.
The first of these to be characterized were the Toll-like receptors (TLRs), and adjuvants that
stimulate TLR4 have been licensed. In addition, several oil-in-water adjuvants have been
incorporated into vaccines to increase antibody responses.

Many other TLR agonists are being developed for vaccine enhancement, such as CpG
oligonucleotides, flagellin and double-stranded RNA. In addition, it has been recognized that
cellular cytokines can be used to enhance immune responses or to direct them towards T helper 1
or T helper 2 pathways; interleukin-12 and granulocyte macrophage colony-stimulating factor

(GM-CSF) have featured notably in this regard.

As vaccinology moves towards the development of purified protein and peptide antigens, the
use of strong adjuvants becomes more and more important in order to stimulate innate immune
factors that in turn augment B cell and T cell expansion, leading to enhanced adaptive immunity.

induce neutralizing antibodies. Although
the important antibody isotype is almost
certainly IgA, and it may be that responses
at the intestinal level to other antigens are
important for protection, both vaccines
induce IgG and IgA antibodies as a result of
oral administration and are highly effective.

The role of immunology research

This brief history shows that since the middle
of the twentieth century, or even before, suc-
cessful vaccine development has been based
on an understanding of which immunologi-
cal response is protective, and this has usu-
ally been serum and/or mucosal antibodies.
However, two vaccines depend on cellular
immunity, a concept that was first described
by Elie Metchnikoff”. This concept became
clearer with the separation of lymphocytes
into B cells and T cells by Jacques Miller”
and Robert Good”. Now, the importance

of T cells after vaccination with the M. bovis

bacille Calmette-Guérin and varicella

zoster virus vaccines is well recognized.

The zoster vaccine, which is composed of
large amounts of attenuated virus, protects
the recipient because the cellular immune
response against the virus reduces with age
and the vaccine reawakens this response’.
In addition, T helper cells are essential for
the development of B cell memory and long-
lasting antibodies following vaccination with
other vaccines.

Thus, it has been understood for some
time that live agents can be attenuated by
passage under unfavourable conditions to
induce the selection of mutants, and that
inactivated vaccines can be constructed with
carbohydrates and proteins that are either
separated from the microorganism or on the
surface of killed pathogens. It has also been
understood that, for both types of vaccines,
the goal is the induction of antibody and
T cell responses.

Box 2 | New strategies for vaccine development

Attenuated vaccines

* Reverse genetics, temperature-sensitive mutations and reassortment.

¢ Viral recombinants and deletion mutants.
* Codon de-optimization.

e Control of replication fidelity.

e MicroRNA insertion.

* Replicating vectors that contain genes from pathogens.

* Gene delivery by invasive bacteria.

Inactivated vaccines
* DNA plasmids and DNA shuffling.

* Reverse vaccinology.

* Antigen identification by transcriptomics and proteomics.

* Development of fusion proteins.

* Development of new adjuvants (including cytokines).

¢ Induction of innate immunity.

Certainly, new knowledge of innate
immunity, of the different types of anti-
body functions, and of both CD4* and
CD8* T cell functions in response to vac-
cination is critically important. Reverse
vaccinology and structural biology will
help us to define more effective antigens,
whereas systems biology will increase
our understanding of how changes in the
expression of specific genes correlate with
protective immune responses'™. In turn,
this will enhance our understanding of
how to induce specific immune responses
and, thus, the development of new vac-
cines. We suspect that systems biology will
be most useful field of study for explaining
the action of adjuvants (BOX 1) — knowl-
edge that will allow us to choose the right
ones to use in different circumstances
— and for elucidating the ways in which
to induce different T cell subsets to influ-
ence protection against infection, carriage
and disease.

The future

Without doubt, the agents for which we
need new vaccines are more complicated

in their pathogenesis than those for which
we have vaccines already, and we therefore
need a more profound knowledge of the
immune system than we have currently.
This is particularly important for diseases
for which natural immunity is absent or
imperfect, such as HIV/AIDS and malaria.
Nevertheless, the past has been a prologue to
that hoped-for future, and all of the recently
developed vaccines have been based on a
preceding analysis of the protective immune
response. No vaccine since the M. bovis
bacille Calmette-Guérin vaccine has been
developed without an immunological
hypothesis about protection.

Hope for the future does not require
denigration of the past. Although, as
Abraham Lincoln said in his Annual
Message to Congress, 1 December 1862, “the
dogmas of the quiet past are inadequate to
the stormy present”, much has been accom-
plished using classical immunology. Even
in the future, it is likely that the success of
vaccines will depend on the induction of
functional antibody that will prevent the
acquisition of infection, and on specific cel-
lular functions that control pathogen replica-
tion if infection occurs despite the presence
of antibody”. These concepts are old; what
is new is our ability to design antigens, to
invoke the innate immune system in order
to enhance adaptive immunity, and to char-
acterize the T cells that are needed for the
responses we want (BOX 2).

892 [ DECEMBER 2011 | VOLUME 9

4
© 2011 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/micro



22.

23.

24,

25.

26.

27.

Stanley A. Plotkin and Susan L. Plotkin are at
Vaxconsult, 4650 Wismer Road, Doylestown,
Pennsylvania 18902, USA.

Stanley A. Plotkin is also at the University of
Pennsylvania, 3451 Walnut Street, Philadelphia,
Pennsylvania 19104, USA.

Correspondence to S.A.P.
e-mail: stanley.plotkin@vaxconsult.com

doi:10.1038/nrmicro2668
Published online 3 October 2011

Rappuoli, R., Black, S. & Lambert, P. H. Vaccine
discovery and translation of new vaccine technology.
Lancet 378, 360-368 (2011).

Nakaya, H. I. et al. Systems biology of seasonal
influenza vaccination in humans. Nature Immunol. 12,
786-795 (2011).

Pulendran, B. & Ahmed, R. Immunological mechanisms
of vaccination. Nature Immunol. 131, 509-517 (2011).
Plotkin, S. A. Vaccines: the fourth century. Clin.
Vaccine Immunol. 16, 1709-1719 (2009).

von Bubnoff, A. An immunological rationale for
vaccines. IAVI Rep. 14, 4—7 (2010).

Pead, P. J. Benjamin Jesty: Dorset’s Vaccination
Pioneer (Timefile Books, Chichester, 2009).

Jenner, E. An Inquiry into the Causes and Effects of
the Variolae Vaccinae (Low, London, 1798).

Bazin, H. Vaccination: a History. From Lady Montagu
to Genetic Engineering. (John Libbey Eurotext,
Montrouge, 2011).

Copeman, S. M. The Milroy Lectures on the natural
history of vaccinia. Lecture Ill. Lancet 151, 1375-1382
(1898).

Dudgeon, J. A. Development of smallpox vaccine in
England in the eighteenth and nineteenth centuries.
BMJ 1,1367-1372 (1963).

Gubser, C. et al. Poxvirus genomes: a phylogenetic
analysis. J. Gen. Virol. 85, 105—117 (2004).

Tulman, E. R. et al. Genome of horsepox virus. J. Virol.
80, 9244-9258 (2006).

Pasteur, L. De I'atténuation du virus du choléra des
poules. C. R. Acad. Sci. 91, 673-680 (1880) (in
French).

Cadeddu, A. Pasteur et le choléra des poules: révision
critique d’un récit historique. Hist. Philos. Life Sci. 7,
87-104 (1985) (in French).

Pasteur, L., Chamberland, C.-E, & Roux, E. Sur la
vaccination charbonneuse. C. R. Acad. Sci. 92,
1378-1383 (1881) (in French).

Pasteur, L. Méthode pour prévenir la rage aprés
morsure. C. R. Acad. Sci. 101, 765-772 (1885)

(in French).

Salmon, D. E. The theory of immunity from contagious
diseases. Proc. Am. Assoc. Adv. Sci. 35, 262-266
(1886).

Pfeiffer, R. & Kolle, W. Experimentelle untersuchungen
zur frage der schutzimpfung des menschen gegen
typhus adbdominalis. Dtsch. Med. Wochenschr. 22,
735-737 (1896) (in German).

Kolle, W. Zur aktiven immunisierung der menschen
gegen Cholera. Zentralbl. Bakteriol. Abt. Jena 19,
97-104 (1896) (in German).

Haffkine, W. M. Remarks on the plague prophylactic
fluid. BMJ 1, 1461-1462 (1897).

Roux, E. & Yersin, A. Contribution a I'étude de la
diphtérie. Ann. Inst. Pasteur (Paris) 2, 629-661
(1888) (in French).

von Behring, E. & Kitasato, S. Uber das
zustandekommen der diphtherie-immunitat und der
tetanus-immunitét bie tieren. Dtsch. Med.
Wochenschr. 16, 1113—=1114 (1890) (in German).
von Behring, E. Serum therapy in therapeutics and
medical science. Nobelprize.org [online], http://www.
nobelprize.org/nobel_prizes/medicine/laureates/1901/
behring-lecture.html (2011).

Ehrlich, P. On immunity with special reference to cell
life. Proc. R. Soc. Lond. 66, 424—448 (1899).
Glenny, A. T. & Hopkins, B. E. Diphtheria toxoid as an
immunising agent. Br. J. Exp. Pathol. 4, 283-288
(1923).

Ramon, G. Sur le pouvoir floculant et sur les
propriétés immunisantes d’une toxine diphtérique
rendue anatoxique (anatoxine). C R. Acad. Sci. Paris
177, 1338-1340 (1923) (in French).

Calmette, A. & Gueérin, C. Contribution a I'étude de
I'immunité antituberculose chez les bovidés. Ann. Inst.
Pasteur (Paris) 28, 329-337 (1914) (in French).

28.

29.

30.

31.

32.

33.

34,

35.

36

37

38.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Calmette, A. LInfection Bacillaire et la Tuberculose
4th edn (Masson et Cie, Paris, 1936) (in French).
Theiler, M. & Smith, H. H. The use of yellow fever virus
modified by in vitro cultivation for human immunization.
J. Exp. Med. 65, 787-800 (1937).

Lloyd, W., Theiler, M. & Ricci, N. I. Modification of
virulence of yellow fever virus by cultivation in tissues
in vitro. Trans. R. Soc. Trop. Med. Hyg. 29, 481-529
(1936).

Monath, T. P. in History of Vaccine Development (ed.
Plotkin, S. A.) 109—135 (Springer, New York, 2011).
Madsen, T. Whooping cough: its bacteriology,
diagnosis, prevention and treatment. Boston Med.
Surg. J. 192, 50-60 (1925).

Madsen, T. Vaccination against whooping cough.
JAMA 101, 187-188 (1933).

Sato, Y. et al. Role of antibody to leukocytosis-
promoting factor hemagglutinin and to filamentous
hemagglutinin in immunity to pertussis. Infect. Immun.
31, 1223-1231 (1981).

Edwards, K. M., Decker, M. D., Mortimer, E. A. Jr. in
Vaccines 3rd edn (eds Plotkin, S. A. & Orenstein, W. A.)
293-344 (W. B. Saunders, Philadelphia, 1999).
Smith, W., Andrewes, C. H. & Laidlaw, P. P. A virus
obtained from influenza patients. Lancet 222, 66—-68
(1933).

Francis, T. Jr & Magill, T. P. Vaccination of human
subjects with virus of human influenza. Proc. Soc. Exp.
Biol. Med. 33, 604—606 (1936).

Smorodintsev, A. A., Tushinsky, M. D., Drobyshevskaya,
A. 1. & Korovin, A. A. Investigation on volunteers
infected with the influenza virus. Am. J. Med. Sci. 194,
159-170 (1937).

Maassab, H. F. & DeBorde, D. C. Development and
characterization of cold-adapted viruses for use as live
virus vaccines. Vaccine 3, 355-369 (1985).

Enders, J. ., Weller, T. H. & Robbins, F. C. Cultivation
of the Lansing strain of poliomyelitis virus in cultures
of various human embryonic tissues. Science 109,
85-87 (1949).

Salk, J. E. et al. Formaldehyde treatment and safety
testing of experimental poliomyelitis vaccines. Am.

J. Public Health Nat ons Health 44, 563-570 (1954).
Sabin, A. B., Hennessen, W. A. & Winsser, J. Studies
on variants of poliomyelitis virus. I. Experimental
segregation and properties of avirulent variants of
three immunological types. J. Exp. Med. 99, 551-576
(1954).

Koprowski, H., Jervis, G. A. & Norton, T. W. Immune
responses in human volunteers upon oral
administration of a rodent-adapted strain of
poliomyelitis virus. Am. J. Hyg. 55, 108—126 (1952).
Hammon, W. M., Coriell, L. L., Wehrle, P. F. & Stokes,
J. Jr. Evaluation of Red Cross gamma globulin as a
prophylactic agent for poliomyelitis. IV. Final report of
results based on clinical diagnoses. JAMA 151,
1272-1285 (1953).

Katz, S. L. et al. Studies on an attenuated measles
virus vaccine. VIIl. General summary and evaluation of
results of vaccine. N. Engl. J. Med. 263, 180—-184
(1960).

Hilleman, M. R., Buynak, E. B., Weibel, R. E. & Stokes,
J. Jr. Live attenuated mumps-virus vaccine. N. Engl.

J. Med. 278, 227-232 (1968).

Meyer, H. M. & Parkman, P. D. Rubella vaccination: a
review of practical experience. JAMA 215, 613-619
(1971).

Prinzie, A., Huygelen, C., Gold, J., Farquhar, J. &
McKee, J. Experimental live attenuated rubella virus
vaccine: clinical evaluation of Cendebhill strain. Am.

J. Dis. Child. 118, 172—177 (1969).

Plotkin, S. A., Farquhar, J. D., Katz, M. & Buser, F.
Attenuation of RA27/3 rubella virus in WI-38 human
diploid cells. Am. J. Dis. Child. 118, 178—185 (1969).
Takahashi, M. et al. Development of a live attenuated
varicella vaccine. Biken J. 18, 25—-33 (1975).

Takaku, K. et al. Japanese encephalitis purified
vaccine. Biken J. 11, 25-39 (1968).

Benda, R. & Danes, L. Study of the possibility of
preparing a vaccine against tick-borne encephalitis,
using tissue culture methods. V. Experimental data for
the evaluation of the efficiency of formol treated
vaccines in laboratory animals. Acta Virol. 5, 37 (1961).
Germanier, R. & Furer, E. Isolation and
characterization of Gal E mutant Ty21a of Salmonella
typhi: a candidate for a live, oral typhoid vaccine.

J. Infect. Dis. 131, 553-558 (1975).

Avery, O. T. & Goebel, W. F. Chemo-immunological
studies on conjugated carbohydrate-proteins. V. The
immunological specificity of an antigen prepared by
combining the capsular polysaccharide of type IlI

PERSPECTIVES

pneumococcus with foreign protein. J. Exp. Med. 54,
437-447 (1931).

55. Parke, J. C. Jr et al. Interim report of a controlled field
trial of immunization with capsular polysaccharides of
Haemophilus influenzae type b and group C Neisseria
meningitidis in Mecklenburg County, North Carolina.
J. Infect. Dis. 136, S51-S57 (1977).

56. Gotschlich, E. C., Liu, T. Y. & Artenstein, M. S. Human
immunity to the meningococcus. Ill. Preparation and
immunochemical properties of the group A, group B
and group C meningococcal polysaccharides. J. Exp.
Med. 129, 1349-1365 (1969).

57. Austrian, R. et al. Prevention of pneumococcal
pneumonia by vaccination. Trans. Assoc. Am.
Physicians 89, 184—192 (1976).

58. Austrian, R. in History of Vaccine Development (ed.
Plotkin, S. A.) 83-90 (Springer, New York, 2011).

59. Schneerson, R., Barrera, O., Sutton, A. & Robbins, J. B.
Preparation, characterization and immunogenicity of
Haemophilus influenzae type b polysaccharide-protein
conjugates. J. Exp. Med. 152, 361-376 (1980).

60. English, M. et al. A randomised, double-blind,
controlled trial of the immunogenicity and tolerability
of a meningococcal group C conjugate vaccine in
young British infants. Vaccine 19, 1232-1238
(2001).

61. Eskola, J. & Antilla, M. Pneumococcal conjugate
vaccines. Pediatr. Infect. Dis. J. 18, 543-551 (1999).

62. Landy, J. Studies of Vi antigen. VI. Inmunization of
human beings with purified Vi antigen. Am. J. Hyg.
50, 52-62 (1954).

63. Robbins, J. D. & Robbins, J. B. Reexamination of the
protective role of the capsular polysaccharide Vi
antigen of Salmonella typhi. J. Infect. Dis. 150,
436-439 (1984).

64. Provost, P. J. et al. An inactivated hepatitis A vaccine
of cell culture origin. J. Med. Virol. 19, 23-31 (1986).

65. Wiktor, T. J., Plotkin, S. A. & Koprowski, H.
Development and clinical trials of the new human
rabies vaccine of tissue culture (human diploid cell)
origin. Dev. Biol. Stand. 40, 3-9, 1978.

66. Beardsley, T. Biotechnology: Cohen—Boyer patent
finally confirmed. Nature 311, 3 (1984).

67. Hilleman, M. R. et al.in Viral Hepatitis (eds Vyas, G. N.,
Cohen, S. N. & Schmid, R.) 525-527 (Franklin
Institute Press, Philadelphia, 1978).

68. McAleer. W. J. et al. Human hepatitis B vaccine from
recombinant yeast. Nature 307, 178—180 (1984).

69. Zhou, J., Sun, X. Y., Stenzel, D. J. & Frazer, |. H.
Expression of vaccinia recombinant HPV 16 Li and
L2 ORF proteins in epithelial cells is sufficient for
assembly of HPV virion-like particles. Virology 185,
251-257 (1991).

70. Kirnbauer, R. et al. Papillomavirus L1 major capsid
protein self-assembles into virus-like particles that are
highly immunogenic. Proc. Natl Acad. Sci. USA 89,
12180-12184 (1992).

71. Sigal, L. H. et al. Vaccine consisting of recombinant
Borrelia burgdorferi outer-surface protein A to prevent
Lyme disease. N. Engl. J. Med. 339, 216-222 (1998).

72. Steere, A. C. et al. Vaccination against Lyme disease
with recombinant Borrelia burgdorferi outer-surface
lipoprotein A with adjuvant. N. Engl. J. Med. 339,
209-215 (1998).

73. Clark, H. F., Offit, P. A, Plotkin, S. A. & Heaton, P. M.
The new pentavalent rotavirus vaccine composed of
bovine (strain WC3)-human rotavirus reassortants.
Pediatr. Inf. Dis. J. 25, 577-583 (2006).

74. Bernstein, D. I. et al. Efficacy of live, attenuated,
human rotavirus vaccine 89—12 in infants: a
randomised placebo-controlled trial. Lancet 354,
287-290 (1999).

75. Metchnikoff, E. Immunity in the Infective Diseases
(Cambridge Univ. Press, Cambridge, UK,1905).

76. Miller, J. A scientific odyssey: unravelling the secrets of
the thymus. Med. J. Aust. 183, 582-584 (2005).

77. Cooper, M. D., Cain, W. A, Van Alten, P. J. & Good, R. A.
Development and function of the immunoglobulin
producing system. |. Effect of bursectomy at different
stages of development on germinal centers, plasma
cells, immunoglobulins and antibody production. Int.
Arch. Allergy Appl. Immunol. 35, 242-252 (1969).

78. Oxman, M. N. et al. A vaccine to prevent herpes
zoster and postherpetic neuralgia in older adults.

N. Engl. J. Med. 352, 2271-2284 (2005).

79. Plotkin, S. A. Correlates of protection induced by
vaccination. Clin. Vaccine Immunol. 17, 1055-1065
(2010).

Competing interests statement
The authors declare no competing financial interests.

NATURE REVIEWS ‘ MICROBIOLOGY

5

© 2011 Macmillan Publishers Limited. All rights reserved

VOLUME 9 [ DECEMBER 2011 | 803


mailto:stanley.plotkin@vaxconsult.com

	The development of vaccines: how the past led to the future
	Main
	References




