Pan American
Health
Organization PAHO Scientific and Technical Publication No. 596

@ Regional Office of the
Yt/ I World Health Organization

525 Twenty-third Street, NW
Washington, DC 20037 EUA

www.paho.org

Vaccines

Vaccines: Preventing Disease and Protecting Health celebrates the ways
in which vaccines have played a role in improving the health of
the world’s populations. In early sections, the book relates successful
efforts to fight disease with vaccines and looks at the challenges of
using vaccines to cope with emerging and re-emerging diseases.
In subsequent sections, the authors examine innovative efforts to
test the efficacy of vaccines against diseases such as meningococcal
infection in  Africa, = Haemophilus influenza  type b,
varicella, and hepatitis A, and look at efforts to develop a new
generation of vaccines against cholera and typhoid, shigella, and
Helicobacter pylori. The book also includes sections on the quest for
vaccines against tuberculosis, HIV/AIDS, dengue, malaria, and hook-
worm; the use of vaccines to fight bioterrorism attacks; and
regulatory, safety, and public health issues pertaining to vaccines.
The roster of authors reads like a “Who’s Who” in vaccines and
public health. Dr. Ciro A de Quadros, Director of International Programs : :
at the Albert B, Sabin Vaccine Institute and Former Director of the Pan Ciro A. de Quadros, editor
American Health Organization’s Division of Vaccines and Immunization,
ably edited the book and made valuable contributions to it.

Preventing Disease

Protecting Health

SANIOOVA

Pan American
Health
Organization

G2 s
1\@ Regional Office of the
st World Health Organization

==L

Sci. and
Tech. Pub.
No. 596

ISBN 92 75 11596 6




Also published in Spanish (2004) with the title:
Vacunas: Prevencion de enfermedades y proteccion de la salud.
ISBN 92 75 31596 5

PAHO HQ Library Cataloguing-in-Publication

Pan American Health Organization
Vaccines: preventing disease and protecting health.
Washington, D.C.: PAHO, © 2003.
(Scientific and Technical Publication No. 596)
ISBN 92 75 11596 6
L Title II. (Series)
1. VACCINES
2. VACCINATION
3. IMMUNIZATION PROGRAMS
4. COMMUNICABLE DISEASES, EMERGING — prevention
& control
5. COMMUNICABLE DISEASE CONTROL
6. PUBLIC HEALTH

NLM QW806.068v

The Pan American Health Organization acknowledges and thanks
the following institutions for their financial contribution towards
the “Conference on Vaccines, Prevention, and Public Health:
A Vision for the Future” and the publication of this book: Albert
B. Sabin Vaccine Institute, American Cyanamid, Aventis Pasteur,
Baxter HealthCare, Chiron, GlaxoSmithKline, Merck, Serum Insti-
tute of India, and the World Health Organization.

The Pan American Health Organization welcomes requests for permission to re-
produce or translate its publications, in part of in full. Applications and inquiries
should be addressed to the Publications Area, Pan American Health Organization, 525
23rd Street, N.W., Washington, D.C., U.S.A., which will be glad to provide the latest
information on any changes made to the text, plans for new editions, and reprints and
translations ready available.

© Pan American Health Organization, 2004

Publications of the Pan American Health Organization enjoy copyright protection
in accordance with the provisions of Protocol 2 of the Universal Copyright Conven-
tion. All rights are reserved.

The designations employed and the presentation of the material in this publication
do not imply the expression of any opinion whatsoever on the part of the Secretariat
of the Pan American Health Organization concerning the status of any country, terri-
tory, city, or area, or of its authorities, or concerning the delimitation of its frontiers or
boundaries.

The mention of specific companies or of certain manufacturers’ products does not
imply that they are endorsed or recommended by the Pan American Health Organi-
zation in preference to others of a similar nature that are not mentioned. Errors and
omissions excepted, the names of proprietary products are distinguished by initial
capital letters.



CONTENTS

Preface. . .. ..o

Introduction . . ... ...

SETTING THE STAGE

Vaccines and the Challenge of Emerging and Re-Emerging Diseases:

From HIV/AIDS to Bioterrorism . .. ... ..
Anthony S. Fauci

A Century of Vaccines and Immunization in the Americas. .......
Ciro A. de Quadros

PART I. THE PRESENT

Polio: Present Status and Post-Eradication Policies . .............
Daniel Tarantola

Potential for Circulation of Vaccine-derived Polioviruses . ........
Philip Minor

Is Global Measles Eradication Feasible? .......................
Ciro A. de Quadros

New Measles Vaccine Formulations and Delivery Systems

and their Potential Contribution to Reducing Measles Mortality
Worldwide . ... ...
Maria Teresa Aguado and Ana-Maria Henao-Restrepo

The Burden of Congenital Rubella Syndrome. ..................
Louis Z. Cooper

Accelerated Control of Rubella and Prevention of Congenital
Rubella Syndrome: Experiences in the Americas . ...............
Gina Tambini, Carlos Castillo-Soldrzano, Monica Brana, and

Ciro A. de Quadros

ix

xi

13

23

31

35

43

53

61



iv

Contents

The Challenge of Yellow Fever............ ... ... ... .......
Thomas P. Monath

PART II. THE CUTTING EDGE

Haemophilus Influenzae Type B: The Burdenin Asia ..............
John Clemens and Paul Kilgore

Development of a Live Varicella Vaccine: Current Status
and Prospects. . ... ...
Michiaki Takahashi

Hepatitis AVaccines ......... ... .. ... .. .o i
Stanley M. Lemon

Conjugate Meningococcal Vaccines for Africa ..................
F. Marc LaForce

The Efficacy and Effectiveness of Pneumococcal Conjugate
Vaccines ...... ... .
Keith P. Klugman

PART III. THE FUTURE

Rotavirus Vaccines. . . ...
Roger Glass, Umesh Parashar, Joseph Bresee, Jon Gentsch,
Reina Turcios, and Baoming Jiang

Typhoid Fever and Cholera Vaccines. .........................
Myron M. Levine

Progress in Shigella Vaccine Development. .....................
Karen L. Kotloff

Human Papillomavirus. . ............ ... ... . oo i
Ian H. Frazer

Success in Vaccinating against Helicobacter pylori .. ..............
Steven |. Czinn

Hepatitis C . ...
Stephen Coates, Qui-Lim Choo, George Kuo, Kevin Crawford,

Christine Dong, Mark Wininger, Amy Weiner, Sergio Abrignani,

and Michael Houghton



Contents

\

Advances in Influenza Vaccine Development. .................. 157
John Treanor

Vaccine Prospects for Respiratory Syncytial Virus . .............. 167
Peter F. Wright

PART IV. THE QUEST

A New Generation of Tuberculosis Vaccines. . . ................. 177
Michael ]. Brennan

A New Polio Vaccine? . . . ... 183
Jeronimo Cello, Nadia De Jesus, Konstantin Chumakov, Jiang Yin,
Aniko V. Paul, Matthias Gromeier, and Eckard Wimmer

The Quest for a Preventive Vaccine Against HIV/AIDS. . ......... 189
José Esparza

Dengue Vaccines ............ .. .. i 200
David W. Vaughn

Progress Toward a Malaria Vaccine . .......................... 207
Regina Rabinovich

Hookworm in the Americas: Progress in the Development
of an Anti-hookworm Vaccine ...................... ... ... ... 213
Peter |. Hotez

PART V. NEW CONCEPTS FOR VACCINE DEVELOPMENT,
ADJUVANTS, AND DELIVERY SYSTEMS

Mucosal Vaccines to Induce Cellular Immunity Against HIV
and Other Viral Infections. . ................................. 223
Jay A. Berzofsky and Igor M. Belyakov

Maternal Immunization . ...........c 238
W. Paul Glezen

DNA Vaccines: AReVIEW . . ... e 245
Margaret A. Liu

Oral Vaccines Derived from Transgenic Plants.................. 256
Charles ]. Arntzen



Vi

Contents

New Adjuvants . .............ouuiiiniiiiiininnenn.. 263
Nathalie Gar¢on and Moncef Slauoi

The PowderJect Particle-mediated Epidermal Delivery
of DNA Vaccines: A New Technology ......................... 273
John Beadle

VI. VACCINES AND BIOTERRORISM

Smallpox Vaccine. ........ .. ... 281
Donald A. Henderson

Anthrax. .. ... 287
Arthur M. Friedlander

Vaccines Against Viral Hemorrhagic Fevers . ................... 291
Clarence ]. Peters

VII. REGULATORY AND SAFETY ISSUES

The Public Sector Perspective. .. .......... ... ... ... ....... 301
Manfred Haase
The Industry Perspective ............ ... ... ... ... ... ... 304

Luis Barreto

The Consumers’ Perspective. ... .......... ... ... ... ....... 310
David Salisbury

VIII. VACCINES, PREVENTION, AND PUBLIC HEALTH

The Role of Prevention in Health and Public Health:
Challenges forthe Future . . .......... ... ... ... ... ... ... 321
Carlyle Guerra de Macedo

External Finance of Immunization Programs: Time for a
Change in Paradigm? ........ ... ... ... ... ... ... ... ... 325
Dean T. Jamison

A Vision for the Future Sustainability of National Financing
of Immunization Programs. .......... ... ... ... ... o 333
Julio Frenk Mora, Roberto Tapia Conyer, and José Ignacio Santos



Contents

vii

The Role of Multilateral Financing Institutions in Supporting
Immunization Programs.............. ... ... .. .. . oo
Alfredo Solari

The Potential Impact of Health Reform on Immunization
Programs ......... ...
Fernando Mufioz, Oscar Arteaga, Sergio Mufioz, and Mario 1. Tarride
Perspectives for the Elimination/Eradication of Diseases

with Vaccines . . ...
Walter R. Dowdle

EPILOGUE: CONFERENCE ON VACCINES, PREVENTION,
AND PuBLIC HEALTH: A VISION FOR THE FUTURE

Welcoming Remarks . .......... ... ... ... .. .
George A.O. Alleyne

SUMMALION . . .
Donald A. Henderson

Meeting Agenda. . .......... ..

List of Participants. . .. ....... ... .. i



PREFACE

Throughout its history, the Pan American Health Organization (PAHO)
has relied on vaccines to fight disease and improve health in the Americas.
Early in the century, for example, there were impressive efforts to eradi-
cate yellow fever and smallpox from the Region. But it was with the gen-
esis of the Expanded Program on Immunization (EPI) in the late 1970s that
the role of vaccines and immunization programs in improving the health
of the people in the Americas took a quantum leap. Coverage rates sky-
rocketed, soaring from a paltry 10% to between 80% and 90%, on average;
the number of vaccines routinely used in immunization programs steadily
increased.

The countries of the Americas and PAHO, in a spirit of true Pan Amer-
icanism and in pursuit of equity, have worked through EPI to achieve dra-
matic successes. The Americas was the first region in the world to eradi-
cate smallpox and polio, and measles is on the verge of being eradicated.
These pioneering initiatives have made our Region a model and inspira-
tion for the rest of the world. EPI has made invaluable contributions
in terms of social mobilization and community participation, and it has
left behind lasting lessons in developing models and tools for interagency
cooperation. We will continue to strengthen EPI to ensure that its contri-
bution to the health, information, surveillance, and local health systems
endures well into the future.

The challenges ahead for vaccines and immunization programs are
onerous. In the coming years, we will have to view infectious agents as
natural risks to be dealt with in a globalized planet. We must move
beyond simply trying to eliminate infectious agents to trying to reduce
the vulnerability of individuals. Having attained survival through the
natural selection of the few, we must now attempt to strengthen all in
an equitable way. We must consider vaccination as a basic element in
protecting health. In other words, we should not merely seek to alleviate
suffering, we must aspire to improve the population’s quality of life and
well-being.

We also will have to face challenges in terms of the financial, political,
and operational sustainability of immunization programs within complex
and changing health systems. In this context, vaccines should become a
basic right for our populations, not simply a tool for reducing illness. If
we move in this direction, I have no doubt that vaccination programs and
vaccine development efforts will gain new allies, thereby ensuring the po-
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litical and financial sustainability of vaccines, and most especially, the
ethical sustainability of vaccines.

VACCINES: Preventing Disease and Protecting Health looks at the success of
historical immunization efforts; charts the future of vaccine development
ventures targeting new diseases and involving new vaccine delivery sys-
tems; explores the role of vaccines in defending against bioterrorism; and
examines regulatory, safety, and financing issues; as well as the future
role of vaccines and immunization programs in public health. As such, it
should become an invaluable weapon in the public health armamentar-
ium for policy makers, academics, public health officers, scientists work-
ing in vaccine development, and, perhaps more importantly, for the inde-
fatigable health workers and volunteers throughout the Region who have
carried high the standard of public health’s mission. Use it well.

—Mirta Roses Periago
Director
Pan American Health Organization



INTRODUCTION

The countries of the Americas have made tremendous strides in improv-
ing the health of the Region’s peoples since the Pan American Health
Organization was established just over 100 years ago. These improve-
ments were due in great part to the implementation of national immu-
nization programs. These programs, particularly those that operated over
the last 25 years since the Expanded Program on Immunization was es-
tablished in the Americas, have brought several vaccine preventable in-
fectious diseases under control.

The Americas was the first of the world’s regions to eradicate smallpox.
Later, it also was the first to eradicate poliomyelitis, whose last indige-
nous case in the Americas occurred in Peru in 1991. This success led
PAHO'’s Directing Council to set the goal of eradicating measles by the
year 2000. As of this writing, more than one year has elapsed since the last
indigenous case of measles was detected in Venezuela in September 2002.
Recently, at its 44th Meeting, PAHO’s Directing Council set a target for
eradicating rubella from the Region by 2010.

Just as the disease eradication initiatives launched in the Americas have
been expanded globally, innovative implementation strategies for immu-
nization programs in the Region also have been emulated elsewhere.

Until a few years ago, immunization programs used just a few vaccines
that had been developed several years ago. Among these were vaccines
against diphtheria, tetanus, pertussis, tuberculosis, measles, and polio.
Over the last decade, however, major advances in biotechnology made it
possible to develop several new vaccines, and many candidate vaccines
are now under way. Consequently, one of the challenges for health policy
makers has been how to introduce these newly developed vaccines into
national immunization programs. This is a particularly important issue,
because new vaccines already available and those under development
will certainly cost a great deal more than traditional vaccines already
under use. A good example of this challenge has been the introduction of
hepatitis B and Haemophilus influenzae type b vaccines, which were devel-
oped over 20 and 10 years ago, respectively, and only recently have started
to be introduced in least developed countries. Latin American and
Caribbean countries have pioneered the rapid introduction of these vac-
cines, thanks to the high-level political commitment of the governments
and to financial mechanisms established by the PAHO Revolving Fund
for Vaccine Procurement. The latter pooled the needs of all the countries,

Xi
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thereby attaining economies of scale that allowed more favorable pricing.
The Fund also allowed countries to pay off their debts in local currencies.

But the challenges ahead loom ever larger. Consider the vertiginous ac-
celeration of vaccine development over time. For example, Jenner devel-
oped the smallpox vaccine in 1796, and it took about 100 years before Pas-
teur developed the rabies vaccine at the end of the 19th century. The first
half of the 20th century, on the other hand, witnessed the development of
several vaccines; the second half experienced an unprecedented leap in
technology which allowed for the research and development of vaccines
for more than 30 diseases, and real prospects for developing vaccines for
diseases that were thought to be chronic and degenerative, but today are
known to be the result of infectious diseases. Among these are vaccines
targeting human papilloma virus, a major cause of cervical cancer, and
Helicobacter pylori, which plays an important role in the pathogenesis of
peptic ulcer and gastric cancer. The enormous progress in research and
development in the field of vaccines makes us believe that the 21st cen-
tury will be the “Century of Vaccines.”

Given this accelerated progress, and to commemorate the Organiza-
tion’s first centennial, the Pan American Health Organization convened a
conference so that experts at the vanguard in the field of vaccines and im-
munization could review the state of the art and look ahead to years to
come. The conference, “Vaccines, Prevention, and Public Health: A Vision
for the Future,” was held at PAHO Headquarters in Washington, D.C.,
from 25 to 27 November 2002, and gathered more than 300 experts from
the world over. The papers presented there marked the beginning of this
book.

This book’s chapters discuss progress made through vaccines used in
most of the world’s immunization programs, describe the status of intro-
duction of the newest vaccines currently available to immunization pro-
grams, review progress in the development of vaccines against some bac-
terial and viral diseases that are responsible for much of mortality due to
diarrheal and acute respiratory illnesses, as well as the quest for vaccines
against HIV/AIDS, malaria, and dengue. A section addresses technologi-
cal aspects of vaccine development, such as new concepts, including
DNA vaccine technology, and new adjuvants and delivery systems. Dis-
eases that may be used for bioterrrorism, such as smallpox and anthrax,
also are discussed.

Because of the growing importance that regulatory issues bear in the
development and use of vaccines and the increased interest of consumers
in being better informed on the use of vaccines, the book presents a dis-
cussion on the regulatory and safety issues surrounding the development,
production and utilization of vaccines.

In the last section, the book looks into the future, particularly to the eco-
nomics of vaccines and immunization and the impact that some aspects
of health reform processes may have in the sustainability of programs and
the perspectives for future disease eradication.

This publication is a product of the work of the best scientists in their
fields, who not only participated in the conference, but also gave of their
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time and dedication to work on the chapters included in this book. The
Pan American Health Organization, as a whole, and I, in particular, are
grateful to them. PAHO also is grateful to the conference’s sponsors and
to all of those who helped make this book a reality.

In 1970, the Pan American Health Organization convened the “Interna-
tional Conference on the Application of Vaccines against Viral, Rickettsial,
and Bacterial Diseases of Man.” That Conference was the beginning of the
Expanded Program on Immunization, the Children’s Vaccine Initiative
and the recently formed Global Alliance for Vaccines and Immunization.
We hope that this book, likewise, will set the stage for several new initia-
tives in the field of vaccines and immunization, bringing more diseases
under control and offering the world’s peoples a healthier environment,
as immunization is and will continue to be the most cost-effective health
intervention in our medical armamentarium.

Finally, this book is dedicated to the thousands of health workers
throughout the Americas, particularly those that deal with vaccines and
immunization, who dedicate their lives to improving the lives of their fel-
low citizens.

Ciro A. de Quadros
Editor
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VACCINES AND THE CHALLENGE OF
EMERGING AND RE-EMERGING DISEASES:
FROM HIV/AIDS TO BIOTERRORISM

Anthony S. Fauci

As public health professionals know all too
well, the threats posed by infectious diseases
have not disappeared. World Health Organi-
zation (WHO) statistics indicate that infec-
tious and parasitic diseases caused 26% of
all deaths worldwide in 2001 (1). In terms of
healthy life years lost, the situation is even
worse. Infectious diseases strike the young
disproportionately, causing approximately
two-thirds of deaths among children younger
than 5 years old (2).

Public health professionals also know that
infectious disease threats constantly ebb and
flow, as new diseases emerge and old ones re-
emerge in terms of their impact and geo-
graphic range (Figure 1). A brief consideration
of four events that have occurred in the 100-
plus years that PAHO has been in existence
amply bears this out. Early in the last century,
for example, the influenza A pandemic of
1918-1919 claimed more than 20 million lives
worldwide. Today, the emerging HIV pan-
demic has yet to peak. One year before PAHO's
100th anniversary, the anthrax attacks of 2001
caused us all to confront the specter of the de-
liberate use of infectious agents to spread terror
and death. Most recently, we were confronted

1 Director, National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health, Depart-
ment of Health and Human Services, U. S. A.

by yet another newly emerging disease: the Se-
vere Acute Respiratory Syndrome (SARS).

We have achieved remarkable successes
with vaccines in the past, which have led to
the eradication or near-eradication of several
important diseases. We still confront two diffi-
cult issues, however. First, safe and effective
vaccines are lacking for most emerging and re-
emerging infectious diseases, including those
that may be used as agents of bioterrorism.
Second, even when we have effective vaccines,
they are not utilized worldwide as effectively
as they might be. If we successfully meet these
two challenges, we will significantly reduce
the serious threats to public health that await
us in the future.

This chapter will broadly discuss the fun-
damental importance of vaccines in meeting
the challenges posed by emerging and re-
emerging diseases, as well as new strategies for
vaccine development. It also will briefly discuss
four emerging or re-emerging disease threats—
HIV/AIDS, West Nile virus, bioterrorism, and
SARS—and the role that vaccines will play in
our efforts to cope with these threats.

VACCINE DEVELOPMENT

Vaccine development is an intensely collabora-
tive endeavor. To move from concept to fin-
ished product requires the participation, to
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FIGURE 2. Players involved in vaccine development in the
United States of America.
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one degree or another, of government research
and health agencies, nonprofit public health
advocacy organizations, international groups
such as PAHO, academic research centers,
small biotechnology start-ups, and large phar-
maceutical firms, among others. No single or-
ganization or group, acting alone, can possibly
do all that needs to be done. Without extensive
and productive teamwork among all groups
involved, the efforts to develop safe, effective,
and widely available vaccines that we need
will not succeed (3).

The National Institutes of Health (NIH) and
the National Institute of Allergy and Infectious
Diseases (NIAID), in particular, play a signifi-
cant role in this collaborative effort in the
United States. The recently published 20th an-
niversary edition of NIAID’s The Jordan Report,
reviews recent developments in vaccinology
and sets out a roadmap for the accelerated de-
velopment of new vaccines in the future (4).

Developing new vaccines is a central part of
the NIAID mandate. The foundation of vacci-
nology is basic research, and in that regard,
NIAID is a major contributor. But many steps
must be taken before a vaccine reaches field
evaluation and product development. These

steps require the participation of many other
collaborators (Figure 2).

The NIH budget for vaccine development
increased steadily in the mid-1990s, and accel-
erated sharply in fiscal year 2003 (Figure 3).
The new resources for vaccine development
in 2003 are available as a direct result of the
growing understanding that bioterrorism is an
extremely grave threat, and that vaccines are a
vital part of our biodefense strategy.

NEW STRATEGIES, NEW OPPORTUNITIES

The increased NIH funding for vaccine re-
search and development comes at an auspi-
cious time. Vaccinology has taken a quantum
leap in potential in just the past few years. As
more resources are devoted to vaccine research
and development, we are in an excellent posi-
tion to capitalize on that new potential. New
vaccine concepts go far beyond the classical
approaches that were used so successfully in
the past. Examples of new vaccine strategies
include the use of recombinant proteins, non-
infectious particles, replicons, recombinant
viral vectors, peptides, and nucleic acid vac-
cines. The revolution in biotechnology also has
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FIGURE 3. Growth of vaccine research funding at the National Institutes
of Health, fiscal year 1996 to fiscal year 2004.
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made available powerful new tools, notably
whole organism genomic sequencing and
post-sequencing functional genomics. Not
only do we now have the full sequence of the
human genome, but we also are rapidly se-
quencing a wide array of microbial pathogens.
Consider the situation with malaria, for exam-
ple, which kills more than one million people
every year. We now have complete genome
sequences for both Plasmodium falciparum,
which causes the most severe form of malaria,
and Anopheles gambiae, one of the most impor-
tant mosquito vectors (5, 6). Although these se-
quences will not provide answers in them-
selves, they will without doubt open many
doors to new vaccine targets, not to mention
better therapies and diagnostics.

Our growing understanding of the human
immune system also is helping to accelerate
vaccine development. This is especially true of
recent insights into innate immune responses,
which are evolutionarily older, less specific,
and faster acting than the adaptive responses
that have been the traditional targets of vac-
cines. As we come to understand innate im-
munity in more detail, and elucidate its rela-

tionship to the adaptive immune system, op-
portunities to create more effective vaccine ad-
juvants will emerge. For example, synthetic
DNA sequences that contain repeated CpG
motifs mimic the stimulatory activity that bac-
terial DNA fragments exert on the innate im-
mune system. These sequences have recently
shown promise as vaccine adjuvants that
speed and strengthen immune responses (7).
We can look forward to more progress of this
kind as we continue to learn about the com-
plex interactions between innate and adaptive
immune responses.

HIV/AIDS

The HIV/AIDS pandemic is one of history’s
great scourges. At least 20 million people have
already died of AIDS. More than 42 million
people are currently living with HIV world-
wide, according to the latest estimates of the
Joint United Nations Program on HIV/AIDS
(UNAIDS). The prevalence of infection in sub-
Saharan Africa exceeds 30% in the adult pop-
ulation of some countries (8). The scope of
the global pandemic is staggering, especially
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when one considers that it is due to an emerg-
ing virus that was identified only 20 years ago.

The outlook for the future of this pandemic
is grim if public health interventions to fight
HIV/AIDS cannot be made more effective. Re-
cent estimates suggest that by the year 2010
there will be 45 million new infections world-
wide. By 2020, 70 million people will likely
have died of the disease. The virus is set to ex-
pand explosively in many countries, including
Russia, China, and India. In these populous
and strategically important countries, even a
modest increase in the infection rate would
have potentially devastating consequences (9).
In a country such as India, with a population
of one billion people, for example, a change in
the infection rate from 1% to just 2% would
mean a huge increase in the number of people
affected. The consequences would be devastat-
ing, and could dwarf what we already are see-
ing in sub-Saharan Africa. Such a scenario is
likely if we stay on our current path.

The need for a safe and effective HIV vac-
cine, therefore, is clear. Such a vaccine would
benefit countless individuals by preventing in-
fection or by preventing, delaying, or amelio-
rating disease. A vaccine would have the obvi-
ous benefit to public health of slowing, if not
reversing, this pandemic.

It is instructive to examine how the focus of
HIV vaccine research has shifted since the
epidemic began. HIV vaccine development
started in the 1980s with monomeric envelope
proteins intended to induce antibodies, some-
times coupled with novel adjuvants. We then
moved to an increased emphasis on induction
of cytotoxic T lymphocytes (CTLs), using re-
combinant viral vectors, DNA vaccines, and
some novel peptides. Most recently, we have
had encouraging preliminary results using
other vectors, such as adenovirus and modi-
fied vaccinia Ankara (MVA). Thus, over the
years the pendulum has swung from emphasis
on antibodies without regard to CTLs, to per-
haps too much relative attention to CTLs, to
our current realization that both responses are
very likely necessary to prevent infection and
limit disease (10).

A series of studies published over the past
several years illustrates this pendulum swing
clearly. For years, researchers have thought
that a vaccine that could reduce an infected
individual’s viral load and that could slow
progression to AIDS would be a very useful
tool, even if it could not prevent infection.
Three years ago, Barouch and colleagues (11)
reported that a DNA plasmid vaccine was in
fact able to prevent the progression of disease
in macaques exposed to SHIV, a hybrid of SIV
and HIV used extensively in vaccine research.
All eight vaccinated monkeys became infected
when challenged, but CTL responses soon re-
duced the viral load to very low levels, and
prevented both the loss of CD4+ T-cells and
the appearance of symptoms. Unfortunately,
these same researchers reported last year that
protection had failed in one case. A single
point mutation appeared in a Gag protein CTL
epitope that allowed the virus to escape sup-
pression by CTLs. After this mutation ap-
peared, the viral load increased, the CD4+ T
cell count fell, and the monkey died (12). Sim-
ilar “breakthroughs” in other vaccinated ani-
mals who previously kept the virus under con-
trol also have been reported by other groups.

These results are a reminder that we must
not lose sight of the goal of inducing sterilizing
immunity. Therefore, we must be even more
aggressive in pursuing a combination approach
to developing an HIV vaccine that is able to
induce both protective antibodies and CTLs.

Another important issue in HIV vaccine re-
search is the fact that there are multiple clades
or subtypes of HIV around the world. Al-
though there is some indication that antibod-
ies directed against one clade or viral subtype
can cross-react with epitopes from another,
this is not likely to be sufficient to prevent in-
fection. The NIH Vaccine Research Center took
a significant step toward developing a multi-
clade vaccine, when it began a phase 1 study
of a DNA vaccine containing gag, pol, and env
gene sequences from the three most prevalent
HIV clades in November 2002.

HIV vaccine research now faces several key
scientific challenges. One is to improve vac-
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BOX 1. The spectrum of HIV vaccine
strategies.

Viral surface proteins
Live vecor viruses
Combination of elements
Naked DNA

HIV peptides

Live bacterial vectors
Pseudovirions

Replicons

Whole, killed HIV

Live, attenuated HIV

cine designs to elicit both broadly reacting
neutralizing antibodies and cellular responses.
Another challenge is to illuminate fully the
correlates of immunity against HIV. Gaining a
better understanding of why the immune sys-
tem cannot contain HIV once infection occurs
would be an important step forward. A third
challenge is to continue moving forward with
HIV vaccine efficacy trials. One candidate for
phase 3 testing uses a prime-boost strategy, in
which a recombinant poxvirus vector engi-
neered to display HIV antigens is given first,
followed by a boost with monomeric gp120
protein. Many other strategies to create an HIV
vaccine also are being developed rapidly (Box
1), and the best way forward is not yet clear.
We need to plan our next steps with great care,
but also remember that the need to move
ahead is urgent. We should, therefore, care-
fully consider conducting multiple efficacy tri-
als simultaneously.

WEST NILE VIRUS

In the summer of 1999, West Nile Virus ap-
peared in Queens, New York, and has since
spread across the country (Figure 4). The ar-
rival and rapid spread of West Nile virus has
focused the attention of both the American
public and the country’s political leaders on
the problem of emerging and re-emerging dis-
eases. The speed with which West Nile virus
advanced certainly was no surprise to those of

us in the field of public health, but it did take
most Americans by surprise. When we told po-
litical leaders that this virus was almost cer-
tainly going to march across the continent, they
wanted to know how we could be so sure. The
answer was simple. We knew that West Nile
virus has been endemic in many developing
countries for decades. Once the virus entered
the United States, the virus, the vector, and the
host were all present; therefore, predicting the
outcome was not difficult. As the virus took
hold in the United States, what we had pre-
dicted has in fact occurred: by October, 2003,
the virus had reached 44 states. Statistics for
the year 2003 from the Centers for Disease Con-
trol and Prevention (CDC) record 7,386 U.S.
cases, with 155 deaths as of October 22. (13).

NIAID had a vigorous research program on
West Nile and other flaviviruses before West
Nile appeared in the United States, and this
program has considerably increased recently.
Our research agenda for West Nile virus in-
cludes basic research, antiviral therapy, vector
biology, animal models, and rapid diagnostics.
Development of a vaccine also will be a very
important part of the overall effort. As an ex-
ample of the rapid progress that can happen
in vaccine development in the 21st century, we
funded a fast-track project at Acambis to create
a chimeric vaccine based on a yellow fever
virus backbone engineered to display West
Nile coat proteins (14). The preclinical data
have been encouraging, and phase 1 testing in
humans is imminent.

BIODEFENSE

We now have yet another challenge before us,
namely the threat of the deliberate spread of
infectious diseases in the form of bioterrorism.
This is a challenge not just for Medicine in the
United States, but also for Medicine and Pub-
lic Health throughout the world (15).

We already have accomplished a great deal.
NIH funding for biodefense research has in-
creased dramatically in just two years, going
from less than US$ 275 million in 2001 to
US$ 1.55 billion in fiscal 2003 (Figure 5). This
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FIGURE 5. Growth of biodefense research
funding at the National Institutes of Health,
fiscal year 2000 to fiscal year 2004.
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represents the sharpest increase in support for
any single discipline in the history of NIH.

I disagree with those who say this increase
is inappropriately disproportionate. Instead, it
serves to demonstrate what can be accom-
plished when the public and political leaders
are motivated to address a serious public
health threat. The growing awareness of the
threat posed by deliberate use of pathogens for
terrorist purposes also has served to help peo-
ple understand the threat of other emerging
and re-emerging microbes.

Effective use of such a massive increase in
funding obviously requires careful planning,
and NIAID has worked very hard to create
strong strategic plans to guide our biodefense
research efforts (16). As we execute these
plans, however, we are faced with the question
of how to apply classical public health re-
search programs to biodefense. To that end, we
are paying extraordinary attention to how best
to translate basic research into useful products.

In discussions that I had in 2002 with Presi-
dent Bush and Secretary of the Department of
Homeland Security, Tom Ridge, I was asked
what NIAID could do with an infusion of
more than a billion dollars. It was abundantly

clear that my answer needed to go beyond
promising to simply gain knowledge, to “learn
a lot.” Instead, we must use these funds to
translate knowledge that we have gained
through basic research into clearly definable
end points, into products and procedures that
make us more prepared to cope with a biolog-
ical attack (17).

Bioterrorism holds some lessons for other
emerging and re-emerging diseases. If any-
thing good can be said to have come from the
threat of bioterrorism, it is that it has rein-
forced the importance of developing vaccines
for all groups of citizens, including the young,
the old, the infirm, pregnant women, and
immuno-suppressed people.

Our efforts to confront the threat of a delib-
erate release of smallpox reflect this growing
awareness, and the urgency with which we
are proceeding. The speed with which we have
addressed the threat of smallpox is by any stan-
dards impressive. Consider our vaccine stock-
pile, for example. In late 2001, CDC held 15.4
million doses of Dryvax, a lyophilized prepara-
tion of vaccinia virus. We quickly showed that
this material can be diluted fivefold and still
maintain its potency; the data indicate that a
ten-fold dilution would also induce an ade-
quate immune response (18) (Table 1). These
findings immediately increased our effective
stockpile to at least 77 million doses. Aventis
Pasteur then donated 75 million doses of an-
other live vaccinia vaccine. Testing of this mate-
rial indicates it, too, remains highly immuno-
genic, and that it can be diluted fivefold and
retain its potency. We also quickly contracted
to purchase more than 200 million doses of a
second-generation smallpox vaccine based on
live vaccinia manufactured with modern cell cul-
ture techniques. We expect delivery of this ma-
terial by the end of 2003, and it should be fully
licensed for use by mid-2004. This will bring our
total stockpile to well over 600 million doses.

We are now struggling with the balance of
risk versus benefit for live vaccinia vaccines, re-
lying on data gained decades ago during the
smallpox eradication campaign. The best his-
torical data we have indicate that for everyone
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TABLE 1. Rate of success? of initial and repeated vaccination with Dryvax.

Success of initial

Success of initial or

vaccination subsequent vaccination
Vaccine No. of subjects (%) (%)
Undiluted 106 97.2 97.2
1:5 dilution 234 99.1 100.0
1:10 dilution 340 97.1 98.8

2 Success was defined by vesicle formation 7-9 days after inoculation.
Source: Frey SE, et al. Clinical responses to undiluted and diluted smallpox vaccine. N Engl | Med

2002;346(17):1265-1274.

million people vaccinated, between 14 and 52
people will suffer serious, life-threatening com-
plications from the vaccine and one or two peo-
ple will die (19). We have taken steps to aug-
ment our ability to treat vaccine complications
by increasing the stockpile of vaccinia immune
globulin, and we have data that indicate that
cidofovir, a drug developed to treat cyto-
megalovirus infection in HIV-infected individ-
uals, might be helpful in treating both smallpox
itself and vaccine complications (20). The high
rate of complications poses a difficult policy co-
nundrum, however. If the vaccine had a better
safety profile, a national vaccine program
would almost certainly already have taken
place and been completed. Clearly, we need a
safer vaccine. One promising candidate is mod-
ified vaccinia Ankara (MVA). This is a highly
attenuated live vaccinia virus that can be given
by injection rather than scarification. MVA can-
not replicate in most mammalian cell lines, al-
though it elicits a significant immune response
in animal models. Historically, it has an excel-
lent safety profile, including when it is used in
at-risk groups such as immuno-compromised
people. Several other candidate smallpox vac-
cines are also in development, and NIAID will
test the most promising at the NIH Vaccine Re-
search Center and in the network of NIAID
Vaccine and Treatment Evaluation Units.

SARS

In 2003, the world confronted yet another new
infectious disease threat—Severe Acute Respi-
ratory Syndrome (SARS), caused by a pre-

viously unidentified coronavirus. SARS was
first reported in Asia in February 2003, al-
though the first cases were thought to have oc-
curred in the Chinese province of Guangdong
in November 2002. Over the next few months,
the illness spread to more than two dozen coun-
tries in North America, South America, Europe,
and Asia. As of 26 September 2003, a total of
8,098 SARS cases and 774 SARS-related deaths
had been reported to WHO (21). The SARS
global outbreak of 2003 was contained; how-
ever, it is possible that the disease could re-
emerge. Hence, concerted efforts are under way
around the world to improve public health pre-
paredness and to develop safe and effective
SARS diagnostics, treatments, and vaccines.
NIAID is supporting the rapid development of
vaccines to prevent SARS through both extra-
mural and intramural programs, including the
NIAID Vaccine Research Center on the NIH
campus. Our initial focus was on the develop-
ment of an inactivated virus vaccine akin to
those that have worked well against many
other viral diseases. Other types of SARS
candidate vaccines are also in the development
“pipeline,” including approaches such as
vector-based and recombinant vaccines, and
DNA-based vaccines (22). Fortuitously, vaccines
against common veterinary coronaviruses are
routinely used to prevent serious diseases in
young animals, such as a vaccine given to pigs
to prevent serious enteric coronavirus disease.
Insight from veterinary coronavirus vaccines
could prove useful as we develop vaccines to
protect humans, and provide hope that a useful
human SARS vaccine can be developed.
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CONCLUSION

In closing, I want to remind us all that our need
to create vaccines to counter infectious dis-
eases will never be over. Years ago, my prede-
cessor as Director of NIAID, Richard Krause,
published a series of essays called The Restless
Tide (23). In these essays, he makes the point
that we are all, as members of the human
species, continually vulnerable to a restless
tide of emerging and re-emerging diseases. In
our lifetime, we have first hand experience
with this restless tide; the role of vaccinology
in allowing us to navigate this tide is profound.
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A CENTURY OF VACCINES AND IMMUNIZATION
IN THE AMERICAS

Ciro A. de Quadros’

This chapter discusses the immunization ac-
tivities undertaken in the Region of the Amer-
icas over the last century, particularly those
launched in the last quarter century, when the
countries of the Americas accelerated their
immunization-related activities. A century ago,
in 1902, Walter Reed first identified that yel-
low fever was transmitted by a mosquito. The
first yellow fever vaccine was developed in
New York, by Max Tyler in 1937, and it was
used in Brazil in the same year.

Subsequently, there were several disease
eradication efforts initiated in the Region of
the Americas (Table 1). General William Craw-
ford Gorgas launched the first one in 1911, to
eliminate yellow fever. It was followed four
years later by the Rockefeller Commission’s
proposal for the global eradication of yellow
fever. Fred Soper later proposed the eradica-
tion of smallpox in the Americas, and the Re-
gion became the first to eradicate the disease.
The experience in the Americas led to an ini-
tiative for the global eradication of small-
pox, which was successfully accomplished in
1977, after a ten year campaign spearheaded
by Donald A. Henderson (I). More recently,
the Region of the Americas successfully eradi-
cated polio, and this major accomplishment

I Director, International Programs, Sabin Vaccine In-
stitute, Washington, D.C.; Former Director, Division
of Vaccines and Immunization, Pan American Health
Organization.
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led to the launching of a global polio eradica-
tion initiative. Finally, in 1994, the Ministers of
Health of the Americas launched the measles
eradication initiative, as a result of which, that
disease is on the verge of being eradicated in
the Region. The failure to eradicate malaria
from the Region stands out among these
decades of success in the efforts to eradicate
disease in the Americas.

Immunization programs throughout the
world, and particularly in the Americas, have
been extremely successful in increasing immu-
nization coverage. In 1970, the year that PAHO
convened the International Conference on Vac-
cines Against Viral, Rickettsial, and Bacterial
Diseases of Man, immunization coverage rates
were under 10% for the scant vaccines that
were being used in the Region’s programs—
basically DPT, BCG, polio, and tetanus toxoid.
Today coverage hovers between an average of
80% to 90% for the vaccines being used, which
now include many additional vaccines, such as
measles, rubella, mumps, Haemophilus influen-
zae type b, and hepatitis B.

Ten years have elapsed since the last case of
indigenous poliomyelitis occurred in the Re-
gion of the Americas (Figure 1) (2). In 2001-
2002, there was a re-emergence of poliomyelitis
in the Dominican Republic and Haiti. The
small outbreak was due to a vaccine-derived
polio virus, not a wild polio virus re-introduc-
tion; it was very quickly controlled. The chal-
lenge now is to sustain the political commit-
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TABLE 1. Disease eradication initiatives, Region of the Americas and

worldwide, 1911-1994.

Year Initiator Disease Scope

1911 William Crawford Gorgas Yellow fever Region of the Americas
1915 Rockefeller Commission Yellow fever Worldwide

1950 Soper Smallpox Region of the Americas
1958 Viktor M. Zhdanov Smallpox Worldwide

1955 WHO Malaria Worldwide

1985 PAHO Polio Region of the Americas
1988 WHO Polio Region of the Americas
1994 PAHO Measles Region of the Americas

ment for continuing vaccinating against a
disease that has already disappeared and
strengthening surveillance so that events such
as the one in the Dominican Republic and Haiti
can be promptly detected and controlled (3).
Measles is on the verge of being eradicated
in the Americas. The strategy being utilized to
eradicate measles in the Region was first tried
by Cuba with a “catch up” vaccination cam-

paign targeting all children 1 to 14 years old,
“keeping up” with a very high level of cover-
age in new cohorts of children, and periodic
“follow up” campaigns every four years tar-
geting children 14 years old. The strategy is
designed to prevent the accumulation of sus-
ceptibles as the vaccine is not 100% efficacious
(Figure 2) (4). There were more than one-quar-
ter of a million cases of measles in the Region

FIGURE 1. OPV3 vaccination coverage and incidence of paralytic poliomyelitis,
Region of the Americas, 1969-2001.
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FIGURE 2. Reported measles cases, by month, Cuba, 1971-1998.
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of the Americas in 1990. Given inadequate sur-
veillance, this number could well increase five-
or tenfold. In 2001, there were only 545 cases in
the Region, half of them in the Dominican Re-
public and Haiti, and another 25% in Vene-
zuela. Venezuela, which had been free of in-
digenous measles transmission for more than
two years, suffered an importation from Eu-
rope. This generated a sizeable outbreak be-
cause Venezuela’s immunization program was
not adequate at that time. In 2002, as of No-
vember 16, there were 2,548 cases reported,
94% of them in Venezuela and 5% in Colombia
along the border with Venezuela, due to im-
portation from the latter country. The few
cases in other countries were all related to im-
portations from Europe, Asia, or other regions.
Thanks to the extraordinary efforts of the gov-
ernments of Colombia, Venezuela, and of all
the Region’s countries in 2002, for the first
time in history 10 weeks have elapsed without
measles transmission detected anywhere in

the Region. Colombia’s last case occurred in
week 36, and Venezuela’s, in week 38. The Re-
gion of the Americas is on the verge of inter-
rupting indigenous measles transmission.
Neonatal tetanus is under control in the Re-
gion, with an annual case average between 50
and 100 (Figure 3). These cases occur in fewer
than 1% of the more than 13,000 districts in the
Region. The Americas has been the first one to
achieve the goal of less than one case per 1,000
live births in every district of each country that
was set at the Children’s Summit. Countries
now are focusing on those few districts which
still show cases and on the elimination of
missed opportunities to vaccinate women of
childbearing age. The latter is particularly im-
portant since most of the cases of neonatal
tetanus are in multiparous women, indicating
that they have visited health centers in previ-
ous pregnancies and were never vaccinated.
Cases of pertussis and diphtheria have de-
clined steadily over the last few years. Rubella
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FIGURE 3. Neonatal tetanus cases per year, selected countries in the Americas, 1985-2002.2
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and congenital rubella syndrome (CRS) are
now under attack. Almost every Latin Ameri-
can country now includes vaccination against
rubella in their national immunization pro-
grams, and the two or three countries that still
do not include this vaccine have plans to in-
troduce it next year.

Rubella and measles surveillance have been
combined. A few countries already have suc-
ceeded in interrupting rubella transmission.
Cuba was the first, when they used MMR vac-
cine in children 1 to 14 years old and rubella
vaccine in the population 15 to 29 years old as
part of their measles catch up campaign in the
late 1980s. Then, in the early 1990s, countries in
the English-speaking Caribbean vaccinated all
males and females up to 39 years of age with
MMR vaccine, and recently Costa Rica held a
similar, very successful campaign (5). Other
countries, like Chile and Brazil, have started
vaccinating all women of childbearing age.
During a recent meeting, the PAHO Technical

Advisory Group on Immunization recom-
mended that countries implementing mass
campaigns against rubella should target both
female and male populations as a way to inter-
rupt rubella transmission. I believe that rubella
will be the first disease to be eradicated in the
Americas during PAHO's second centennial.

Hepatitis B is now under attack, with practi-
cally every country having included hepatitis
B vaccine in their national programs, many of
them using it in a combination vaccine with
DTP and/or DPT/Hib.

When the Pan American Health Organiza-
tion was created, one of the major issues was
yellow fever, and the yellow fever vaccine was
the first vaccine used in the Region. And now,
100 years later, yellow fever continues to be a
threat in the Region. Cases have been declining
over the past 15 to 20 years, however, due to
major vaccination activities that have been
conducted in countries like Bolivia, Brazil,
Colombia, Peru, and Venezuela. In Brazil, for
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example, nearly 80 million people have been
vaccinated throughout the country in the past
five years. The PAHO Technical Advisory
Group recommends that vaccination coverage
be maintained at a very high level in the en-
zootic zones, as well as in those contiguous
areas that are infested with Aedes aegypti,
which now can be found throughout the hemi-
sphere. All travelers to those areas also should
be vaccinated, particularly now, with the emer-
gence of ecotourism. About one third of cases
in Brazil have been tourists going to those
areas. Surveillance must also be strengthened.
In the last five years, the Haemophilus influen-
zae type b vaccine also has been introduced (6).
In 1996, the vaccine was used only in Canada,
Chile, the United States, and Uruguay. Uru-
guay was the first Latin American country to
introduce this vaccine, followed by Chile. The
success of this vaccine in Uruguay and Chile
showed that it was very efficacious, and this
encouraged other countries to introduce it. At
present, 90% of newborns in Latin America live
in countries where this vaccine is used in the
national vaccination schedule (Figure 4).

The model used to introduce Haemophilus
influenzae type b vaccine in the Americas is
important for the future introduction of new
vaccines now in the pipeline. Components of
this model included strong national and re-
gional immunization programs, the popula-
tion’s high degree of awareness of the im-
portance of immunization, a very safe and
efficacious vaccine, and an awareness about
the disease among health professionals and
parents. The Pan American Health Organiza-
tion’s Directing Council approved a resolution
urging governments to utilize the vaccine. The
Directing Council also promoted the use of the
vaccine through its Technical Advisory Group
meetings and through publications on the im-
pact of the vaccine. Last but not least, the use
of the PAHO Revolving Fund for purchasing
the vaccine led to economies of scale that made
the vaccine available at an affordable price.

The result was the striking difference be-
tween the Americas and other regions of the
world in the utilization of this vaccine. If we

look back a few years, immunization sched-
ules were very similar in the developed and
developing worlds. However, as new, higher-
cost vaccines became available, a gap started
to open between these two groups of coun-
tries, with developing countries lagging be-
hind in the use of these new vaccines. In the
Region of the Americas, however, this gap has
been rapidly closing due to the high commit-
ment of the governments (Figure 5). This com-
mitment is attested to by the fact that between
1987 and 1991 there was investment of more
than US$ .5 billion in immunization programs
in the Region, with about US$ 430 million
coming from national budgets and about US$
114 million coming from international partners
and collaborators (7). In the next five-year pe-
riod, between 1992 and 1996, the countries
greatly increased their national budget contri-
butions, thus diminishing the need for ex-
ternal support. This pattern was repeated in
the next five-year period (1997-2001), and it is
estimated that the trend will hold in 2002-
2006, a period that will require even more re-
sources, given the introduction of Haemophilus
influenzae type b and hepatitis B, as well as
influenza, pneumonia, and varicella vaccines
that have been introduced in a few countries.
As we look into the future to PAHO's sec-
ond century of work, there will be many more
choices, because so many vaccines will become
available. There will be new target popula-
tions for vaccination, from children through
adults to grandparents. This will require better
communication about the need for vaccina-
tion, its benefits, and risks, particularly now
with the emergence of anti-vaccine lobbies
that are questioning the use of the vaccines, es-
pecially as diseases are brought under control.
Among the challenges ahead is the need to
have a legal basis for the financial and political
sustainability of public health priorities at all
levels. Vaccines should be seen as a public
good with adequate and sustainable financing
over time, with a specific line in the national
budgets. In the Americas, over the last few
years, many countries have enacted such laws
to protect the budget for the national immu-
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FIGURE 4. Introduction of Haemophilus influenzae vaccine
in the Americas, 2001.2
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215,889,000 vaccinations in 2001, representing

® 92% of all newborns in the Region and
® 89% of all newborns in Latin America

nization programs. Other challenges include
the strengthening of the managerial capacity
at the local level, particularly in an environ-
ment of decentralized health systems, and the
use of indicators that can measure the impact
of the program at the lowest level of the coun-

tries, in order that inequities can be promptly
identified and acted upon.

For PAHO, the major challenge is to main-
tain the achievements attained by the coun-
tries so far, to make every effort to introduce
the new vaccines as they become available, to
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FIGURE 5. National and international
expenditures in immunization programs
in the Americas, 1987-2001.
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move into adult immunization, and to look at
the safety of vaccination.

Finally, the success of the immunization
programs in the countries of this Region
would have been impossible without a major
partnership that included all the countries and
territories of the Americas, countless institu-
tions and organizations—nongovernmental,

bilateral, and multilateral—and PAHO'’s re-
gional coordination over the last 100 years,
particularly over the last 25 years.
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POLIO: PRESENT STATUS
AND POST-ERADICATION POLICIES

Daniel Tarantola’

The story of polio and its disappearance in
many parts of the world is one that could not
be told without speaking of the unique and his-
toric partnership that has brought us to this
critical stage: the final stretch of polio eradica-
tion. This core partnership consists of Rotary
International, the U.S. Centers for Disease
Control and Prevention, UNICEF, and the
World Health Organization (WHO). There are
also many others, such as the International
Federation of Red Cross and Red Crescent So-
cieties, whose millions of community volun-
teers have contributed to this work. The U.S.
Agency for International Development and
many other national and international entities
have likewise provided valuable support to
global polio eradication efforts. This chapter
will describe the progress to date achieved by
local, national, and international partners in in-
terrupting polio transmission. It will also pre-
sent various evolving issues related to global
certification and will discuss the development
of post-certification immunization policies.

INTERRUPTING POLIO TRANSMISSION
The Technical Consultative Group on the Erad-

ication of Poliomyelitis (TCG), an independent
body that oversees the work of WHO and its

1 Director, Vaccines and Biologicals Department,
World Health Organization, Geneva, Switzerland.
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partners towards poliomyelitis eradication, has
reminded us that interrupting polio transmis-
sion must remain our top priority (1). Since the
polio eradication initiative was launched in
1988, the number of polio cases has been dras-
tically reduced from the more than 350,000
cases reported that year. As of November 2002,
for example, reported cases had dropped to
1,100, representing a greater than 99% reduc-
tion. By the same token, the number of polio-
endemic countries also had dropped, from
some 125 in 1988 to a mere 7 as of November
2002. As of this writing, 209 of the world’s 216
countries, territories, and areas are polio-free.
Since the 1988 adoption of the World Health
Assembly resolution to eradicate poliomyelitis
(2), three WHO Regions have now been certi-
fied as free of poliomyelitis: the Americas was
first in September 1994; followed by the West-
ern Pacific in October 2000; and, most recently,
Europe in June 2002. The number of reported
cases worldwide had fallen to 483 in 2001, but
rebounded to 1,127 in 2002. India and Nigeria
together account for 85% of these cases. Most of
the progress over the last couple of years has
been achieved in the African Region. It is also
important to note that Bangladesh and the De-
mocratic Republic of the Congo have not expe-
rienced polio transmission for two years,
which is quite remarkable, given the popula-
tion sizes of these countries. Wild type 2 po-
liovirus has not been detected since October
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FIGURE 1. Number of estimated and reported? cases of polio worldwide, by year, 1988-2002.
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1999, indicating that the eradication of polio is
feasible even in the most challenging settings.
The emergence of vaccine-derived poliovirus
(VDPV) type 2 in Madagascar in 2002, how-
ever, serves to remind us that as long as we
have polio in the world and we use oral polio
vaccine (OPV), there is always a risk of re-
emergence of the poliovirus.

The number of polio cases fell dramatically
between 1988 and 2001 (Figure 1). Then, in
2002, an upsurge in case numbers occurred
that is related to low vaccination coverage,
mostly in ethnic minority or other underserved
populations. The high transmission areas con-
tinue to be India, Nigeria, and Pakistan. More
than 80% of all reported cases in 2002 were
found in just six of the 76 states/provinces in
these three countries.

There are also some areas of low transmis-
sion. One is Egypt, where a new case was re-
ported as of September 2002, after over a year
without reported cases. Sewage samples have
consistently shown that the wild poliovirus
was circulating in the environment, however.
A combined international-national evaluation

1996 1998 2000 2002
Year

has recommended that the quality of surveil-
lance in Egypt should be improved, and this
currently is being implemented.

It is important to note two new polio-free
areas—Ethiopia and Sudan—where no cases
have been found for at least 18 months (1).
There are also areas where the number of cases
is declining, including Afghanistan, Angola,
Niger, Pakistan, and Somalia. The current con-
centration of cases continues to remain in
northern India, particularly in the states of
Uttar Pradesh and Bihar, and in the northern
part of Nigeria, where Kano and Kaduna
states account for over 50% of that country’s
cases. Hence, these areas will be a principal
focus of the global partnership’s efforts, partic-
ularly through the strengthening of immu-
nization coverage and its extension to popula-
tions currently not being reached.

It is encouraging to note that tremendous
efforts are currently under way in both India
and Nigeria to reduce case numbers. India has
developed programs to organize local health
workers, who are now assigned to carry out
social mobilization activities at both the district
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FIGURE 2. Cases of wild poliovirus, selected countries, 2001 and 2002.2
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and block levels. It should be noted that the
groups most disproportionately affected with
poliomyelitis are minority Muslim communi-
ties living within a majority Hindu population.
In an effort to reach this group appropriately
and efficiently, Muslim leaders and grassroots
organizations are being brought into the plan-
ning and implementation of supplementary
immunization activities. In Uttar Pradesh, the
number of vaccination teams with at least one
female member is increasing, as is the number
of teams with a third member being drawn
from the community.

Figure 2 presents the relative contribution
by country to the global burden of polio in
2001 and 2002 and illustrates that polio is
currently more geographically contained than
ever before. The major contributor to polio
worldwide is India, followed by Nigeria and
Pakistan. Several other countries have re-
ported or detected fewer than 10 cases during
this period. As stated earlier, more than 80% of
all reported cases of polio for 2002 were found

in just 6 of the 76 states/provinces of India,
Nigeria, and Pakistan.

Until 2002, India had made tremendous
progress in its efforts to eliminate polio. In
1999 there were 192 infected districts in the
country. This figure plummeted to 89 in 2000
and to 62 in 2001, clearly demonstrating that it
is possible to eliminate poliovirus from India.
Unfortunately, however, the number of in-
fected districts here had rebounded to 262 dis-
tricts by the end of 2002.

At the global level, polio surveillance has
improved considerably, yet signs of compla-
cency remain in some areas. Surveillance in-
dicator goals have been met in a large number
of countries. However, in the Americas, polio
surveillance deteriorated between 2001 and
2002, reminding all those committed to global
polio eradication that there can be no room for
complacency. Surveillance systems must re-
main consistently vigilant, although this some-
times presents unique challenges of its own in
areas that have been free of polio for a long pe-
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riod of time. The global partnership will be ob-
serving the Americas’ situation closely so as to
learn from its experience. Certainly in the fu-
ture, PAHO and its Member Governments will
be able to provide important lessons on how
fatigue and complacency may be overcome to
maintain high surveillance levels.

Other areas of concern remain, as well. One
is the populated island of Papua New Guinea,
where the combination of poor surveillance
and a low vaccination rate greatly increase the
likelihood of an emergency situation, such as
an outbreak of VDPV. Another potentially dan-
gerous situation exists in Madagascar, where
the adequacy of stool collection varies from
one region to the next. A third area of concern
is South Africa, which was the first African
country to eliminate polio, but which currently
shows a tendency towards complacency and
lack of compliance with epidemiological stan-
dards. Similarly, acute flaccid paralysis (AFP)
surveillance still remains below standard lev-
els in some parts of Central Africa.

GLOBAL CERTIFICATION

The 51 countries of WHO'’s European Region
were certified as polio-free in 2002, meaning
three full years had passed without wild type 2
poliovirus emerging in the Region. In other
parts of the world, Bangladesh and Democratic
Republic of the Congo had reported having
had two years without polio transmission as of
2002. Therefore, at the current time, there re-
main three critical reservoirs globally—north-
ern India, northern Nigeria/Niger, and Pak-
istan/Afghanistan. These reservoirs are likely
to sustain transmission throughout 2003, unless
surveillance and immunization programs that
have failed to meet global standards in the past
are appropriately mobilized and revitalized.

In January 2002, the TCG recommended that
polio-free countries which border endemic
areas or have very low immunization coverage
should continue to conduct National Immu-
nization Days (NIDs) or Sub-National Immu-
nization Days (SNIDs), as appropriate, on an
annual basis. It further recommended that

countries which have been polio-free for at
least three years, but have not achieved or
maintained greater than 90% coverage levels,
should continue to conduct NIDs at least once
every three years to prevent the accumulation
of susceptibles. These recommendations were
again reiterated at the most recent meeting of
the TCG in November 2002. The TCG noted its
extreme concern regarding the situation devel-
oping in India and Nigeria and set specific
standards for the reinforcement of immuniza-
tion activities.

It is estimated that more than one million
childhood deaths and five million cases of
poliomyelitis have been averted since the
global eradication effort was launched in 1988.
Evidence further suggests that polio eradica-
tion is feasible in the near future if there is
sufficient and sustained national and interna-
tional commitment. The single-most threaten-
ing obstacle to the eradication goal is a fund-
ing gap of US$ 275 million that will be needed
to support polio activities for 2003—2005. The
partnership’s collective efforts to bridge that
gap have shown promise, but the road will not
be easy and members must remain tireless in
their resolve to mobilize the necessary finan-
cial underpinning for the next steps in the
eradication goal.

As previously noted, fatigue and compla-
cency present additional risks. We need to be
concerned with the legacy of polio eradication,
which must be firmly established. In fact, these
two issues are linked, and the best way to
overcome the dangers they present is to build
on lessons learned and the significant public
health benefits that have accrued from our ex-
periences with polio. In many countries, polio
eradication activities have greatly strength-
ened the foundation of health care infrastruc-
tures in general. Surveillance capacity has dra-
matically improved, enabling health systems
to utilize the epidemiological infrastructure
created to detect polio to identify and investi-
gate other important diseases. And at the same
time that capacity grows to expand immuniza-
tion services, new opportunities are being cre-
ated to incorporate within these programs the
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treatment of other childhood conditions, such
as vitamin A deficiency, for example. Similarly,
in Afghanistan consideration is being given to
combining family planning services with polio
outreach activities. All of these initiatives will
ultimately have a multiplier effect on the tar-
get populations.

As additional WHO Regions and countries
prepare to apply for polio-free status, a global
structure has been set up to respond to these
requests as they arise. In each of the six Re-
gional Offices of WHO, a regional certification
commission has been established. These, in
turn, are supported by national certification
committees composed of laboratory surveil-
lance personnel. Regions may be certified as
polio-free after the absence of wild poliovirus
for at least three years in the presence of
rigorous surveillance. The Global Certification
Commission, established in 1995, expanded
the criteria in 1997 to include the topic of re-
gional containment. Global certification will
therefore result from the combination of re-
gional certifications—three of which, as we
have noted, have already taken place—and re-
gional containment, which is taking place at
the current time.

POST-CERTIFICATION IMMUNIZATION
PoLIcIES

The risks of paralytic polio are central to the
evolution of certification policies and post-
certification immunization activities. For ex-
ample, there are risks associated with the use
of OPV, the vaccine which is associated with

paralytic polio (VAPP). There are also risks as-
sociated with wild poliovirus emerging from
inactivated polio vaccine (IPV) manufacturing
sites or the intentional or unintentional release
by laboratories harboring samples of wild
polioviruses.

Table 1 shows the potential 10-year polio
burden in the post-certification era, arising
from a number of sources, assuming current
OPV/IPV national policies and three yearly
supplemental immunization activities (SIAs).
Associated with the post-certification era are
the options for stopping the use of OPV. These
are real challenges during both pre- and post-
certification periods, and yet it is important to
highlight them at this juncture as a reminder
that we will have to live with these activities
and sustain them at very high standards for a
number of years. The last occurrence of polio
transmission will not signify the interruption
of these activities, which, on the contrary, will
need to continue for a number of years into
the future. In this sense, maintaining popula-
tion immunity against polio by sustaining very
high polio coverage will be critical. Rigorous
surveillance standards must also remain in
place. At the same time, polio surveillance
should also be combined with that of other dis-
eases, as is the case in Africa where, for exam-
ple, surveillance of measles, yellow fewer, and
meningitis is combined with polio surveillance.

In moving towards certification and con-
tainment, it will be important to establish a
focal point and task force to oversee the
process of surveying laboratories that may
harbor the wild poliovirus, the subsequent de-

TABLE 1. Ten-year polio burden projections in the post-certification era.?

Source Cases Prevention Mechanism
VAPP 3,750 Stop OPV NA

cVDPV 250-500 Stop OPV Pulse OPV
iVDPV 10 Stop OPV Screen 1Ds
IPV manufacturers 0 Containment Local IPV
Inadvertent release 0 Containment Local IPV
Inadvertent release 0 Containment Local IPV
Intentional release 0 Containment Universal IPV

2 Projections assume current OPV/IPV national policies and three-yearly supplemental immu-

nization activities.
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FIGURE 3. Progress in the survey and inventory phase of the polio containment strategy, 2002.
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struction of these specimens, and the applica-
tion of biosafety standards. The Western Pa-
cific Region was the first to start this process,
and progress is now under way in Europe.

Figure 3 shows countries that have yet to
begin their survey, those whose surveys are
under way, and those that reported comple-
tion of the survey in 2002. It is expected that by
2003, all countries will have completed their
surveys, except for countries in Africa other
than Morocco, most Southeast Asian countries,
and Yemen, Syria, Jordan, Iran, and Afghani-
stan in the Middle East.

A steering committee currently guides
WHO'’s work in relation to the poliomyelitis
research agenda. In April 2002, the committee
provided valuable direction to the Organiza-
tion in the development of post-certification
immunization policies. In November 2002,
when the steering committee met again, it ob-
served that significant progress had been

Two pilot countries in Africa

achieved in bridging some of the earlier gaps
noted just six months previously. It is impor-
tant to highlight that no policy development
can happen without a strong evidence base.
The evidence base provides the foundation
upon which to develop this policy. WHO, as a
technical agency, will rely heavily on the re-
sults of this research to shape future policies,
including post-certification immunization
policies. The research needs that have been
identified include antiviral therapy, explora-
tory uses of IPV, and the stockpiling of mono-
valent or trivalent OPV.

Developing simplified decision models for
policy decisions is the next goal. During 2003,
WHO expects to see very intense activities in
the field of policy development. Milestones
are being adjusted and will eventually be for-
warded to the World Health Assembly for con-
sideration by WHO Member States. But past
experience cautions us that WHA resolutions
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FIGURE 4. Polio immunization policy-making process.
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are not always binding. Examples include a
resolution calling for the temporary retention
of the smallpox virus and another that dealt
with the international marketing of breast
milk substitutes, which benefited from very
strong input from nongovernmental organiza-
tions. For practical purposes, these resolutions
should be viewed more as an accord by which
the countries agree to abide by proposals put
forth by the Assembly. In contrast, the Frame-
work Convention on Tobacco Control will be
binding after signature and ratification by the
Member States, as will the International Health
Regulations (IHR), which are under revision
and will go to the World Health Assembly in
2003. It is important to note these other exam-
ples, because, within the framework of the
post-certification polio eradication policy, the
IHR will provide a model that will incorporate
binding commitments on the part of the States.
There are two processes that will inform the
World Health Assembly on post-certification
immunization policy, as illustrated in Figure 4.

In conclusion, the progress made since 1988
toward polio eradication has been nothing
short of remarkable. Yet today we are at the
most critical phase of this long journey. The
2002 upsurge in cases in India should not dis-
tract us from the main task ahead, which is
to improve and sustain immunization cover-
age levels and the quality of all immunization

and surveillance activities. The certification
process is in motion, and three WHO Regions
are now certified as polio-free. The contain-
ment process has been initiated, and post-
certification immunization policies are being
addressed. Support of these activities is a top
priority for WHO, and it will be critical for the
Organization to provide updates from time to
time and to consult with its Governing Bodies.
We remain committed to the task and hope
that all the WHO Regions will have completed
or will be in the process of completing their
contribution to global certification in 2005.
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POTENTIAL FOR CIRCULATION OF
VACCINE-DERIVED POLIOVIRUSES

Philip Minor

INTRODUCTION

The global program for the eradication of po-
liovirus has made extraordinary strides to-
wards the goal of removing disease due to the
wild type virus from the world. At the present
time, polio is restricted to a few countries in
Africa and Southeast Asia. While there have
been setbacks in 2002-2003, particularly in
northern India, where more cases were re-
ported for 2002 than in the preceding 12
months, there is no technical or logistic reason
why the goal should not be achieved by the
end of 2003. One of the most striking illustra-
tions of the success of the program is that the
last natural wild type 2 virus was isolated in
October 1999. At least one of the three sero-
types, therefore, appears to be extinct in the
wild. This raises the question of the course of
action to be followed once all wild type viruses
have been eradicated, and, in particular, how
or if vaccination can be safely stopped at some
point in the future.

The vaccines used in the eradication pro-
gram are derived from the live attenuated
strains developed by Albert Sabin, which in-
duce immunity by imitating natural infection.
All three, one of each serotype, are derived ul-
timately from wild type circulating strains by

1 Division of Virology, National Institute for Biologi-
cal Standardization and Control, United Kingdom.
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laboratory adaptation (1) and are capable of
causing poliomyelitis at a very low frequency,
estimated at one case per 750,000 first-time
vaccine recipients or one case per two million
recipients overall (2). The vaccines are also ca-
pable of causing disease in contacts of vacci-
nees. The issue to be considered in stopping
vaccination is, therefore, whether the rate of
paralysis due to the vaccine strains and the
rate of transmission from one person to an-
other are sufficiently low to permit vaccination
to stop safely. In this respect, the polio vaccine
is very different from the smallpox vaccine,
which has more common serious side effects,
but is incapable of causing smallpox.

EVOLUTION OF VACCINE STRAINS IN
HEALTHY VACCINES

From the first use of polio vaccines, it was
known that they changed on replication in the
human gut and could regain virulence, either
wholly or partially. The sophistication and
precision of the process was only revealed
when molecular studies were performed. In
the 1980s and early 1990s, molecular biological
approaches elucidated the basis of the attenu-
ation of the Sabin live attenuated strains of po-
liovirus (3). In general, few mutations were in-
volved; all three serotypes had mutations in
the 5" non-coding region of the virus in very
similar regions and either one or only a few
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other mutations located in the structural pro-
teins. These studies were based on identifying
mutations which affected virulence in animal
models when the vaccine strains were com-
pared with their virulent precursors or an
isolate from a vaccine-associated case of po-
liomyelitis; changes in isolates from other vac-
cine-associated cases were consistent with the
conclusions in that the mutations were either
reverted or indirectly suppressed. When
healthy vaccine recipients were examined,
however, the same kind of mutations were ob-
served (4). For the type 3 strain, mutations
were lost in a well-defined order: first that in
the 5 non-coding region within two to three
days, then that in the structural proteins at day
11. At the same time, as the last mutation was
lost, the excreted virus became a recombinant
in which the structural proteins derived from
the type 3 strain and the nonstructural pro-
teins from the type 2 or 1 strain. Changes in
antigenic sites known to be the target of neu-
tralizing antibodies also occurred. In part, the
changes clearly affected the growth properties
of the virus; for example, by changing its opti-
mum growth temperature from 35 ‘C to closer
to 37 °C as found in the human gut. Many of
the other changes remain of unknown effect,
although they are selected with great repro-
ducibility. Similar changes occur in all three
serotypes to some extent, and it is clear that
the virus is able to adapt to the human gutin a
very rapid and effective manner. It therefore
seems likely that it would respond to any ap-
propriately applied selection pressure with the
same speed and effectiveness.

THE MOLECULAR CLOCK
AND THE DATING OF COMMON
ANCESTRAL VIRUSES

The sequences of polioviruses change rapidly
as a result of adaptation to the gut in which
they are growing, but they also drift in a steady
and apparently random way during epi-
demics, or during the rare instances of long-
term infection of individuals. The rate of drift is
remarkably constant, although it has been ex-
pressed in different ways. It is apparently inde-

pendent of the serotype or strain. An example
of drift in an epidemic came from a trial of a
novel type 3 vaccine strain in Poland in 1968
(5). The strain was being developed as a re-
placement for the type 3 Sabin strain, which
proved difficult to produce consistently. The
novel strain had excellent laboratory properties
in terms of the stability of its attenuation when
it was grown in culture and the immunity in-
duced in recipients. In Poland, a few children
were vaccinated without ill effects, but some
six months later there was an epidemic of po-
liomyelitis in a nearby city. The isolates were
shown to be extremely closely related to the
vaccine strain used. In addition, if the se-
quences of the region of the genome encoding
the structural proteins were compared, only
taking into account third-base, non-coding
changes, which are assumed to have a negligi-
ble effect on virus growth, the rate of change
was perfectly linear at about 2.7% per year.

Some individuals lacking humoral immune
responses can become long-term excreters of
poliovirus if inadvertently immunized. Vac-
cine-derived polioviruses from immunodefi-
cient, long-term excreters (iVDPVs) are dis-
cussed in more detail below, but the rate of
drift in virus isolates from such individuals is
virtually identical to that in epidemics. In one
case the accumulation of third-base mutations
in the region encoding the structural proteins
was again perfectly linear over a two-year pe-
riod at 2.7% per year (6).

These observations provide the tool to pro-
vide an accurate date for the divergence of re-
lated viruses from a common recent ancestor
and from a more distant ancestor in a more ap-
proximate way. Thus, if a vaccine-related iso-
late is made, it is possible to say how long it
has been replicating in humans since the vac-
cine was given.

CIRCULATING VACCINE-DERIVED
POLIOVIRUSES

In 2000-2001 there was a small outbreak of po-
liomyelitis on the island of Hispaniola, com-
prised of the Dominican Republic and Haiti
(7). There were just over 20 cases in all. The last
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outbreak due to wild type strains had occurred
in the mid-1980s, and the whole of the Ameri-
cas had been declared free of poliomyelitis in
1994. The strains causing the outbreak were
clearly freely transmissible and closely related
to the Sabin type 1 strain, from which they dif-
fered by only about 2% overall. This corre-
sponds to about two years of circulation as all
bases were considered, and not just those in
third-base positions. Upon closer examination,
all the strains were found to be recombinant
viruses in which the structural proteins were
derived from the vaccine strain and the larger
part of the nonstructural proteins from a virus
other than either the type 2 or type 3 Sabin
strain. It is assumed, since there is believed to
be no wild type poliovirus in that geographical
region, that the partner virus is an enterovirus
of group C, which includes viruses such as
some of the coxsackie A strains, as well as
polio. The compatibility of the genomes of the
group C enteroviruses in this way raises other
issues for the cessation of vaccination, as dis-
cussed below. In fact, several different recom-
binant strains were identified, implying mul-
tiple recombination events. Recombination
between polioviruses is clearly common, as
shown in vaccinees; this observation implies
that it may also be common between en-
teroviruses of the same group.

Other outbreaks involving strains derived
from the Sabin vaccine strains have been re-
ported in Egypt, where the circulating type
2 strain for about five years was vaccine-
derived; the Philippines, where a very small
outbreak of type 1 was reported in 2001; and in
Madagascar, where an outbreak caused by two
separately derived type 1 strains was reported
in 2002. In all cases, the strains were recombi-
nants where the partner was not identified but
was assumed to be a group C enterovirus, and
circulation had been undetected for about two
years. There is no known virological reason
why the strains should have to be recombi-
nants but in the well-documented cases, so far
they have been. The reason for the develop-
ment of the circulating strains is not proven,
but a highly plausible model is that both sur-
veillance and routine vaccine coverage are

likely to decline after polio has been eradi-
cated and other health issues take priority.
Thus, a small proportion of infants may re-
ceive the vaccine and shed live vaccine virus
while mixing with their unvaccinated peers.
This provides virologically ideal conditions for
the selection of transmissible strains which
may persist for years. Under these conditions,
circulating vaccine-derived polioviruses (cVD-
PVs) seem almost inevitable.

VACCINE-DERIVED POLIOVIRUSES
FROM IMMUNODEFICIENT, LONG-TERM
EXCRETERS

Patients who are deficient in humoral immu-
nity have been known to have particular diffi-
culties with enteroviruses and poliovirus, in
particular, for some time. In one clinical trial
in the United Kingdom in the early 1960s, 30
such patients were given live vaccine in an at-
tempt to induce some sort of immunity and, in
any case, to reduce their chances of being in-
fected by wild type virus. Most of them ex-
creted virus for the normal length of time,
which is on average five to six weeks for the
first dose of vaccine. One vaccinee excreted
type 1 virus for about three years, and another,
type 3 virus for nearly two years, as described
above (8). Chronic excretion of virus is not
common, although the incidence is not known
since the patients are not routinely screened.
There are about 20 cases reported, most of
whom were identified because they became
paralyzed. The remainder were discovered by
chance (9), including one British subject who is
known to have been excreting type 2 virus for
eight years, based on isolates being available
from 1995 to 2003. In fact, the patient had been
excreting virus for far longer than this, and the
extent of drift of even the 1995 isolates from
the vaccine strain is very high. Based on the in-
dividual’s vaccination history, it is believed
that excretion of virus has been continuous
since the age of 11, or for over 20 years. The
virus is highly virulent in animal models and
has lost all molecular markers of attenuation.
It is also excreted at a titer comparable to that
found in most vaccinees or those infected with
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wild type strains. Such individuals could form
the focus of an epidemic if those around them
are not immunized and if they fail to follow
good hygienic practices.

Treatments attempted on the British subject
have included the administration of im-
munoglobulin by the oral route, which ap-
peared to have some effect on the titer of virus
excreted in the stools. Chemotherapeutic
agents are not well established for such pa-
tients, although some have been considered.
The virus excreted is resistant to the most com-
monly considered drug. The patient was given
milk from a breast milk bank in the region, and
this did appear to have an effect, although
when the treatment stopped, virus excretion
rapidly reached the same high titers. There is
currently no treatment for such patients. Some
stop excreting virus spontaneously for un-
known reasons, but the numbers concerned
are currently unknown.

POSSIBLE SOLUTIONS TO THE ISSUES OF
VACCINE-DERIVED POLIOVIRUSES

It seems reasonable that cVDPVs such as those
which caused the outbreaks in Hispaniola and
other regions could be avoided if routine im-
munization programs were either maintained
at a high level of excellence or were aban-
doned altogether after one last blanket cover-
age effort to immunize the population. The
assumption would be that the virus would die
out faster than the susceptible population
needed to maintain it could build up. Possibly
inactivated vaccine could be used to maintain
protection while the environment was moni-
tored to see if poliovirus was dying out.

New iVDPVs could be avoided by stopping
the use of oral polio vaccine, but at the present
time there is no cure for the existing cases,
which are, at any rate, probably rare.

While they are not vaccine-derived, it is pos-
sible that a group C enterovirus could evolve
to fill the niche left by poliovirus after its erad-
ication (10), and there are other scenarios by

which the virus could re-emerge, including es-
cape from laboratories or manufacturing facil-
ities or through acts of bioterrorism. The issues
raised by the eradication of poliovirus are
potentially difficult, and some strategy must
be available to deal with its possible re-emer-
gence. It seems unlikely that an eternal vacci-
nation program against a nonexistent disease
is an acceptable answer.
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IS GLOBAL MEASLES ERADICATION FEASIBLE?

Ciro A. de Quadros'

BACKGROUND

Measles is one of the most infectious diseases.
Before the introduction of the measles vaccine,
practically all children contracted measles in
the long run. Human beings are the only reser-
voir of measles, although other primates, such
as monkeys, also can have the infection. The
most infectious phase is the prodromic one,
before other symptoms, such as fever and ex-
anthema, appear. The communicability dimin-
ishes rapidly after the appearance of exan-
thema (7).

At the end of the 1970s an attenuated live
measles virus vaccine, which was authorized
for use in the United States in 1963, had al-
ready been widely disseminated in several
parts of the world. It has been documented
that this vaccine protects for more than 20
years, but it is believed that the immunity con-
ferred by the vaccine lasts for a lifetime (2). Its
effectiveness is around 90% to 95%. Due to the
interference of maternal antibodies, the effec-
tiveness of the vaccine increases after the first
6 months, reaching the maximum level from
95% to 98% at 12 to 15 months of life (3). By the
end of the 1980s, most countries of the world
had incorporated measles vaccines into their
routine vaccination programs, and immuniza-
tion coverage with this vaccine has increased

1 Director, International Programs, Sabin Vaccine In-
stitute, Washington, D.C.; Former Director, Division of
Vaccines and Immunization, Pan American Health Or-
ganization, Washington, D.C.
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considerably. By 1990, reported coverage of
children aged 2 years was approximately 70%
worldwide.

Data from the World Health Organization
(WHO) indicate that measles is responsible for
10% of deaths worldwide in children under 5
years of age. Worldwide, some 40 million cases
and 800,000 deaths due to measles still occur
every year; more than half of the deaths occur
in Africa. The eradication of measles would,
therefore, play an important role in improving
child survival.

To answer the question posed in this chap-
ter’s title it is necessary to review the experi-
ences with measles eradication in the Region
of the Americas. To that end, what is briefly
described here are the strategies being imple-
mented in the Americas to interrupt indige-
nous measles transmission, as well as the re-
sults achieved so far.

MEASLES ERADICATION IN THE WESTERN
HEMISPHERE

The goal to eradicate measles from the West-
ern Hemisphere was set by the Pan American
Sanitary Conference in 1994, at the same time
that the International Commission for Certifi-
cation of Poliomyelitis declared the Region
polio free (4). The rationale for the strategy
employed to achieve this goal was based on
the epidemiology of measles before and after
the vaccine was introduced. Before the vaccine
was introduced, measles epidemics occurred
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FIGURE 1. Measles interepidemic periods, post-vaccine era, Chile, 1960-1998.
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every couple of years, emerging as soon as a
pool of susceptibles provided by every birth
cohort was available to fuel transmission
when the virus was introduced in a given pop-
ulation. After the introduction of the vaccine
and with subsequent increases in vaccination
coverage, the interepidemic periods length-
ened, sometimes stretching for several years
between one epidemic and another. For exam-
ple, the interepidemic period spanned nine
years in Chile (Figure 1) and 12 years in the
United States.

Furthermore, in the pre-vaccine era, measles
cases occurred in very young children, and
by age 5 almost all had already suffered the
disease. With the introduction of the vaccine,
and with increased coverage, the age specific
rate increased in older children, and even
young adults and adults suffered measles (5).

Another important factor to consider is that
a considerable number of children remain sus-
ceptible because they never received the vac-
cine. In addition, because vaccine effectiveness

is not 100%, a small proportion of those vacci-
nated who were primary failures also remain
susceptible. The result is that over a few years,
even with a very good immunization program
in place, accumulation of susceptible children
will occur (Figure 2). In other words, vaccine
coverage does not equal population immunity.

STRATEGIES

Given this background, the strategy recom-
mended by the Pan American Health Organi-
zation called for high vaccination coverage of
the susceptible population at all times, effec-
tive surveillance to detect measles transmis-
sion, and an adequate response. The vaccina-
tion strategy (6) is three-pronged. First, a
one-time-only “catch up” campaign, imple-
mented during the low season, targets all chil-
dren 1 to 14 years of age, to attempt interrup-
tion of all chains of measles transmission. This
age group was chosen because it was among
them where more than 90% of the cases were
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FIGURE 2. Accumulation of susceptibles while
an immunization program is in place.
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occurring by the time this program started in
the Americas. The strategy’s second compo-
nent is to “keep up” with vaccination in rou-
tine services to achieve the highest level possi-
ble of coverage in the new birth cohorts in
every district of every country in order to
delay the accumulation of susceptibles.
However, even with high coverage in every
district, susceptibles will accumulate because
some children will be missed and a few that re-
ceived the vaccine are primary failures, as in-
dicated above. With average vaccination cov-
erage of 80%, it is estimated that it takes about
five years for the accumulation of susceptible
children to be equivalent to one birth cohort.
When this number is reached, it is suggested
that a “follow-up” campaign be undertaken
in all children aged 1-4 years, regardless of
previous vaccination status. This, then, is the
third component of the vaccination strategy—
“follow-up” campaigns designed to address
the accumulation of susceptibles. These cam-
paigns are conducted every four years and tar-
get all children 1-4 years of age, regardless of
previous vaccination status. The campaigns’
main objective is to reach those children that

never received a single dose of measles vac-
cine, but those children that did receive a pre-
vious dose will benefit from a second dose.
This strategy offers children a “second oppor-
tunity” to receive their first measles vaccine
dose. The first country to utilize this strategy
in the Americas was Cuba, which successfully
interrupted measles transmission in the late
1980s (Figure 3).

The surveillance component was designed
to be very simple and timely, as well as sensi-
tive to detect outbreaks and to be understood
by every health worker, allowing for a prompt
and adequate response (Figure 4). Basically it
works this way: if a health worker suspects
measles, the suspected case should be visited
by a trained epidemiologist who decides
whether the case should be classified as a sus-
pected measles case requiring further inves-
tigation and collection of a blood specimen
for confirmation through an IgM capture
test. If no adequate specimen was taken but
there was an epidemiological link with a lab-
confirmed case, the case also would be lab-
confirmed, otherwise it would be clinically
confirmed. This last category of cases resulted
from deficiencies in the surveillance system.

In the beginning of the program, a major
proportion of cases were clinically confirmed,
while at present nearly 100% of cases are dis-
carded because they have adequate specimens
and negative lab results. Surveillance was inte-
grated with rubella surveillance to maximize
the activities related to rubella control. If a sus-
pected measles case is lab-negative, tests are
performed to investigate for rubella, and vice-
versa. Management indicators have been in-
troduced, such as the proportion of suspected
cases investigated within 48 hours of report-
ing; the proportion of adequate specimens
collected and sent to the lab; and for each
outbreak, taking of urine samples for virus
isolation. The proportion of lab results that are
available within five days of receipt at the lab
serves to measure the lab network perfor-
mance. Active search for cases also is con-
ducted periodically in areas that have suffered
recent outbreaks or have low coverage, have
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Reported cases (in thousands)

FIGURE 3. Reported measles cases, by month, Cuba, 1971-1998.
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FIGURE 4. Surveillance strategy for measles cases.
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FIGURE 5. Measles vaccination coverage, by subregion, 1998-2000, and last “follow-up” campaign.
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reported suspected cases for some time, or
where the population has low access to health
services.

Progress to date has been remarkable. Most of
the countries have conducted “catch up” cam-
paigns with very high coverage levels, and now
most of them are in the phase of implementing
“follow up” campaigns. These campaigns usu-
ally have achieved very high coverage, more
than 90% at the national level (Figure 5).

Districts that are below the national average
are identified, and additional “mopping up”
campaigns are then implemented in districts at
risk.

Surveillance indicators have been kept at ac-
ceptable levels (Figure 6). Lab response within
five days has improved, and the laboratory
discarded cases now reach over 80% (7).

RESULTS

In 1990, there were more than 240,000 cases re-
ported in the Region. In 1996, only 2,106 cases of

measles were reported in the Western Hemi-
sphere. Of these, some 50% were laboratory-
confirmed. By the end of 1996, the number
of measles cases in the Americas had been re-
duced by 99%, compared with 1990. In 1997
there was a resurgence of measles in Sdo Paulo,
Brazil, that country’s only state that did not im-
plement a follow up campaign in 1996. An out-
break that started in early 1997, originating from
a probable importation from Europe, spread to
other states and to several other countries in the
Region. By the end of 1997, more than 50,000
cases were reported in the Americas, with more
than 90% originating in Brazil (8).

In 1998, the number of cases declined to
14,000 cases, following the epidemic generated
in Brazil in 1997, with subsequent spread to
Argentina, Bolivia, and eventually to the Do-
minican Republic and Haiti. During 2001 only
545 cases were reported in the entire Region,
with epidemic transmission at the end of 2001
only in Venezuela and a few importations into
the northern border areas of Colombia.
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FIGURE 6. Average observance, measles surveillance indicators (%), Region of the Americas, July
2000-November 2002.
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Transmission in the Dominican Republic
and Haiti was interrupted in mid-2001. The
majority of cases reported in 2002 were from
Venezuela, with other countries reporting a
few cases related to importations from other
Regions of the world (Figure 7).

The last indigenous cases in the Region
were in Colombia in week 36 and in Venezuela
in week 38. As of today, four months have
elapsed without indigenous transmission
being detected anywhere in the Western
Hemisphere.

LESSONS LEARNED

In summary, the “catch up” campaigns, the
“keep up” activities, and the “follow up” cam-
paigns have been successful in interrupting
measles transmission in the Americas. Measles
is no longer an endemic disease in the Ameri-
cas, and interruption of transmission has been
documented in most countries. Thirty-eight

out of 47 countries and territories have been
free of indigenous measles transmission for
more than two years. The Americas suffered a
reemergence of measles in 2001/2002 because
of failure to fully implement the recom-
mended strategy. In that instance, most cases
were seen in vaccinated pre-school aged chil-
dren and in unvaccinated young adults, with
health professionals playing a very important
role in the chain of transmission. A similar
reemergence of measles occurred in 1997 and
1998 in Brazil for the same reason—failure to
fully implement the strategy.

Importations of measles into countries that
have followed the PAHO recommended strate-
gies did not generate epidemics, and only oc-
casionally generated a few secondary cases.
This happened in El Salvador, for instance,
which had its last case in 1996. In May 2001
two young adults that were traveling in Eu-
rope, returned infected with measles, probably
acquired in Switzerland. There was no second-
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FIGURE 7. Distribution of confirmed measles
cases, Colombia, Venezuela, and all other
countries, Region of the Americas, 2002.2
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ary transmission in spite of an active search
conducted throughout the country in which
basically every household was visited. Peru
suffered several importations from neighbor-
ing Bolivia during the outbreak during 2000.
Only in a few instances were there secondary
cases within the household where the impor-
tation had occurred. Cases in Canada and the
United States of America also have been
linked to importations from Europe. In Mex-
ico, two cases were imported from Japan, into
Cancun, a very busy tourist resort, but with no
spread into the overall community.

Surveillance has considerably improved
throughout the Region, and active search has
not detected transmission in any country.
In the Dominican Republic and Haiti there
were house-to-house vaccinations to control a
vaccine-derived polio outbreak that occurred
in 2000/2001. This polio outbreak was con-
comitant with the importation of measles
into both countries, therefore the vaccination
campaigns used polio and measles vaccines.
Furthermore health workers were offered a
US$ 100 reward if they found a case of polio or
measles during the house-to-house visits. No
cases of either disease were found.

Although the resurgence of measles in the
Americas during 1997 represented an impor-
tant increase compared with the number of
cases reported in 1996, the total of 53,000
cases represents only about 10% of the cases
reported in 1990. Nevertheless, important les-
sons can be extracted from this experience.

First, the lack of a timely “follow-up” vacci-
nation campaign in 1996 in Sdo Paolo for chil-
dren 1-4 years old, combined with low cover-
age of routine vaccination (“keep-up”) of
infants with at least one dose of measles vac-
cine, allowed for a fast and dangerous accu-
mulation of susceptible children. Second, the
presence of a great many young adults who
were not exposed to the natural infection and
had never been vaccinated exacerbated the
risk of an outbreak. Third, the measles virus
was most likely introduced from Europe into
Sao Paulo. Finally, the city’s great population
density facilitated contact between infected
persons and the susceptible population.

Surveillance data for measles, combined
with the results of molecular epidemiology
studies, indicate that the countries of the
Americas are continually exposed to measles
virus from other Regions of the world where
measles continues to be endemic.

As of today, four months have elapsed since
the detection of the last case in Venezuela. The
eradication of the clade 9 of the measles virus
that was imported into Venezuela has been
documented (9).

CONCLUSION

The experience of the last five years with the
measles eradication program in the Americas
shows that measles transmission can be inter-
rupted and interruption can be sustained over
a long period if countries fully apply the strat-
egy of vaccination recommended by PAHO for
all the countries of the Region.

The experience described indicates that the
PAHO strategy can effectively achieve and
sustain the interruption of epidemic transmis-
sion in a very large geographical area, such as
the Western Hemisphere. From this experience
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we believe that global eradication is feasible if
an appropriate strategy is implemented. We
also believe, and the experience in the Ameri-
cas proves this, that the current measles vac-
cine, although not perfect, has been adequate
to stop measles transmission. The eradication
of measles will have a major impact on child-
hood morbidity and mortality. Even in a new
paradigm in which eradication is not followed
by the discontinuation of vaccination, eradica-
tion of measles will be a good investment to
avoid expensive epidemics of measles, but
most importantly, to save the almost one mil-
lion children that die every year due to infec-
tion with the measles virus.

However, before a global initiative on
measles eradication is launched, it is necessary
to demonstrate that poliomyelitis has been
eradicated. There also will be programmatic,
political, and financial obstacles that will need
to be overcome before global measles eradica-
tion is launched. Partnerships will be essential
to support governments embarking on it.

It is not a dream to imagine a world free of
measles by the year 2015.
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NEW MEASLES VACCINE FORMULATIONS AND
DELIVERY SYSTEMS AND THEIR POTENTIAL
CONTRIBUTION TO REDUCING MEASLES
MORTALITY WORLDWIDE

Maria Teresa Aguado' and Ana-Maria Henao-Restrepo?

INTRODUCTION

Although substantial progress has been made
in controlling measles worldwide, in 2000
there were an estimated 39.9 million cases of
measles, resulting in 777,000 deaths (1). Chil-
dren under 5 years of age represent nearly 75%
(587,000) of the estimated measles deaths that
occurred that year, and approximately 60%
of the total measles deaths in the World
Health Organization’s Africa Region. Measles
accounted for 46% of all estimated deaths
among children due to vaccine-preventable
diseases in 2000 (Figure 1) and was the fifth
leading cause of childhood mortality, account-
ing for 5% of all deaths among children under
5 years of age (2).

Recommended strategies for measles con-
trol include increasing routine vaccination
coverage to at least 90% with the first opportu-
nity for immunization in each district and na-

1 Coordinator, Initiative for Vaccine Research, De-
partment of Vaccines and Biologicals, World Health
Organization.

2 Medical Officer, Initiative for Vaccine Research, De-
partment of Vaccines and Biologicals, World Health
Organization.
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tionally, providing a second opportunity for
measles immunization to all children through
routine immunization or supplemental immu-
nization campaigns, and improving surveil-
lance with laboratory confirmation of sus-
pected measles cases (3).

Failure to deliver at least one dose of
measles vaccine to all infants remains the
primary factor in the high measles morbidity
and mortality rates. In 2000, only 74 countries
(35%) reported measles vaccination coverage
above 90%, with 16 countries (with a combined
population of 12 million children under 1 year
of age) reporting coverage below 50% (4).

Supplementary vaccination campaigns to
provide a second opportunity for measles
immunization have been conducted in several
countries pursuing either measles mortality re-
duction or measles elimination (4). The number
of children immunized during mass measles
vaccination campaigns has increased gradually
since 1992, when countries in the Region of the
Americas began efforts to interrupt indigenous
measles transmission. Following WHO's rec-
ommendation to provide a second opportunity
for measles immunization, the number of chil-
dren receiving measles vaccine during mass
measles vaccination campaigns increased from
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FIGURE 1. Proportional mortality of the 1.7 mil-
lion childhood deaths due to vaccine-preventa-
ble diseases among children worldwide, 2000.
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approximately 50 million in 1999 to nearly 120
million (Figure 2) in 2000. In 2001, approxi-
mately 110 million children were vaccinated
during mass measles vaccination campaigns,
21 million of them during mass campaigns
conducted in 8 African countries. This number
is predicted to increase in future years (4). De-
spite this progress, there is a need to develop
approaches to facilitate the full implementation
of the recommended strategies, particularly in
developing countries, where the disease bur-
den is high and resources are limited.

This chapter reviews the case for new,
needle-free measles vaccine delivery devices
and new vaccine formulations. It focuses pri-
marily on such needle-free vaccine delivery
devices as jet injectors for delivering parenteral
measles vaccine, and on alternative routes
for measles mucosal immunization (aerosol-
delivered and nasal vaccines). It also outlines
the optimal profile for new products, summa-
rizes the state of the art of these products, and

considers their suitability and practicality for
use in measles immunization programs, partic-
ularly in developing countries. Finally, this
chapter presents an update on a special project
that has been designated a high priority for
WHO—the Measles Aerosol Project.

DEFINING THE PRODUCT PROFILE

It is important to bear in mind that the current
measles vaccine is safe and effective. Measles
vaccine has been licensed for nearly 40 years
and has an excellent safety record (5, 6), good
stability (7), and a low cost. Moreover, there is
abundant evidence of its effectiveness. World-
wide, measles vaccine prevents an estimated
80 million measles cases and 5 million measles
deaths annually (4). Furthermore, implemen-
tation of the WHO-UNICEF recommended
strategies has resulted in a dramatic reduc-
tion in measles mortality and morbidity. From
1990 to 2001, measles cases in the Region of
the Americas declined by more than 99% and
transmission is now limited to a few countries
(8). In southern African countries, after nearly
24 million children aged 9 months to 14 years
were vaccinated, with an overall vaccination
coverage of 91%, reported measles deaths de-
clined from 166 in 1996 to 0 in 2000 (9). Else-
where, countries that have implemented the
recommended strategies in recent years have
observed a marked decline in reported cases
and deaths (4).

Given this situation, why are new measles
vaccine formulations or delivery systems
needed? New vaccine delivery systems may
help to accelerate measles control efforts by
simplifying administration techniques and re-
ducing the need for trained health personnel,
thereby facilitating efforts to expand immu-
nization coverage. Even today, the routine de-
livery system in many countries fails to reach
many children with the first opportunity to re-
ceive measles vaccine at the recommended age
(i.e., 9-12 months). Between 1990 and 2000, re-
ported global routine vaccination coverage
with one dose of measles vaccine among in-
fants remained at approximately 80% (61%-
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FIGURE 2. Measles-containing vaccine (MCV) doses administered (and planned) globally during mass
campaigns and UNICEF doses of MCV purchased (and forecast), 1991-2004.
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83%) (4). This coverage gap reflects the limita-
tions of the health services infrastructure and
the lack of adequate financial and human re-
sources in some countries, which result in a
failure to fully implement planned strategies.
In addition to the challenges of reaching
every child, injection safety is a recognized
problem, particularly in developing countries.
Limited availability of staff trained to adminis-
ter injections safely and improper injection
practices involving reuse of nonsterile needles
and syringes may result in abscesses and pose
a risk of transmission of bloodborne patho-
gens (10, 11). In 1995, WHO reported that up
to a third of immunization injections in four of
its six regions were unsterile, thus posing the
risk of iatrogenic infections, including fatal
septicemia, and transmission of bloodborne
pathogens (12). New delivery systems may

help make measles immunization safer. Tech-
nological developments, such as auto-disable
syringes and safe disposal boxes, prevent the
reuse of syringes and make injections safer (13,
14). However, they produce infectious waste
and, in some countries, ensuring proper col-
lection and destruction of used needles and
syringes is difficult (15). These concerns are es-
pecially important during mass immunization
campaigns, when millions of doses are admin-
istered in a short period of time (16).

Taking these issues into consideration, a
new delivery system or a new formulation of
the vaccine should be at least as effective and
safe as the currently licensed vaccine. It should
also be at least as heat stable and have a com-
parable cost. Furthermore, the new vaccine
formulation or delivery system should be eas-
ier to administer and less invasive (e.g., ad-
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ministered by trained non-health staff and
needle-less, if possible).

In addition, some authors argue that a new
formulation of the vaccine should achieve im-
munity among young infants with maternal
antibodies and/or an immature immune sys-
tem, and be able to prime the immune system
at a younger age, thus reducing the risk of in-
fection among infants (17, 18). Finally, a new
vaccine formulation should demonstrate that
it does not predispose the vaccinee to atypical
measles (19, 20).

Beyond the potential positive impact that a
new measles vaccine formulation or a new
measles delivery system may have on the ef-
forts to control measles, these new approaches
could also be applied to other vaccines in
order to improve safety and facilitate vaccine
delivery (21).

NEW MEASLES VACCINE FORMULATIONS

Different measles vaccine approaches include
peptides, immune-stimulating complexes (is-
coms), DNA vaccines, bacteria vectors, and
virus vectors (e.g., adenoviruses, poxviruses,
and alphaviruses). Studies with all of these ap-
proaches indicate that they are immunogenic
in mice, but this does not ensure that these ap-
proaches will have similar results in monkeys,
which constitutes the next research develop-
ment step. This chapter focuses on the efforts
carried out by two key groups of researchers.
Researchers at the Johns Hopkins University,
in Baltimore, Maryland, U.S.A., have been
working on a DNA vaccine and one delivered
by an alphavirus vector. Studies using juvenile
macaques vaccinated intradermally with DNA
vaccines including fusion (F), hemagglutinin
(H), or H+F gene resulted in antibody and cy-
totoxic T lymphocyte (CTL) responses, but the
magnitudes of the responses were marginal
when compared with the response needed to
confer protection. Some monkeys were pro-
tected against disease and no evidence of atyp-
ical measles was detected (22, 23). For the al-
phavirus approach, they used a small RNA
virus with nonstructural proteins and struc-
tural proteins of two different promoters, so

that the measles virus protein could be inserted
at the structural protein site. The candidate
vaccine can be administered via the respiratory
or parenteral route. Preliminary results suggest
that infant macaques respond at low levels and
very slowly (over months), and that the vac-
cine induces a CTL response. The vectors are
continuously improving and some researchers
believe that this approach seems promising.

A different approach, called DNA prime/
live vector boost strategy, is being tested at the
University of Maryland’s Center for Vaccine
Development (CVD), also in Baltimore. This
approach involves priming the immune sys-
tem with attenuated Shigella mucosal live vec-
tor strain CVD 1208 carrying a DNA vaccine
encoding measles hemagglutinin (H) and fu-
sion (F) proteins. This attenuated strain, which
harbors deletion mutations in guaBA and the
genes that encode Shigella enterotoxins 1 (set)
and 2 (sen), is well tolerated and immuno-
genic when administered as a live oral Shigella
vaccine (24). The immune response is then
boosted with attenuated measles vaccine ad-
ministered via aerosol. Since attenuated Salmo-
nella typhi and Shigella flexneri can deliver
measles DNA vaccines mucosally in cotton
rats, inducing measles immune responses (in-
cluding neutralizing antibodies) and protec-
tion, boosting strategies can now be evaluated
in animals primed with measles virus DNA
vaccines (24). Dr. M.M. Levine has pointed out
that in a preliminary study, three of four mon-
keys developed high titers of neutralizing an-
tibodies (Dr. M.M. Levine, Center for Vaccine
Development, University of Maryland, per-
sonal communication, 2003).

All of the above approaches are at early
stages of development. WHO's Initiative for
Vaccine Research and its different advisory
groups on new technologies and research re-
lated to measles are following up on or ac-
tively supporting some of these developments.

NEw DELIVERY SYSTEMS FOR
MEASLES VACCINE

Jet injectors were widely used for vaccine de-
livery until the 1990s, when multiple-use noz-
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zle jet injectors were found to transmit such
bloodborne pathogens as hepatitis B virus and
HIV (25, 26) and their use in immunization
programs was no longer recommended. A
large number of jet injectors for vaccine ad-
ministration are available on the market (27).
Jet injectors are known to induce immune re-
sponses comparable to those obtained when
the vaccine is administered using syringes and
needles. Jet injectors are particularly suitable
for mass measles vaccination campaigns be-
cause they permit the immunization of up to
600-1,000 individuals per hour using the same
dose chamber. Jet injectors do not pose the risk
of accidental needle stick and reduce infec-
tious waste. Also, their potential low cost per
dose administered makes them more cost ef-
fective than other delivery mechanisms (28).
However, safety concerns have been a major
barrier to their acceptance. Some reports indi-
cate that their use may be accompanied by
higher rates of local reaction. Lastly, some of
the current models of jet injectors require ded-
icated trained vaccination teams and daily
cleaning and sterilization, which may limit
their introduction in certain settings. Follow-
ing is a summary of the progress of two mod-
els of jet injectors.

A high workload jet injector is currently
being developed by Felton International in
partnership with the Program for Appropriate
Technology in Health (29). This device is tar-
geted for use in mass vaccination campaigns
and its designers are attempting to address
the known environmental, logistical, technical,
safety, and regulatory issues. The design incor-
porates a disposable cap through which the
vaccine passes during injection in order to re-
duce the risk of transmission of bloodborne
pathogens from person to person. The current
model requires the presence of an intact cap
that autodisables after use. The caps are low-
cost and burn without releasing toxic fumes.
Further studies to validate its safety perform-
ance are required.

A needle-free injector with on-site ampule
filling techniques (LectraJet™) is being devel-
oped by DCI (29). This injection system con-
sists of ampules that are filled with vaccines

and are disposed of after a single use. Different
models include both manual and electric injec-
tors, two types of magazines for cartridges, and
two types of filling stations. The filling system
is being designed so that it can be used to fill
ampules in the field. However, ampules could
also be filled by vaccine manufacturers. The
ampules are estimated to cost a few U.S. cents.
They have demonstrated proof-of-principle,
built a prototype device, conducted bench per-
formance testing, and performed animal test-
ing for depth and dispersion.

WHO is currently developing the policy
and specification guidelines regarding the
use of jet injectors. It will include provisions
to ensure that the safety of these devices is
demonstrated before they can be recom-
mended for use in immunization programs.
Ongoing work on the development of sensi-
tive methods to assess contamination and
cross infection of these devices is being sup-
ported by WHO (30, 31). These should be fol-
lowed by studies to assess safety in humans
and usability under field conditions, as well
as potential economic benefits from their
introduction.

ALTERNATIVE ROUTES FOR
IMMUNIZATION

Alternative routes for measles vaccine admin-
istration, using the currently existing measles
vaccine, may facilitate further progress in con-
trolling the disease and reducing the related
disease burden (31). An aerosol vaccination
method that uses currently licensed measles
vaccine and a suitable device is thought to be
adaptable to mass vaccination campaigns and
routine immunization and would avoid the
risks associated with injections. There are a
number of alternative methods of administra-
tion of currently licensed measles vaccine, in-
cluding jet nebulizer systems, ultrasonic nebu-
lizer systems, and nasal spray systems. Also, a
dry powder measles vaccine could be deliv-
ered using aerosol systems (32, 33), with the
added advantage of being heat stable, thus
avoiding the need for cold chain.
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Jet Nebulizer Systems

Jet nebulizers are devices in which the driving
gas passes through a very narrow hole from a
high pressure system. Changes in pressure
suck up the liquid into fine ligaments that col-
lapse into droplets and are then atomized (34).
A review of the studies on measles aerosol im-
munization using jet nebulizers indicates that
seroresponse rates in infants and schoolchild-
ren after aerosol immunization are at least
as good as the subcutaneous route. Good re-
sponse rates were reported when measles
aerosol vaccine was administered to children 3
to 6 months of age and to seronegative children
9 months of age or younger (31). Schoolchild-
ren vaccinated with EZ vaccines by aerosol had
higher seroconversion rates, higher geometric
mean titer, and a smaller percent seronegative
compared to subcutaneous vaccination (31,
35-38). Recent studies in Mexico have shown
seroresponse to rubella vaccine given by aero-
sol (as MR) to be comparable to subcutaneous
vaccination (39).

The decrease in vaccine dose volume (i.e.,
up to five times more children could be vacci-
nated using the same amount of vaccine) and
elimination of syringe and needle costs, in-
cluding disposal, could result in important
savings in supply costs. No significant in-
creases in adverse events in either recipients or
vaccinators have been noted, although the
follow up period was sometimes short or not
described (31). Adverse events have been re-
ported as significantly reduced in schoolchild-
ren receiving measles vaccine by aerosol (31).
Jet nebulizers have not been widely used be-
cause of several disadvantages. The current
models may be cumbersome and require out-
let or car battery electricity to power the air
compressor and crushed ice to prevent loss of
vaccine potency. It is difficult to precisely mea-
sure the dose delivered and some vaccine
strains are reported to lose potency in the neb-
ulizer even in the presence of crushed ice.
There are also some concerns about reflux of
respiratory pathogens into the device with
subsequent transmission to other vaccinees.

Despite the fact that these devices use the
currently licensed measles vaccine and the ev-
idence of the safety and effectiveness of this
administration route, it constitutes a new route
of administration. Therefore, all the preclinical
and clinical testing required for licensure must
be completed before its widespread use is rec-
ommended.

Ultrasonic Nebulizer Systems

Ultrasonic nebulizers use a rapidly vibrating
piezoelectric crystal to produce aerosol parti-
cles. Ultrasonic vibrations from the crystal are
transmitted to the surface of the solution,
where standing waves are formed. Droplets in
the crest of these waves are atomized and re-
leased as aerosols (34). The U.S. Centers for
Disease Control and Prevention (CDC), in col-
laboration with Creare, a bioengineering firm,
have developed a portable, handheld ultra-
sonic nebulizer. This device has been designed
to mimic the output of the jet nebulizers used
in the previous measles aerosol trials in terms
of particle size distribution, airflow, and rate of
aerosol delivery (40). The device is designed to
deliver a continuous aerosol stream of recon-
stituted measles vaccine and no loss of vaccine
potency has been observed in laboratory tests.
It uses rechargeable batteries, with one charge
estimated to administer up to 1,200 doses. It
has a replaceable nasal prong tip for directing
the aerosol stream into the nostril of the recip-
ient and a reusable “ice pack” designed to
maintain vaccine potency for at least 8 hours.
This device appears to be suitable for use by
lay persons and the estimated cost per dose
administered is expected to be low. Prelimi-
nary bench studies and studies in macaques
indicate that this device may be a promising
candidate for measles vaccine delivery; how-
ever, the major disadvantage of this device is
that it has not been tested in humans.

Nasal Spray Systems

In contrast to the jet nebulizers, intranasal im-
munization of measles vaccine has not been
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studied extensively. Although a number of
studies have been published, most studies in-
volve small numbers of subjects and a variety
of administration methods (e.g., drops, swab,
spray, atomization). In many of the studies,
the administration techniques are poorly de-
scribed and are inadequately standardized.
Another limitation of these studies is the lack
of systematic testing for optimal dose, strain,
and route; the differences in the definition of
response; and the nonuniformity of the assays
performed or the follow-up period (31).

The advantages of the nasal spray method
are that there are no power requirements and
that it can potentially be used by trained non-
medical personnel. Unlike the aerosol devices,
there are no equipment costs with the nasal
spray method. However, as each syringe is
used only once, disposal costs may be higher.
Immune response results vary. None to very
low levels of immune response (<50%) were
observed in studies among 2-week to 2-year-
old children in the U.S. using swabs (41, 42),
9- to 23-month-old Kenyan children using
drops (43), 6-month-old Thai children using
sprays and drops (44), and 23-month-old Mex-
ican children using drops. Greater immune re-
sponses (>90%) were reported in studies
among children in former Yugoslavia who
were immunized using nasal drops (45). Re-
cently, Liashenko et al. (46) reported that im-
mune responses among children 6 to 7 years
old and adults immunized with measles nasal
sprays were similar to those observed after
subcutaneous immunization.

The biggest drawbacks to nasal spray sys-
tems are that upper respiratory tract infections
might reduce their immunogenicity and that
their effectiveness and safety have not been
fully assessed for measles vaccine.

MEASLES AEROSOL PROJECT

In 2001, the WHO Steering Committee on re-
search related to measles vaccine recom-
mended that WHO organize a product devel-
opment group (PDG) for measles aerosol
vaccine in order to accelerate its development

and licensure (47). In early 2002, WHO con-
vened the PDG and invited a group of experts
on aerosol science, aerosol immunization, de-
vice development, vaccine trials, and regula-
tory issues to become members. The PDG is
assisting WHO'’s Initiative for Vaccine Re-
search to define the licensing strategy and
product profile, and to ensure that the Measles
Aerosol Project remains focused. The PDG
also contributes to the development and im-
plementation of realistic development plans,
identifies critical issues, and finally, ensures
that the development plan is implemented to
international standards of good practice.
Since there was abundant evidence of the
safety and immunogenicity of measles aerosol
immunization, and considering that a con-
certed effort with a clear regulatory pathway
was required to ensure speedy licensure of this
route of administration, WHO organized the
Measles Aerosol Project in 2002 and gave it pri-
ority. The Measles Aerosol Project is being sup-
ported by a partnership of CDC, the American
Red Cross, and WHO. Financial resources from
the Bill and Melinda Gates Foundation have
been granted to WHO to ensure the implemen-
tation of all activities needed for the develop-
ment and licensure of this administration
route. The goal of this project is to license at
least one method for respiratory delivery
of currently licensed measles vaccines, which
will provide a means of administering measles
vaccine that is cheaper, safer, and easier than
injection. At least three devices for aerosol ad-
ministration of reconstituted measles vaccine,
and if feasible in the time frame, a dry powder
device, will enter the initial studies. The tech-
nical assumptions of the Measles Aerosol Pro-
ject are that the aerosol vaccination devices
will use current vaccines, focus initially on the
measles component, and will be aimed at chil-
dren 12 to 59 months of age for routine vac-
cination and 12 months to 18 years of age for
mass measles vaccination campaigns (48).
Considering that there is evidence that this
aerosol route could be equally safe and effec-
tive for rubella vaccines, it is thought that in
coming years the project will begin to address
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the steps required for the development and li-
censure of this route for rubella vaccines. Since
the inception of the project, preliminary bench
studies to assess different delivery devices and
animal studies in monkeys to evaluate im-
munogenicity and safety have been completed.
The regulatory pathway has been outlined and
preliminary design of the clinical trials is well
advanced. Clinical trials are planned to begin
in early 2004 and it is expected that clinical
testing could be completed by 2007.

CONCLUSIONS

Because measles continues to be a major child-
hood Kkiller in developing countries, countries
and their partners have given a high priority
to reducing measles mortality and important
progress in reducing measles mortality has
been made in recent years. Nevertheless, high
levels of population immunity will be required
to maintain the elimination of the circulation
of the measles virus and/or sustainable levels
of measles mortality reduction.

To address this challenge, needle-free vac-
cine delivery systems and new vaccine for-
mulations may help to facilitate measles im-
munization efforts, especially during mass
measles vaccination campaigns. Licensure of
any new product must be achieved as soon as
possible, since mass measles vaccination cam-
paigns are already being implemented in sev-
eral high disease burden countries. Indeed,
new needle-free vaccine delivery devices
would help long-term sustenance of measles
elimination and mortality reduction goals by
allowing developing countries to increase
measles vaccine coverage and protect their
children from measles.

The recent experience with the Measles
Aerosol Project has highlighted the fact that
funding for an organized, comprehensive ap-
proach to testing the effectiveness and safety
of these methods should accelerate the devel-
opment process and lead to the licensure and
wide use of at least one method.

ACKNOWLEDGMENTS

The authors would like to thank the members
of the following advisory groups for their ad-
vice to WHO'’s Initiative for Vaccine Research
and their contribution to the progress made in
recent years in this area. They include the
WHO Steering Committee on New Delivery
Systems, the WHO Steering Committee on
research related to measles vaccine, and the
WHO Product Development Group for
Measles Aerosol Immunization. The work re-
lated to the Measles Aerosol Project is per-
formed under a collaborative arrangement
among the U.S. Centers for Disease Control
and Prevention, the American Red Cross, and
WHO, and has received financial support from
the Bill and Melinda Gates Foundation.

REFERENCES

1. Stein CE, Birmingham M, Kurian M, Duclos P,
Strebel P. The global burden of measles in the
year 2000—a model that uses country-specific
indicators. | Infect Dis 2003;187(Suppl 1):58-14.

2. Murray CJL, Lépez AD, Mathers CD, Stein C.
The Global Burden of Disease 2000 Project: Aims,
Methods and Data Sources. Geneva: World Health
Organization; 2001 [revised]. (Discussion Paper
36). Available at: www3.who.int/whosis/
discussion_papers/pdf/paper36.pdf. Accessed
on 15 May 2003.

3. World Health Organization, Department of Vac-
cines and Biologicals. Measles: Mortality Reduc-
tion and Regional Elimination. WHO/UNICEF
Strategic Plan 2001-2005. Geneva: WHO; 2001.

4. Henao-Restrepo AM, Strebel P, Hoekstra EJ,
Birmingham M, Bilous J. Experience in global
measles control, 1990-2001. | Infect Dis 2003;187
(Suppl 1):515-21.

5. Duclos P, Ward BJ]. Measles vaccines: a review of
adverse events. Drug Saf 1998;19(6):435-454.

6. Pless RP, Bentsi-Enchill AD, Duclos P. Monitor-
ing vaccine safety during measles mass immu-
nization campaigns: clinical and programmatic
issues. | Infect Dis 2003;187(Suppl 1):5291-298.

7. Galazka A, Milstien J, Zaffran M. Thermostability
of Vaccines. Geneva: World Health Organization;
1998. (WHO/GPV/98.07).

8. de Quadros CA, Izurieta H, Carrasco P, et al.
Progress toward measles eradication in the



Aguado and Henao-Restrepo 51

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Region of the Americas. | Infect Dis 2003;187
(Suppl 1):5102-110.

Biellik R, Madema S, Taole A, et al. First 5 years
of measles elimination in southern Africa:
1996-2000. Lancet 2002;359(9317):1564-1568.
Aylward B, Kane M, McNair-Scott R, Hu DJ.
Model-based estimates of the risk of human im-
munodeficiency virus and hepatitis B virus
transmission through unsafe injections. Int |
Epidemiol 1995;24(2):446-452.

Simonsen L, Kane A, Lloyd J, Zaffran M, Kane
M. Unsafe injections in the developing world
and transmission of bloodborne pathogens: a
review. Bull World Health Organ 1999;77(10):
789-800.

Aylward B, Lloyd ], Zaffran M, McNair-Scott R,
Evans P. Reducing the risk of unsafe injections
in immunization programmes: financial and
operational implications of various injection
technologies. Bull World Health Organ 1995;
73(4):531-540.

World Health Organization, United Nations
Children’s Fund, United Nations Population
Fund. Safety of Injections: WHO-UNICEF-UNFPA
Joint Statement on the Use of Auto-disable Syringes
in Immunization Services. Geneva: WHO; 1999:
1-4. WHO/V&B/99.25). Available at: www.
who.int/vaccines-documents/DocsPDF99 /
www9948.pdf. Accessed on 23 March 2002.
Steinglass R, Boyd D, Grabowsky M, Laghari
AG, Khan MA, Qavi A, et al. Safety, effective-
ness and ease of use of a non-reusable syringe in
a developing country immunization pro-
gramme. Bull World Health Organ 1995,73:57-63.
Dicko M, Oni AQ, Ganivet S, Kone S, Pierre L,
Jacquet B. Safety of immunization injections in
Africa: not simply a problem of logistics. Bull
World Health Organ 2000;78(2):163-169.

Hersh BS, Carr RM, Fitzner J, Goodman TS,
Mayers GF, Everts H, et al. Ensuring injection
safety during measles immunization campaigns:
more than auto-disable syringes and safety
boxes. | Infect Dis 2003;187(Suppl 1):5299-306.
Bolotovski VM, Grabowsky M, Clements CJ, Al-
brecht P, Brenner ER, Zargaryantzs Al, et al. Im-
munization of 6 and 9 month old infants with
AIK-C, Edmonston-Zagreb, Leningrad-16 and
Schwarz strains of measles vaccine. Int | Epi-
demiol 1994;23(5):1069-1077.

Moss W], Polack FP. Immune responses to
measles and measles vaccine: challenges for
measles control. Viral Immunol 2001;14(4):
297-309.

Annunziato D, Kaplan MH, Hall WW, Ichinose
H, Lin JH, Balsam D, et al. Atypical measles syn-

20.

21.

22.

23.

24.

25.

26.

27.

28.

drome: pathologic and serologic findings. Pedi-
atrics 1982;70(2):203-209.

Fulginiti VA, Eller J], Downie AW, Kempe CH.
Altered reactivity to measles virus. Atypical
measles in children previously immunized with
inactivated measles virus vaccines. JAMA
1967;202(12):1075-1080.

Levine MM. Can needle-free administration of
vaccines become the norm in global immuniza-
tion? Nat Med 2003;9(1):99-103.

Polack FP, Lee SH, Permar S, Manyara E,
Nousari HG, Jeng Y, et al. Successful DNA im-
munization against measles: neutralizing anti-
body against either the hemagglutinin or fusion
glycoprotein protects rhesus macaques without
evidence of atypical measles. Nat Med 2000;6(7):
776-781.

Polack FP, Hoffman SJ, Moss W], Griffin DE.
Differential effects of priming with DNA vac-
cines encoding the hemagglutinin and/or fu-
sion proteins on cytokine responses after
measles virus challenge. | Infect Dis 2003;187
(11):1794-1800.

Pasetti MF, Barry EM, Losonsky G, Singh M,
Medina-Moreno SM, Polo JM, et al. Attenuated
Salmonella enterica serovar Typhi and Shigella
flexneri 2a strains mucosally deliver DNA vac-
cines encoding measles virus hemagglutinin,
inducing specific immune responses and pro-
tection in cotton rats. | Virol 2003;77(9):
5209-5217.

Abb J, Deinhardt F, Eisenberg J. The risk of
transmission of hepatitis B virus using jet injec-
tion in inoculation. | Infect Dis 1981;144(2):
176-179.

United States of America, Department of Health
and Human Services, Centers for Disease Con-
trol and Prevention. Statement by participants
[on the use of multiple-use nozzle jet injectors
for immunization]. Meeting on Jet Injectors for
Immunization: Current Practice and Safety; Im-
proving Designs for the Future (sponsored by
CDC and WHO), 24 October 1996, Atlanta,
Georgia.

United States of America, Department of Health
and Human Services, Centers for Disease Con-
trol and Prevention, National Immunization
Program. Needle-free Injection Technology [In-
ternet site]. Available at: www.cdc.gov/nip/
dev/jetinject.htm. Accessed on 15 May 2003.
Ekwueme DU, Weniger BG, Chen RT. Model-
based estimates of risks of disease transmission
and economic costs of seven injection devices
in sub-Saharan Africa. Bull World Health Organ
2002;80(11):859-870.



52

New Measles Vaccine Formulations and Delivery Systems

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

World Health Organization, Department of Vac-
cines and Biologicals. Report of the Steering Com-
mittee on New Delivery Systems. Geneva: WHO;
2002.

Hoffman PN, Abuknesha RA, Andrews NJ,
Samuel D, Lloyd JS. A model to assess the infec-
tion potential of jet injectors used in mass im-
munization. Vaccine 2001;19:4020-4027.

Cutts FT, Clements CJ, Bennett JV. Alternative
routes of measles immunization: a review. Bio-
logicals 1997;25(3):323-338.

LiCalsi C, Maniaci MJ, Christensen T, Phillips E,
Ward GH, Witham C. A powder formulation of
measles vaccine for aerosol delivery. Vaccine
2001;19(17-19):2629-2636.

LiCalsi C, Christensen T, Bennett JV, Phillips E,
Witham C. Dry powder inhalation as a potential
delivery method for vaccines. Vaccine 1999;17
(13-14):1796-1803.

O’Callaghan C, Barry PW. The science of nebu-
lised drug delivery. Thorax 1997;52(Suppl 2):
S31-44.

Dilraj A, Cutts FT, Bennett JV, Ferndndez de
Castro J, Cohen B, Coovadia HM. Persistence of
measles antibody two years after revaccination
by aerosol or subcutaneous routes. Pediatr Infect
Dis ] 2000;19(12):1211-1213.

Dilraj A, Cutts FT, de Castro JE Wheeler ]G,
Brown D, Roth C, et al. Response to different
measles vaccine strains given by aerosol and
subcutaneous routes to schoolchildren: a ran-
domised trial. Lancet 2000;355(9206):798-803.
Bennett JV, Fernandez de Castro ], Valdespino-
Gomez JL, Garcia-Garcia ML, Islas-Romero R,
Echaniz-Avilés G, et al. Aerosolized measles and
measles-rubella vaccines induce better measles
antibody booster responses than injected vac-
cines: randomized trials in Mexican school-
children. Bull World Health Organ 2002;80(10):
806-812.

Fernandez-de Castro J, Kumate-Rodriguez J,
Septulveda ], Ramirez-Isunza JM, Valdespino-
Goémez JL. La vacunacién antisarampionosa en
México por el método de aerosol. Salud Publica
Mex 1997;39(1):53-60.

Sepulveda-Amor J, Valdespino-Gémez JL, Gar-
cia-Garcia M de L, Bennett J, Islas-Romero R,

40.

41.

42.

43.

44.

45.

46.

47.

48.

Echaniz-Avilés G, et al. A randomized trial
demonstrating successful boosting responses
following simultaneous aerosols of measles and
rubella (MR) vaccines in school age children.
Vaccine 2002;20(21-22):2790-2795.

Creare Engineering Research & Development.
Mass Vaccination Technologies [Internet site].
Available at: www.creare.com/services/
biomedical /mass_vacc.html. Accessed on 15
May 2003.

Black FL, Sheridan SR. Studies on an attenuated
measles-virus vaccine: IV. Administration of
vaccine by several routes. N Engl | Med
1960;263:165-169.

Kress S, Schulderberg AE, Hornick RB, et al.
Studies with live attenuated measles-virus vac-
cine. Am | Dis Child 1961;101:701-707.

Kok PW, Kenya PR, Ensering H. Measles im-
munization with further attenuated heat-stable
measles vaccine using five different methods of
administration. Trans R Soc Trop Med Hyg 1983;
77:171-176.

Simasathien S, Migasena S, Bellini W, et al.
Measles vaccination of Thai infants by in-
tranasal and subcutaneous routes: possible in-
terference from respiratory infections. Vaccine
1997;15:329-334.

Vlatkovic R, Smerdel S, Gvojic B, Manhalter T,
Beck M, Weisz-Malecek R, et al. Intranasal ad-
ministration of chick embryo fibroblast Edmon-
ston-Zagreb measles vaccine. Lancet 1985;
1(8427):520.

Liashenko VA, Krasnova VP, Youminova NV.
Measles IgA in the nasal washings of adult vol-
unteers and children immunized intranasally
with measles vaccine L-16. Hum Antibodies
1999;9:143-148.

World Health Organization, Department of Vac-
cines and Biologicals. Report of the Steering Com-
mittee on Research Related to Measles Vaccines and
Vaccination. Geneva: WHO; 2001.

World Health Organization, Department of Vac-
cines and Biologicals. Report of the Product De-
velopment Group for Measles Aerosol Vaccine.
Geneva: WHO; 2002.



THE BURDEN OF CONGENITAL RUBELLA SYNDROME

Louis Z. Cooper’

INTRODUCTION

More than half of the pediatricians in the
United States are too young to remember such
vaccine-preventable diseases as polio, measles,
and rubella. Current challenges involve not
only persuading parents that their children
need vaccines, but, just as important, impart-
ing to today’s clinicians the same emotional
understanding, the same passion, that has
driven those of us for whom the diseases were
a source of real fear. This is true in the United
States, both in the public and private sectors.
We depend heavily on the private sector to de-
liver vaccines in the United States. The success
of our immunization programs has been built
on public-private collaboration, with approxi-
mately 85% of vaccination occurring in private
settings, although more than half of vaccines
are now being purchased from public funds.

The major historic events in our under-
standing of rubella and congenital rubella syn-
drome (CRS) are well known, to wit:

* in 1815, George Maton describes distinct ill-
ness;

* in 1866, Henry Veale coins euphonious
name;

¢ in 1942, Norman Gregg describes congenital
rubella;

1 Professor of Pediatrics, Columbia University;
Immediate-Past-President, American Academy of
Pediatrics.
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e in 1962, Paul Parkman, Edward Buescher,
Malcom Artenstein, Thomas Weller, and
Franklin Neva isolate the virus;

e in 1963-1965, the United States suffers a
major rubella pandemic;

e in 1969, the rubella vaccine is licensed in
the United States—HPV-77 and Cendehill
>>RA27/3.

The rubella story is a classic example of the
sort of situation where generations of doctors
overlook a disease because it is beyond their
conception. If three mothers, each with a
young infant with cataracts, had not met in Dr.
Norman Gregg’s waiting room, and in conver-
sation noted that each had had rubella early in
their pregnancies, and had they not shared
that with Gregg, who was a good listener, how
long would we have waited to learn that
rubella early in pregnancy poses a high risk of
congenital defects (1)?

The last major rubella pandemic swept
across the United States in 1964, just three years
after rubella virus was successfully isolated in
tissue culture (2, 3). Armed with new tools for
virus culture and serologic studies, a number
of investigators were able to add to our under-
standing of the spectrum of outcomes associ-
ated with rubella in pregnancy (4). In New
York, which had the only program with rubella
virus diagnostic capacity in a metropolitan area
of 20 million people, our team at Bellevue Hos-
pital-New York University Medical Center had
the opportunity to evaluate hundreds of preg-
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nant women and/or their infants for suspected
rubella in pregnancy/congenital rubella syn-
drome. The material described here, most of
which has been reported elsewhere, represents
the work of a large, interdisciplinary team—
the Rubella Birth Defects Evaluation Project,
known as the Rubella Project. The findings,
some quite surprising at the time, have been
confirmed by many other investigators (5).
These findings also helped to emphasize the
clinical astuteness of Gregg and others who
worked without virologic confirmation. This
chapter summarizes the differences between
the usually benign illness—rubella—as seen in
children and adults, and the serious conse-
quences of rubella in pregnancy—congenital
rubella syndrome.

RUBELLA

For children and adults, rubella is most com-
monly a mild, three-day exanthem, although
the spectrum of infection ranges from being
completely subclinical to an illness more typi-
cal of measles. Low-grade fever, mild malaise,
and adenopathy, particularly posterior cervical

and post-auricular, represent a typical picture.
However, the maculopapular rash has no dis-
tinguishing feature, and even the presence of
post-auricular adenopathy is not pathognomic.
Adults are more susceptible to transient
arthralgia or, occasionally, arthritis, but com-
plications are uncommon. Patients are most
contagious from a few days before to 7-14
days after the rash. Before rubella was identi-
fied in the laboratory, the frequency (perhaps
25%-50%) of asymptomatic rubella—rubella
without rash—complicated control measures
and assessment of risk of fetal infection. In a
controlled environment, the Krugman team
characterized the pattern of virology and im-
mune response to rubella, laying the ground-
work for evaluation of rubella vaccines (Figure
1). In controlled challenge studies, any level of
pre-existing antibody protected against clinical
disease and viremia, the major issues in terms
of the disease in pregnancy.

CONGENITAL RUBELLA SYNDROME

Whereas postnatal rubella is typically mild,
self-limited, and without lasting sequellae, the

FIGURE 1. Natural history of rubella: Pattern of virus excretion
and antibody response.
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FIGURE 2. Incidence of virus excretion in infants and children with
congenital rubella syndrome, by age.
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ravages of congenital rubella syndrome (CRS)
in an 11-month-old infant are painfully obvi-
ous. Growth retardation and profound devel-
opmental retardation, microcephaly, cataracts,
persistent hepatosplenomegaly, cardiac dis-
ease, deafness, and ongoing meningitis are
accompanied by continuing rubella virus in-
fection and contagion. The pattern of virus ex-
cretion and antibody response to infection be-
ginning in utero also is dramatically different.
Whereas pharyngeal shedding of rubella virus
may last less than two weeks in rubella, an in-
fant with CRS may remain contagious for
months (Figure 2). Most newborns with CRS
make detectable levels of rubella-specific IgM
(RIgM) prenatally and in the early weeks of
life. Rubella-specific IgG then becomes domi-
nant, and in approximately 80% to 90% of CRS
patients, persists indefinitely.

Studies of fetal tissue obtained for abortion
due to maternal rubella demonstrated rubella
virus in virtually every organ. It should not
have surprised us, then, that CRS would have
such widespread clinical pathology. In vitro
study of rubella-infected cells in culture and
histopathologic study of clinical specimens
have demonstrated that clinical lesions reflect

disturbance in cell growth more than inflam-
matory response.

Seroepidemiology of rubella has confirmed
that, in temperate climates, it is a universal ill-
ness that peaks primarily among children in
early school grades. Epidemics in the United
States occurred at irregular six-to-nine-year in-
tervals. The major pandemic of 1963-1964 was
the first after virologic tools became available.
It became clear that at least 1% of pregnancies
during the epidemic period were rubella-dam-
aged, with 20,000 children surviving with CRS.

NEONATAL MANIFESTATIONS OF CRS

The combination of a major epidemic and
laboratory confirmation of rubella infection
led to recognition of clinical syndromes not
well-appreciated before 1964. While many
newborn infants with CRS appear to be nor-
mal at birth, others have impressive, transient
neonatal manifestations, such as thrombocy-
topenic purpura, hepatitis, and radiographic
evidence of disturbed bone growth. These so-
called “blueberry muffin” newborns often had
multi-organ disease and poor prognosis. The
thrombocytopenia and bone lesions (originally
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FIGURE 3. Comparison of birthweights of infants with confirmed
congenital rubella, 1964-1974, with birthweights in the overall population,
1967, United States of America.

<2,500 g _[ United States 8.2%

With congenital rubella 51.4%

o= =0 congenital rubella 1964-74
0—o N =426

40
30 H
|5
o 20 H
&
10
_ ~
— — — =0 ~o
0 = T T T T T T ]
<1,000 1,001- 1,501- 2,001- 2,501- 3,001- 3,501- 4,001- 4,501
1,500 2,000 2,500 3,000 3,500 4,000 4,500 or
more

Weight in grams

Source: Cooper LZ. Congenital rubella in the United States. In Krugman S, Gershon AA (eds). In-
fections of the Fetus and Newborn Infant. New York, Alan R Liss, 1975.

indistinguishable from those in congenital
syphilis) resolved completely in infants who
survived.

Recognition that many infected infants ap-
pear to be normal has been important in un-
derstanding the full impact of CRS, since their
hearing loss or neurodevelopmental disability
could not be recognized in infancy. Surpris-
ingly, both clinically ill and normal-appearing
infected infants were contagious for close con-
tacts while still shedding virus in pharyngeal
secretions (Figure 2).

Intrauterine growth retardation is a feature
of CRS. The distribution of birthweights
among such children is clearly lower than that
of the general population of newborns in the
United States (Figure 3). Although many CRS
infants had birthweights in the normal range,
when sibling weights were available for com-
parison, the CRS infants were lighter.

Pathogenetic mechanisms in CRS fall into
three categories. Those noted above, found in
the newborn period, are transient in survivors

and probably reflect high levels of active virus
infection, perhaps abetted by the infant’s
emerging immune responses. The remainder of
this chapter illustrates the major, permanent
structural disease in CRS and late emerging
manifestations. Some are common; others, rare.

EYE LEsioNs IN CRS

Rubella cataracts, the lesions that attracted
Norman Gregg'’s attention, are bilateral half
the time. Although these dense, nuclear le-
sions are easy to recognize and frequently
were detected by parents, the newborn’s eyes
may look perfectly normal at birth and for the
early days of life. The cataract may be associ-
ated with microphthalmia in the same eye and
severe myopia in the other. Since these chil-
dren are frequently deaf, detecting and cor-
recting the myopia is particularly important.
Congenital glaucoma in CRS is a pheno-
copy, again hard to miss, but not always pres-
ent at birth and presenting in the early weeks
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of life. Like the cataracts, management is sur-
gical, but where ophthalmologists may tempo-
rize in the early weeks before cataract surgery,
for congenital glaucoma, surgery is best done
as soon as arrangements can be made with an
ophthalmologist experienced with this rare
condition. In CRS, cataract is tenfold more
common than congential glaucoma. Manage-
ment in both instances requires careful postop-
erative lens fitting.

The most common rubella eye lesion is nei-
ther cataract nor glaucoma, but it is clumping
of the retinal pigment layer. This so called
“salt-and-pepper retinopathy” is not a retini-
tis, because it is not an inflammatory process,
but another example of altered growth. These
lesions have not been shown to have func-
tional significance, but are a useful diagnostic
clue, especially when evaluating a child with
hearing loss or brain injury.

CARDIAC LESIONS IN CRS

Congenital heart disease has contributed to
mortality in CRS. Although the mechanisms

remain unknown, the heart disease, as are the
eye lesions, is very targeted. Patients have
either cataract or (primary) glaucoma, never
both, and the cardiac lesions are localized to a
specific region, around the pulmonary outflow
track (Figure 4). The classic cardiac lesion in
CRS is patient ductus arteriosis, with or with-
out pulmonic. Most of these lesions now can
be corrected with surgery.

DEAFNESS

The most common rubella defect is hearing
loss. The reason for that is straightforward.
Cardiac disease, cataract, and glaucoma are
consequences of maternal rubella, only oc-
curring before the ninth or tenth week of
pregnancy because by that gestational age,
organogenesis is then complete. The inner ear
remains susceptible to damage from rubella
well into the fourth gestational month, how-
ever. The hearing loss is sensorineural. It may
be unilateral or bilateral, mild to profound,
and has no characteristic audiometric configu-
ration. All too often, however, it is severe or

FIGURE 4. Heart disease manifestations in 96 children with congenital
rubella heart disease,? ages 0-5 years.
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profound. Absent early detection and inter-
vention, deafness is a major hazard to lan-
guage development. The technology for diag-
nosis and management of congenital deafness
has improved dramatically since epidemic
rubella existed in the United States. Congenital
hearing impairment remains the most frequent
major birth defect, and its early detection and
intervention remain a clinical and develop-
mental challenge. Since control of rubella by
immunization, however, the number of con-
genitally deaf children in the United States has
been reduced dramatically.

CENTRAL NERVOUS SYSTEM INFECTION
IN CRS

The most frustrating and devastating of
rubella’s lesions are those that affect the devel-
oping brain. In contrast to the virus being very
specific with regard to its cellular targets in the
eye and in the heart, the virus appears to be
shotgunned into the brain. Brain injury conse-
quent to that unpredictably scattered rubella
virus infection is equally unpredictable—and
the brain infection may be clinically evident
even throughout early infancy while brain de-
velopment is so rapid and critical.

Profound global mental retardation may af-
fect every aspect of development, and is the
most devastating of rubella’s effect on chil-
dren. Mental retardation as a manifestation of
CRS follows the pattern typical of early, prena-
tal biologic insult, with profound or severe re-
tardation being most common (Figure 5). On
the other hand, children may have normal in-
telligence, but debilitating motor defects such
as spastic diplegia.

A great surprise was recognition that CRS is
a cause of autism. The characteristic autistic
behavior was first noted by the Rubella Project
clinical and educational team, and then was
well-characterized by the behavioral research
team (led by Stella Chess). The latter demon-
strated that 7% of the study children had typi-
cal or atypical autism, a frequency approach-
ing 100-fold greater than expected in the
general population at that time.

FIGURE 5. Degree of mental retardation in
54 mentally retarded children, out of 210
children with congenital rubella.
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CRS was and remains the only documented
cause of autism. In 1975, when these observa-
tions were reported, they flew counter to pre-
vailing psychiatric views that autism resulted
from abnormal parenting. That CRS is not a
major cause of autism or autism spectrum
disorder (ASD) is obvious. It is ironic that
while rubella vaccine has virtually eliminated
indigenous CRS in the United States, measles-
mumps-rubella vaccine (MMR) is believed by
some to be a cause of ASD—even in the face of
an increasing number of reports that show no
such association.

ENDOCRINE DISORDERS IN CRS

There are other biologic surprises related to
late emerging manifestations of CRS. Most
striking has been the appearance of insulin-de-
pendent diabetes mellitus (IDDM), which oc-
curs in approximately 20% of Rubella Project
patients by adulthood. This prevalence is more
than 100 times that observed in the general
population. Studies of HLA type indicate that
congenital rubella syndrome patients with di-
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abetes have the same frequencies of selected
HLA haplotypes as diabetic patients without
the syndrome (e.g., increased HLA DR3 and
decreased HLA DR2). The presence of pancre-
atic islet cell and cytotoxic surface antibodies
in children with CRS does not appear to be re-
lated to any specific HLA type. It has been pos-
tulated that congenital infection increases the
penetrance of a pre-existing susceptibility to
diabetes in these patients.

Thyroid dysfunction has been reported in
about 5% of patients, and manifests itself as
hyperthyroidism, hypothyroidism, and thy-
roiditis. Autoimmune mechanisms appear to
be responsible for these abnormalities. The
presence of rubella virus antigen has been
demonstrated in the thyroid gland of a symp-
tomatic adolescent with CRS.

Although growth hormone deficiency has
been reported among one group of eight
growth-retarded older children with CRS, no
evidence was found of functional abnormality
in the hypothalamic-pituitary axis, and normal
or elevated levels of somatomedin C were
seen. Growth patterns in a group of 105 late
adolescents revealed three patterns: growth
consistently below the fifth percentile; growth
in the normal range, but with early cessation,
usually with final height below the fifth per-
centile; and normal growth. Growth failure
correlated closely with the magnitude of the
cognitive deficits.

CoMMUNITY AND FAMILY CONSEQUENCES
OfF CRS

The frequency of multiple organ damage in
CRS challenged the state of the art in special
education almost 40 years ago, and does so
even now. However, the prognosis for individ-
ual children has been quite variable and not
predictable solely on the basis of impaired vi-
sion or hearing. A major determinant has been
the extent of the brain injury.

Federal statutes passed in response to the
crisis of so many deaf-and-blind children after
the 1964 epidemic became the forerunners of
early intervention and of the Individuals with

FIGURE 6. Percentage of psychiatric diagnoses
in 210 children with congenital rubella.
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Disabilities Education Act that now defines the
federal role for all children who require special
education in the United States. The Preschool
for Multihandicapped Children (established
by the Rubella Project at Bellevue Hospital in
1967) was a model that now is widespread and
has been superseded by programs that at-
tempt to enroll infants as soon as developmen-
tal disability is recognized, even in infancy.
What happens to children with CRS? Of the
group of 270 children that were followed from
the first years of life to age 10 years, only 20%
of them were in regular school or in regular
school with help (Figure 6). Many children re-
quired significant special education, both for
single handicap and multiple handicaps. By
age 10, a large number of them were placed in
institutions. The Rubella Project no longer fol-
lows the cohort in an organized way. How-
ever, an informal approximation when the sur-
vivors were in early adulthood revealed that
only one-third were functioning independ-
ently in the community, another one-third re-
quired considerable family support at home,
and the final third required care in institu-
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tional settings such as group homes. The eco-
nomic and social burden of caring for these
survivors has been enormous.

FINAL PERSPECTIVES ON THE MAGNITUDE
OF THE CRS PROBLEM PRIOR TO
CONTROL BY VACCINE

The full impact of the last major epidemic of
rubella in the United States cannot be precisely
defined. In New York, the Rubella Project data
reveal the spectrum of common manifesta-
tions among 429 children with CRS (Figure 7).
These data do not reflect the distribution of
clinical disease among all children with CRS,
because infants were enrolled in the Project
because of recognized damage (e.g., cataract or
cardiac lesion). Hearing loss is certainly under-
represented in this group, because it is often

FIGURE 7. Major clinical manifestations in 429
children with congenital rubella.?
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detected in children older than those enrolled
in the Project as infants.

We have not lost sight of the fact that of the
approximately 400 pregnant women who were
reported to the New York City Department of
Health because of rubella in pregnancy during
the epidemic period, three-fourths of the preg-
nancies were terminated even prior to the Roe
v Wade Supreme Court decision. Certainly, had
those pregnancies been continued, the num-
ber of cases of CRS in New York would have
increased substantially.

We now know that when rubella occurs
early in pregnancy, the risk of fetal infection
and CRS is very high, probably exceeding 80%
in the first eight gestational weeks and taper-
ing almost to zero after sixteen weeks. For in-
dividual pregnancies, however, the outcome
remains unpredictable, as illustrated by a set
of twins followed in the Rubella Project. One
was smaller and deaf from CRS; the other, not
infected, was normal.

The bottom line is clear. CRS has been a
tragic cause of morbidity and mortality. We are
grateful that where immunization has become
routine in childhood—primarily as MMR vac-
cine—CRS now is rarely seen.
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In response to the ongoing circulation of
rubella virus and the potential for major
rubella epidemics in the Region, the Pan Amer-
ican Health Organization (PAHO) Technical
Advisory Group (TAG) on Vaccine-preventa-
ble Diseases recommended in 1997 the imple-
mentation of a Regional initiative to strengthen
rubella and congenital rubella syndrome (CRS)
prevention efforts. The initiative included the
introduction of a rubella-containing vaccine
into routine childhood immunization pro-
grams; vaccination of women of childbearing
age; formulation of specific vaccination strate-
gies for accelerated rubella control and CRS
prevention; development of integrated surveil-
lance systems for measles and rubella; imple-
mentation of a CRS surveillance system; and
support for enhanced laboratory capabilities in
rubella virus isolation.

In 1986, 16 years after the rubella vaccine
was licensed, six countries (Canada, Costa
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Health Organization.
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Rica, Cuba, Panama, the United States, and
Uruguay) had introduced measles, mumps,
and rubella (MMR) vaccine into their child-
hood immunization programs. It was only in
January 2003 that 42 of the 44 countries and
territories in the Region of the Americas had fi-
nally introduced a rubella-containing vaccine
(measles and rubella [MR], or measles,
mumps, and rubella [MMR]) into their na-
tional childhood immunization programs.

The remaining two countries, the Domini-
can Republic and Haiti, will follow suit be-
tween 2003 and 2004. Cuba was the first coun-
try to eliminate rubella and CRS using a
combined strategy that targeted adult women
and children with a rubella-containing vac-
cine; the last case of CRS was reported in 1989,
and the last rubella case in 1995. This goal was
achieved largely through the implementation
of two mass vaccination campaigns in 1985
and 1986, the first targeting women aged 18 to
30 years, and the second targeting children
aged 1 to 14 years.

At the 1999 TAG meeting, held in Canada,
an accelerated rubella control and CRS pre-
vention strategy was developed for the Re-
gion, based on the experience of the English-
speaking Caribbean countries and Cuba in
conducting adult mass vaccination campaigns
against rubella. The strategy rests on vaccina-
tion of adult men and women, coupled with
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the introduction of rubella vaccine into na-
tional childhood immunization programs.
This combined vaccination strategy seeks to
achieve rapid reduction of rubella virus circu-
lation, while preventing the shift of disease
burden to susceptible young adults, particu-
larly women of childbearing age, thereby
avoiding the incidence of CRS.

The principal rationale of an accelerated
vaccination strategy is to reduce the time it
takes to interrupt rubella virus circulation and
prevent the occurrence of CRS. Most countries
in the Region have already implemented rou-
tine childhood rubella vaccination. Given that
the strategy aims to principally target for pro-
tection the child population, but not women of
childbearing age, it will take over 20 years to
control CRS.

Cuba’s experience and that of the English-
speaking Caribbean countries have helped
shape the accelerated control initiatives in
Chile, Costa Rica, Brazil, and Honduras (Fig-
ure 1). These four countries have conducted
adult mass vaccination campaigns for acceler-
ated rubella control and CRS prevention.
Brazil (2001-2002) and Chile (1999) have tar-
geted these campaigns to women, achieving
high coverage of over 95% (Figure 2). Target-
ing both men and women, Costa Rica (2001)
achieved almost 100% coverage, and Hon-
duras (2002), 80%.

Mass vaccinations of heterogeneous popula-
tion groups including men, women, and ado-
lescents have achieved high coverage. In Costa
Rica, for example, 42% of the population (1.6
million persons) were immunized within one
month. The mass vaccination of 28 million
women in Brazil against rubella has also pro-
vided important lessons on the vaccination of
large population groups. Cuba, Brazil, and
Honduras used MR vaccine; Chile used the
monovalent rubella vaccine.

The experience of the English-speaking
Caribbean countries has also offered useful in-
sights into the cost-benefit of immunizing
against rubella infection. These studies show
that the benefits of accelerated control vaccina-
tion far outweigh the costs associated with
CRS treatment and rehabilitation. The cost-

benefit ratio was estimated at 13.3:1 for inter-
ruption of rubella and CRS prevention in the
entire English-speaking Caribbean. The cost-
effectiveness of mass campaigns has been esti-
mated to average US$ 2,900 per case of CRS
prevented. Barbados and Guyana estimated
their own costs for interruption of transmis-
sion with a cost-benefit ratio of 4.7:1 for Barba-
dos and of 38.8:1 for Guyana, and a cost-effec-
tiveness of US$ 1,633 per CRS case prevented.

The impact of accelerated rubella vaccina-
tion strategies on the rapid reduction of CRS
morbidity in Cuba, the English-speaking
Caribbean, and Chile is being documented, as
is the rapid interruption of rubella virus trans-
mission in Costa Rica. CRS is now recognized
as a serious public health problem. Still, lim-
ited surveillance data remain a source of con-
cern, providing only a partial view of the real
disease burden and the success of initiatives.
In response, additional tools that can enhance
the identification of suspected CRS cases are
being implemented. These include collabora-
tion with the Perinatal Information System
from the PAHO/WHO Latin American Center
for Perinatology and Human Development
and the Latin American Collaborative Study of
Congenital Malformations. Information col-
lected includes the history of maternal expo-
sure to rubella; clinical illness of the mother
during pregnancy; vaccination status of the
mother; laboratory confirmation of maternal
rubella; and any congenital malformations, he-
patosplenomegaly, or purpura in the newborn.

As countries in the Region of the Americas
embark on the accelerated control of rubella,
documenting the endemic strain in each
country will become critical in determining
whether the case is imported or not. As with
measles, even though a country succeeds in
eliminating rubella, importations of the virus
may occur and can be avoided only when
other regions worldwide take similar mea-
sures. Laboratory confirmation of the diagno-
sis is therefore recommended. For patients
with rash and fever, if a serum specimen is
negative for measles IgM, it is recommended
that it be tested for rubella IgM. For infants
with CRS, rubella IgM is readily detected in
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FIGURE 1. Countries with accelerated rubella/congenital rubella syndrome (CRS) control programs in
the Americas, by strategy, December 2002.
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Rubella virus may be isolated from a na-
sopharyngeal swab obtained up to 12 months
of age. Currently, however, few clinical cases
of rubella or CRS are being confirmed by labo-
ratory testing, and few virological specimens
are being submitted for molecular typing. As
countries establish accelerated rubella control

Countries with accelerated control of rubella
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and CRS programs, these areas will need to be
strengthened. Molecular typing of viral iso-
lates will permit the identification of the
source and propagation of rubella outbreaks
and CRS cases, as well as the determination of
variations of rubella strains.

Countries that are already applying an accel-
erated rubella control strategy will need to
maintain effective surveillance systems. The
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FIGURE 2. Rubella vaccination coverage, Brazil, Chile,
Costa Rica, and Honduras.
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surveillance of rash and fever is currently the
most effective tool. Surveillance systems and
adequate laboratory diagnosis will allow detec-
tion of rubella activity and document the im-
pact of the rubella vaccination strategy being
implemented, as well as the investigation of
each confirmed case, rather than simply track-
ing the location where the virus is circulating.
Emphasis should be placed on laboratory con-
firmation of all suspected rubella cases.

Countries in the Americas are reporting
great progress in their efforts to control rubella
and prevent CRS. Health authorities in the Re-
gion have embraced the challenge by provid-
ing key political support at the country level.
At the 26th Pan American Sanitary Confer-
ence, in September 2002, PAHO’s Governing
Bodies approved a resolution calling for Mem-
ber States to undertake accelerated control of
rubella and CRS prevention initiatives, and to
continue improving epidemiological surveil-
lance of rubella and CRS, as well as laboratory
diagnosis and investigation procedures.

The Region of the Americas is providing ex-
cellent information on the range of issues

faced by countries introducing rubella vaccine,
including strategies for vaccine delivery, the
importance of surveillance coupled with labo-
ratory confirmation of cases of rubella and
CRS, and the value of health economics stud-
ies. All these advances are possible because of
the partnerships that have been established
among PAHO, the March of Dimes, the U.S.
Centers for Disease Control and Prevention,
the Latin American Center for Perinatology
and Human Development, the Latin American
Collaborative Study of Congenital Malforma-
tions, and the International Federation of Gy-
necology and Obstetrics.
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THE CHALLENGE OF YELLOW FEVER

Thomas P. Monath'

Yellow fever is the original viral hemorrhagic
fever—a frightening and life-threatening ill-
ness. During the late 19th century, its scourge
became so serious in some parts of the Ameri-
cas that the disease served as a principal cata-
lyst for the birth of the Pan American Health
Organization (PAHO) in 1902.

Today the threat of yellow fever persists in
tropical areas of Africa and the Americas. Ap-
proximately 15% of those infected by the bite
of a mosquito carrying the virus develop the
hepatitis syndrome, and 20-50% of these pa-
tients succumb to the disease. Although much
attention had been given to Ebola and other
emerging diseases in recent years, the inci-
dence, morbidity, and mortality associated
with yellow fever far surpass those of the other
viral hemorrhagic fevers. The etiologic agent,
yellow fever virus, probably diverged from an
ancestral flavivirus lineage about 3,500 years
ago. Unlike other RNA viruses, it appears to
have a rather stable genome. There are seven
recognized variants or genotypes, two in South
America and five in Africa. Fortunately, from
the perspective of disease control, the geno-
typic differences distinguishing geographical
strains do not translate into antigenic differ-
ences, and a single yellow fever vaccine devel-
oped from the West African genotype virus has
been shown to protect against all strains of the

1 Chief Scientific Officer, Acambis, Inc., Cambridge,
Massachusetts, U.S.A.
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virus. Evolutionary changes have been rather
slow to affect yellow fever virus compared to
other flaviviruses, probably because of the
highly selective requirements for primate hosts
and specific mosquito species in the transmis-
sion cycle, which restrain genetic drift.

Figure 1 shows the annual incidence of offi-
cially notified cases in South America and Af-
rica from the 1960s to the 1990s. The endemic
zones in tropical areas of South America and
sub Saharan Africa are regions that sustain the
enzootic/endemic transmission cycle involv-
ing nonhuman primates and tree-hole breeding
mosquitoes. The recent outbreaks of the disease
in 1999-2001 remind us that, despite the avail-
ability of a highly effective vaccine for over 65
years, yellow fever remains a continuing public
health concern on both continents. To illustrate
how intrusive yellow fever infection can be,
data from recent outbreaks in Africa show an
attack rate of 3-5%, an incidence of infection
of 20%, an inapparent:apparent infection ratio
of approximately 7:1 (extremely low, measured
against the standard of most infectious dis-
eases), and a case fatality rate of 20% (1, 2). Yel-
low fever is not an eradicable disease, because
it has a sylvatic maintenance cycle involving
wild vertebrates and mosquitoes. Therefore,
continuous preventative immunization of chil-
dren born in endemic regions is the most effec-
tive measure against this disease.

An important factor in the epidemiology of
yellow fever is that many countries contain re-
gions that are either within or outside of the
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FIGURE 1. Annual incidence of officially notified cases, South America and
Africa, 1960s-1990s.
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Note: Dark areas represent recent outbreaks of the disease in 1999-2001.

zone of endemic transmission. This situation
creates some vaccination policy questions,
made increasingly difficult by both changes in
human demography and the ecology of yellow
fever vectors. In South America, the coastal re-
gions were for several decades free from infes-
tation by the urban yellow fever vector, Aedes
aegypti, which is capable of sustaining epi-
demic, interhuman virus transmission. The re-
gions outside the endemic zone are densely
populated but have not been historically sub-
ject to vaccination campaigns because freedom
from A. aegypti precluded risk of epidemic
transmission. However, as will be pointed out
later, this situation has changed dramatically
in recent years.

During the final 20 years of the 20th century,
the world saw a reemergence of yellow fever,
mainly due to a failure to implement effective
vaccination strategies, but also to human pop-
ulation growth in what were previously rural
locations. In the case of Africa, burgeoning
human populations and dwindling habitat for
nonhuman primates in these rural areas are
gradually changing the landscape of yellow
fever ecology, with humans serving increas-
ingly as the host in transmission cycles.

Yellow fever has a complicated epidemiol-
ogy that is dependent upon rainfall, tempera-
ture, and other factors that influence vector bi-
ology. Most of our knowledge about yellow
fever’s ecology is based on studies conducted
between 1930 and 1960. Understandably, there
is little interest today in funding field studies
on a disease that has faded from scientific view
and is potentially controllable with an existing
vaccine. However, it should be emphasized
that our current understanding of the ecology
of yellow fever is exceedingly superficial. The
intricate subtleties of vector-host interactions,
the mechanism for survival across seasons of
prolonged dry weather, influences of the El
Nifio phenomenon on transmission cycles,
mutations in the virus influencing virulence or
transmission, and the dynamics at the inter-
face of the sylvan and urban cycles are poorly
understood, if at all. Also, as emphasized later
on, our understanding of the influence of
cross-reactive heterologous flavivirus immu-
nity on disease expression and transmission is
similarly incomplete. Those of us in a position
to influence priorities for research should not
lose sight of the importance of these funda-
mental questions.
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Surveillance, which is so critical to describ-
ing the medical impact of any disease and thus
to the formulation of health policy, is quite in-
capable of identifying endemic yellow fever,
and it is insensitive for detection of epidemic
yellow fever, as well. It has been estimated that
< 1% of cases are actually detected by existing
surveillance systems (3). Yellow fever occurs in
remote areas where communications and
health services are rudimentary and outbreaks
may proceed for weeks or months before they
are recognized. The lack of specific diagnostic
methods and facilities and the intensity of
transmission are always underestimated. In
Africa, the greatest impact is on children (2, 4).
Since 1988, the World Health Organization has
reiterated a recommendation for incorporation
of yellow fever vaccine into the Expanded Pro-
gram on Immunization (EPI) (5), and in the last
two years, the Bill and Melinda Gates Foun-
dation has supported vaccine purchases for
this purpose. Despite these efforts, vaccine cov-
erage is still too low to preclude epidemic dis-
ease, with rates < 50% in most countries. Dy-
namic modeling and direct epidemiologic
observations suggest the prevalence of immu-
nity must approach 90% to achieve this goal (6).

Fortunately, in South America the incidence
of yellow fever is lower than in Africa, in part
because of higher vaccination coverage and
low human population density in the endemic
region, but also due to fundamental differ-
ences in the natural history of the virus. Jungle
yellow fever in South America is characterized
by virus transmission in the forest canopy be-
tween monkeys and a single species (or, at
most, a few species) of Haemagogus mosqui-
toes. Disease occurs in sporadic fashion when
humans are exposed to mosquitoes that have
previously fed on a viremic monkey, princi-
pally as a result of occupational activities (for
example, forest-clearing). Absent in tropical
South America is the analogue of the African
moist savanna populated by extremely high
densities of multiple efficient yellow fever vec-
tors and a relatively large human population.
Until recently, much of South America was
free from the urban vector, A. aegypti, whereas

this mosquito is prevalent at very high breed-
ing densities in towns and villages throughout
Africa.

Figure 2 illustrates the collapse of effective
A. aegypti control in the Americas. Efforts to
control the urban vector were initiated almost
immediately after discovery of mosquito trans-
mission in 1900. By the 1930s, great strides had
been made, and with the leadership of PAHO,
intensified eradication efforts after World War
IT had reduced the vector to a limited area of
the United States, the Caribbean, and to the
northern tier of countries in the continent of
South America. Of course, there were 