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a b s t r a c t

Vaccination is one of the most effective methods used for protecting the public against infectious dis-
ease. Vaccines can be segregated into two general categories: replicating vaccines (i.e., live, attenuated
vaccines) and non-replicating vaccines (e.g., inactivated or subunit vaccines). It has been assumed that
live attenuated vaccines are superior to non-replicating vaccines in terms of the quality of the antiviral
immune response, the level of protective immunity, and the duration of protective immunity. Although
this a prevalent viewpoint within the field, there are several exceptions to the rule. Here, we will explore
the historical literature in which some of these conclusions have been based, including “Experiments of
Nature” and describe examples of the efficacy of replicating vaccines compared to their non-replicating
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counterparts. By building a better understanding of how successful vaccines work, we hope to develop
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better “next-generation” vaccines as well as new vaccines against HIV—a pathogen of global importance
for which no licensed vaccine currently exists.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The remarkable success of vaccination against a wide spectrum
f human pathogens represents one of the great achievements in
edicine. In this regard, there is no doubt that live vaccines have

layed a critical role in controlling many human diseases. The
orld’s first vaccine was developed against smallpox by Edward

enner (Jenner, 1798, 1799, 1800) and this breakthrough eventu-
lly led to the eradication of natural smallpox (Fenner et al., 1988).
ive vaccines have been important in controlling other pathogens
ncluding polio (Sabin vaccine, introduced in 1961) and yellow fever
irus (introduced in 1936). However, these important advances
ave not come without a price; smallpox vaccination of the gen-
ral public resulted in 1–8 deaths per million vaccinations between
he 1940s through the 1980s (Kretzschmar et al., 2006). Routine
accination of civilians was therefore discontinued worldwide in
980 when the World Health Organization confirmed the global
radication of smallpox. Likewise, routine vaccination with the
ive oral polio vaccine (OPV) resulted in an average of 9 cases of
accine-associated paralytic poliomyelitis (VAPP) each year from
961 to 1989 in the US (Alexander et al., 2004). More recently,
PV vaccination campaigns in Nigeria have also resulted in at least
9 cases of VAPP (CDC, 2007). With these safety concerns, the US
eplaced the live polio vaccine entirely with the inactivated polio
accine (IPV) in 2000 and this has led to the complete elimination
f VAPP (Alexander et al., 2004). The current yellow fever vac-
ines (yellow fever 17D or 17DD strains) result in 1–2 deaths per
illion doses administered (Kitchener, 2004; Lindsey et al., 2008;

truchiner et al., 2004) including fatalities among young, otherwise
ealthy adults (Doblas et al., 2006; Gerasimon and Lowry, 2005;
asconcelos et al., 2001). Although the yellow fever vaccine has
een described as one of the safest vaccines ever developed, it has
een contraindicated in infants since the 1960s due to high rates of
ncephalitis (Monath, 2004; Sencer et al., 1966) and viscerotropic
isease (with ∼50% mortality) occurs in the elderly at an alarming
ate of 1 per 50,000 doses (Barrett et al., 2007; CDC, 2005b; Lindsey
t al., 2008).

Safety concerns explain why some live attenuated vaccines
re eventually replaced by non-replicating or inactivated vaccines
Fig. 1). In general, this represents an evolutionary process; prior
o the development of a specific vaccine, people developed immu-
ity by natural infection with wild-type circulating pathogens. In
ome cases, the infection and disease outcome could be modi-
ed by the route of exposure or the age of exposure. Prior to the
evelopment of the smallpox vaccine by Edward Jenner, a type
f immunization described as “variolation” was practiced. This

rocedure involved inoculation of a patient’s skin with smallpox
variola virus), which resulted in only 0.5–1% mortality in compar-
son with the natural route of exposure via the respiratory route,

hich resulted in approximately 30% mortality. Age at the time

ig. 1. Evolution of vaccines. Prior to the introduction of vaccines, immunity developed f
ften are developed from the wild-type pathogen after selecting for less virulent strains th
isease severity. In cases in which live attenuated vaccines have rare but serious adverse
ormulation for immunization. This may consist of a whole virus vaccine that has been in

VA), or replacement with a subunit vaccine consisting of only one or a few protective
educed as the immunogenic insult is modified from natural infection to attenuated infect
uch as in the development of the Hepatitis B vaccine, the intermediate step involving the
rovides effective immunity. Abbreviations: OPV; live oral polio vaccine; IPV; inactivated
esearch 84 (2009) 119–130

of infection can play a substantial role in disease outcome. Prior
to licensure of the current varicella zoster virus (VZV, i.e., chick-
enpox) vaccine, it was not uncommon for parents to expose their
young children to other VZV-infected children on purpose in order
for them to be infected with the virus at a younger age when the
disease severity is much less than what is typically observed during
primary VZV infection as an older adolescent or as an adult. Induc-
tion of immunity through natural infection is often first replaced
by vaccine-mediated immunity derived from live, attenuated vac-
cines. This approach, in turn, may later be replaced by the use of an
inactivated or subunit vaccine—especially if there are common (or
even rare) severe adverse events (AEs) associated with the origi-
nal live vaccine. This process may be dictated to a large degree by
the spread and severity of the disease itself and the means used to
treat it. When smallpox was endemic, the one in a million chance of
vaccine-associated death was small compared to the 30% mortality
of the disease itself. However, once smallpox was eradicated, the
risk:benefit ratio changed sharply. The rare but sometimes severe
AEs associated with smallpox vaccination overshadowed its protec-
tive use in the absence of an outbreak situation and this resulted
in the interest to develop a second generation tissue culture-based
vaccine as well as a third-generation non-replicating vaccine based
on Modified Vaccinia Ankara (MVA). Likewise, once polio was no
longer endemic in the US, the risk of live virus vaccination became
higher than the risk of the disease itself—resulting in the shift from
using the live attenuated oral Sabin vaccine to the injected Salk
vaccine comprised of inactivated virus. The evolution from natural
infection to live attenuated vaccines to inactivated vaccines is by
no means a universal process. In some cases, such as the Hepatitis
B vaccine, the safety and efficacy of the subunit vaccine allowed its
routine use without a live attenuated intermediate vaccine being
pursued. In contrast, the remarkably high safety profile of the live
attenuated measles–mumps–rubella (MMR) vaccine (Amanna and
Slifka, 2005) indicates that it is unlikely to be replaced by an inac-
tivated vaccine formulation any time soon.

There remains considerable controversy over the efficacy and
use of live vaccines versus inactivated or subunit vaccines. One
concern is whether inactivated vaccines can stimulate protective
mucosal immunity. A study of 527 infants given the oral polio
vaccine (OPV) or IPV followed by OPV demonstrated that partial
mucosal immunity was observed after vaccination with IPV (Laassri
et al., 2005). Following IPV immunization, there was a 35–56%
reduction in the number of infants who shed virus (depending on
the serotype) following infection with OPV. Of the IPV-immunized
infants who shed virus, the fecal titers were much lower (reduced
by 75%). One caveat to this study however, is that two doses of

IPV may not have provided the full immunity that is observed
after the standard 3-dose schedule. Although IPV may not be as
effective as prior OPV immunization in preventing/reducing fecal
virus shedding, it is administered by either the intramuscular or

ollowing natural infection with a specific viral pathogen. Live attenuated vaccines
at are able to infect the host and elicit antiviral immunity, but with greatly reduced
events, further refinement of the vaccine is provided by developing an inactivated
activated by formaldehyde (e.g., IPV), use of a non-replicating strain of virus (e.g.,
antigens (e.g., Hepatitis B surface antigen). The risk of morbidity or mortality is

ion, to immunization with an inactivated or non-replicating antigen. In some cases,
development of an attenuated vaccine may be omitted if a non-replicating vaccine
polio vaccine; MVA; modified vaccinia Ankara.
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ubcutaneous routes and is therefore not expected to induce sub-
tantial levels of mucosal immunity. However, because IPV blocks
ystemic spread of the virus in the infected host, it is still 96% effec-
ive at protecting against paralytic poliomyelitis (Melnick et al.,
961). An alternative model for examining mucosal responses is
resented by cholera vaccines. The most widely used vaccine is
ukoral®, an inactivated orally administered formulation shown

o be effective at preventing severe diarrhea in large field tri-
ls in Bangladesh (Clemens et al., 1986, 1990). In contrast, a live
ttenuated oral cholera vaccine (Orochol®) showed no signifi-
ant protection in a large field trial in Indonesia (Richie et al.,
000). Together, these results demonstrate that inactivated vac-
ines can elicit at least some degree of mucosal immunity and
rovide protection against mucosal pathogens. Moreover, the com-
arison between inactivated polio and inactivated cholera vaccines
uggest that the route of vaccination (intramuscular vs. oral route,
espectively) may also play a role in inducing protective immunity
t mucosal sites.

Although most current vaccines induce antibody-dependent
mmunity (Plotkin, 2008; Siegrist, 2008), many vaccinologists still
elieve that a live virus vaccine is needed to induce strong T cell
esponses and that strong T cell responses are required for protec-
ive immunity. This assumption may be based on historical studies
nvolving human genetic disorders, often described as, “Experi-

ents of Nature” in which affected individuals with deficiencies in
ither T cell or B cell immunity were studied in terms of their sus-
eptibility to viral and bacterial diseases. In addition, early failures
f inactivated vaccines appear to have provided further proof of the
uperiority of live vaccines over inactivated vaccines but there were
ften caveats to these early studies that may change their mod-
rn interpretation. In the following sections, we will describe some
ecent changes to our understanding of the mechanisms of vaccine-
ediated immunity, compare and contrast live attenuated vaccines

ersus inactivated vaccines and discuss the future development of
ew antiviral vaccines.

. Experiments of Nature

.1. Genetic deficiencies in humoral immunity

Patients with genetic immune deficiencies have been described
s, “Experiments of Nature” since they provide substantial insight
nto the relative roles of humoral and cell-mediated immunity
gainst infectious disease. In 1952, Bruton published the first case of
gammaglobulinemia, in which he described an 8-year-old patient
ho completely lacked the gamma globulin fraction in serum (i.e.,

ntibody deficient) (Bruton, 1952). This young patient presented
ith persistent bacterial infections, with at least 19 cases of clin-

cal sepsis documented over a 4-year period. The patient proved
nable to mount a successful antibody response against both the
iphtheria and typhoid vaccines. While treatment with antibiotics

ed to temporary reprieves, longer term relief was only achieved
fter the administration of human serum globulin at monthly inter-
als.

The observation that agammaglobulinemia led to repeated
acterial infections was striking evidence for antibody playing a pri-
ary role in battling bacterial disease. However, even in this initial

eport there was substantial evidence indicating that immunoglob-
lin deficiency could greatly affect the resolution of viral disease.
lthough the patient had an uneventful recovery from varicella

chicken pox) infection at approximately 4 years of age, he devel-

ped herpes zoster (i.e., shingles) only 5 years later, suggesting an
mpaired ability to control viral latency. His response to natural

easles infection was also complicated by pneumonia. Consider-
ng that such complications occur in only about 1–6% of measles
ases in industrialized nations (Cutts, 1993), this is also suggestive
esearch 84 (2009) 119–130 121

of an inadequate antiviral immune response. Perhaps most striking
was the patient’s inability to develop protective immunity against
repeated infection by the mumps virus. Generally, a single infection
by mumps confers lifelong immunity [page 140 in (CDC, 2005a)]
(Amanna et al., 2007). In sharp contrast, this patient contracted
three clinically defined cases of mumps in less than 4 years. As
noted by Bruton: “The author observed him only the third time when
he had an illness clinically identical with epidemic parotitis [mumps],
a history of exposure to epidemic parotitis and a white and differ-
ential blood count consistent with that disease.” This indicates that
although the child was eventually able to resolve mumps infection,
the resulting T cell memory was clearly inadequate for protect-
ing him against re-infection in the absence of an antiviral antibody
response.

After the initial description by Bruton, Good and Zak pub-
lished an influential study further detailing patients with defects in
gamma globulin synthesis (Good and Zak, 1956). The authors noted
that, “It may be that some virus infections are handled well by these
patients while others, in which circulating antibody or gamma globulin
play a vital role in recovery, are handled with lesser facility”. Despite
this viewpoint shared by the authors themselves, many immunol-
ogists continue to cite these “Experiments of Nature” as evidence
that the humoral immune response is necessary for resolution of
bacterial infections, but largely dispensable for the clearance of
viral infections. A review by Sanna and Burton (2000) expands
on the perspective that antibodies play a larger role in viral res-
olution than many realize. Although some believe that patients
with agammaglobulinemia live relatively healthy lives despite this
form of immune deficiency, this is not supported by the litera-
ture. One multi-center study describing 96 agammaglobulinemic
patients and approximately 1200 patient-years noted that 50% of
these patients present with symptoms of greatly increased vulner-
ability to infection by 8 months of age, 75% by age 12 months,
and 90% have immunological problems by the age of 18 months
(Lederman and Winkelstein, 1985). Decreased morbidity and mor-
tality among agammaglobulinemic patients is likely due to the
protective efficacy of gamma globulin replacement therapy, which
has been the standard of care for the last several decades (Sanna
and Burton, 2000). Initial immunoglobulin replacement therapy
consisted of intramuscular injections of purified antibody, which
limited doses to only ∼100 mg/kg/month. During this period of time
(circa 1950–1980 in the United States), patients still commonly
presented with complications from a number of viral diseases
including cytomegalovirus, adenovirus, enterovirus, herpes sim-
plex virus and varicella zoster virus (Lederman and Winkelstein,
1985). Live viral vaccines appear to pose a particularly high risk
for this immunocompromised population. Despite having a rela-
tively intact T cell compartment (Lederman and Winkelstein, 1985)
two cases of vaccine-associated poliomyelitis from the live oral
polio vaccine occurred among 96 agammaglobulinemic patients,
as well as one case of vaccinia necrosum (a life-threatening infec-
tion) following smallpox vaccination. During the study, 16 of
96 patients (17%) died from infectious disease at a mean age
of 16.9 ± 7.5 years and 8/16 (50%) of the deaths were directly
attributable to viral infections. Only after the introduction of more
potent formulations of intravenous immunoglobulin (administered
at 400 mg/kg/month) in the 1970–1980s have many of these viral
infections finally been controlled (Eibl, 2008; Skull and Kemp,
1996).

2.2. Genetic deficiencies in cellular immunity
Severe combined immunodeficiencies (SCID) represent a group
of genetic disorders that include at least 8 forms of disease that
are characterized by problems in T cell differentiation as well as
variable degrees of abnormal development of other lymphocyte
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ineages including B cells, NK cells, or in rare instances, myeloid
ells (Fischer, 2000). About 20% of SCID patients lack mature T cells
nd B cells, but retain a functional NK cell compartment. Another
0–60% of SCID patients lack mature T cells and NK cells but retain
ormal B cell development, and approximately 20% of SCID patients
resent with adenosine deaminase deficiency which results in a
evere loss of T cells, NK cells, and B cells (Fischer, 2000). Clinical
resentation is relatively uniform and diagnosis of SCID occurs at
mean of 6.59 months of age (Fischer, 2000). Interestingly, this

s also about the age that maternal antibodies reach their lowest
evels (Ukkonen et al., 1984) and is similar to the age that agamma-
lobulinemic patients begin to present with symptoms (Lederman
nd Winkelstein, 1985). The most common health issues at the
ime of SCID diagnosis include oral candidiasis, respiratory syn-
ytial virus, parainfluenza 3 or Pneumocystis carinii pneumonia,
denovirus infection, gram-negative sepsis, persistent diarrhea and
ailure to thrive (Fischer, 2000). Viral infections represent <5% of
nfections observed in SCID patients just prior to bone marrow
ransplantation (Bortin and Rimm, 1977), indicating that similar
o agammaglobulinemic patients, bacterial and fungal infections
epresent the main source of opportunistic infection. If untreated,
CID patients do not typically survive beyond the first year of
ife (Buckley et al., 1997; Stephan et al., 1993). Unlike agamma-
lobulinemia, which can be treated by reconstituting the humoral
esponse by IVIG, SCID patients require bone marrow transplanta-
ion in order to reconstitute a functioning immune system. Because
CID is a much more severe disease that is more difficult to treat
han agammaglobulinemia, it is thought that cellular immunity is

ore important than humoral immunity in terms of protection
gainst infectious disease. This is not necessarily a fair compari-
on, however, because agammaglobulinemia represents a defect
n only one arm of the immune system whereas SCID deficiency
esults in a defect in both T cell- and B cell-mediated immu-
ity.

.3. Efficacy of passive immunotherapy

Passive immunotherapy refers to the administration of serum
ntibodies, purified immunoglobulin preparations, or monoclonal
ntibodies that contain protective levels of antibody of a known
pecificity. As early as 1890, passive immunotherapy was used as a
reatment for diphtheria (Wesselhoeft, 1936), and was commonly
dministered to patients in the pre-antibiotic era from the 1920s
hrough the 1940s for treating bacterial pneumonia, meningitis,

easles, scarlet fever, and whooping cough (Bordetella pertussis)
reviewed in (Casadevall, 1996, 1999; Casadevall and Scharff, 1995;
ibl, 2008; Skerrett, 2001; Zeitlin et al., 2000)]. Though initial use
ften focused on toxin-mediated diseases (e.g., tetanus and diph-
heria), the administration of convalescent serum in treating viral
iseases such as measles was recorded as early as 1907 (Keller and
tiehm, 2000). In 1945, Janeway detailed the use of concentrated �-
lobulin in the prevention and attenuation of measles in children
Janeway, 1945). As might be expected, both the timing and the
ose of �-globulin related to efficacy of the treatment. Out of 1024
ases of measles exposure, 36% of those given �-globulin within
–2 days showed clinical symptoms of infection, whereas 48.4%
ontracted measles if �-globulin administration was delayed until
–8 days post-exposure. The dose of �-globulin used in prophy-

actic therapy was critical; 67% of patients given approximately
.01 ml/kg showed clinical signs of measles, whereas only 16%
f patients presented with symptoms of measles if the dose was

ncreased to 0.06 ml/kg. One review of post-exposure prophylaxis
gainst measles indicates that the variability of anti-measles titers
n immunoglobulin preparations will likewise have a profound
mpact on efficacy, with the post-exposure incidence of measles
ncreasing from 17% to 57% as the measles titer in the �-globulin
esearch 84 (2009) 119–130

decreased from 33 IU/ml to 16 IU/ml (Endo et al., 2001). This may
be a concern for future preparations of immunoglobulin produced
almost entirely from vaccinated populations, since the live attenu-
ated vaccine appears to elicit antibody titers that are about 10-fold
lower than that achieved following natural measles infection (Itoh
et al., 2002).

Smallpox represents one viral disease in which convalescent
serum has demonstrated dramatic prophylactic and therapeutic
potential (Keller and Stiehm, 2000). Anecdotal evidence of pas-
sive immunotherapy against smallpox dates back to as early as
1893 (Couzi and Kircher, 1941). Vaccinia-immune gamma glob-
ulin (VIG) was also used as smallpox prophylaxis during a 1953
outbreak in India (Kempe et al., 1961). In this study involving 705
smallpox contacts, the administration of low dose VIG (10 mL/adult,
intramuscularly) in addition to immediate smallpox vaccination,
reduced the number of smallpox cases by 70% over that achieved
through post-exposure vaccination alone (Kempe et al., 1961).
Likewise, administration of a similar volume of vaccinia-specific
antibody of animal origin (in addition to vaccination) resulted
in 0/13 (0%) cases of smallpox in close contacts compared to
13/29 (45%) cases of smallpox in a control group of contacts that
received post-exposure vaccination alone (Marennikova, 1962).
Smallpox convalescent serum is known to have a neutralizing
titer that is 10–20 times greater than that obtained from vaccinia-
immune individuals, which the authors surmised would likely offer
increased protection against disease if it was available (Kempe et
al., 1961). Interestingly, in a classic study published 20 years ear-
lier (Couzi and Kircher, 1941), the utility of smallpox convalescent
serum therapy was tested during a smallpox epidemic in Morocco.
During the first 15 days of the outbreak, 3 out of 10 (30%) patients
died of smallpox. In an effort to reduce the death toll of the ensu-
ing outbreak, serum immunotherapy was initiated. Convalescent
serum was collected at early time points from recovered small-
pox patients and administered to new cases daily until the illness
resolved. When treatment was switched to serotherapy for the fol-
lowing 250 cases (with 75 cases listed as intensely suppurative or
hemorrhagic at the initiation of therapy) all of the patients recov-
ered, dropping the mortality rate from 30% to 0%—a remarkable
difference in clinical outcome. The success of this study is most
likely due to two factors that are critical to passive immunother-
apy; the antibody composition must have high specific neutralizing
activity and treatment must be started as early as possible after
exposure or disease onset (Slifka and Hanifin, 2004; Whitton et al.,
2004).

As indicated with measles virus, the timing of antibody-
mediated therapy is crucial in determining disease outcome for
many viral infections—with early administration correlating with
greatly increased efficacy (Dubois et al., 2005). For example, RSV-
specific immunotherapy is effective at preventing initial infection
and a monoclonal antibody is used to protect premature infants
from RSV infection (American Academy of Pediatrics, 2003; Sawyer,
2000), but passive immunotherapy shows little or no clinical effi-
cacy in treating children who have already contracted severe RSV
infection (Skerrett, 2001). Varicella zoster immune globulin is most
effective if administered within 4 days after exposure, but may still
reduce disease symptoms if administered up to 10 days follow-
ing exposure (Keller and Stiehm, 2000). Junin virus, the causative
agent of Argentine hemorrhagic fever, normally causes 15–30%
mortality but if convalescent serum is administered within 8 days
of disease symptom onset, the mortality rate drops to <1% (Enria
and Barrera Oro, 2002; Enria et al., 2008; Harrison et al., 1999).

The proven efficacy of passive immunotherapy in the treatment
of a variety of virus infections, coupled with a revisitation of the
“Experiments of Nature” indicates a much broader role for antibod-
ies in the prevention and resolution viral disease than previously
believed.
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. Early failures of inactivated vaccines

.1. Smallpox

There is continuing debate over the relative merits of using
ive vaccines versus inactivated vaccines (Meldrum, 1999). One of
he main concerns is whether an inactivated vaccine can achieve
he protective efficacy and duration of immunity that is afforded
y a live attenuated vaccine. Some of this concern stems from

nitial failed or suboptimal attempts to develop inactivated ver-
ions of successful live vaccines, such as the smallpox vaccine. In
rder to decrease the risk associated with live vaccination, early
ttempts were made to develop an inactivated vaccine for use in
umans. In one study, rabbits immunized with inactivated vac-
inia mounted robust antiviral antibody responses but showed an
ncreased incidence of fever after lethal challenge with rabbitpox

hereas animals that received live vaccination showed no signs of
ever after challenge (Boulter et al., 1971). This result has led to
he conclusion that inactivated orthopoxvirus vaccines provide lit-
le to no protection [page 154 in (Fenner et al., 1988)]. Despite the
oted differences in fever, this study still demonstrated that 51/54
94%) of the animals that received the inactivated vaccine formu-
ation survived challenge whereas only 7/28 (25%) of unvaccinated
nimals survived. Moreover, the three vaccinated rabbits that died
ollowing challenge had also received the lowest dose of vaccine
Boulter et al., 1971), indicating that 100% survival was attained
ith an optimal vaccine dosage. This suggests that some older

tudies that have been described as vaccine failures were actually
easonably successful, depending on one’s definition of protective
mmunity (i.e., onset of fever upon challenge or survival from lethal
nfection).

In terms of human smallpox vaccine trials using inactivated vac-
inia virus, initial results were not as promising as that observed
ith traditional live smallpox vaccination. In one study using UV-

nactivated virus injected subcutaneously (Kaplan et al., 1962),
eutralizing antibody titers were observed in only about half of
accinees (19/37 subjects = 51%), and the low neutralizing activity
as often near the limit of detection. Secondary challenge with live

accinia virus by scarification indicated that only 8/25 (32%) of the
ubjects vaccinated with UV-inactivated virus showed a modified
kin reaction indicative of antiviral immunity. However, no adju-
ant was used in the vaccine formulation and so it is not surprising
hat the immune responses were low and variable after vaccination.
follow-up study involving intramuscular injection of inactivated

accinia virus at a 50-fold higher concentration than the earlier
tudy showed that 10/10 previously vaccinated subjects mounted
n increased neutralizing antibody response (Kaplan, 1962). Again,
o adjuvant was used in the vaccine formulation and in this case,
nly subjects with pre-existing immunity were vaccinated and
his, along with the higher antigen dose, may have contributed
o the improved immunogenicity observed in these studies. Sim-
lar results were found in an independent study (Giurca et al.,
976); vaccination of previously immunized subjects with UV- or
ormalin-inactivated vaccinia virus by scarification resulted in a
utaneous response in 75% of the vaccinees and an increase in anti-
ody titers. In contrast, primary vaccination by scarification of naïve
ubjects did not result in a cutaneous reaction (0/7 subjects, 0%)
hereas 5/7 (71%) of the primary vaccinees developed detectable

ntiviral antibody responses following this route of immunization.
verall, the early studies on inactivated smallpox vaccines var-

ed considerably in terms of the antigen preparation, method of

nactivation, route of vaccination, and the assessment of efficacy
nd this, along with problems of incomplete inactivation of live
irus in some of the studies, resulted in highly conflicting results
Turner et al., 1970). Moreover, the high success rate of traditional
ive smallpox vaccination, coupled with the eradication of natu-
esearch 84 (2009) 119–130 123

rally occurring smallpox in 1980, reduced the efforts to develop
inactivated smallpox vaccines for many years.

3.2. Yellow fever

Yellow fever represents a viral disease in which inactivated vac-
cines were initially under investigation, only to be replaced by
an effective live attenuated vaccine in the mid 1930s (Monath et
al., 2008). In 1936, a series of studies on inactivated yellow fever
virus (YFV) in which heat, UV and formaldehyde were utilized
as inactivating agents indicated that when the vaccine prepara-
tions were administered to rhesus macaques, no antigenicity could
be demonstrated (Gordon and Hughes, 1935). Again, this is not
surprising since these studies were performed before the introduc-
tion of modern adjuvants (Manmohan, 2007), which would have
greatly limited the immunogenicity of these early vaccine formu-
lations. Interestingly, an independent group described protection
against yellow fever using a phenol-glycerin inactivated YFV vac-
cine (Hindle, 1928). This crude vaccine, prepared from infected
spleen and liver tissue protected 5/6 monkeys (83% protection)
from lethal YFV infection whereas 4/4 (100%) of control mon-
keys died following challenge. Results with this vaccine in human
subjects were considered promising, though immunogenicity was
described as irregular (Pettit, 1931). Further attempts at refining
and optimizing an inactivated YFV vaccine however, were aban-
doned following the development of cost-effective live attenuated
yellow fever strains that were highly effective at protecting against
natural YFV infection (Monath et al., 2008). These early attempts at
developing an inactivated YFV vaccine were left behind as failures
and this perception has persisted despite signs of early success. At
present, there is no alternative to live YFV vaccination because it
has been assumed that the current vaccine is adequately safe. How-
ever, as noted in one review on flavivirus vaccines (Pugachev et al.,
2005), “Because of the availability of effective 17D vaccine, develop-
ment of alternative yellow fever vaccines has not been pursued. In
the light of recent adverse events, this may change”. Efforts are now
underway to develop new and improved YFV vaccines with a better
safety profile.

3.3. Measles

One concern with inactivated vaccines is the potential to exac-
erbate, rather than prevent, disease. One prototypical case is
inactivated measles virus (IMV). Early developments in attenuated
measles vaccines showed promising results, but the initial Edmon-
ston B strains demonstrated significant side effects including fever
and rash [page 123 in (CDC, 2005a)]. In an effort to develop a
better-tolerated vaccine, a formaldehyde-inactivated vaccine was
tested. Children given the IMV vaccine demonstrated seroconver-
sion (Krugman et al., 1965). However, upon exposure to wild-type
measles virus, an atypical form of disease was observed (Cutts,
1996). This atypical measles often included fever, muscle pain and a
hemorrhagic or vesicular rash accompanied by lung inflammation.
Annunziato et al. (1982) suggested that the underlying mechanism
was a failure of IMV recipients to mount a successful antibody
response against hemolysin (i.e., F component), a virulence fac-
tor involved in cell-to-cell spread of the virus. The authors also
hypothesized that the manner of inactivation (i.e. formaldehyde
treatment) may have led to the destruction of the hemolysin’s
antigenic properties, leading to an imbalanced response primarily
against the hemagglutinin protein.
3.4. Respiratory syncytial virus

Similar to the inactivated measles vaccine, the original
formaldehyde-fixed vaccine against respiratory syncytial virus
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Fig. 2. Relative contributions of humoral and cellular immunity during primary or
secondary infection. During primary viral infection, antiviral T cell responses are
critical for reducing viral replication in addition to contributing to the development
of an effective antibody response. Primary T cell-dependent antibody responses are
mounted during the course of infection and take time to undergo immunoglobulin
class-switching and somatic hypermutation as they provide assistance to virus-
specific T cells in resolving the infection. Following recovery from primary infection
(or vaccination), persisting virus-specific antibody represents the first line of defense
against secondary infection. If secondary infection does occur, then circulating
antibodies and presumably memory B cells that proliferate and differentiate into
antibody secreting cells will reduce virus dissemination and allow time for the
development of an antiviral T cell response. Memory B cells are highly efficient at
presenting specific antigen (Lanzavecchia, 1985) and therefore may also be involved
with more rapid and efficient presentation to T cells as well. Pre-existing T cell mem-
24 I.J. Amanna, M.K. Slifka / Ant

RSV) appeared to enhance disease following natural infection with
SV. RSV represents the most common and important cause of

ower respiratory tract disease among children worldwide (Shay
t al., 1999). In the 1960s, researchers developed a formaldehyde-
nactivated RSV (FIRSV) vaccine (Kim et al., 1969). The vaccine
tself was well-tolerated, but severe complications were observed
fter exposure to wild-type RSV. In one study, 80% of RSV vacci-
ees required hospitalization (compared with only 5% of influenza
accinated controls) following exposure to RSV, with symptoms
ncluding pneumonia and bronchiolitis (Kim et al., 1969). Two
atalities occurred in the FIRSV-immunized group, which was
nexpected since RSV infection is not typically lethal. Contem-
orary studies of the FIRSV vaccine in monkeys and mice have
uggested that the formaldehyde-fixed vaccine primes a strong
h2 response (De Swart et al., 2002; Waris et al., 1996) leading
o pulmonary eosinophilia and enhanced inflammation following
ild-type virus infection. It is thought that formaldehyde treat-
ent of RSV destroys or diminishes key neutralizing epitopes,

eading to the altered immune response observed following wild-
ype challenge (Moghaddam et al., 2006; Murphy and Walsh, 1988).
ecently, Delgado et al. expanded on this hypothesis, demon-
trating that FIRSV was able to elicit antibodies to key antigenic
eterminants, but the quality of these antibodies (i.e., antibody
vidity) was poor due to the lack of toll-like receptor (TLR) co-
timulation (Delgado et al., 2009), and that appropriate use of
djuvants may be able to remedy the FIRSV vaccine. Interestingly,
n this same report, the authors were able to stimulate a protective
mmune response with UV-inactivated RSV even in the absence
f TLR stimulation, but exacerbated disease was observed when a
ormaldehyde-inactivated vaccine formulation was used. This indi-
ates that the method used to inactivate a virus is a critical aspect of
accine design and poor immunological outcome is not necessarily
ssociated with virus inactivation per se, but may instead be due
o improper or deleterious methods of inactivation. This aspect of
accinology has received little attention and there is growing frus-
ration with the lack of available alternatives to formaldehyde for
se in vaccine development (Brown, 1993).

. Mechanisms of vaccine-mediated immunity

.1. Role of antibody and T cells during primary infection versus
econdary infection

Genetic or antibody-mediated depletion of T cells during pri-
ary infection has demonstrated how important T cells are for the

nduction of antiviral immunity in many animal models. However,
imilar to the “Experiments of Nature” in which human patients
ack T cell function due to genetic deficiencies, it is important to
ote that effective antibody responses can be directly affected by T
ell deficiency. For instance, if a mouse lacks the ability to mount
n antibody response, then antiviral T cells may be able to com-
ensate for the loss of this arm of the adaptive immune response
uring control of a viral infection (Belyakov et al., 2003). In contrast,

f T cell responses are deficient, then this leads not only to a direct
mpact on T cell immunity but also impacts the humoral immune
esponse as well. This is because development of an effective, high
ffinity virus-specific antibody response is mainly T cell-dependent
nd without sufficient T cell help, antibody responses are greatly
educed in terms of both quantity and quality (Whitton et al., 2004).

It is generally agreed that T cells are critical for resolving pri-
ary viral infection (Slifka, 2004; Whitton et al., 2004). As shown
n Fig. 2, we propose that T cells play the predominant role during
rimary viral infection of an immunologically naïve host because
cells are required not only for the initial control of the infec-

ion but also for the induction of an effective antiviral antibody
esponse. The roles are typically reversed, however, during vaccine-
ory will also play a role in protection against secondary infection. However, even if T
cell memory has declined or is lost, the long-term maintenance of antiviral antibody
responses will suppress virus replication until a new virus-specific T cell response
is mounted from the naïve repertoire.

mediated immunity against secondary infection. In an immune
host, pre-existing neutralizing antibodies represent the first line of
defense against re-infection. Since pre-existing antibody appears to
be maintained by long-lived plasma cells, memory T cells would not
be required for the maintenance of serological memory. This may
explain why antibody responses following smallpox vaccination do
not correlate with T cell memory (Hammarlund et al., 2003) and are
maintained with a half-life of approximately 92 years (Amanna et
al., 2007) despite virus-specific T cell memory declining with a half-
life of 8–15 years (Crotty et al., 2003; Hammarlund et al., 2003). If
an invading virus is neutralized before it is able to infect its first
target cell and replicate, then there is a reduced dependence on
pre-existing T cell memory because the infection is blocked before
it can begin. Alternatively, even if pre-existing antibody is unable
to completely block initial infection then circulating antibodies (in
addition to memory B cells) would still likely slow the dissemina-
tion of virus and allow time for the host to mount a new antiviral
T cell response from the naïve T cell repertoire even in the absence
of a pre-existing T cell memory compartment. It is possible that
the role of antibody in determining vaccine-associated immunity
is not relevant to all viral pathogens but this theory represents a
testable hypothesis and is supported by data emerging from stud-
ies involving unrelated viruses including monkeypox and yellow
fever virus.

4.2. Role of antibody and T cell-mediated immunity against

monkeypox

Monkeypox is an orthopoxvirus that is closely related to small-
pox. Although the 5–10% mortality rate associated with monkeypox
is less than the 30% mortality rate associated with variola major,
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t is still considered a serious human pathogen and a potential
ioterrorist threat. There has been considerable debate over the
orrelates of protective immunity against orthopoxviruses and in
n elegant study by Edghill-Smith et al. (2005) we have learned
he mechanisms of vaccine-mediated protection. In these studies,
hesus macaques (RM) that had received smallpox vaccination (i.e.,
accinia virus) were depleted of CD4+ T cells or CD8+ T cells at the
ime of lethal monkeypox challenge. Depletion of either memory
cell population had little or no effect on the protective immunity
bserved in the vaccinated animals. This indicated that memory
cells were not necessary for control of the monkeypox infection

nd that humoral immunity may be the important arm of the pro-
ective immune response. To examine this question further, CD20+

cells were depleted at the time of vaccination to reduce or elim-
nate vaccine-mediated neutralizing antiviral antibody responses.
ollowing this depletion procedure, 3/4 of the B cell-depleted ani-
als died following monkeypox challenge. Incidentally, the only

accinated animal that survived the monkeypox challenge was also
he only one that had been able to mount a detectable antiviral
ntibody response prior to challenge. These results were in stark
ontrast to the lack of clinical effect when T cells were depleted and
his demonstrated that antiviral antibodies were necessary for pro-
ective immunity against monkeypox. To determine if neutralizing
ntibody could be sufficient for protection against lethal monkey-
ox infection, vaccinia immune globulin (VIG) was administered
o unvaccinated RM prior to virus challenge. Despite the devel-
pment of skin lesions following challenge, the animals survived
he normally lethal viral infection. Together, these studies demon-
trated that antibody responses were both necessary and sufficient
or vaccine-mediated protective immunity against lethal challenge
ith a virulent orthopoxvirus.

.3. Protective immunity against yellow fever

The importance of T cell memory in vaccine-mediated pro-
ection against flavivirus infection is central to the development
f new and improved vaccines against this family of viruses. A
ecent study utilizing closely related chimeric flaviviruses has shed
ew light on this question (Monath et al., 2002). The ChimeriVax®

accines use a recombinant yellow fever virus (YFV) vector in
hich the envelope and pre-membrane genes are deleted and

eplaced by those of a different flavivirus, thus forming a chimeric
irus vaccine. Because of concerns that pre-existing immunity
o the yellow fever vector might inhibit the induction of JEV-
pecific immunity following vaccination with ChimeriVax-JE, the
uthors conducted a randomized double-blind clinical trial in
hich flavivirus-naïve subjects or YFV-immune subjects were

accinated with ChimeriVax-JE or YFV-17D (YF-VAX®). Vaccina-
ion of naïve subjects with either of these live virus vaccines
esulted in readily detectable viremia (Monath et al., 2002). In
ontrast, YFV-17D booster vaccination of YFV-17D-immune sub-
ects (with verified pre-existing YFV-specific neutralizing antibody
iters) resulted in no detectable viremia, thus demonstrating the
trong protective immunity elicited by this vaccine. However, when
FV-immune subjects were infected/vaccinated with ChimeriVax-

E, the subjects became viremic and the area under the curve
AUC) measurements indicated that the magnitude and duration
f viremia was similar or slightly higher than that observed in
avivirus-naïve subjects. This is an important and intriguing study
ecause it shows that although live YFV vaccination can fully
rotect against homologous YFV challenge, it is essentially inca-

able of preventing infection and dissemination of ChimeriVax-JE,
virus that is identical to YFV except for the expression of the

EV envelope and pre-membrane proteins. Vaccination with non-
tructural proteins such as YFV NS1 can be protective in animal
odels (Schlesinger et al., 1986), and the majority of the antivi-
esearch 84 (2009) 119–130 125

ral T cell response in humans is targeted to nonstructural proteins
(Co et al., 2002). However, the study described here (Monath et
al., 2002) clearly shows that the combined CD4+ and CD8+ T cell
memory response against 8/10 viral proteins—including all of the
nonstructural proteins of YFV, are not capable of blocking viral
replication and dissemination in YFV-17D-immune subjects. Since
pre-existing T cell memory did not reduce viral load upon sec-
ondary challenge, this indicates that antiviral antibody responses
are likely to be necessary for vaccine-mediated protection. Interest-
ingly, in a study published in 1931 (Sawyer, 1931), Wilbur Sawyer
demonstrated that injection of convalescent serum (at concentra-
tions as low as 1–2 mL serum/kg) from yellow fever immune human
subjects completely protected non-human primates from lethal
yellow fever infection. In some cases, the treated animals were pro-
tected from any sign of illness or fever despite being challenged
with a lethal dose of yellow fever virus. Although these studies
were published over 70 years apart, together they demonstrate
that antiviral antibody is likely to be both necessary (Monath et
al., 2002) and sufficient (Sawyer, 1931) for protective immunity
against yellow fever.

4.4. HIV and failure of the STEP trial

Despite the many successes in antiviral vaccine development,
perhaps the most disappointing failure has been the inability
to develop an effective HIV vaccine. Intensive efforts at vaccine
development spanning over a quarter of a century have yet to
come to fruition (Steinbrook, 2007). The latest setback comes from
the failure of the Merck HIV vaccine, known as the STEP trial
(Buchbinder et al., 2008; Lu, 2008; Moore et al., 2008; Sekaly, 2008;
Steinbrook, 2007; Watkins et al., 2008). Unlike most traditional
vaccines that elicit neutralizing antibody responses in addition to
T cell immunity, the Merck vaccine was based on the develop-
ment of HIV-specific T cell immunity alone. This was accomplished
by a 3-dose vaccination regimen with a trivalent vaccine utiliz-
ing recombinant serotype 5 adenovirus (Ad5) vectors expressing
one of three HIV antigens; Gag, Pol, and Nef (Priddy et al., 2008).
Since neutralizing antibody is the only mechanism that can tech-
nically block infection, the goal of this vaccine was not to stop
infection but to limit viral replication and subsequent transmission
by reducing viremia (Watkins et al., 2008). This T cell-focused vac-
cine approach was reasonably immunogenic and elicited detectable
HIV-specific T cell responses in up to 77% of vaccinees (McElrath et
al., 2008). T cell memory was also maintained for at least 78 weeks
regardless of pre-existing immunity to the Ad5 vector (Priddy et
al., 2008). Despite this somewhat promising immunogenicity data
on the development of HIV-specific memory T cells, the Phase 2b
efficacy trial was halted when an interim analysis by the data and
safety monitoring board concluded that the vaccine did not prevent
infection nor did it reduce viremia, the main objective of the trial.
Moreover, there were more cases of HIV infection in the vaccinated
group (49 HIV infections) compared to the placebo group (33 HIV
infections), suggesting that the vaccine may have increased sus-
ceptibility to HIV infection. Although there is the suggestion that
activation of vector-specific (i.e., adenovirus-specific) CD4+ T cells
or induction of HIV-specific CD4+ T cells may be involved with the
apparent increase in HIV susceptibility, with such a small number
of cases to compare it is difficult to determine if these represent
significant differences in susceptibility or only coincidence.

It is often difficult to predict the outcome of a clinical trial,
especially in the case of a complex pathogen such as HIV. How-

ever, T cell-mediated vaccines analogous to the one used in the
STEP trial failed to demonstrate efficacy in rhesus macaques chal-
lenged with simian immunodeficiency virus (SIV) (Watkins et al.,
2008). In addition, there were 6 cases of HIV infection identified
among 236 vaccine recipients during the Phase I trial (Priddy et
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l., 2008). Although no cases of HIV occurred in the placebo group,
he number of controls (n = 21) was too few to be sufficiently pow-
red for statistical significance to be made. Nevertheless, both the
reclinical studies and the Phase I trial indicated that the STEP
rial was unlikely to succeed. This does not mean that an HIV
accine is impossible. A recently developed recombinant rhesus
ytomegalovirus vector-based vaccine encoding Env, Gag, Rev-Tat-
ef protected approximately one-third of animals from repeated

ow-dose SIV challenge (Hansen et al., 2009). It is unclear if pro-
ection was mediated solely by T cells or the combination of T
ells and neutralizing antibodies. Moreover, previous studies have
hown that neutralizing antibody alone can be effective at pro-
ecting non-human primates from SIV infection and reducing viral
urden (Baba et al., 2000; Haigwood et al., 2004; Hessell et al.,
009; Johnson et al., 2009; Mascola et al., 2000; Nishimura et al.,
002; Parren et al., 2001). These studies provide proof-of-principle
hat an HIV vaccine may be possible in the future. However, most
ould agree that development of an effective HIV vaccine will

equire one that elicits strong, broadly reactive neutralizing anti-
odies in combination with robust polyfunctional HIV-specific T
ell responses in order to have the greatest likelihood of suc-
ess.

.5. Success of HPV vaccines

Similar to HIV, there was considerable skepticism over the
hances of developing an effective vaccine against human papil-
oma virus (HPV), another difficult human pathogen that invades
he host via a mucosal route and establishes a chronic infection.
s stated in one review published in 2000, “The generation of
omplete protection from infection may be unobtainable. . .” and [an
PV vaccine], “. . .is certainly not a realistic goal for the foreseeable

uture” (Stern et al., 2000). Remarkably, within the short time frame
etween 2000 and 2007, two Phase III clinical trials were published,
emonstrating between 90% (Paavonen et al., 2007) and 98% (The
UTURE II Study Group, 2007) efficacy against the most virulent
trains of HPV; serotype 16 and serotype 18, the leading causes of
ervical cancer (Rogers et al., 2008). Prior to publication of these
linical trials, it was believed that neutralizing antibodies might
lay some role in protective immunity, but protection from chronic

nfection and disease would require strong cell-mediated immu-
ity (Stern et al., 2000). Based on current dogma, this would require
live attenuated vaccine vector, since these are more capable of

nducing cytotoxic CD8+ T cell responses than non-replicating vac-
ines. Interestingly, both of these highly effective HPV vaccines are

ased on non-replicating virus-like particles (VLPs) produced by
he synthesis and self-assembly of the major virus capsid protein,
1. Although these represent non-replicating vectors that require
n initial 3-dose vaccine regimen, durable immunity appears to
e maintained for at least 4–5 years (Rogers et al., 2008). If neu-

able 1
mmunization schedule for selected live or inactivated/subunit vaccines.

Live vaccines In

Vaccine Schedulea No. doses V

Rotavirus 6–14 weeks, 4 months 2 H
Measles, mumps, rubella (MMR) 12–15 months, 4–6 years 2 D

Varicella 12–15 months, 4–6 years 2 H
Oral poliovirus (OPV)b 8, 12 weeks, 6–8 months,

4–6 years
4 P

Oral poliovirus (OPV)c Birth, 6, 10, 14 weeks 4 H
In

a United States Recommended Immunization Schedule, 2009 (CDC, 2009).
b Not administered in the United States since 2000, but vaccination schedule is based o
c WHO recommended vaccination schedule for developing nations or where polio is en
esearch 84 (2009) 119–130

tralizing antibody responses represent the underlying mechanism
of protective immunity and VLP antigens have similar immuno-
genicity to other vaccine antigens such as tetanus and diphtheria
(Amanna et al., 2007), then HPV-specific immunity could last for
decades.

5. Duration of vaccine-mediated immunity

5.1. Both live and inactivated vaccines require boosters

It is generally accepted that inactivated vaccines require at least
one or two booster vaccinations in order to elicit optimal long-term
protective immunity. However, one central dogma of vaccinol-
ogy is that live vaccines are superior to non-replicating vaccines
because with live attenuated vaccine viruses, “one shot induces
lifelong immunity”. Although this is indeed the case for many nat-
ural viral infections, it not the case following immunization with
many live attenuated vaccines (Table 1). The notion that live atten-
uated vaccines would induce long-term protective immunity is
likely based on the experience and epidemiological data derived
from immunological memory induced by natural wild-type virus
infections (Slifka and Ahmed, 1996). For instance, measles, mumps,
and rubella were once considered “childhood diseases” because
typically an individual was infected once and then was afforded
essentially lifelong immunity thereafter. Although the MMR vac-
cine is comprised of live, replicating versions of measles, mumps,
and rubella viruses, these represent highly attenuated viruses and
the lack of long-term protective immunity following a single shot
has required the US to require two doses of this vaccine for routine
childhood vaccination (Table 1). One might argue that the failure
of these attenuated viruses to elicit long-term protective immu-
nity is due to the transient nature of acute viral infections that
are cleared and that a chronic or latent viral infection might lead
to more sustained antiviral immunity. Introduction of the attenu-
ated varicella zoster vaccine, Varivax®, has provided an opportunity
to examine this question. Although this vaccine is immunogenic
and generally well-tolerated, protective immunity is not long-lived.
The rates of breakthrough varicella changes significantly over time
from 1.6 cases/1000 person-years at 1 year after vaccination to 9.0
cases/1000 person-years at 5 years, and 58.2 cases/1000 person-
years at 9 years post-vaccination (Chaves et al., 2007). For this
reason, the US adopted a 2-dose vaccination regimen in order
to counter the short-lived immunity induced by a single dose
of Varivax® (Table 1). Although the traditional smallpox vaccine
represents a live virus that can provide long-term, often lifelong

immunity (Amanna et al., 2007; Crotty et al., 2003; Hammarlund
et al., 2003; Putz et al., 2005) most artificially attenuated vaccines
including measles, mumps, rubella, varicella zoster virus, polio,
and hepatitis A, require booster vaccination for optimal immunity.
This indicates that the “one shot induces lifelong immunity” dogma

activated/subunit vaccines

accine Schedule No. doses

epatitis B Birth, 1–2 months, ≥24 weeks 3
iphtheria, tetanus, pertussis 2, 4, 6 months, 15–18 months,

4–6 years
5

aemophilus Influenzae type B 2, 4 months, 12–15 months 3
neumococcal 2, 4, 6 months, 12–15 months 4

epatitis A 12, 23 months 2
activated poliovirus (IPV) 2, 4 months, 6–18 months 3

n 1999 recommendations.
demic [page 665 in (Sutter et al., 2008)].
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egarding live attenuated vaccines is actually the exception and not
he rule.

.2. Duration of immunity following vaccination with live or
nactivated vaccines

There are not many examples in which the duration of immunity
ollowing immunization with either a live vaccine or an inactivated
ounterpart have been developed against the same pathogen. How-
ver, this is the case for a handful of viruses such as polio and
epatitis A and this allows for some interesting comparisons of

mmunological memory to be made. For instance, one of the main
oncerns with inactivated vaccines is that immunity may only be
hort-lived. The polio vaccine is a classic example of this debate
Meldrum, 1999). Proponents of Sabin’s live oral poliovirus vac-
ine (OPV) contended that only the reaction to an active infection
ould elicit lifelong immunity (Meldrum, 1999) and should there-

ore be the vaccine of choice [page 18 in (Robertson, 1993)]. In
weden, OPV was never administered, but vaccination with IPV
egan in 1957 and following vaccination of up to two-thirds of
he population (Bottiger et al., 1972) endemic polio was elimi-
ated by 1962 (Bottiger et al., 1998). Analysis of antiviral antibody
esponses in children and young adults demonstrated that long-
erm immunity was remarkably stable – declining by just 20% (or
% in some instances) over a 5-year span of time that was devoid
f natural polio outbreaks (Bottiger, 1987). This proof of durable
mmunity, together with the rapid success in eradicating polio from
weden following the introduction of IPV (Bottiger et al., 1998),
emonstrate the remarkable efficacy of this inactivated vaccine
pproach.

Similar to IPV, long-term immunity has been observed follow-
ng administration of an inactivated hepatitis A vaccine in children
Hammitt et al., 2008). In this study, children were given 3 doses of
he hepatitis A vaccine, Havrix®, before 12 months of age and anti-
ody titers were followed for up to 10 years. As with IPV (Bottiger,
990), an initial drop in antibody titers during the first few years

s then followed by a much slower decline. Although decay rates
ere not calculated, the authors estimated that protective levels

f antibodies would be maintained for at least 20–30 years. In
ontrast, follow-up analysis on a live attenuated hepatitis A vac-
ine employed in China showed that 28% of children that received
single vaccination showed no detectable anti-hepatitis A virus

ntibodies at 8 years post-immunization (Wang et al., 2007). In a
ide-by-side comparison, seroconversion rates and the magnitude
f antibody titers following vaccination with Zhepu® (live, attenu-
ted vaccine) or Havrix® (inactivated whole virus vaccine) were not
ignificantly different after primary vaccination (Wang et al., 2004).
ollowing booster vaccination (note: this is a requirement for both
ive and inactivated vaccines), the inactivated vaccine induced geo-

etric mean titers (GMT) that were 2-fold higher than the boosted
ntibody responses elicited by the live attenuated vaccine. Remark-
bly, at 2 years post-vaccination, the antibody response induced
y the inactivated vaccine remained about 3-fold higher than
hat observed following live vaccination (GMT: 655 mIU/mL vs.
18 mIU/mL, respectively). In this particular case, the inactivated
accine induced substantially better long-term immunity than its
ive, attenuated counterpart. Likewise, a study in 177 children using
different inactivated whole virus hepatitis A vaccine (Avaxim®)

howed that antiviral antibody responses initially declined follow-
ng booster vaccination, but then antibody titers remained stable
or the following 2 years with no further measurable decay (Dagan

t al., 2005). Finally, a study involving 451 adults demonstrated that
single vaccination with inactivated hepatitis A vaccine (Vaqta®

r Avaxim®) induced antiviral antibody responses of >10 mIU/mL
n 97% of subjects within 1 month after immunization. Moreover,
ntiviral antibodies were still detected in 93% of the vaccine recipi-
esearch 84 (2009) 119–130 127

ents for up to 2 years, indicating that a single dose of an inactivated
vaccine can be effective at inducing prolonged immune responses
(Orr et al., 2006).

6. Conclusions

Re-examination of “Experiments of Nature” involving patients
with genetic immunodeficiencies has shed new light on the role of
antibody and T cells in protecting against viral infections. Although
there are cases in which T cell responses are able to compensate
for the lack of humoral immunity, many patients with agam-
maglobulinemia remain highly susceptible to a wide range of
viral infections. Clinical outcome has been improved by repeated
administration of high-dose gamma globulin and this has reduced
the morbidity and mortality of viral infections in these immuno-
compromised individuals. When feasible, passive immunotherapy
is a useful approach to preventing viral infection and in some
cases may be used therapeutically to reduce disease progression
and in some cases even prevent lethal infection. Based on these
studies, it appears clear that effective vaccines must include the
induction of appropriate humoral immune responses—as dramat-
ically illustrated by the failed STEP trial of a T cell-mediated HIV
vaccine. Live attenuated vaccines are often effective at inducing
protective immunity, but similar to inactivated vaccines, they typ-
ically require booster vaccination in order to elicit dependable and
durable immunity. This suggests a critical re-evaluation of the vac-
cine dogma stating that lifelong immunity is attained by a single
dose of a live vaccine. If live vaccines have serious adverse events,
they will eventually be replaced by safer, more highly attenu-
ated vaccines or by inactivated/non-replicating/subunit vaccines.
More work is needed to develop better forms of inactivated vac-
cines since current approaches, such as formaldehyde fixation, may
reduce vaccine efficacy or, as in the case of RSV (Delgado et al.,
2009), potentially exacerbate disease rather than prevent it. The
best approach to future vaccine design will be to develop immuno-
genic vaccine formulations that induce robust T cell responses in
addition to high quality antibody responses since these are likely
to provide a synergistic improvement in protective immunity.
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