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Combination vaccines, by increasing the number of antigens that can be delivered at a 
single visit, will dramatically extend the range of diseases preventable by childhood 
immunization. As the antigenic possibilities and researchers ’ technical capabilities in- 
crease, the rational design and development of combination vaccines become especially 
complex. A variety of epidemiological, medical, physicochemical, and commercial consid- 
erations are taken into account by manufacturers in determining which set(s) of antigens 
make “sense” as combinations. A key challenge will be to predict a d o r  influence which 
antigens will be recommended for inclusion in the infant schedules in key markets in the 
coming years. Resource constraints dictate that companies must minimize the numbers 
of combinations to be developed, while at the same time offer combinations appropriate 
to diyerent markets around the globe. 
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INTRODUCTION 

RESEARCHERS ARE ON THE BRINK of 
an explosion of new vaccine possibilities. 
The last 15 years have seen great strides in 
understanding of the immunological mecha- 
nisms that protect people from pathogens, 
and in researchers’ abilities to manipulate 
molecular components of microorganisms. 
These scientific advances have fueled tre- 
mendous commercial and academic activity 
in the development of new vaccines. (See, 
for example, the invaluable Appendices of 
The Jordan Report [l].) While still mainly 
aimed at preventing and in some cases treat- 
ing infectious diseases, a significant portion 
of this activity is focused on new targets, 
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including cancer, autoimmune diseases, and 
allergies. 

Historically, most immunization pro- 
grams have centered around immunization in 
early childhood, and the majority of vaccine 
development efforts remain targeted at vac- 
cines to be delivered in that age group. How 
to deliver the plethora of new potential vac- 
cine antigens to young infants, however, 
poses a challenge. There is substantial reluc- 
tance among parents and health care provid- 
ers to administration of multiple injections 
to young infants at a single visit. Indeed, this 
reluctance may be reflected in the fact that, 
until very recently, no more than two injec- 
tions have been offered at a single visit in 
the first five months of life in any childhood 
immunization program in North America and 
Europe, even among countries which rou- 
tinely utilize injectable instead of oral polio 
vaccine (2). While the tolerance for multiple 
injections may increase in the short term with 
the introduction of high priority vaccines 
(such as the combination of acellular pertus- 
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sis antigens mixed with diphtheria and teta- 
nus toxoids [DTaP]), there is no question that 
innovative approaches will be needed to ac- 
commodate DTaP and new antigens. 

WAYS TO DELIVER A 
MULTITUDE OF ANTIGENS 

In theory there are several ways, not neces- 
sarily mutually exclusive, that delivery of 
multiple antigens could be accomplished 
with a minimum of injections. Some antigens 
may be immunogenic when delivered 
through nonparenteral routes of administra- 
tion, for example, by oral or nasal routes, 
and thereby obviate the need for an extra 
injection. Successful examples include new 
influenza and rotavirus vaccines likely to be 
available in the next few years. For many 
other antigens, however, concerted efforts 
will be needed to facilitate efficient delivery 
to mucosal surfaces. Approaches include use 
of live vectors whose genetic material has 
been altered to encode for the antigens, and 
of specific adjuvants to enhance targeting 
and uptake. While there is a considerable 
amount of activity in this area, it remains 
unclear how applicable such alternative 
routes of administration will be for many 
other antigens. 

A second approach to decrease the num- 
ber of injections is to develop vaccines that 
are sufficiently potent as to require only a 
single injection. Again, new adjuvants may 
prove useful in this regard, as might microen- 
capsulation of antigens so that they can be 
delivered in a “time-release” fashion, immu- 
nization with “naked DNA,” and the vectored 
antigen approach. 

A third approach is to expand the age 
groups to which vaccines are routinely ad- 
ministered, and provide specific antigens 
only to the epidemiologically appropriate age 
groups. While most of the antigens currently 
provided to infants are designed to prevent 
infections and diseases that occur in young 
children, a notable exception is provision of 
hepatitis B vaccine in the United States. The 
primary reason that this vaccine is delivered 
in early infancy, when the vast majority of 

transmission and disease occurs in much 
older children and adults, is the perceived 
lack of an immunization infrastructure capa- 
ble of routinely delivering multiple doses of 
vaccine to a large portion of older children 
and adults. Some countries with similar epi- 
demiology, such as Canada and most recently 
Australia, are routinely providing hepatitis B 
vaccination to preadolescents. In Canada, 
this is being done through school-based pro- 
grams; this allows one less antigen to be de- 
livered in early infancy (3). 

COMBINATION VACCINES 

Finally, all manufacturers are devoting con- 
siderable resources to the development of 
combination vaccines, in which antigens are 
either precombined during manufacture or in 
the clinic; in the latter case, a health care 
worker mixes the contents of two or more 
vials prior to injection. Vaccines already rou- 
tinely administered as combinations in the 
United States include diphtheria-tetanus-per- 
tussis (DTP), polio (which contains a mixture 
of the three virus strains, originally derived 
from wild poliovirus, and either attenuated or 
inactivated), measles-mumps-rubella (MMR), 
and more recently DTP-Haemophilus in- 
fluenzae b (DTP-Hib). In several other coun- 
tries larger combinations containing these 
and other components have been introduced. 
The remainder of this manuscript will discuss 
the design of new combination vaccines. 

Although the number of potential antigen 
components of combinations is ever increas- 
ing, R&D, clinical, and regulatory resources 
are limited and manufacturers must decide 
which antigens “make sense” as a combina- 
tion. In addition, vaccine manufacturing 
greatly benefits from economies of scale, 
giving additional impetus to efforts to mini- 
mize the number of different variations de- 
veloped and produced. Yet the decisions as 
to which components to include and which 
to leave out are not always straightforward, 
and are made on the basis of historical, physi- 
cochemical, epidemiological, medical, and 
commercial reasons-not all of which may 
lead to the same conclusion. 
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HISTORICAL 

In some cases, new antigens may simply rep- 
resent enhanced or improved versions of 
older antigens, and be introduced in combi- 
nations analogous to those containing the 
older antigens. When acellular versions of 
the traditional “whole-cell’’ pertussis vaccine 
were developed, most manufacturers sought 
to combine them with diphtheria and tetanus 
toxoids to form diphtheria-tetanus-acellular 
pertussis (DTaP) vaccines since DTP has 
been used widely in all countries for many 
years. 

Similarly, the major manufacturers sought 
to substitute the acellular version of pertussis 
into the larger DTP-Hib vaccine that had 
proven well accepted in recent years. Much 
to their surprise, however, all manufacturers 
reported a markedly decreased antibody re- 
sponse in infants to the Hib portion, and ma- 
jor efforts have been devoted to overcoming 
or minimizing this interference. It could be 
argued, in retrospect, that adherence to the 
historical rationale in the design of this com- 
bination actually slowed down development 
and introduction of acellular-pertussis-con- 
taining combination vaccines, and that Hib 
may actually be more readily combined with 
other antigens. 

PHYSICOCHEMICAL 
AND IMMUNOLOGICAL 

COMPATIBILITIES 

The preceding example illustrates the empiri- 
cal nature of the vaccine development pro- 
cess, where an unexpected interference-or 
even synergy-between antigens is revealed 
only after clinical trials in the target age 
group. There are other situations where in- 
compatibilities are predictable, such as where 
preservatives utilized in the manufacture of 
one component are known to interfere with 
the immunogenicity of another, or where a 
partially purified antigen might degrade an- 
other. It also may not be preferable to mix 
antigens of markedly different stabilities, in 
order to preserve the ability to store one vac- 
cine either without refrigeration or for longer 

periods of times. One antigen may best be 
prepared as a lyophilized powder, for exam- 
ple, while another may be most stable and 
immunogenic as a liquid. In some cases, liq- 
uid and lyophilized preparations may still be 
able to be combined without compromising 
stability or immunogenicity, but only in the 
clinic. An increasing number of combina- 
tions will probably be generated in this way. 

EPIDEMIOLOGICAL AND 
MEDICAL CRITERIA 

Grouping antigens for delivery by age group 
of afflicted population may seem the most 
straightforward approach in developing com- 
binations, and most of the antigens in the 
infant immunization schedule prevent dis- 
eases that young children get. But sometimes 
other considerations prevail. The most strik- 
ing example is the inclusion of hepatitis B 
vaccine into the United States infant immuni- 
zation schedule, as noted above, to take ad- 
vantage of the routine immunization delivery 
infrastructure in place for young infants. 

Another reason why certain antigens may 
end up being combined together is the attrac- 
tiveness of providing a combination vaccine 
that could be billed as preventing a disease 
caused by multiple organisms. At least one 
company had devoted significant efforts to 
combining hepatitis A with hepatitis B vac- 
cine, and addition of a hepatitis C vaccine, 
when developed, would seem logical. Simi- 
larly, newly developed pneumococcal conju- 
gate and meningococcal vaccines (the latter 
effective against A, B, and C serogroups) 
may be most logically combined with Hib 
vaccines to produce a combination that is 
broadly protective against the major causes 
of bacterial meningitis on the global level. 
Taking this combination another step for- 
ward, inclusion of antigens protective against 
nontypable H. influenzae, Moraxella ca- 
rarrhalis, respiratory syncytial virus, and 
parainfluenza virus infection would yield a 
combination vaccine able to prevent, in addi- 
tion to meningitis, the major causes of otitis 
media and pneumonia. 

Regional differences in disease epidemi- 
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ology further complicate combination vac- 
cine strategy. For example, there is still insuf- 
ficient epidemiological evidence to dem- 
onstrate that routine introduction of Hib 
vaccine in many Asian countries would pre- 
vent a substantial burden of disease. Does 
this mean combination vaccines lacking Hib 
need to be developed specifically for the 
Asian market? Similarly, it is well known 
that meningococcal A disease occurs only 
sporadically and in isolated pockets in the 
United States and Western Europe, but is a 
major public health issue in certain regions of 
the world (sub-Saharan Africa, China, India) 
where the vaccine market as measured in 
dollars is currently relatively small. Should 
separate “bacterial meningitis” vaccine com- 
binations containing meningococcus A be 
developed and manufactured specifically for 
those markets? Would Western European and 
United States markets accept a combination 
containing meningococcal A antigens of 
seemingly limited value in those regions? 

COMPETITIVE PRESSURES 

The competitive situation will affect the com- 
position of combinations in several different 
ways. For example, there are situations 
where a company with exclusive rights to 
a specific antigen chooses to build a larger 
combination around that base precisely to 
gain a competitive advantage on other com- 
panies. Even where intellectual property 
rights are not the issue, a company may 
choose to add additional antigens into a com- 
bination if it perceives a potentially signifi- 
cant competitive advantage. 

The issue becomes more complex when 
one attempts to develop a common vaccine 
for markets that differ in their acceptance of 
one or another version of one of the compo- 
nents. Some countries have recommended 
routine use of DTaF’, yet combinations cen- 
tered around DTaP will presumably have lit- 
tle acceptance in countries that prefer DTP. 
An analogous situation exists with the differ- 
ent polio vaccines, where specific countries 
have adopted either the oral (OPV) or the 
injected (IPV) versions-thereby affecting 

the marketability of combinations containing 
IPV. Furthermore, these preferences are of- 
ten not static, and uncertainties in forecasting 
future acceptance of specific vaccine ver- 
sions can lead manufacturers to develop mul- 
tiple versions of combination vaccines. 

PNEUMOCOCCAL VACCINES 
AS ILLUSTRATIVE CASES 

A good example of the interplay of commer- 
cial and epidemiological considerations is in 
the development of pneumococcal polysac- 
charide vaccines. There are more than 85 
disease-causing serotypes of pneumococci, 
differing primarily in the nature of the poly- 
saccharide that encapsulates them; fortu- 
nately only a few are responsible for the vast 
majority of disease. Since it has been known 
for many years that antibodies to those poly- 
saccharides are protective-but not cross-re- 
active-developers of polysaccharide vac- 
cines had to decide how many different ones 
to include in their combinations. This could 
have resulted in a kind of “one upmanship” 
among the developers as additional, in some 
cases marginally important, serotypes were 
proposed to be included. That situation was 
avoided when each manufacturer, in consul- 
tation with the regulatory agencies, decided 
to develop a comparable 23-valent formula- 
tion. 

Pneumococcal vaccine design becomes 
even more complex when one considers the 
development of global pneumococcal combi- 
nation vaccine formulations designed to be 
effective in infants. As a major cause of otitis 
media, meningitis, and bacteremia in all 
countries, and of childhood pneumonia in 
developing countries, such a vaccine could 
have broad public health and commercial 
value around the globe. To render the pneu- 
mococcal polysaccharides immunogenic in 
infants, however, each must be individually 
chemically linked (conjugated) to a protein 
carrier. Due to the complexity and cost of 
generating the requisite polysaccharide-pro- 
tein conjugates, there are significant pres- 
sures to minimize the number of serotypes 
to be included. 
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For these reasons, initial attempts to de- 
velop a pneumococcal conjugate vaccine fo- 
cused only on the most prominent pediatric 
invasive disease-causing serotypes in the 
United States and Canada, namely types 4, 
6B, 9V, 14, 18C, 19F, and 23F, which collec- 
tively account for approximately 85% of in- 
vasive disease-causing serogroups (4). Yet 
this seven-valent vaccine may only prevent 
<70% of invasive pneumococcal disease in 
some countries in Latin America and Europe 
(5,6), with one important disease-causing 
serotype in the United States (serotype 4) 
reported to cause almost no disease at all in 
Latin American countries (5) .  

Inclusion of serotypes 1 and 5, though 
extremely minor in the United States, would 
boost coverage in Latin America and Europe 
significantly, resulting in a nine-valent vac- 
cine covering approximately 75-80% of in- 
vasive disease-causing serogroups in those 
regions. Further addition of serotypes 7F and 
3, minor serotypes in both the United States 
and Latin America, would result in an 11- 
valent vaccine that nonetheless boosts cover- 
age in Europe to 85% (Hausdorff W, unpub- 
lished observations). Companies must decide 
how many of these combinations to develop, 
and in which markets to launch them, and 
this decision will be based not only on this 
epidemiological information but also on 
what their competitors are able to offer. 

CONCLUSIONS 
There are strong and opposing tendencies 
within companies which act to minimize or 
maximize the number of combinations of- 
fered. Constraining factors include scientific 

barriers in combining certain antigens, re- 
source limitations, interest in benefiting from 
economies of scale in manufacturing, and 
desires to minimize complexity in the mar- 
ketplace. Forces acting in the opposite direc- 
tions include marketing desires to serve as 
many markets and niches as possible, even 
though those markets may differ epidemio- 
logically and/or in their preference for spe- 
cific antigens. The design of successful com- 
bination vaccines should prove to be an 
especially challenging area for years to come. 
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