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Some procedures that are applied in biomedical 
research and testing hardly undergo any change 
from their early development onwards. For a 
long time, this was also true for measurement 
of vaccine potency. In his studies on the devel-
opment of an anthrax and rabies vaccine, Louis 
Pasteur was one of the first researchers to identify 
the capacity of a vaccine to induce a protective 
immune response to an immunization and sub-
sequent challenge with the virulent microor-
ganism in the target animal or in a susceptible 
animal species [1]. Although the model has been 
modified several times since then in order to 
improve its relevance and statistical significance, 
the principle of the immunization – challenge 

procedure in laboratory animals, either directly 
or indirectly, is still being used, both in vaccine 
research and development and routine lot-release 
testing. There are reasons for a change, particu-
larly for lot-release testing, if the animal model 
is a surrogate for the target species. By definition, 
this is the case for vaccines for human applica-
tion. Major limitations of the challenge models 
are: the use of virulent microorganisms or toxins 
that may pose a potential risk to those work-
ing in the laboratory; the increasing evidence 
that some surrogate models for potency testing 
poorly predict the efficacy of the vaccine in the 
target species; and above all, that the demonstra-
tion of potency requires substantial numbers of 
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Models to measure potency in vaccine research and development and preclinical testing are 
frequently based on an immunization – challenge procedure in laboratory animals. These models 
have proven to be very instrumental in scientifically underpinning the correlation of protection 
of selected vaccine antigens and their efficacy. In vivo models in vaccine research and development 
are, for the time being, irreplaceable, although significant progress has been made in using in vitro 
prescreening tests to evaluate particular immunological parameters. For a long time, in vivo 
potency tests have been similarly relevant for routine vaccine lot-release testing. The design of a 
potency test defined in most pharmacopeias, relied on a direct or indirect challenge-procedure 
in laboratory animals. For various reasons, there now is an increased interest in the development 
of alternatives to the current in vivo potency tests. Animal models have their limitations, with 
respect to their relevance, reliability, costs and moral acceptability. All alternative approaches have 
in common that they ultimately result in a refinement, reduction or replacement in the use of 
animals. The new models range from modifications of the existing in vivo test procedure (e.g., 
use of humane end points or serology instead of challenge) to in vitro antigen quantification 
tests. A new paradigm in quality control of vaccines is the consistency approach. This approach 
is state-of-the-art in quality control of the new generation vaccines, and is now finding its way 
into quality control of traditional vaccines. The consistency approach implies the use of a set of 
parameters to constitute a product profile, which is monitored throughout production, and which 
guarantees that each lot released is similar to a manufacturer-specific vaccine of proven clinical 
efficacy and safety. Consistency relies heavily on the implementation of quality systems, such as 
good manufacturing practice and quality assurance, and on the use of in vitro analytical tools, 
such as immunochemical and physicochemical tests. 
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laboratory animals and might inflict high levels of pain and suf-
fering in non-protected animals. Although no absolute figures can 
be given, it has been estimated that potency testing of vaccines 
is one of the major purposes for which laboratory animals are 
required within biomedical research and testing [2]. An indirect 
reason for a change is that vaccine production technology has 
been optimized in the last few decades, resulting in increased 
product standardization, improved product characterization and 
the implementation of product monitoring systems, such as good 
manufacturing practice (GMP) and quality assurance (QA). 

In vaccine research and development and preclinical testing 
there will be a continuous need for in vivo functional models, 
such as immunization – challenge, to demonstrate the role of 
selected antigenic structures in protection, as well as the interac-
tion between vaccine components. However, the contributing 
role of in vitro models for prescreening purposes is increasing and 
provides an extensive data set before starting in vivo research. 

This paper will provide a review of new developments in vaccine 
potency testing, thereby differentiating between vaccine research 
and development, and lot-release testing. First, an overview will be 
given of the traditional animal models. Several of these models have 
now been replaced by serological tests, using immune responses 
such as antibody induction, as the test parameter. In vitro potency 
testing is an approach that is state-of-the-art for live attenuated 
vaccines, but which is not yet widespread for inactivated vaccines. 
Nevertheless, progress has been made in the last decade, which 
will be summarized and illustrated by a few examples. Second, a 
paradigm shift in vaccine quality control will be discussed, based 
on demonstration of consistency in production, which might allow 
for a more generic replacement of the animal models in vaccine 
quality control by in vitro testing. Finally, attention will be given 
to factors that might slow down progress in the introduction of 
alternatives, particularly test validation and harmonization of 
guidelines. Although the principles discussed in the paper are 
relevant for both human and veterinary vaccines, the emphasis on 
examples given is mostly in the area of human vaccines.

Potency testing in the historical context
Immunobiologicals, such as antisera and vaccines, are com-
plex products produced by complex manufacturing procedures. 
Consequently, many variables might influence the quality of the 
product, which makes extensive quality control of each lot produced 
essential and even mandatory. Testing for potency is one of the main 
pillars for assuring the quality of the vaccine. Potency can be defined 
as the measure of one or several parameters that have been shown to 
be related directly or indirectly with product efficacy (the ability to 
produce an effective level of protection in the target species) [3]. 

One of the pioneers in the field of potency testing was Paul 
Ehrlich (1854–1915). His major area of interest was the stan-
dardization of diphtheria and tetanus antisera, products whose 
therapeutic effect could differ from batch to batch. In 1897, 
Ehrlich described an assay method that went down in history as 
the German method [4] or indirect protection test. The method 
was based on mixing serial dilutions of the antiserum with a fixed 
amount of diphtheria or tetanus toxin prior to injection of these 

mixtures into laboratory animals. Depending on the protective 
antibody titre, subsequent toxin–antitoxin mixtures would vary 
in their state of neutralization from fully neutralized toxin to free 
toxin. The parameter being evaluated was the first serum dilution 
showing incomplete toxin neutralization, demonstrated by the 
death of the animals within the specified observation period. 

In order to increase standardization and to eliminate the influ-
ence of test variables (e.g., variation in sensitivity of the individual 
animals and differences in toxin virulence), Ehrlich decided to use 
the toxin-neutralizing power of a particular antiserum as a unit 
for determination of the potency of an unknown antiserum. He 
employed an arbitrary antiserum of known potency as a standard 
and, thereby, introduced the regular use of standard preparations 
as a unit of measure into the control of sera (and vaccines). Until 
now, the use of a standard preparation is still an integral part of 
potency testing for most vaccines.

The principle of toxin neutralization, although without the use 
of a standard preparation, is still leading in the Code of Federal 
Regulations (CFR) of the US FDA on potency testing of toxoid 
vaccines for human application, and in the CFR and European 
Pharmacopoeia for potency testing of toxoid vaccines for vet-
erinary application. For human toxoid vaccines, the potency 
test described below is used in the monographs of the European 
Pharmacopoeia, although alternative test systems increasingly rely 
upon in vitro toxin neutralization procedures. 

Following the toxin-neutralization test for potency testing 
of toxoid vaccines, a second potency method was developed in 
the 1930s. The test principle was comparable to the immuni-
zation–challenge procedure introduced by Louis Pasteur, but 
modified in order to exclude external variables and to improve 
the statistical power. An important contribution to the test modi-
fications was given by the German scientist Prigge. In an article 
published in 1937, Prigge settled on a concrete proposal for the 
potency test based on the knowledge available: 
“Several groups of guinea pigs are injected with increasing amounts 
of antigen, ranging from a dose that is ineffective in all animals to 
a dose that is effective in all. Next, the percentage of animals which 

is protected when injected with toxin is determined. When the 
percentage of protected animals is plotted against the antigen dose, an 
S-shaped dose–response curve or ‘efficacy’ curve is obtained of the vac-
cine being tested. The effectiveness of the vaccine is now measured by 
determining that dose with the same effect as a reference dose of the 
standard preparation, under the same experimental condition” [5]. 
He continued by saying that “a proper determination of the effi-

cacy is only possible when the efficacy curves run parallel”. Thus, 
Prigge introduced test parameters such as dose–response, linearity, 
parallelism and the vaccine dose that induces protection in 50% of 
the immunized animals (ED

50
). The design of the direct protection 

test, also called parallel-line bioassay, is very similar to the assay we 
use today for potency testing of inactivated vaccine products. 

Critical review of the classical potency tests
The toxin neutralization test and the challenge test have domi-
nated vaccine potency testing for decades, without inferior prod-
ucts arriving on the market. The question of course is whether 
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this shows the significance of the potency tests or the consistency 
of a high quality level of production. Nevertheless, for various 
reasons, the interest in new approaches in potency testing is 
increasing, particularly for lot release testing. Safety is a mat-
ter of concern when working with virulent microorganisms. 
In general, risks are easier to manage in a cell culture lab or 
analytical lab than in an animal facility. Although procedures 
can be performed in safety cabinets and animals can be housed 
in containment systems (e.g., isolators or individually venti-
lated cages), injection of virulent material or manipulation of 
contaminated animals exposes animal technicians to additional 
risks. Animal testing is also laborious, time consuming and 
expensive. A potency test requires at least 6 weeks, which is an 
undesirable aspect considering the shelf life of a vaccine often 
being less than 2 years. The costs of animal tests are particularly 
influenced by the specific housing conditions required, such as 
barrier systems and ventilation equipment, and these costs are 
expected to rise in the near future due to tighter regulations on 
housing and care. 

A reason of increasing importance is public concern about 
laboratory animal use. In most western countries, the major-
ity of people tend to be negative about animal experimentation, 
even moreso when experiments involve severe pain and suffering 
[6]. Vaccine potency testing requires large numbers of animals, 
frequently over 100 animals per test, and in case of a toxin neu-
tralization test or a direct challenge test, a significant percentage 
of these animals will show severe clinical signs. As a consequence, 
politicians and policy makers often emphasize the development 
of methods that will refine, reduce or replace the use of animals; 
the so-called 3Rs [7] that now have become the red line in most 
animal welfare laws and regulations in our western society. 

In addition to economic and ethical reasons, there are also 
scientific reasons to look for alternative approaches. Some of 
the potency tests, for example, for the rabies vaccine [8] and 
for the whole-cell pertussis vaccine [9], are notorious for their 
poor intra- and interlaboratory reproducibility, urging manu-
facturers to repeat tests. Other potency tests are questioned for 

their relevance, and as a matter of fact have never been properly 
validated as regards their predictive value for clinical efficacy. 
Thus, for tetanus vaccine, studies have demonstrated a lack of 
correlation with efficacy in clinical studies [10]. Finally, some 
models are artificial in their experimental design and do not 
mimic the human situation (Table 1). For instance, in regula-
tory required whole cell pertussis potency testing, animals are 
challenged by the intracerebral route and not by the intranasal 
route, which is the natural portal of entry for Bordetella pertussis. 
Also, potency testing does not provide any information about 
the effect of booster immunizations or the time interval for 
weaning of immunity [11]. 

The limitations described above are of lesser importance for 
vaccine research and development than they are for lot-release 
testing. A crucial step in vaccine research and development is the 
demonstration of a correlate of protection for the antigen(s) used 
in the vaccine. The only possible way to show protection is in a 
functional test by performing a challenge procedure. However, 
demonstration of consistency is more important in lot-release 
testing and, consequently, different procedures can be used. 
These include modifications of the existing in vivo models, in vivo 
models based on serology, in vitro antigen quantification tests, 
and physicochemical and immunochemical methods (Figure 1). 

Modifications of the in vivo potency tests
Modifications of the classical potency tests particularly aim to 
reduce numbers of animals or to limit the level of suffering. In 
the 1980s, animal numbers per vaccine dilution in the direct 
challenge test were often given as a general guidance in the mono-
graphs of the pharmacopeias. These numbers were considered 
necessary to meet the confidence interval requirements for lot 
release, as given by the pharmacopeias. The range of the confi-
dence interval is determined by the variation in response of the 
individual animals. Factors influencing variation are diverse and 
include, amongst others, the health status and microbiological 
status of the animals, the skills of the animal technicians and food 
quality. In time, these factors have been optimized, consequently 

Table 1. Variables which might influence the vaccine-induced protective immunity in the target species or 
in the laboratory animal model (direct challenge procedure).

Variable Target species Animal model

Route Subcutaneously In some cases intraperitoneal

Dose One dose Relatively high, but only part of the dose used with target species

Schedule Usual several injections Usually one injection

Immunogenicity Sufficient to induce protective 
immunity

May differ from target species because of protective immunity. May not be 
measurable if the laboratory animal is not sensitive to the pathogen under 
study

Type of 
immunity

Humoral-cellular Humoral-cellular

Challenge Natural infection Artificial infection by an artificial route; may not be possible if animal is not 
sensitive to the pathogen under study

Memory Recall injections induce memory Generally only primary immunization

Adapted from [11] with permission from S Karger AG, Basel, Switzerland.
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reducing variation in response and allowing a significant reduc-
tion in the number of animals per vaccine dilution, as was shown 
in several studies [12–14]. Based on the results of these studies, 
WHO and Ph.Eur. have adapted their guidance by indicating 
that the number of animals to be used should meet the confidence 
interval criteria specified. 

A further reduction in number of animals per test has been 
achieved in the monographs of the Ph.Eur. for diphtheria and 
tetanus toxoid vaccine by allowing the use of a single-dose potency 
test instead of a multidose test. As single dose potency testing 
only shows that the vaccine under study meets the minimum 
requirement in IU/ml, single dose testing is only an option if 
consistency in vaccine production has been demonstrated and is 
being monitored [15]. 

Refinement can be achieved by replacing crude general end 
points, such as death or severe clinical findings, by more spe-
cific local end points, as has been reported for tetanus (paralytic 

challenge instead of lethal challenge [16]), diphtheria vaccine 
(intradermal challenge instead of lethal challenge [17]) and rabies 
vaccine (peripheral challenge instead of lethal challenge [18]). 

A particular approach to limit the level of suffering is the use of 
humane end points. For many vaccines, pharmacopeias specified 
(severe) clinical signs or death within the observation period of the 
potency test as the end point to be met. The idea behind humane end 
points is to reduce the time interval animals have to suffer by killing 
the animal in an early stage of disease, keeping in mind the scientific 
objective of the test. For several products, such as the rabies vaccine 
[19], the erysipleas vaccine [20] and the whole-cell pertussis vaccine 
[21], clinical signs or pathophysiological effects have been identified 
that are predictive for death or severe clinical signs in the observation 
period, and these end points have been validated in additional stud-
ies. Humane end points have been adopted by most pharmacopeias, 
such as the Ph.Eur. and the Code of Federal Regulation. Thus, the 
Ph.Eur. now includes the following statement: 

Figure 1. Possibilities for in vivo and in vitro analysis of vaccine/protein antigen. 
Adapted from [43].
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“…tests must be carried out in such a way as to use the minimum 
number of animals and to cause the least pain, suffering, distress 

or lasting harm. The criteria for judging tests in monographs must 
be applied in the light of this. For example, if it is indicated that 

an animal is considered to show positive, infected etc. when typical 
clinical signs or death occur then as soon as sufficient indication 
of a positive result is obtained the animal in question shall be 

humanely destroyed or given suitable treatment to prevent unneces-
sary suffering” [22]. 

Implementation of humane end points in the laboratory might 
face concern, as some fear that replacing an objective end point 
(death) by a subjective end point (clinical signs) might influ-
ence test precision and reproducibility. Another reason is more 
trivial. Looking for clinical signs requires specific skills of the 
animal technicians, is time consuming and, consequently, more 
expensive. However, if properly trained, animal technicians are 
able to correctly predict the death of the animal within the 
observation period.

In vivo models based on serology
In case protection to the virulent organism or toxin is based on 
humoral immunity, a significant modification of the traditional 
potency test can be achieved by using serology instead of chal-
lenge or in vivo toxin neutralization. Titration for protective 
antibodies has been reported in immunoassays such as ELISA 
or the hemagglutination test. In case of toxin neutralization 
studies, ELISA or cell culture can be used to measure ‘non-
neutralized’ toxin. Serological approaches are now available 
for a range of vaccines, including those to a number of clos-
trial species, diphtheria, pertussis, rabies and leptospiral spe-
cies. Several of the models have been validated in large scale 
interlaboratory studies organized by the European Directorate 
for the Quality of Medicines and HealthCare (EDQM) and, 
in the case of the tetanus vaccine, in collaboration with the EU 
European Centre for the Validation of Alternative Methods 
[23–25]. Based on the outcome of these studies, the Ph.Eur. has 
revised their monographs for these products [26,27], which now 
include serology as an alternative to using the challenge pro-
cedure. Recently, the Steering Committee of the Biological 
Standardization Programme (BSP) of the EDQM has agreed 
to start a large-scale multi-laboratory study to the validity of 
the whole cell ELISA [28] for whole cell pertussis potency testing 
(Behr-Gross, pers. comm.). 

Serology offers a number of advantages in terms of safety, ani-
mal welfare, efficiency and test monitoring. First, it is no longer 
necessary anymore to work with virulent micro-organisms or 
toxin in the animal facility. Second, as animals are no longer 
challenged with the virulent microorganism or toxin, pain and 
distress levels have been reduced from severe to minor. Third, 
test performance time is shortened by omitting the observa-
tion period and using a quantitative end point (antibody titre) 
instead of a qualitative end point (death or clinical signs). This 
allows for a substantial reduction in the number of animals 
required per vaccine dose. A further step in test efficiency can 
be achieved by combining potency testing of antigens in a 

combined vaccine preparation, for which a serological approach 
is available, resulting in an additional reduction in numbers of 
animals. Systems are now available that allow simultaneous 
quantification of antibody titres against the various vaccine 
antigens, such as the multiplex system [29]. Finally, in contrast to 
challenge procedures, serology allows for storage of test (serum) 
material. This material can be reused for questions coming from 
postmarketing surveillance or for retesting of samples from 
vaccine manufacturers by regulatory authorities. In this case, 
however, authorities will only confirm the reproducibility of 
the serological test, without obtaining information about the 
potency test itself. 

Antigen quantification
In vitro antigen quantification is state-of-the-art for lot-release 
potency testing of live attenuated vaccines or genetically modified 
live vaccines, either by determining the number of live particles in 
case of live attenuated bacterial vaccines (e.g., Bacillus Calmette-
Guérin, typhoid and cholera) or, in case of live viral vaccines, by 
virus titration in cell cultures using end points such as plaque 
formation, cytopathology and, indirectly, virus neutralization by 
virus-specific serological reagents. Increasingly, in vitro antigen 
quantification tests are also being developed for inactivated viral 
vaccines. These tests are generally based on binding of key protec-
tive antigens to specific antibodies in an in vitro immunoassay. 
Thus, as an alternative to the mouse immunogenicity test for 
the recombinant hepatitis B vaccine, two types of immunoassays 
have been developed, one based on direct determination of hepa-
titis B surface antigen (HbsAg), the other on neutralization of 
HbsAg and subsequent determination of anti-HbsAg antibodies 
in ELISA [30,31]. As an alternative to the NIH rabies potency test 
in mice, ELISAs were developed using monoclonal antibodies 
directed to the glycoproteins and to the nucleoproteins of the 
rabies virus [32]. On the condition of proven validity, antigen 
quantification for rabies vaccine is now accepted by the Ph.Eur. 
for lot-release. In practice, however, the NIH test is still being 
used, as most validation studies have shown a poor correlation 
between the NIH data and data from the immunoassays. It is 
generally believed that this is due to the high variability of the 
NIH test, rather than to the invalidity of the in vitro test [8].

An obstacle in the use of antigen quantification for potency 
testing of inactivated vaccines is that most products include 
an adjuvant product, which has to be removed before antigen 
quantification. Thus, it has to be demonstrated that removal is 
successful in terms of antigen recovery, as well as in retaining 
antigen integrity. 

In vitro immunological tests
One of the most complex and interactive responses in a verte-
brate organism is the immune response, involving various cells 
of the immune system in a cascade of reactions after contact 
of the organism with the antigen. This response is highly spe-
cific and tailor made both with regard to the type of antigen 
and the historical context of the exposure of the organism to 
the antigen. Key actors in the cascade of reactions are antigen 
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presenting cells (APC), such as monocytes and dendritic cells 
[33], antibody-producing B lymphocytes, helper T cells, killer T 
cells and memory B and T cells. These cells are supported by 
so-called accessory cells (fibroblast, endothelial cells), as well as 
cell products, such as cytokines, that play an important role in 
intercellular communication. 

Several in vitro immunogenicity models are now available, each 
addressing a functionally relevant part of the immune response. 
These models vary from simple peripheral blood mononuclear 
cell (PBMC)  cultures to complex co-culture systems, including 
various types of immune cells [32] as well as accessory cells [33]. 
Some have shown good correlation between vaccine quality and 
cytokine profiles after stimulation of PBMCs with tetanus toxoid 
[32]. However, it is generally believed that in vitro immunogenic-
ity models are limited in their availability to correctly mimic 
the complex immune response [34], particularly when correlates 
of protection for specific immune parameters have not yet been 
established. Examples include: 

Each•	  in vitro model only represents a particular phase during the 
development of the immune response. Slight modifications in one 
model might not be picked up while it might have considerable 
consequences in the succeeding phase of the immune response;

Conditions •	 in vitro (e.g., antigen dose, cell density and cell–cell 
interaction) differ substantially from the in vivo situation;

Primary responses are difficult to measure owing to the low •	
number of potential responsive cells. Improvements have been 
described, such as pulsing of APC with antigen before culturing 
these cells with B and T lymphocytes;

In vitro•	  models offer the opportunity to use human cells. Although 
this might seem an advantage, it frequently is not as naive donors 
are not usually available for many traditional vaccine antigens. 

Recently, a complex in vitro system (MIMICTM) was introduced 
by the company VaxDesign. MIMIC is based on three integrated 
modules: a peripheral tissue model, a lymphoid tissue equivalent 
module, and a disease model module; each module representing a 
functional element of the immune response [101]. The MIMIC tech-
nology looks promising but still has to demonstrate its relevance in 
vaccine research and testing.

Considering these limitations, in vitro immunogenicity models 
have been of little help for mandatory required quality control 
of traditional vaccines to date. However, they play an increas-
ingly important role in vaccine development studies that focus 
on studying a particular aspect of the immune response, such as 
the role of APCs for antibody responses [35], or the screening of 
potential vaccine antigens for immunogenicity.

The consistency approach in lot-release testing
The discussion on alternatives to vaccine potency testing in the 
previous sections all started from the paradigm of uniqueness of 
each lot of vaccine produced. This paradigm has dominated vac-
cine quality control for decades, particularly with regard to the 
traditional vaccines. The basic idea behind the uniqueness principle 
was that quality differences might occur from lot to lot, owing to 

intrinsic variability of the vaccine production process (i.e., cul-
ture, purification, inactivation, filling and formulation) and the 
complexity of the product itself (i.e., antigenic structure, antigen 
interactions in case of multicomponent vaccines, additives such 
as adjuvant and preservatives), urging extensive quality control of 
each final lot. However, several fundamental changes in the vaccine 
production process have taken place in the last few decades, offering 
a platform to reconsider the validity of the uniqueness paradigm:

Advances made in production technologies (e.g., optimization •	
of culture conditions and improvement of purification proce-
dures) have resulted in more defined products;

Final lot testing is not a standalone activity, but is supported •	
by extensive in-process testing using in vitro immunochemical 
and physicochemical tests. For instance, the WHO recom-
mendations for diphtheria–tetanus–pertussis vaccines state that 
“there is a need to support the data generated by a simple 
potency assay with physical/chemical methods, in order to 
ensure overall consistency in production” [102];

Technical improvements of these analytical tools as well as •	
the possibility to apply these tools to a wider range for product 
characteristics; 

The fact that most vaccine manufacturers have implemented •	
quality systems to the production process, such as the strict 
rules of current GMP (cGMP) and QA.

These achievements have resulted in increased opportunities to 
monitor for consistency in production, which, in fact, is the key 
element of current vaccine manufacturing practice: the consistent 
production of vaccine lots with similar characteristics to those lots 
that have been shown to be safe and effective in the target species 

Table 2. Potential physicochemical and 
immunochemical techniques for quality control of 
toxoid vaccines.

Physicochemical technique Immunochemical 
technique (in vitro)

Circular dichroism Biosensor ana lysis

Colorimetric assays ELISA

2D-electrophoresis Flocculation (Kf and Lf)

Differential scanning calorimetry Immunoblotting

Fluorescence

Infrared spectroscopy

Ion exchange chromatography

Isoelectric focussing

Nuclear magnetic resonance

Peptide mapping

SDS-PAGE

Size exclusion chromatography

Kf: Flocculation rate in antibody reaction; Lf: Limit of flocculation. 
Adapted from [38].
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[36]. For more recently developed vaccines (e.g., polysaccharide 
conjugate vaccines and rDNA vaccines), handling on consistency 
has resulted in a simplification of release protocols, such as for con-
ventional polysaccharide vaccines, where it has been shown that 
immunogenicity is largely proportional to their molecular weight. 
Potency testing, therefore, relies heavily on physical characterization 
in terms of composition, molecular weight and quantity.

In light of the reasons given above, it is now argued that, for 
traditional vaccines, the extent of lot release testing should reflect 
the level of consistency in production that has been obtained with 
the vaccine [36]. The following performance description has been 
given for using consistency as a new approach to lot-release testing 
of the traditional vaccines: 
“The consistency approach implies the use of a set of parameters to 

constitute a product profile (e.g., antigen content, antigen integrity, 
purity, etc.) that can replace current release tests. The product 

profile is established to the satisfaction of the regulators at the time 
of licensing and is monitored throughout production under a strict 
quality system. The product profile ensures that each lot released 
is similar to a manufacturer-specific vaccine of proven clinical 

efficacy and safety, with respect to all characteristics agreed upon at 
licensing between manufacturer and regulator” [36]. 

In line with the concept of consistency testing, it is believed that 
components other than testing alone are essential for an operational 
quality system. These other components include, for instance, a care-
ful validation and maintenance of the manufacturing process and of 
information regarding the field history of the vaccine, clinical studies 
(prelicensing and pharmacovigilance data), as well as complete and 
accurate standard operating procedures. Under these conditions, it 
is believed that in vivo models for potency testing of the final lot 
can be substituted by a battery of analytical tests that are able to 
demonstrate equivalence with lots of proven 
safety and efficacy for a set of critical indica-
tors, preferably also in clinical studies [37]. In 
this strategy, laboratory animals might only 
be needed for establishing the product pro-
file. Eventually, and for a restricted period of 
time, an immunogenicity study in a small set 
of animals can be performed for lot-release 
testing in order to provide additional infor-
mation and confirmation. 

The battery of analytical tests should 
reflect the set of critical indicators and is 
consequently product specific as well as 
dynamic in terms of adapting to a change 
in the product profile. An example of a 
potential set of physicochemical and in vitro 
immunochemical tests for the quality con-
trol of toxoid vaccines has been given by 
Metz et al. (Table 2) [38]. 

For the time being, implementation of 
the consistency principle in quality control 
of traditional vaccines is still a theoretical 
exercise. A number of fundamental ques-
tions still have to be answered [36]: 

Most vaccines include an adjuvant. Little is known about the •	
modulating effect of adjuvant–antigen interaction on the anti-
gen integrity. The same is true for antigen–antigen interactions 
in combined vaccine products, and for the effect of vaccine 
impurities and preservatives;

Additional characterization of protective vaccine antigens by •	
using various technologies, such as biosensor ana lysis or peptide 
mapping;

The vaccine dilution in the final lot: the antigen concentration •	
might be below the level required for some of the in vitro 
physico chemical and immunochemical tests. 

Existing obstacles in test development & 
implementation in lot-release testing
Although the range of 3R alternatives that has been developed 
is impressive (Table 3), there are still some scientific hurdles to 
be overcome, particularly when correlates of protection are dif-
ficult to assess in animal models and in vitro immunological 
models or serology, as is the case for vaccines against herpes 
infections and pandemic influenza [39,40]. Answering the sci-
entific questions given above will be a matter of time. There is 
an incentive, both at the level of vaccines manufacturers and 
the regulatory authorities, to move forward as was shown dur-
ing a recent conference organized by EDQM in Dubrovnik 
[41]. However, implementation of the consistency approach, as 
well as the other test modifications described in this article, 
is not only dependent on scientific progress, but also of over-
coming other barriers, such as test guideline harmonization or 
successful validation. 

Table 3. Summary of 3R alternatives in lot-release potency testing

Product Classical animal model 3R alternative 

Tetanus immunoglobulin Toxin neutralization test ELISA or ToBI test

Vaccines for human & 
veterinary use

Lethal challenge procedure Use of humane end 
point

Diphtheria and tetanus toxoid 
vaccines

Lethal/clinical challenge Serology

Diphtheria and tetanus toxoid 
vaccines

Multidose testing Single dose testing

Hepatitis A vaccine Serology Antigen quantification

Hepatitis B vaccine Serology Antigen quantification

Inactivated polio vaccine Serology Antigen quantification

HPV vaccine (rDNA) Serology Antigen quantification

Whole cell pertussis vaccine Lethal challenge Serology

Rabies vaccine Lethal challenge Antigen quantification

Erysipelas vaccine Lethal challenge Serology

Newcastle disease vaccine Lethal challenge Antigen quantification

Leptospira hardjo vaccine Lethal challenge Antigen quantification

3R alternatives in bold have been accepted by the European Pharmacopoeia
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In various parts of the world different sets of test guidelines are 
being used, such as the monographs of the Ph.Eur. in the Member 
States of the Council of Europe, the Codes of Federal Regulations 
in the USA and the procedures described in the Technical Report 
Series of the WHO in most 3rd World Countries. Owing to differ-
ences in test guidelines, additional testing might be needed to license 
a vaccine lot in different parts of the world. Progress in test har-
monization has been achieved by the activities of the International 
Conference on Harmonization (ICH) and the International 
Cooperation on Harmonization of Technical Requirements for 
Registration of Veterinary Medicinal Products (VICH). However, 
potency testing has not been on the agenda yet. 

Another obstacle is validation. The aim of a validation study is to 
demonstrate, usually in a multilaboratory trial, the relevance and 
reliability of the new test method [42]. Owing to their complex struc-
ture, validation studies are time consuming, difficult to organize and 
expensive. Furthermore, a validation study might be complicated by 
the poor reproducibility of the traditional animal test, making the 
demonstration of a high correlation almost impossible. This is, for 
instance, the case in the validation of in vitro antigenicity tests as an 
alternative to the rabies vaccine NIH test [8]. Nevertheless, valida-
tion studies, preferably in close collaboration with regulatory bodies, 
should be supported as several of these studies have been performed 
successfully, as described in the section on serological models. 

Demonstration of relevance requires concurrent demonstration 
of the whole range of potencies in a validation study, including high 
potent and subpotent products, as well as concurrency with clinical 
data. The problem with traditional vaccines, particularly human tra-
ditional vaccines, is that information on clinical data is not available. 
Additionally, in some cases, subpotent products are not available 
and have to be produced artificially for the purpose of validation, 
such as by heating or inactivation. However, these samples are not 
representative for what could happen in reality [3]. Another strategy 
is to use expired products with demonstrated low potencies. 

Finally, in case of lot-release testing, variation of test perfor-
mance requires revision of the product registration dossier, which 
is a time consuming and costly exercise, particularly when the 
product is a component in various combined vaccines. This is 
not an incentive for manufacturers to introduce 3R methods. It 
might be a stimulus for vaccine producers to be rewarded when 
revisions include a 3R spin-off.

Expert commentary
For vaccine research and development and preclinical testing, the 
opportunities for complete replacement of in vivo potency models 
by in vitro alternatives is limited although reductions in numbers 
of animals needed have been achieved by using functional in vitro 
immunological tests for screening of potential vaccine antigens. 
Progress in this area will continue, although the feasibility of mim-
icking the complex immune response in a test tube will be limited, 
at least for the time being. Nevertheless, the implementation of new 
and robust vaccine production technologies such as in rDNA vac-
cine and glycol-conjugate vaccine production, together with strict 
monitoring of the vaccine production process and the availability 
of new (in vitro) functional immunoassays has resulted in much 

more defined products and consistent production procedures. This 
has ultimately allowed for lot-release testing that is mainly based 
on characterizing the vaccine lot by using analytical test tools, such 
as physicochemical and immunochemical method. 

Furthermore, quality control of traditional vaccines, such as tox-
oids, is now within reach of the consistency approach. Production 
procedures are more robust than they were in the past, quality 
systems such as GMP and QA have been implemented in manufac-
turing facilities and in-process testing is performed on every critical 
step in the production process. Above all, we now better under-
stand the limitations of current animal models to measure vaccine 
characteristics relevant for predicting efficacy in the target species. 
Considerable progress is being made in the development and opti-
mization of analytical tests that can be used for demonstrating con-
sistency. Nevertheless, several fundamental questions still need to 
be answered, particularly with regard to antigen–adjuvant interac-
tions in the case of combined vaccines. Together with other hurdles 
to be taken, such as validation and guideline harmonization, it is 
expected that the implementation of the consistency approach in 
vaccine quality control as a generic strategy to replace the use of 
animals will take considerable time. Considering the public con-
cern about animal use, it is recommended to continue 3R activities 
in replacing potency tests for individual vaccine products. The list 
of achievements is impressive, taking into account that many more 
3R models are about to be validated. However, ultimately, it is the 
consistency approach that will enable an almost total replacement 
of animal use in lot-release potency testing.

Five-year view 
Innovative developments in vaccine production and testing, and 
increasing public concern about laboratory animal use will move 
vaccine research and development, preclinical testing and regu-
latory-required quality control to an increased use of in vitro and 
analytical methods, and, ultimately, to a reduction and refinement 
in animal use. However, progress is tedious, time consuming and 
dependent of improved in vitro imaging of complex immunologi-
cal processes. This will be particularly true for vaccine research 
and development and preclinical testing with its fundamental 
need for models that provide functional information of selected 
vaccine candidates. Significant achievements in terms of animal 
use are more likely to occur in regulatory required vaccine qual-
ity control. Replacing the current principle of final lot testing by 
an approach based on demonstration of consistency, particularly 
in the area of the traditional vaccines would allow for the use of 
in vitro physicochemical and immunochemical methods instead 
of animal models. In this strategy laboratory animals will only be 
needed for the characterization of the first few lots produced.
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Key issues

Laboratory animal use has been instrumental to the development of vaccines currently available and, consequently, has contributed • 
significantly to improvements in public health.

Animals are needed for vaccine research and development and preclinical testing and, particularly, for lot-release testing of traditional • 
(inactivated/detoxified) vaccines. 

Concern about animal use, recognition of the limitations of animal models, and safety and cost considerations have stimulated the • 
interest in models or test strategies that allow for a replacement, reduction or refinement (3Rs) in laboratory animal use. 

In vaccine research and development and preclinical testing, 3R progress will be particularly valuable in improving • in vitro 
methodologies to study specific immune responses and in prescreening of vaccine (antigen) candidates.

In regulatory-required potency testing, substantial progress has been achieved in acceptance and implementation of 3R methods, such • 
as the use of serological models and in vitro methods.

Validation and lack of harmonization in test guidelines might slow down acceptance and implementation of 3R methods. • 

A significant step in an almost complete replacement of laboratory animal use could be by implementation of the consistency approach • 
as a new paradigm for lot-release testing in vaccine quality control.

Consistency testing combines implementation of quality systems, such as good manufacturing practice and quality assurance, in the • 
manufacturer’s laboratory with in-progress testing and the availability of innovative analytical tools.

Validation and lack of harmonization in test guidelines might slow down acceptance and implementation of 3R methods, and having • 
these issues higher on the political agenda might be a step forward. 
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