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Animal Models

Animal use in science and research can be broken down into
essentially nine categories (table 1) [122].

Current use of animals in HIV vaccine research is consistent with
categories 1 and 2 in table 1. Both of these practices implicitly or
explicitly make the claim that the animal models in use will reproduce
the human response and therefore can predict the outcome. This is
a very different claim from the use of animal models in categories 5,
7, and 9, which are relevant for basic research. Basic research makes
no claim of applicability [123-131]. There are important distinctions
between using animals as predictive models and using them for
scientific purposes as described by categories 3-9. For example, the
Varicella-Zoster Virus (VZV) vaccine was developed without an animal
model but did use cells from animals as part of the growth media, which
would be an example of category 4 in table 1 [132]. The basis for using
NHPs to develop and test vaccines is that humans will respond in the
same way as NHPs; and that causally relevant disanalogies do not exist.
This leads us to the definition, or more precisely the explanation, of the
terms predict or predictive as used in science in general and biological
science in particular.

Theories in science influence what should even be considered as
possible predictive modalities and we need to understand what a theory
is before we consider prediction. In science, theory does not mean a
hypothesis or idea, nor does it refer to a mathematical conclusion that
has been proven. Theory means a scientific position that has been
extensively studied and is supported by a vast amount of evidence as
well as adhering to consilience; the position supports and explains
observations and facts in other fields of science [133,134]. Theories of
science include the Theory of Evolution, the Germ Theory of Disease,
and Chaos and Complexity Theory. The Germ Theory, for example,
would lead one to believe that even testing the predictive capacity of
devices that purport to measure chi—the Chinese life force or energy—
would be unproductive.

Individuals vary from one another and because of this, statistics
are used in various ways to evaluate a biological phenomenon and
arrive at certain conclusions. One method used to determine the
predictive value of a practice, process, technique, or test is to compare
the reality, or gold standard, to the answer being obtained indirectly
through the process or test under scrutiny. This can be accomplished
using the 2X2 binomial classification table and calculations shown in
table 2. Physicians are familiar with this table as it is used to calculate

1. |Animals are used as predictive models of humans for research into such
diseases as cancer and AIDS.

2. |Animals are used as predictive models of humans for testing drugs or other
chemicals.

3. |Animals are used as “spare parts”, such as when a person receives an aortic
valve from a pig.

4. |Animals are used as bioreactors or factories, such as for the production of
insulin or monoclonal antibodies, or to maintain the supply of a virus.

5. |Animals and animal tissues are used to study basic physiological principles.

6. |Animals are used in education to educate and train medical students and to
teach basic principles of anatomy in high school biology classes.

7. |Animals are used as a modality for ideas or as a heuristic device, which is a
component of basic science research.

8. Animals are used in research designed to benefit other animals of the same
species or breed.

9. Animals are used in research in order to gain knowledge for knowledge
sake.

Table 1: Categories of animal use in science and research [122].
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Gold Standard
GS+ GS-
T+ TP FP
Test
T- FN TN

T+ = Test positive

T- = Test negative

T =True

F = False

P = Positive

N = Negative

GS+ = Gold standard positive

GS- = Gold standard negative
Sensitivity = TP/TP+FN
Specificity = TN/FP+TN
Positive Predictive Value = TP/TP+FP
Negative Predictive Value = TN/FN+TN

Table 2: Binomial classification method for comparing a modality, practice, or test
with a gold standard and for calculating sensitivity, specificity, positive predictive
value, and negative predictive value.

values for practices they encounter, for example the positive predictive
value (PPV) of a biomarker or practice or intervention, or the negative
predictive value (NPV) of a blood test. It is important to note that
PPVs and NPVs must be very high to be useful in endeavors that have
little tolerance for error, as is the case in the practice of medicine. For
example, if a blood test for cancer of the gall bladder has a PPV of 0.7
and a NPV of 0.5, it would not be useful, as these predictive values are
totally inadequate in medicine.

The values regarding the use of animals as predictive models for
the study of disease and drug development have been calculated in
this fashion and found to be far below those needed in medical science
[135-144]. These values are more similar to what would be expected
from chance events or a coin toss than from a scientifically viable
modality. However, when NHPs are used to predict human outcomes
for vaccines against HIV, one does not need to perform the above
calculations. The number of successful vaccines has been zero while
the number of attempts and/or successes in NHPs approximates one
hundred. Even if a vaccine were discovered tomorrow that resulted in
immunity in both macaques and humans, one would still be forced to
conclude that the PPV for the NHP model is approximately 0.01. (The
NPV is unknown, as negatives in NHPs are not tested on humans thus
raising the question of lost vaccines). Therefore, the monkey model for
HIV vaccine development is not a predictive modality. This leads to the
question: “Why is it being used?”

If a model is being used as heuristic, as in category 7 of table 1, then
it should not be judged based on its ability, or lack thereof to predict
human response. Nevertheless, some scientists still tout the monkey
model as a predictive modality and state or imply that the results from
studies with NHP models translate directly to humans [145-151].
This practice is not confined to AIDS research [152]. Furthermore, it
is widely believed that animal models yield results that have a one to
one correspondence to the human situation [123]. Science journals
are also complicit in this stance [153], as are the media [154,155]. In
contrast, some scientists and journalists have commented that NHP
models are not predictive for human responses. An editorial in Nature
Biotechnology stated:

The best large animal model for HIV, for example, is simian
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trajectory [152,180,181]. Very small variations between two otherwise
very similar complex systems can result in opposite outcomes to the
same perturbation and evolution uses many such small variations to
make new species. Herein lays the problem for using animal models to
predict human outcomes for perturbations such as drugs and diseases.
Evolution has proceeded by altering genes, molecules, and processes
while simultaneously conserving some of the general features of the
organisms [182,183]. Moreover, the same outcome can be achieved by
very different processes. For example, the human eye and the eye of
cephalopods appear, to the first approximation, identical. But these two
eyes are examples of convergent evolution hence the wiring and even
the anatomical features are very different [183]. This has implications
for what can be learned about the human eye from studying the
cephalopod eye. While the cephalopod eye can certainly be used as a
heuristic, it is unlikely to have a high PPV for human response to drugs
and other interventions for the eye. However, not every important
difference among species is secondary to convergent evolution. The eye
of the rabbit, another mammal, responded very differently than the eye
of humans to early attempts to correct myopia resulting in loss of vision
in some patients [184-190]. I will now describe the characteristics of a
complex system and note how evolution affects these properties and
what this implies for inter-species extrapolation.

Reductionism has taken us far in our understanding of living
systems but there is a point at which a living system must be analyzed
as a whole. There are some characteristics of a complex living system
that cannot be discovered by examining its constituents, regardless of
how thorough such an examination might be [191]. Complex systems
are composed of many components and some of these are simple
systems—systems that can be completely described by the sum of
their parts and that are subject to linear cause and effect relationships.
However, for complex systems, the whole is greater than the sum of
its parts. One reason for this is that complex systems demonstrate
emergent phenomena—properties that only become apparent when
the system is studied as a whole [192]. Reductionism cannot be used
to discover emergent properties. For example, the emergent property
of ice that allows it to float on water cannot be predicted based on
complete knowledge of the properties of the atoms hydrogen and
oxygen or the analysis of a single molecule of H,O. Likewise, the fact
that isomers have different chemical properties cannot be predicted
by reductionism. Relevant to our discussion, gene regulation can be
considered an emergent property and different species have evolved,
at least in part, by changes in gene regulation. Also relevant to this
discussion, the specificity of an antibody and the immunogenicity of an
antigen are emergent properties [193,194].

Complex systems are dependent upon initial conditions. Small
differences between two otherwise identical systems can be acted upon
by the same perturbation but yield dramatically different outcomes.
Moreover, these small differences can cause other changes in the
system over time, which leads to even more differences between the two
systems. This is what has happened with evolution. Species that share a
common ancestor species, for example chimpanzees and humans, have
undergone very small changes over time and thus are separate species.
These species are composed of different genes and individuals within
the species of different alleles. These differences in genes, proteins,
gene-gene interactions and protein-gene interactions can result in
different outcomes to the same perturbation. Differently regulated
genes and gene networks similarly lead to vastly different outcomes
to perturbations. The expression of genes varies considerably among
species and even among individuals and these results in correspondingly
divergent outcomes. Very small differences in the genetic makeup of

monozygotic twins, perhaps secondary to epigenetics—an example of
the complex system interacting with its environment—can translate to
one twin suffering from a disease like multiple sclerosis while the other
does not [107-111].

Initial conditions differ because evolution has used changes
in genes, different proteins, different regulatory mechanisms and
changes in the same regulatory mechanisms, different background and
modifier genes, and mutations such as copy number variants and single
nucleotide polymorphisms to build new species. Lorenz rounded off a
number from six to three significant digits and this resulted in opposite
outcomes for the two weather simulations. This is the mathematical
equivalent of monozygotic twins experiencing opposite outcomes to the
same perturbation. Even if we only considered the above-mentioned
gene-based differences between NHPs and humans, those differences
in initial conditions would be so great that one should not expect NHP
models to predict human responses in vaccine development.

Robustness and redundancy are also characteristics of complex
systems [195,196]. Robustness, meaning resistance to change, which
exists at least in part because of the redundancy of components, for
example gene pleiotropy and alternative splicing, which allows a protein
to be produced despite the usually active gene not being present.
Because the system is robust, a perturbation may cause no noticeable
effect. However, because complex systems display the property of
nonlinearity, the same small perturbation may wreak havoc on a
similar living complex system. An example would be that some strains
of rodents can have a gene knocked out with little consequence while a
similar strain will not survive [197,198]. The presence of feedback loops
also influences response to perturbations.

Different levels of organization exist in a complex system. The
components of complex systems can be grouped in modules [199] that
occupy these different levels of organization. However, components or
modules that are wholes on one level may be parts on another [200].
The modules interact, for example gene networks interact with proteins,
but the same interaction may result in different outcomes because of
modifier genes, gene regulation, or epigenetic factors. Components and
modules are not like pistons that can be interchanged between engines
of the same variety. Mayr states that: “Owing to the interaction of the
parts, a description of the isolated parts fails to convey the properties of
the system as a whole. It is the organization of these parts that controls
the entire system” [201]. This is one reason genetically modified
animals have been unable to predict human response to drugs and
disease [202-208]. An appreciation of the genetic differences among
individual human complex systems has resulted in the field and concept
of personalized medicine [209-211]. Given the differences among
individuals of the same species to perturbations such as drugs and
disease, one must question the claim that inter-species extrapolation of
outcomes that involve higher levels of organization is justified.

Applying what is known from the Theory of Evolution and Chaos
and Complexity Theory, I believe that we have a broad conceptual
theory that explains why inter-species extrapolation of outcomes is
problematic when such outcomes are not reducible to, or explained by,
a level of organization where the system can be described in terms of a
simple system.

e ldeal Model

The associate editor of the British Medical Journal, Alison Tonks
stated in 2007: “When it comes to testing HIV vaccines, only humans
will do” [212]. Nobel laureate Sydney Brenner was quoted in Nature
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