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Argument
This article uses four historical case studies to address epistemological issues related to the animal model of
human diseases and its use in medical research on human diseases. The knowledge derived from animal
models is widely assumed to be highly valid and predictive of reactions by human organisms. In this
contribution, I use three significant historical cases of failure (ca. 1890, 1960, 2006), and a closer look at the
emergence of the concept around 1860/70, to elucidate core assumptions related to the specific practices of
animal-human knowledge transfer, and to analyze the explanations provided by historical actors after each
of the failures. Based on these examples, I argue that the epistemological status of the animal model
changed from that of a helpful methodological tool for addressing specific questions, but with precarious
validity, to an obligatory method for the production of strong knowledge on human diseases. As a result,
there now exists a culture of biomedical research in human disease that, for more than a century, has taken
the value of this methodological tool as self-evident, and more or less beyond question.
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In the summer of 1997, after years of working with rats in the laboratory, the young pathologist
Frank Dombrowski at the University of Bonn was able to present to his colleagues the “animal
model” for a human disease, namely liver cell cancer (Dombrowski et al. 1997). In order to establish
this animal model, he had to proceed through a number of stages. First, he had to identify and breed
a suitable strain of rats. It needed to be a strain in which he could damage the liver cells in a way that
resembled the tissue changes and metabolic abnormalities of a malignant tumor in humans.
Therefore, the various strains of rats had to be exposed to a range of potential kinds of damage, and
consequently tested for the ensuing pathological properties. Once the suitable strain of animals and
the adequate kind of damage had been identified to create the targeted tumor, the young scientist
had to find technologies and living conditions for these manipulated rats which allowed the artificial
cancers to be kept stable and standardized. As a result of this protracted experimental activity, the
animal model of human liver cancer could be reproduced in identical form at will.

Once the animal model was established, it functioned as a starting point and tool for further
experimental research on “human” liver cell cancer, in particular for investigations into the
biological properties of the tumor, and into potential interventions for therapy or disease
prevention. For this achievement, published in the prestigious American Journal of Pathology,
Frank Dombrowski received much acclaim. Only a few years later, he was appointed to a full
professorship, along with the position of director of a renowned university institute for pathology.

© The Author(s), 2023. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivatives licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-
commercial re-use, distribution, and reproduction in any medium, provided the original work is unaltered and is properly cited. The written
permission of Cambridge University Press must be obtained for commercial re-use or in order to create a derivative work.

Science in Context (2022), 35, 173–197
doi:10.1017/S0269889723000170

https://doi.org/10.1017/S0269889723000170 Published online by Cambridge University Press

mailto:volker.roelcke@histor.med.uni-giessen.de
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1017/S0269889723000170
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0269889723000170&domain=pdf
https://doi.org/10.1017/S0269889723000170


Today, animal models of human diseases are considered central research sites and technologies
of knowledge production in the biomedical sciences (see e.g. Gad 2007; Hau 2014). The
underlying idea is that phenomena observed in laboratory experiments on animal models may be
used to understand disease mechanisms and to predict the intended effects and hazards of
interventions in humans. Animal models have a two-fold status as both scientific objects (or
“epistemic things”) and epistemological tools, or “technical objects.” The former aspect draws
upon their status as objects of research and their being part of an experimental setting, while the
latter refers to their specific (epistemic) function in modelling the pathological processes of human
diseases (Rheinberger 1997; see also Löwy & Gaudilliere 1998).1

The importance of this concept and technology is illustrated, for example, by the fact that in
1966, a central Registry of Comparative Pathology (RCP) was established at the Armed Forces
Institute of Pathology, Washington, with the objective “to serve as an information exchange for
scientists interested in the study of animal models of human disease” (Leader 1969, 553).2 Since
then, numerous monographs and special issues in scientific journals have been published on this
subject. These have been devoted to conceptual and practical issues related to this experimental
tool, as well as the evaluation of data on specific diseases produced by it.3 In 2008, a specialized
journal called Disease Models and Mechanisms was established, which focuses on “the use of
model systems to better understand, diagnose, and treat human disease” (Disease Models and
Mechanisms 2020).

Such animal models of human diseases differ from the model organisms used in fields like
physiology or genetics. In the latter case, “naturally” occurring processes analyzed in a specific
model organism are seen as predictive for analogous mechanisms in animals in general (as in the
case of mutations, protein synthesis, etc.), since these processes are assumed to have a structural
identity, or homology, in all animals, or in relevant subgroups.4 In the animal model of human
diseases, by contrast, not only are animals seen as predictive for humans, but in addition,
artificially created diseases in animals are supposed to represent the essential features of diseases
occurring naturally in humans (Rheinberger 2005 and 2006; Huber & Keuck 2013).5

As a matter of fact, researchers in the biomedical sciences assume that the knowledge derived
from experiments in such animal models, if performed properly, is highly valid, and predictive of
the reactions by human organisms—for example in the context of trials of new drugs, or in
toxicology.6 Thus, this kind of knowledge might be termed “strong,” in contrast to more
precarious, or “weak knowledge” derived by such means as clinical observation.7

1A set of analytical terms to describe and analyze animal models of human disease is provided by Huber & Keuck 2013.
2From 1969 onwards, the RCP published the Comparative Pathology Bulletin, probably the first periodical with a specific

focus on issues related to animal models.
3For example, in 1980, the American Journal of Pathology published a special issue with the proceedings of a workshop on

“Needs for New Animal Models,” organized by the RCP (see Hackel 1980; Leader & Padgett 1980). For more recent
handbooks, see e.g. Gad 2007, Hau 2014.

4On the history of model organisms, see e.g. Holmes 1993; Kohler 1994; Creager 2002; Leonelli 2007. For a critique of a kind
of historiography of model organisms that focuses on a limited number of species whose very development has become
channeled through processes of standardization, and the ensuing pitfalls for an adequate history of genetics and genomics, see
Ankeny 2010. The differences betweenmodel organisms in biology and theoretical models, which are used e.g. in mathematics
and mechanistic theorizing, are discussed in Levy & Curry 2015.

5For a first overview on the history of animal models of human diseases, see Bynum 1990. For an early reflection on
epistemological questions, see Canguilhem 1965, 19–50, commented upon in Roelcke 2009, 17–20. For an early stage in the
history of the animal model, exemplified by Robert Koch’s methodology, see Gradmann 2005b; Roelcke 2009. For the
emergence of the concept and related practices prior to Koch, see Roelcke 2013.

6For examples from different historical contexts in the twentieth and early twenty-first century that assume such validity,
see e.g. Frenkel 1969; Davidson et al. 1987; Gad 2007; Hau 2014. On criteria for appropriate models and performance, see e.g.
Leader & Padgett 1980; Held 1983.

7See Epple 2019 (following a distinction introduced in Plato’s Theaetetos) for a general proposal to distinguish between
bodies of knowledge considered to be “stronger” or “weaker.”
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Because of this assumed validity and predictive power, research on animal models has been
made an explicit prerequisite in modern ethical and legal regulations regarding human subject
research, including the Nuremberg Code and the Declaration of Helsinki of the World Medical
Association.8 The underlying rationale is that no research should be carried out in humans
without prior trials in animals, so that human subjects will not be exposed to any hazards found to
affect animals. This rationale thus assumes that, at least to some extent, humans and animals share
a common nature, and that the experimental use of animal models is an acceptable substitute for
experimentation in humans (e.g. Frenkel 1969, 160; see also Rheinberger 2005 and 2006).9

Despite this widespread assumption, however, it appears that transferring knowledge derived
from research in the animal model to human beings in order to start clinical trials has not been
very successful. For example, in 2012, the authors of an editorial in Nature Reviews Drug Discovery
reported that the probability of compounds from a group of major pharmaceutical companies
making it to market from initiation of phase 1 trials (the first application in humans) declined
from 10% in the period 2002–2004, to 5% in 2006–2008 (Anon. 2012). Similar numbers were
found in the most comprehensive survey of “clinical success rates” of newly developed drugs
covering the period between 2003 and 2011 (Hay et al. 2014). This suggests that for at least nine
out of ten cases, the knowledge produced in the animal model (before the start of phase 1 trials)
was unsuitable for application in humans (see also e.g. Hackam & Redelmeier 2006; van der Worp
et al. 2010; Cummings et al. 2014; Perrin 2014). In addition, the transfer of knowledge from
animals to humans also entails some risk, as has been documented by regular cases of massive
failure. As I intend to show in the following, such failures may be used to reexamine some of the
presuppositions, and the implications, of the very concept of the animal model.

To illustrate this point, I shall describe three historical cases of knowledge transfer failure:
Robert Koch’s tuberculin (in 1890), the sedative thalidomide (ca. 1960), and the immunomodu-
latory compound TGN1412 (in 2006), which was to target conditions such as multiple sclerosis or
rheumatoid arthritis. For each case, I shall look into the explicit or implicit assumptions about
animal models that were related to the specific practices of animal-human knowledge transfer, and
analyze the explanations provided by relevant historical actors after each of the failures. This
might indicate the extent to which the validity and limits of the animal model were reevaluated.
The development and failure of Koch’s tuberculin and of the sedative thalidomide have been
described previously,10 but without particular attention to the specific assumptions of the
historical protagonists about the knowledge transfer between animals and humans, nor to the
attempts of historical actors to explain the failures. For the case of TGN 1412, there does not yet
exist a historical reconstruction.11

After presenting these three cases of failure, I shall move on to sketch the mid-nineteenth-
century origins of the concept of an animal model of human disease processes in the laboratory of
Julius Cohnheim at the University of Breslau, and his reflections on the validity and limits of such
a methodological tool. I shall employ Cohnheim’s explicit reservations regarding the
epistemological status of the animal model to further elucidate the potential causes for its
failures, and to draw some tentative conclusions about the mechanisms that are at work in the
construction of supposedly strong knowledge.

The three cases of failure were chosen for two reasons. First, they are related to decisive steps in
the historical trajectory of the use of animal models: their unequivocal acceptance as central
methodological tools for research into human diseases (in the case of Koch), and the introduction

8On the emergence and content of the Nuremberg Code and the Declaration of Helsinki, see Weindling 2001; Lederer 2004.
The first legal regulations on a national level, which required that research in animal models should precede any human
subject research, were the Guidelines/Richtlinien issued by the German Ministry of the Interior in 1931, see Roelcke 2017.

9Some of the epistemological fallacies involved in animal model research are discussed in Shanks et al. 2009.
10For references, see below in the specific sections.
11For a first philosophical analysis, see Lemoine 2017.
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of core regulatory norms, that is, restrictions, for the application of knowledge derived from the
animal model in humans (in the aftermath of the failures of both thalidomide and TGN1412).
Second, well beyond the specificities of each individual case, they all illustrate exemplary and
significant presuppositions for the transfer of knowledge from the animal model to humans, and
justifications for the further use of this methodological tool in spite of the previous failures.

More specifically, the case of Koch’s tuberculin not only represents a personalized dispute
between microbiology and clinical pathology in the late nineteenth century, but also documents
the explicit arguments and implicit assumptions of the later Nobel laureates Koch, Ehrlich, and
Behring about the supposedly strong nature of the knowledge derived from the animal model. In
this way, it illustrates the enormous authority that the animal model of human disease had gained
between Cohnheim’s cautious evaluation following his initial use of the method since the 1860s,
and the situation in the years around 1890.

The case of thalidomide triggered a broad international debate not only on the specific
compound, but on more general issues related to testing new drugs in animals, and thus illustrates
the rationalities of the biomedical scientists involved in the drug research, and of those scientists in
the international community that reacted to the failure and tried to draw conclusions from it. As
some of the historical actors claimed themselves, these rationalities and reflections had an
exemplary character for medical research relying on animal models of human diseases.

The example of TGN1412, finally, does more than describe the case-specific issues of
unexpected problems in using proteins with a new level of species-specificity. Rather, this kind of
issue, and the broader debates related to the unknown dimensions of complexity of the immune
system in different species prior to concrete research endeavors (albeit supposedly known in
hindsight) represents one of the basic challenges of the transfer of knowledge from animals to
humans. – This was already acknowledged by some of the historical actors when they talked about
a “shock wave : : : for the international scientific community, the biotechnology industry and the
regulatory authorities” or a “disaster” (Hünig 2012, 317; Tranter et al. 2013, 164). These basic
concerns were associated with debates about potential regulatory implications, and led to changes
in the guidelines of the European Medicine Agency.

Before embarking on the journey through the historical cases, a note on terminology appears in
order. The first explicit use of the term “animal model” has yet to be clarified, but there is some
evidence that it might have occurred in the mid-twentieth century.12 However, for the purpose of
the present paper, I suggest adopting a somewhat pragmatic approach that allows a larger
historical framework, which includes the period of the “laboratory revolution” in medicine, and
what is conventionally termed the emergence of experimental medicine in the second half of the
nineteenth century—a period in which the use of animals in medical research was rapidly rising.
Claude Bernard’s classic Introduction à l’étude de la médecine expérimentale (1865) exemplifies
this historical context and the integral use of animals in this kind of understanding of medical
research, although it was focused on physiology rather than disease processes.13 If we define
“animal models” as living animal organisms that are used to study phenomena such as diseases,
pathogenetic processes, toxicological effects, or behavioral traits targeted for interventions, and in
which the phenomena studied are assumed to resemble those in humans, there is evidence that an
implicit concept of “animal model” and related practices probably appeared in medical research in
the second half of the nineteenth century (see e.g. Bynum 1990; Gradmann 2005b; Roelcke 2009).
Due to the lack of an alternative terminological tool, I shall therefore tentatively employ the term

12Both in systematic overviews, as well as in relation to the study of specific groups of disorders, the term was certainly used
since the 1960s (e.g. Frenkel 1969; Leader 1969; McKinney 1969); see also the terminology and evidence in Leonelli et al. 2014.

13For the emergence of the “laboratory revolution” and experimental medicine, see Cunningham & Williams 1992;
Rheinberger & Hagner 1993. For the surge in the use of animals in medical research, see Bynum 1990.
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“animal model” to also designate practices during these early phases of experimental research on
human diseases, even if the historical actors themselves did not yet explicitly use the term.14

Three significant failures
The case of tuberculin

In November1890, the bacteriologist and later Nobel laureate Robert Koch introduced a new
substance for the treatment of tuberculosis, which he called tuberculin. Koch had been
investigating the features and origins of human diseases in animal models with considerable
success since the late 1870s (Gradmann 2005b). A central precondition for Koch’s research into
human diseases in animals was the assumption of the transferability of knowledge between
animals and humans. Without further reflection on the issue, Koch “proved” such transferability
by demonstrating that a variety of human diseases might be reproduced (at least in terms of the
criteria he perceived as crucial) in a great number of animals, such as mice, rats, rabbits, guinea
pigs, etc. (Gradmann 2005b). As a result, he was convinced (and convinced others) that in the
bacteriological laboratory, it was possible both to observe a disease without access to a diseased
person, and to replace the analysis of clinical symptoms with that of the features of the disease
generated by the animal experiment.

Over the course of the 1880s, and following these assumptions, Koch had discovered the
bacterial pathogens of tuberculosis and cholera. Parallel to these discoveries, he had enjoyed a
meteoric career, taking him from a country doctor’s practice in the rural east of Germany to a full
professorship and appointment as director of the Institute of Hygiene at Berlin University (Brock
1988; Gradmann 2005a). By the end of the 1880s, together with his French colleague and rival
Louis Pasteur, Koch was perceived as the creator—and key protagonist—of the new medical
discipline of bacteriology, or microbiology (Gradmann 2005a; Geison 1995).

The new knowledge about human diseases caused by bacteria was constitutively linked to
laboratory work on the pathogens, and to the reproduction, or production, of disease phenomena
in the animal model (Gradmann 2005a, 105–134; Gradmann 2005b). The development of specific
remedies against infectious diseases, then eagerly anticipated from all sides, also took place in the
experimental animal, which Koch regarded as a kind of passive culture medium, or tool. It was
inconceivable to him that the pathogen was not the sole cause of the disorder, but that factors
associated with the host organism, such as its “constitution” (a term broadly employed in previous
etiological theories), might also play a substantial role in creating the symptoms and influencing
the course of a disease (Gradmann 2001).

To develop a drug against tuberculosis in humans, Koch used guinea pigs to investigate various
methods of what was then called “inner disinfection” to combat the tubercle bacillus. In spring
1890, he came upon a substance that was able to stop the growth of the pathogen, which he called
tuberculin. In August of that year, Koch proclaimed in public that: “I can tell : : : this much, that

14Future research may yet seek to map and analyze the thesaurus of terms which were used by historical actors in referring
to “animal models” in this broader timeframe. A systematic reconstruction of the specific meanings and contexts of their use
might indeed yield insights into the various and shifting epistemic preconditions and implications. While such an approach,
would focus on the conceptions that medical researchers used in their published work, which is frequently idealized or
normative (or both) this is not the purpose of my analysis. Instead, my analysis takes as its starting point a number of concrete
cases of failure in the practice of experimental medicine in order to reconstruct the assumptions made by the researchers
related to their use of animal models, as well as the explanations, justifications, and conclusions drawn from the failures not
only by the researchers themselves, but also by their peers and by contemporary state agencies and regulating bodies. This
approach may yield a more clearly contoured picture of the preconditions, implications, and fallacies of experimental work
with animals designed to clarify medical issues in humans than would a purely conceptual reconstruction. In this vein, the
cautious considerations of Cohnheim, historically preceding the later failures, are used in the concluding section to further
highlight the issues around the animal modelling of human diseases, and to provide some tentative insight into more general
issues about preconditions and dynamics of those specific forms of knowledge which are at times regarded to be “strong”.
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guinea pigs, which are highly susceptible to the disease, no longer react to the inoculation with
tubercle virus when treated with that substance, and that in guinea pigs : : : , it is regularly possible
to bring the process of the disease to a complete standstill” (Koch 1912a, 659).15

It was clear to Koch that, after the successful experiments on the animal model, testing on
humans should soon follow. First, he conducted a single self-experiment, and then began testing
the new remedy on five healthy individuals starting in June 1890. Each of the subjects developed a
high fever, pain in the limbs, and nausea, but all of these symptoms disappeared twenty-four hours
after the injection. For Koch, this indicated that his remedy was harmless. However, a decisive
difference between his animal experiments and the testing on human beings had apparently
escaped his notice: All healthy human test subjects reacted strongly, while the compound made no
impression at all on healthy guinea pigs.

The first clinical trial (that is, testing on patients, not on healthy subjects) began in mid-
September. The immediate reactions to the injection, including faintness, pain in the limbs, and a
rapidly climbing fever, but of short duration, mostly corresponded to what Koch had observed
previously in the healthy subjects. Koch interpreted these signs as confirmation that the remedy
was taking effect as he had postulated. Only two months later, in November, Koch published his
first article in a special issue of the journal Deutsche Medizinische Wochenschrift. Although barely
fifty tuberculosis patients had received the new compound by this time, and the time of follow-up
observation had been very short, in his article Koch was ready to declare it a harmless and effective
medicine. He also claimed that even more serious forms of tuberculosis, such as lupus of the skin,
or incipient consumption (phthisis) could be healed with the substance (Koch 1912b).

More skeptical observations by some doctors who had also tested tuberculin on patients were
not included in the journal’s special issue. Instead, on the day after its publication, the famous
surgeon Ernst von Bergmann, at Koch’s behest, orchestrated a public demonstration of tuberculin
injections in patients for an audience of high-ranking state officials. In the following weeks,
specialized journals were full of reports about previously inconceivable cures. Daily, the German
and the international press celebrated the success of the “Koch treatment.” Berlin soon became, as
one of the leading newspapers noted, a pilgrimage site for doctors and patients from all over the
world (Elkeles 1990; Gradmann 2005a, 187–193).

However, after the first longer-term results of the injections were observed in the subsequent
weeks, there was ever more critical commentary. Obviously, the fever episodes were lasting longer
than expected, and in some cases, they led to the death of the patients. In January, when relapses
began occurring even in those patients on whom the remedy’s early fame had been based, the
renowned pathologist Rudolf Virchow formulated a devastating critique. Virchow revealed that
during his autopsies of the deceased patients, fresh tubercle bacteria had been found at the sites of
injection (Virchow 1891). This suggested that Koch’s tuberculin was not only ineffective, but
rather that the substance itself might have fueled a progression of the disease. These findings were
soon confirmed by colleagues, resulting in the judgment by many physicians that the compound
had not only failed as an effective treatment of tuberculosis, but had also itself created clinical
problems and theoretical questions (Gradmann 2005a, 197–211). For example, Friedrich Schultze
from Bonn refrained from further application, “since there are no criteria whatsoever on how the
patient will fare if this unknown substance is applied” (quoted in Gradmann 2008, 155).

What conclusions did Koch himself, and his followers, like Paul Ehrlich or Emil Behring, draw
from the apparent failure of tuberculin? Koch attributed the deterioration of clinical conditions
and the fatalities to impurities in the early preparations of tuberculin. As a consequence, he
launched a systematic investigation to more precisely identify the efficacious component in the
compound, so that he would “be able to apply it without any additional substances which might
cause negative side effects” (Koch 1912c, 673). The use of the animal model of tuberculosis as such

15The chronology of events up to the apparent failure is described in Gradmann 2001, with further details in Gradmann
2005a: 134–211.
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as a potential cause of precarious therapeutic knowledge was obviously not one of the explanatory
options for the serious problems that had occurred, an option in need of systematic analysis.

On the contrary: Koch explicitly stressed that the “animal experiment and its correct
evaluation” would be a crucial component in his efforts to identify the efficacious component of
tuberculin (ibid.). His previous experience had shown him that healthy animals were of no use for
such a purpose, but that guinea pigs infected with tuberculosis were needed—although the
dosages of tuberculin to be applied might diverge from those in humans (ibid.). And again, as in
the approach leading to the original clinical application of the compound, Koch saw it as “being of
the greatest interest” to learn whether the now purified tuberculin would still show its efficacy in
humans after it had been established in the animal (Koch 1912c, 679).

As in the procedure preceding the failure, experiments with the new agent in the animal model,
which Koch still perceived as successful, were followed by tests in a few healthy individuals
(including Paul Guttmann, Shibasaburo Kitasato, and August Wassermann, colleagues and
researchers in Koch’s laboratory). In a second step, the compound was tried in patients suffering
from tuberculosis. Koch claimed that in both instances, the effects were comparable in principle to
those observed in the first trials with the not yet purified compound. However, following his new
observations, he stressed that therapies should start with very low dosages, which should then
gradually be increased (Koch 1912c, 679–680).

Koch thus apparently did not believe that the grave empirical problems in the wake of the
knowledge transfer from animals to humans were to be attributed to the method and location of
knowledge production—the animal model—and the implied concept of disease (namely that it is
exclusively caused by features of the pathogen). Instead, the problems were ascribed to unintended
byproducts and inadequate dosages in the process of applying the method. These byproducts were
not perceived as the inherent result of the method, but instead claimed to be accessory and
contingent in character. Remarkably, instead of questioning the method itself, Koch saw it as
essential in his attempt to understand and clarify the problems that had occurred.

According to Koch’s pupil Paul Ehrlich, himself a later Nobel laureate,16 the supposed failure
was in part the effect of an exaggeration by pathological anatomists who were not qualified to
judge the clinical value of the substance (Ehrlich 1957a, 18).17 Ehrlich conceded “that Koch’s
original mode of employing tuberculin against tuberculosis in man might in some cases prove
hazardous” (Ehrlich 1891, 920), but stressed that in the meantime, by systematic observation, the
method had been advanced substantially. The implications of the patho-anatomical findings by
Virchow, he argued, had been overstretched; they focused on the early phase of applying the
treatment, and the critical observations had only been made in those patients where the disease
was in a very advanced state and who ultimately died (Ehrlich 1957a, 18–19; Ehrlich 1891, 918). In
addition, the negative conclusions had been “drawn from a relatively limited number of cases, very
small as compared with those available for clinical purposes” (Ehrlich 1891, 920). The
observations during the early application “in no way invalidated the principle of the method of
treatment, but at the most could only be directed against the technique and against the
employment in very advanced cases” (Ehrlich 1891, 918 [emphasis in the original]).18 Ehrlich
contrasted the “exaggerated” conclusions of the pathologists with his own positive clinical findings
from application of a regime starting with a low dose of tuberculin, and gradually increasing
dosages dependent on the clinical phenomena induced by the previous applications (Ehrlich 1891,
919; see also Guttmann & Ehrlich 1891).

16On Ehrlich’s biography and work in bacteriology, immunology, and pharmacology, see Parascandola 1981; Hüntelmann 2010.
17Ehrlich formulated his comments and conclusions on “Koch’s Method” in the context of an invited lecture at the Seventh

International Congress of Hygiene and Demography in London (1891). The full text of the lecture was published in German
(Ehrlich 1891a), and a somewhat shorter version in English, “abstracted” by Thomas W. Hime, appeared in The Lancet
(Ehrlich 1891).

18In the original German version of the text by Ehrlich, this whole sentence is emphasized by italics (Ehrlich 1957a, 14). It is
the only sentence marked in this way in the whole article, indicating its central importance for Ehrlich.
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Strikingly, in spite of his clinical experiences, which pointed to the importance of the individual
condition of specific patients (Ehrlich 1957a, 17), Ehrlich’s reaction to the failure neglected to
mention the initial phase of Koch’s research in the animal model, which had focused exclusively
on the biology of the infectious agent and completely bracketed out the impact of the host
organism.19 On the contrary, Ehrlich was convinced that Koch’s methodological approach,
namely testing therapeutic compounds experimentally in animals, was the only way to achieve a
“rational mode of treating [human] disease in accordance with strictly systematic scientific
principles,” and in contrast to “pure empiricism” (Ehrlich 1891, 918). He concluded that this
methodology “must serve us as a standard in the further development of the art and science of
medicine” (Ehrlich 1891, 918; Ehrlich 1891a, 13).

Completely in tune with this thinking, Ehrlich and his colleague Behring closely followed
Koch’s approach in their own research, which was aimed at finding therapeutic compounds to
treat diphtheria and syphilis. For example, the necessary precondition for the development of
Behring’s serotherapy against diphtheria was the proof, in the animal model (in rabbits and mice),
that an antitoxin serum against the disease could be transferred from one animal to another, and
further, that its efficacy might be tested in the animal model (Behring 1890; Behring & Kitasato
1890).20 Ehrlich, in turn, used an animal model of diphtheria in guinea pigs in the classical study in
which he outlined a method for the standardization of the antitoxin (Ehrlich 1957b). There is no
evidence that Behring, Ehrlich, or any other of Koch’s followers developed any doubts about the
general idea of producing an animal model as the essential tool for research into human
pathological conditions, or in the specific procedures involved in doing so. By identifying the
microbial pathogens of cholera and tuberculosis in animal models and thus creating a completely
new understanding of these diseases, Koch had apparently attained such authority that his
methodology had become untouchable.

The case of thalidomide

Beginning in 1959, physicians as well as parents in Germany, Brazil, Australia, and elsewhere
suddenly encountered a wave of children born with severe abnormalities (see, e.g. the report in
Wiedemann 1961).21 The defects included stunted arms and legs, as well as misshapen hands and
feet, which appeared to grow directly from the children’s torsos. In addition, damaged internal
organs had been observed, including hearts and kidneys. Previously, this kind of condition had
been described as extremely rare in the medical literature, but now such cases were rapidly on the
rise in pediatric hospitals and practices. By the time the responsible drug, thalidomide, was
identified as the culprit and withdrawn from the market in the early 1960s, some 10,000 children
around the world had been born with such deformities. The substance obviously acted as a toxic
agent in an early stage of embryonic development, during which the formation and growth of
bones and some internal organs were particularly vulnerable.

Thalidomide’s initial development and testing had offered no evidence that it would be a
potentially toxic agent for the human embryo—a result of the specific questions posed when it was
put to trial. The compound had been synthesized in the early 1950s in the laboratories of Chemie
Grünenthal, a rather small chemical and pharmaceutical company in Germany. Between 1954 and
1957, experiments were performed on animals to establish the essential properties and exclude
toxicity. The animal studies included mice, rats, guinea pigs, rabbits, and dogs. Even when

19It may be noted here that at this time (around 1890/91), Ehrlich’s theories on questions of immunity were only in their
earliest stages, and that there existed no spelled out ideas about issues such as innate and acquired immunity, species
specificity, etc.

20On Behrings’s work related to the serotherapy against diphtheria, see Linton 2005; Simon 2007; Gradmann 2008.
21For general reconstructions of the thalidomide case, see Kirk 1999; Daemmrich 2002; Großbölting & Lenhard-Schramm

2017. The following account on the introduction of the compound closely follows Daemmrich 2004, 60–69.
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administered in high dosages, no adverse effects could be detected regarding blood counts, cardiac,
pulmonary, and temperature regulation, or renal function.

In order to model—that is, to simplify, standardize, and quantify—the intended sedative effect,
sedation was operationalized as reduced motility. To measure this, the mice were set in a “tremble
cage” (Zitterkäfig) (Kunz et al. 1956). Here, their movements, through an elaborate apparatus,
caused the electrolysis of sulphuric acid, and the amount of emerging hydrogen was taken as a
parameter of the (reduced) motility of the animals. The potential loss of coordination was
measured by the duration of the animals’ ability to cling to a wooden stick by holding reflexes.

In their first publication of the results of the preclinical tests in a journal of pharmacology, the
responsible scientists described “relatively strong sedative effects” and a “complete lack of toxicity”
(Kunz et al. 1956, 429). They concluded that the data from animal experimentation justified trials
in humans. In 1955, such clinical trials began at various German university hospitals. The ensuing
publications, referring to several hundred patients, confirmed the sedative properties and claimed
that only occasionally had minor side effects occurred, such as headaches or obstipation (Jung
1956; Esser & Heinzler 1956; Stärk 1956).

From early 1957 onwards, the drug was marketed as a treatment for insomnia, anxiety, and
morning sickness in pregnancies.22 It appeared to offer a breakthrough in terms of side effects and
safety. Patients reported that it induced a very pleasant sleep with few after-effects. Consequently,
Grünenthal marketed the drug not only as a treatment for sleeping problems and against morning
sickness, but also suggested its application as a break from stressful work life. By 1960, thalidomide
was the top selling sedative in Germany. The drug was also sold under licensing agreements in
more than forty countries by the same year.

Beginning with the meeting of the German Association for Pediatric Medicine in September
1960, several physicians informally discussed the impression that thalidomide was causing the
surge of malformations in newborns diagnosed in hospitals around the country. The Hamburg
pediatrician and medical geneticist Widukind Lenz emerged as the most vocal proponent of this
hypothesis. In 1961, he began compiling detailed reports of cases from his own patients as well as
from other regional hospitals. Within a short time, he had collected almost forty cases of children
that he linked to the drug. In a regional meeting of the Pediatric Association in November 1961, he
reported his findings, a presentation which had considerable repercussions beyond the medical
community as well (Kirk 1999, 155; Daemmrich 2004, 62). At the same time, WilliamMcBride, an
Australian physician, published the first article to postulate a causal connection between the
malformations and thalidomide (McBride 1961). Lenz soon followed it with a short report in The
Lancet in January 1962 (Lenz 1962a, 1962b. For the chronology, see Lenz 1988).

During 1962, Lenz and other physicians accumulated further data linking thalidomide to birth
defects. Subsequent publications turned from individual case reports to aggregated data sets
(Daemmrich 2004, 62).23 The evidence showed that the wave of birth defects followed the market
introduction of the drug with a time lag of several months, that the geographical distribution of the
characteristic malformations coincided with the areas where the drug was marketed, and that in
countries where thalidomide was not available, there were no children born with the
malformations (McBride 1961; Dijkhuis et al. 1962; Ward 1962; Wegerle 1962; Weicker &
Hungerland 1962). By that time, the evidence for a causal link between the intake of thalidomide
and the occurrence of the birth defects was such that the drug was withdrawn from the market in
the majority of the countries in which it had been for sale (Kirk 1999, 155–163).

Another consequence of the statistical data was the turn to a second phase of animal
experimentation. Since all available evidence pointed to the hypothesis of a toxic effect of the
compound during the early phase of pregnancy, it was now clear that this specific pathogenic

22Before that, the compound had been marketed for a few months in the winter of 1956/57 as an anti-influenza drug
(Wimmelbücker 2017).

23For examples, see Wiedemann 1961 and 1962; Dijkhuis et al. 1962; Lenz & Knapp 1962; Pfeiffer & Kosenow 1962.
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mechanism had not been looked at in the first stage of animal testing prior to the clinical trials,
simply because no pregnant animals had been used. This was, however, in spite of ample
contemporary evidence that a large number of compounds had been demonstrated to cause
congenital malformations if administered to pregnant experimental animals (e.g., Woollam 1962b).

However, the new attempts to model the toxic effect in pregnant animals did not yield the
results which had been envisaged. Almost none of the experiments in various strains of mice, in
rats, or in cats and chicken yielded the characteristic malformations observed in humans
(Goerttler 1962; Pliess 1962; Seller 1962; Somers 1962; Mauss & Stumpe 1963). Only a few strains
of rabbits and hamsters were responsive to the toxic effect, as were certain strains of monkeys
(Seller 1962; Somers 1962; Delahunt & Lassen 1964). These data actually demonstrated that
different species showed a wide variety of responses to thalidomide. Even more, different strains of
the same species of animals were also found to have highly variable sensitivity to the drug.

The interpretations of these findings on inter- and intraspecies variety were quite different.
A small group of physicians and pharmacologists responded with very critical comments on the
validity of further toxicity tests in animal models. For example, Mary Seller, a clinician scientist at
the Pediatric Research Unit at Guy’s Hospital Medical School in London drew the following
conclusion in view of the considerable interspecies variation regarding toxicity:

May I suggest that although experiments on pregnant animals in the trials of new drugs are
essential, negative results in this respect may prove to be no indication that the drugs are safe
for human use. : : : It seems, therefore, that the only way to investigate this type of danger in
a new drug would be to administer it to pregnant women. This is clearly impossible.
Consequently, the most satisfactory method at the present time, and in the light of the
thalidomide experience, of dealing with drugs with an unknown effect in the pregnant
woman, would appear to be not to administer them, except if absolutely life-saving. (Seller
1962, 249)

Similarly, the London endocrinologist Raymond Greene, referring both to the argument of Mary
Seller and to his own animal experiments with thalidomide, confirmed that “the most careful tests
of a new drug’s effects on animals may tell us little of its effects on humans” (Greene 1962, 452).
He arrived at the conclusion that “animal experiments cannot obviate the risk and may even
prevent the use of excellent substances. We must accept some risk or—perhaps the wiser course—
do without new drugs” (ibid.). This interpretation was also shared by David Woollam, a specialist
in experimental teratology at Cambridge University (Woollam 1962a, 237).

Such evaluations acknowledged the precarious character of the knowledge produced in the
various animal models. They admitted the fact that in any case of future drug testing, it would not
be possible to anticipate which specific animal species might be suitable for predicting potential
hazards in humans, or if testing in animal models might at all yield the results aimed for. However,
as mentioned above, such a critical position was absolutely marginal in the debate.

The majority of physicians and pharmacologists took the broad variety of outcomes of the
toxicity studies in pregnant animals as an argument for the need to implement more
comprehensive procedures of animal testing. For example, the editors of the prestigious medical
journal The Lancet proclaimed in November 1962 that “it can now be said that many of the
thalidomide malformations : : : would have been prevented had the drug been tested in pregnant
females of a sufficient number of species of laboratory animals” (Anon. 1962, 1095). At the same
time, they acknowledged that there was “an urgent need for basic embryological research on a
number of mammalian species before they can be accepted as satisfactory test-animals in the
examination of the teratogenic effects of drugs” (ibid.).

Apparently, the validity of the knowledge itself, which had been produced in animal
experimentation, was not questioned. The problem was rather the insufficient scope and extent of
the actual testing practice (see also Woollam 1962b). In other words, diverting the focus of
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attention to the practicalities, and in particular to the extent of animal testing, served to reconfirm
the reliability of the animal model as such as a source of valid knowledge.

Like the majority of physicians, the conclusion reached by professional bodies and state
regulators concerned with the thalidomide disaster, in particular in the United States, was that
longer periods of data gathering and more comprehensive clinical testing were necessary, as well
as the extension of toxicity studies in animal models, with the regular inclusion of pregnant
animals (Daemmrich 2002). In Germany, a federal law regulating the admission of drugs to the
market had, after long controversies, only been introduced in August 1961, immediately before the
thalidomide disaster became obvious. The new law, however, only formulated very weak and in
part vague rules, due to the pressure from the pharmaceutical industry and political parties
representing the former’s interest (Kirk 1999, 20–34; Lenhard-Schramm 2017, 136–146). It only
required that the pharmaceutical company register the new compound with the responsible state
agency, without any necessity of preceding animal tests or clinical trials on the efficacy, efficiency,
or side effects of the drugs—a requirement which was essential at the time according to the
regulations of the US Food and Drug Administration, and also according to the Dutch
pharmaceuticals act (Stapel 1988, 247–251; Daemmrich 2004). Instead, in Germany, the producer
of a new compound was expected merely to submit a report of experiences (Erfahrungsbericht) on
problematic side effects, compiled by physicians employed by the company (Bundesminister für
Justiz 1961, 538).

Thus, at the time when thalidomide was brought to the market in 1956/1957, the only
requirement was to register the compound, without any specific conditions for prior testing in
animals or systematic clinical trials. However, once the evidence for the severe side-effects
following the administration of thalidomide had solidified by the end of 1961 and the drug had
been taken off the market in November of that year, debates about the obvious limitations of the
new law rapidly intensified, and the increasing knowledge about the case amongst physicians,
relatives of the victims, and the public led to enormous pressure on state agencies to revise and
clarify the law. After intense negotiations, a decisive revision to the law was implemented in June
1964. Now, it made the presentation of extensive written documentation on preclinical and
clinical trials by pharmaceutical companies an obligatory requirement before applying for
admission to the market (Kirk 1999, 156–182; Lenhard-Schramm 2017, 151–162).

For the first time, animal tests were mentioned as part of the obligatory preclinical trials.
Producers had to confirm that the compounds had been tested “sufficiently and carefully
according to the state of available scientific knowledge,” but without further specification
(Bundesminister für Gesundheitswesen 1964, 366). Remarkably, however, in the debates
surrounding the implications of the thalidomide disaster and the potential consequences for
stricter regulations, there was no discussion broaching the critical statement of Mary Seller, that is,
no systematic evaluation of the intrinsic limits and hazards of the animal model preceding any
clinical trials. Accordingly, the revised law did not specify any rules for animal experimentation
prior to clinical trials. The rationality of the use of animal models to develop new compounds for
application in humans remained uncontested.

The case of the antibody TGN1412

On 13 May 2006, six healthy young men in a London hospital received an intravenous injection of
a new monoclonal antibody. It was a first-in-human or phase 1 clinical trial, that is, the first
application in humans of a new drug, after extensive tests in various animal models. The
compound was designed as an immunological treatment against autoimmune disorders such as
rheumatoid arthritis or multiple sclerosis. Within minutes after the administration, all six research
subjects experienced massive headaches, nausea, and fever, and after a few hours, the volunteers
developed a life-threatening cardiovascular shock and multi-organ failure. They survived only
after being transferred to an intensive care unit. Two of the volunteers were in a coma for one
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week, one of them even for three weeks. One of the volunteers suffers from lifelong damage to his
fingers and toes as a result of necrosis. The long-term effects of the drug’s administration are still
under investigation today.24

The clinical phenomena experienced by the research subjects were interpreted as the result of
the systemic release of pro-inflammatory cytokines, termed a cytokine-release syndrome (CRS)
(Suntharalingam et al. 2006), in effect an overreaction of the immune system. As one of the
immunologists responsible for the development of the new drug later reported in an article in
Nature Reviews Immunology, “a shock wave went through the scientific community, the
biotechnology industry and the regulatory authorities, who [all] asked why preclinical testing [in
animals] had failed to warn of the impending catastrophe” (Hünig 2012, 317). Other authors
talked of the “TGN1412 disaster” (e.g. Eastwood et al. 2010, 513; Tranter et al. 2013, 164).

What had been the exact reasoning and the intended effect before TGN1412 was administered to
humans, and what went wrong? Before the phase 1 clinical trial, first experiments in rats had shown
that the new antibody had two modes of action. First, it stimulated the immune response through its
impact on the CD 28 receptor on effector memory T lymphocytes. Second, through a parallel
pathway which also involves the CD 28 receptor, it moderated the immune response by triggering a
regulatory type of T cell (Tacke et al. 1997; Lin & Hünig 2003). Thus, after these initial animal
experiments, it was clear that the CD 28 receptor was part of a quite complex system of stimulation
and moderation to maintain a balanced regulation of the immune system. In fact, it was also known
that this system is embedded in a much broader, far more complex apparatus of immune-regulation,
which was not fully understood even many years after the disaster (the unresolved problem of
complexity was acknowledged post factum, e.g. in Pallardy & Hünig 2010, 511).

Further tests in animals had shown that the antibody’s second property, the selective
downregulation of the immune response without a general suppression of the immune system,
was particularly promising. This mechanism led Thomas Hünig, the leading scientist involved,
and his colleagues to expect that the newly discovered antibody might be used to treat various
autoimmune disorders (Beyersdorf et al. 2006), that is, disorders which are characterized by an
overreaction of the immune-system against the body’s own cells. Trials with animal models of
rheumatoid arthritis and multiple sclerosis in mice and rats had confirmed this hypothesis: the
rodents recovered from their conditions and did not show any side effects (Beyersdorf et al. 2005).
In a further step, experiments in macaque monkeys had shown similar therapeutic effects, and
again, no serious adverse reactions, such as an anaphylactic shock or immunosuppression
(TeGenero 2005). These experiments on monkeys were of particular relevance, because the
knowledge available suggested that the properties of the binding site and the affinity for the
TGN1412 antibody were almost identical in humans and this primate species, whereas there were
significant differences between humans and rodents regarding these parameters (Hanke 2006).

24The clinical course of the events is described in detail in Suntharalingam et al. 2006. An explanation for the events six
years after the failure, as seen by one of the immunologists who developed the compound, may be found in Hünig 2012. A first
account from the point of view of the philosophy of science is given in Lemoine 2017. It is a critique of what Lemoine calls the
conventional “transportation view” of extrapolating knowledge from the animal model to humans, in contrast to which he
proposes an alternative “chimera view” (Lemoine 2017), following previous analyses by Huber & Keuck 2013, and Baetu 2014.
However, in his reconstruction of the “transportation view,” Lemoine directly follows the accounts of the scientists involved
(thus, for instance, concluding that their approach is inductive), which he then juxtaposes with his own theoretical analysis
(identifying “in fact” a deductive approach in the case). This procedure may be seen as the result of an asymmetrical standard
of judgment, since he thereby ignores previous insights from the STS tradition which have broadly demonstrated the gamut of
explicit and implicit “pre-empirical” presuppositions entering into empirical laboratory research. Lemoine also ignores the fact
that Thomas Hünig, the leading scientist involved in the TGN1412 case, himself acknowledged a kind of “chimera” procedure
when he explained that the three preclinical “test systems” each addressed different aspects of the mechanisms triggered by
TGN1412, which only if seen together may yield a comprehensive view of the relevant combined dynamics initiated by the
compound (Pallarey & Hünig 2010, 510; Hünig 2012, 318).
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The requirements formulated in the then relevant guidelines from regulatory agencies
(following the European Clinical Trials Directive 2001/20/EC) recommended carrying out
toxicology and safety pharmacology analyses in two “relevant animal species” (one rodent and one
non-rodent) to identify the target organs—a requirement fulfilled by the preclinical testing of
TGN1412. Since biological agents and especially therapeutic monoclonal antibodies generally
exhibit exclusive species specificity for the target antigen, the most difficult task for non-clinical
safety studies is to find a “relevant species.”

In the preceding years of therapeutic monoclonal antibody development, a relevant animal
species had usually been defined as a species showing antibody binding to the animal homologous
target and also comparable pharmacological effects. In the case of TGN1412, the cynomolgus
(macaque) monkey was considered a potential candidate for a relevant animal model on the basis
of the data on the sequence homology of CD28 as target structure. The data on binding affinity
and pharmacodynamic downstream effects in the nonhuman primates were also taken into
account (Schneider et al. 2006, 494). After an official review of the data from the animal
experiments, the responsible state regulatory bodies in both Germany and Britain agreed to phase
1 trials. It was only the sluggishness of the German regulatory bureaucracy which led to the
decision to choose London for the study.

What were the explanations for the failure of the new compound in the phase 1 trial? The core
problem was that the cytokine storm, that is, the massive immune stimulation, had not been
expected after the tests in the animal models, because there, no such stimulation had occurred. In a
first reaction only two weeks after the failure, the editors of The Lancet formulated what they
perceived as the range of potential causes, noting that “it is unclear whether there was a fault with
the quality of the drug, contamination, a deviation from the protocol, or whether this was an
unpredicted adverse event” (Editors 2006, 960). The possibility that the reliance on positive testing
in the animal model as the last and decisive step before the application of the compound in
humans might be the core issue—the argument that had been brought forward, for example, by
Sellar and Greene in the same journal in the context of the thalidomide case—was not addressed
as such.

However, a few months later, Marcel Kenter and Adam Cohen, representatives of Dutch
institutions involved in the planning and regulation of first-in-human trials, articulated a
somewhat more critical point of view. They argued that until the 1980s, “small molecules with
fairly well characterized, classic, pharmacological mechanisms” had been tested in drug trials, and
pre-clinical testing in animal models had been adequate for these kinds of substances. In contrast,
since the 1990s, the advent of new, “increasingly potent and selective compounds for human-
receptor systems led to situations in which predictability from animal data was diminishing”
(Kenter & Cohen 2006, 1387). Similarly, but with focus on the recent disaster, representatives of
the German regulatory authority Paul Ehrlich Institute diagnosed that “the adverse effects
associated with the TGN1412 phase 1 trial indicate that the predictive value of animal models
requires re-evaluation” (Schneider et.al. 2006, 493). However, beyond this initial and short critical
comment on the validity of animal models in general, they continued, “that, in certain cases,
standard clinical protocols [defining the preconditions of clinical trials] may need refinement or
redesign” (ibid.). In their further deliberations, they spelled out what this “refinement or redesign”
would entail, namely modifications to the practicalities related to testing in animal models, but no
reassessment of the more basic issues related to this methodological tool.

In view of the experience with TGN1412, Richard Horton, the editor-in-chief of The Lancet,
invited authors to submit reports specifically of phase 1 trials to the journal, if they met two of the
following three criteria: Did the trial test a novel substance for a novel indication in a specific
disease; was there a strong or unexpected beneficial or adverse response to the medicine; and did
the study throw light on a novel mechanism of action (Horton 2006)? This call for papers was a
corollary of the apparently new awareness that, until this date, comparatively few reports about
phase 1 trials had been published (in contrast to phase 2 and 3 trials immediately preceding
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market introduction), with the implication that only scarce public information was available about
the concrete experiences and hazards involved in the transfer of knowledge from animal models to
humans (see e.g. Decullier et al. 2009). Indeed, as another author had observed in an article in
Science published a few weeks before Horton’s appeal, phase 1 studies were routinely rejected by
high-impact-factor medical journals (Kaiser 2006, 1853). Significantly, however, in the years
following Horton’s appeal, the number of publications on phase 1 trials increased only modestly,
and the cases reported almost completely avoided the reconstruction and analysis of “unexpected”
and “adverse” responses, which Horton had listed to be of particular interest (Horton 2006, 827).

Back to the case of TGN1412. In the years after the disaster, it became clear that the missing
effect of massive immune-stimulation in the animal models, and thus the absence of severe
adverse reactions, had different reasons in the rodents and in the monkeys. In humans, the
casualties had been shown to follow an accumulation of stimulating T cells, which is driven by
multiple exposures to infectious agents. But it turned out that this accumulation does not occur in
rodents housed under clean laboratory conditions (Hünig 2012, 317). As a consequence, the
rodents had a relatively low proportion of stimulating T cells in comparison with the number of
moderating regulatory T cells, leading to the overall result of a strongly moderating impact in the
experiments with mice and rats. Thus, it may be concluded that, in the case of the rodents, the
artificial conditions of the laboratory in which they were grown led to the production of a kind of
knowledge which was both pre-structured and limited by these conditions. This knowledge from
the animal model deviated in a decisive way from the requirements of strong, valid knowledge for
a treatment’s application in humans, but that aspect became clear only in hindsight.

And what about the monkeys? Given the supposedly known identity of the antibody binding
site and of the binding affinity to the stimulating effector T cells in humans and macaques, the
mechanism of the intervention appeared to be clear, and was part of the unquestioned
assumptions for the downregulation of the immune response observed in the monkeys, and the
intended downregulation in humans (as documented in the brochure by the responsible biotech
company: TeGenero 2005). Only several years after the disaster, after a number of other potential
explanations had been ruled out, was a surprisingly simple explanation for the difference between
monkeys and humans discovered. The knowledge about the CD 28 molecule on effector T cells of
the macaques referred to precursor T cells, that is, to an early developmental stage of this type of
T cells (Eastwood et al. 2010; Pallardy & Hünig 2010). Contrary to previous assumptions, it turned
out that these precursor T cells lose the decisive CD 28-binding site for the antibody during their
development to mature effector T cells. In this, they differ from the equivalent human precursor
T cells, which do not lose the binding site. Again, this crucial difference was not only unknown
before the phase 1 trial, but, more importantly, there was no awareness at all that there might be a
relevant problem on this level.

Thus, with regard to the experiments on the macaques, the assumed high validity of the
knowledge produced in the animal model relied on the unquestioned presupposition that humans
and primates shared a basic immunological structure for the biological mechanism targeted, a
presupposition which in retrospect turned out not to be valid. As Hünig noted a number of years
after the disaster, this non-identity of a central target structure was “a fact not predictable for
investigators and regulators alike, during preclinical development at the time : : : using a wrong
model for hazard identification will always yield wrong results” (Pallardy & Hünig 2010, 511).
A group of pharmacologists at the UK National Institute of Biological Standards and Control, a
government regulatory agency, even talked more generally of “the poor predictive value of
standard preclinical safety tests and animal models” (Stebbings et al 2013, 75). Thus, in view of
mounting evidence for previously unknown differences in species in terms of basic immunological
mechanisms, one might assume that the dramatic case of TGN1412 should have led to the insight
that the knowledge gained in animal models is intrinsically precarious, and that, therefore, the
animal model should be fundamentally questioned as a core method for establishing the safety and
efficacy of drugs.
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However, on the level of the responsible regulatory authority, there appears to have been no
recognition of such basic implications. In July, 2007, as an immediate consequence of the
TGN1412 disaster (that is, before the later clarification of the likely causes described above), the
Committee for Medicinal Products for Human Use of the European Medicines Agency (EMA)
enacted a new guideline for “first-in human” trials of new drugs. It required, amongst other points,
more information on the mode of action of the new compound which was to be tested in humans,
and on the structure of the molecular target. In addition, variations in the expression of the target
structure in the general population were to be clarified before first-in-human use, and a
“demonstration of relevance” was required of the specific animal models used to produce
preclinical data on the pharmacological and toxicological properties of the new drug. Finally, a
strictly sequential procedure was prescribed for the concrete application, rather than the previous
practice of simultaneous administration to small cohorts (EMA 2007). After the likely causes of
the TGN1412 disaster had been clarified by 2012, a revision of these guidelines was apparently not
deemed to be necessary. Instead, a revision regarding practicalities of the administration in
humans was initiated only after the next disaster had occurred in early 2016, when, in the context
of the phase 1 trial of the compound BIA 10-2474, one participant died and four were left with
long-term neurological symptoms.25

Again, as in the previous examples of tuberculin and thalidomide, the failure of the phase 1 trial
of TGN1412 pointed to some fundamental inherent weaknesses of the knowledge produced in
animal models in general, such as inter-species differences, or only partly known intra-species
developmental processes that imply significant disparities in the expression and activity of basic
immunological structures. In addition, this case made clear that the artificial environments in
which the laboratory animals were grown, and the related lack of exposure to, for example,
infections, may well be a further critical point influencing the development of the immune system
with its inherent memory function, and a potential cause for different immunological effects in
laboratory animals as opposed to “free range” humans. As in the earlier cases of tuberculin and
thalidomide, these various weaknesses of the knowledge produced in animals became visible only
in the aftermath of the failure.

One would have expected that the fundamental issues raised by the failure, such as the
precarious similarity between the animal models chosen for preclinical testing and the human
organism, or our inherently incomplete knowledge about complex and essential immunological
mechanisms, would be on the table and ready for critical analysis. However, in their reactions to
the failure, both the scientists involved and the regulatory authorities focused their attention and
conclusions not on the animal model as such, but on technical details of the case-specific forms of
animal models, and beyond that, on the practicalities of the application in human volunteers.

The origins of the idea of an animal model
The examples of failure described above26 indicate that there appears to be almost a blind spot, or
an inability to acknowledge and discuss potential intrinsic limitations, when it comes to the animal
model. Significantly, however, these limitations, and the issues that arise from them, were
definitively seen at the very outset of the animal model’s career. This will be the focus of the
following section.

Conventionally, the origins of the animal model in the broader sense (as defined above) are
localized in the second half of the nineteenth century (e.g. Canguilhem 1977; Bynum 1990). In this

25Before the application in humans, BIA 10-2474 had been tested in mice, dogs, monkeys and rats (Butler & Callaway 2016;
Randerson 2016). The revised version of the EMA guidelines was published in 2017. It formulatedmodified rules on sentinel dosing,
definition of maximum exposure, and decisions on dose escalation steps (EMA 2017; see also Breithaupt-Grögler et al. 2019).

26Further examples could easily be added, such as e.g. the BIA 10-2474 incident in France in January 2016 mentioned above
(see Butler & Callaway 2016, Randerson 2016).
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context the bacteriologist Robert Koch is usually regarded as the one who, in the years around
1880, established the use of animals in the laboratory as the most efficient way to obtain
knowledge about human diseases (Gradmann 2005b, 78, 84). Yet Koch was by no means the first
to employ experimentation in animals to clarify pathological processes in humans. Some medical
researchers interested in human pathology, such as Francois Magendie, Ludwig Traube, and
Rudolf Virchow, had used systematic experiments in animals already in the first half of the
nineteenth century. Their primary aim in doing so, however, was to study the effects of specific
interventions on healthy organisms, such as cutting the vagal nerve, or administering chemicals,
followed by an evaluation of the ensuing effects in post mortem investigations of the animals (see,
e.g., Schmiedebach 1993). Others, such as Claude Bernard, used similar procedures, with the aim
of elucidating physiological processes by drawing inferences from the resulting losses of function
to the proper physiology of living organisms. None of these scientists, however, made any
systematic attempt to recreate or model human diseases in living animals, in order to then study
disease mechanisms and potential forms of therapeutic intervention.27

On a theoretical and programmatic level, the Göttingen anatomist and physiologist Jakob
Henle argued for the need to introduce systematic experimental work into research on human
diseases in the years around 1850. In this context, he also postulated that diseases in humans were
“experiments of nature,” which should be systematically investigated by the physiologist interested
in human pathology—a further step approaching the idea of human diseases as objects of
experimental inquiry. In his correspondence with Henle in the mid-1850s, the physiologist Carl
Ludwig developed the idea of an experimental pathology which would attempt to artificially
produce disease conditions (Krankheitsbilder) in the laboratory that resemble those in humans,
but did not put this program into practice (see Roelcke 2013, 26–29).

Indeed, it was one of Koch’s mentors, the pathologist Julius Cohnheim of Breslau, who, in the
1860s, started practical laboratory work to reproduce human disease processes in animals for
further experimental research in such artificially created conditions. Cohnheim’s methodology
had considerable influence on Koch’s early bacteriology. Koch visited Cohnheim’s laboratory in
Breslau, first in 1876 and again in 1877, in order to demonstrate his own findings on anthrax, and
to study the methodology of animal experimentation (for these visits, see Gradmann 2005b, 78).
In this section, I shall more closely examine Cohnheim’s considerations about the possibilities and
limits of knowledge production by means of the animal model.28

The point of departure for Cohnheim’s ideas was the broader interest among mid-nineteenth-
century pathologists in inflammation as a fundamental phenomenon in many disease processes.
In this context, Cohnheim decided, around 1860, to dedicate his dissertation to the topic of
inflammation (Maulitz 1978). A central conclusion of this work was that some fundamental
questions in the etiology of inflammatory processes could well be approached by substituting
animals for human subjects (Cohnheim [1867] 1914).

In the following years, Cohnheim and his colleague Bernhard Fränkel developed a new
technique for transferring a specific human disease, in this case tuberculosis, to animals. Initially,
Cohnheim’s interest here was not the study of the disease itself. Rather, he pursued the question of
whether, by transmitting tissues or substances from one body to another, “it is at all possible to
generate a condition in guinea pigs that corresponds to tuberculosis in human beings” (Cohnheim
& Fränkel 1868, 265).

It is of particular interest to note that Cohnheim explained his choice of experimental animal
with two quite pragmatic considerations. First, he asserted that guinea pigs, in contrast to other

27One exception might be Bernard’s description of his production of “artificial diabetes” in animals which, however, again
occurred in the context of his interest in the “normal” metabolism of glucose and glycogen (e.g. Bernard 1865, 304–305; see
also Grmek 1965). In contrast to the case of Cohnheim described below, Bernard was apparently not at all interested in the
general issues around the possibilities and limitations of such “artificial” diseases in animals.

28The following is described in more detail in Roelcke 2013: 29–34.
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animal species such as rabbits, are much more rarely affected by undesired concomitant parasitic
diseases. Second, he noted that, in the guinea pig, the area on the animal’s abdomen where the
inoculation was to take place was easily accessible, which would allow the consequences of
inoculation to be observed without any problems (ibid., 264–265).

Several years later, in 1882, Cohnheim elaborated on the issue of producing human disease in
animals in his Lectures on General Pathology. Here, he defined disease as a deviation from the
regular process of life through changes in the normal conditions of life. For him, it followed that
the causes of disease were changed conditions of life, and therefore factors located outside of the
organism. He clearly acknowledged that an adequate investigation of the plethora of factors
affecting human beings from the outside would theoretically require including a broad spectrum
of sciences. The relevant reference disciplines that deal with the external living conditions of
humans, he continued, included natural science disciplines such as chemistry, botany, zoology.
However, Cohnheim stressed, the social sciences would be needed as well (Cohnheim 1882, 10).

Cohnheim found the broad spectrum of potential causes of diseases so extensive and complex,
however, that he chose to restrict his own interest to “physiological pathology,” a subspecialty of
pathology that focused not on the first causes of diseases (that is, etiology), but on the “functions of
organs under pathological conditions” triggered by external causes (ibid., 11–12). Cohnheim thus
made a conscious and pragmatic decision taken by to reduce his scientific attention entirely to the
body’s interior and to the internal dynamics of disease formation, because only these processes
were accessible to the laboratory sciences. At the same time, he was very aware that by doing so, he
excluded many relevant factors from his attention in order to arrive at a simplified and easily to
utilize model of disease mechanisms (ibid., 12).

For Cohnheim, the animal model enabled pathologists to produce a kind of knowledge with a
validity similar to that produced in the natural sciences by making use of experiments, in contrast
to the previously dominant methods, in particular systematic observation and deduction. Yet, as
mentioned before, he was very conscious of the fact that the methodological scope of the natural
sciences was not sufficient to elucidate all the relevant dimensions of human disease. There would
always be aspects of disease which would be inaccessible to experimentation in the animal model,
namely “all of those processes which are peculiar to human beings and neither occur
spontaneously in animals nor can be artificially produced—and there are quite a lot of these, even
apart from mental processes, many of them quite important” (ibid., 14-15).

With this and his previous statements, Cohnheim expressly addressed four limitations to the
animal model which might be of general relevance:

1. Human disease produced in the animal is of an artificial character. This artificial character
creates features of the constructed disease in the animal that deserve special attention. In
addition, this implies that the existing understanding of a specific disease condition prior to
the modelling process will be the framework for the construction of the target in question,
and thus pre-structure it.

2. The knowledge of disease processes produced in animals is selective, not comprehensive. In
particular, it does not cover the “first causes” of diseases, that is, their etiology, but only the
“dynamics of disease formation” within the body (their pathogenesis), and this is a
consequence of a decision taken by the researcher.

3. Of necessity, the choice of animals is driven not only by the “nature” of the condition which
is to be modelled, but also by pragmatic reasons, that is, the feasibility of the actual work
with the chosen animal. With this, Cohnheim brought up the question as to whether
focusing on the utility of an animal in the context of experimental practice might,
intentionally or not, have an impact on the researcher’s attention to the targeted
pathological processes. In effect, the feasibility of experimental work might indeed override
considerations of what might be termed “similarity” between the human disease, and the
artificially induced condition in the animal.
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4. A range of important disease processes “which are peculiar to human beings” are not
accessible by the animal model. This, at first glance, sounds rather vague, but taken together
with Cohnheim’s reference to the importance of the social sciences, it makes clear that he
had some awareness of the impact of social relations as well as social institutions on the
causation and course of diseases in general, even those conventionally called somatic
diseases.

Conclusions
The reconstruction of Cohnheim’s path to the animal model, and his reflections on its use and
limitations, enable a sharpened and potentially more critical view of this basic methodological tool
of medical research. Such a sharpened view may be used to look at the broader history of animal
models of human disease, and the various evaluations of their validity that have been employed in
specific historical contexts.

As I have shown, such a history arguably might start with Cohnheim’s work and
acknowledgment of the artificial nature of the animal model, of the conscious selection, that
is, reduction of features of this artificial disease, and of the precarious validity of the (selective)
knowledge produced by utilizing it. Furthermore, Cohnheim was very aware of the pragmatic
reasons for the choice of animals used, that is, a basic contingency inherent in this artificial
knowledge, as well as various limitations resulting from factors such as significant inter-species
variation in basic biological functions. Finally, he accepted that certain important dimensions of
human diseases, in particular the socio-psychological dimension, are generally not accessible by
the methods of the natural sciences as applied in the animal model.

With the limitations spelled out by Cohnheim in mind, we may realize that the explanations for
the various failures described above, and the ensuing conclusions formulated by the scientists
involved, their colleagues, and regulatory agencies, addressed only in part the range of aspects
which might contribute to the precarious validity of any knowledge derived from animal models.
Remarkably, the social dimension intrinsic to the development, symptomatology, and further
course of diseases, which Cohnheim clearly acknowledged, was particularly and completely absent
in any of the deliberations of later medical researchers and regulators. This is true despite the fact,
for instance, that the methodological standards of placebo-controlled and double-blind studies in
clinical trials imply that the relevance of the underlying psychosocial processes is not contested in
the practice of phase 3 clinical trials.

The generation after Cohnheim, headed by Robert Koch, crucially re-evaluated the animal
model, amounting to what might be called an epistemological upgrade. After Koch had succeeded
in using the animal model to identify the pathogens of wound infection, cholera, and tuberculosis,
which won him enormous prestige and acclaim, the epistemological status of the animal model
was elevated. What had previously been a helpful and important methodological tool for specific,
but limited questions now became the obligatory and de facto singular method for the production
of strong knowledge on human diseases.

Following this epistemological upgrade, and concomitant with the privileged status of
experimental methods in medicine starting around the end of the nineteenth century, the concept
of the animal model moved center stage in medical research and became a constitutive element of
the production of valid knowledge on human diseases. In a way, one might speak of a culture of
biomedical research in human disease which, for more than a century, took the value of this
methodological tool as self-evident, and more or less beyond question. This configuration of
epistemological privilege was supported by ethical considerations, which argued that potentially
hazardous experimental interventions in humans should, if at all possible, be replaced by
analogous interventions in animals.
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Although regular and in part spectacular failures occurred in the transition from the animal
model to phase 1 trials in humans, these events led to little more than temporary irritation about
this process of knowledge transfer. Even when individual scientists brought up the question as to
the precarious validity of the animal model, and the hazards associated with the knowledge
derived from it, the overwhelming majority of the biomedical scientists involved, as well as the
responsible state or transnational regulatory authorities, reacted on a completely different level.
They focused their attention on issues related to the selection of suitable animals, on problems
with the practical execution of the experiments in animals, or on procedures related to the first
administration in humans, such as proper recruitment of research subjects, or the sequential
application of new compounds. The focus on these aspects meant that the limitations and ensuing
weaknesses of the animal model itself were more or less bracketed out of any systematic scrutiny,
and instead, as an indirect result, the supposedly strong validity of the knowledge derived from the
animal model was reconfirmed.

Similarly, the high attrition rate of new therapeutic compounds entering phase 1 trials has not
really led medical researchers to question the utility of the animal model. As mentioned
previously, a number of recent empirical studies have shown that over a period of at least ten years
in the early 2000s, the knowledge produced in the animal model was unsuitable for application in
humans in approximately nine out of ten cases (e.g., Hackam & Redelmeier 2006; van der Worp
et al. 2010; Anon. 2012; Cummings et al. 2014; Hay et al. 2014; Perrin 2014). In spite of such data,
the authors of one major study published in 2014 who had found such remarkable attrition rates
in their conclusion argued for “more predictive animal models” to increase success rates. Further
strategies they recommended were “improvements in communication between sponsors and
regulators,” “greater flexibility with surrogate endpoints [of clinical trials],” and “improved
technologies for assessing patient risk-to-benefit” (Hay et al. 2014, 50). But the more basic idea of
focussing on the validity of the knowledge actually obtained from the animal model was
conspicuously absent.

If corroboration in empirical practice is taken as the core criterion for the “strong” character of
any knowledge, the repeated failures related to the transfer of knowledge from the animal model to
human research subjects, not to mention the high attrition rates of therapeutic compounds
entering phase 1 trials, cast doubt on evaluations that do not address the validity of knowledge
from animal models as such. In view of the empirical evidence delineated here, the knowledge
produced in animal models of human diseases appears to be of a rather precarious, or weak
character. The lack of attempts of the scientists concerned, as well as of state regulatory authorities,
to look into the causes of such failures in terms of the validity of the animal model is an interesting
phenomenon. Indeed, the almost indestructible belief in the epistemic value of the animal model
and the fact that its use has persisted despite obvious failures needs some explanatory reflection.

One possible explanation might assume that the scientists concerned had a realistic
appreciation of the empirical data on high attrition rates and sometimes disastrous failures. In this
case, the research community would openly accept the poor outcome of animal model-based drug
research as inherent to the methodological approach itself, but would continue its practice in spite
of this awareness, since the success rate of around 10% justified the price. However, almost all
explanations and justifications presented by the historical actors in the cases described here
illustrate that such an awareness and, based on this, an open risk-benefit calculation, is not to
be found.

An alternative explanation might argue that the historical actors attributed a high priority to
“risk substitution,” namely the ability to follow up research hypotheses about potential
pathomechanisms and therapeutic interventions in animals instead of humans, and thus to reduce
the risk of exposing human subjects to severe side effects. In this view, the ethical dimension of
using animal models to study human diseases may either have made the poor success rates more
acceptable, or even have blurred systematic and critical analyses of the epistemological
shortcomings and costs (which, in fact, in themselves include human suffering). However, the
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historical evidence presented here indicates that such ethical considerations, if formulated at all,
were completely marginal in the deliberations of the researchers concerned with the failures. This
does not, of course, exclude the possibility that looking at more cases, and potentially making use
of further sources (such as private letters or diaries), would reveal a different picture of the
historical actors’ systematic weighing up of the epistemological and ethical dimension of their
practices.

A third potential explanation might refer to Thomas Kuhn’s concept of scientific paradigms.
The persistent belief in the epistemic value of the animal model might then be interpreted as a
reasoning which accepts the presuppositions and assumptions—explicit as well as implicit—of a
shared set of general rules and practices, given by a specific and successful example of actual
scientific practice, which in turn define how to approach, define, and solve open questions within a
research community. Within this set of shared rules, practices, and assumptions, which constitute
the ramification for a period of “normal science,” there is no perceived need to question
fundamental assumptions (Kuhn 1970, 10–11).

This explanation and interpretation appears to be most in tune with the cases described here.
Starting with Koch, the historical actors simply assumed and accepted the strong validity of the
knowledge obtained from the animal model, without providing adequate justification for such an
assumption, even in the face of massive failures.29 The basic presuppositions underlying the
methodological approach, such as the artificial and selective “nature” of the disease modelled in the
animal, the inherent exclusion of empirically known determinants for the causation and course of
human diseases (such as psycho-social factors), and the impact of contingent interferences related to
the practicalities of dealing with animals in the laboratory, were—if at all—only sporadically and
marginally mentioned in the cases analyzed here, but not addressed in an obligatory and systematic
fashion.

The historical key to understanding this phenomenon may be related to the “epistemological
upgrade” of the animal model, which, in the narrative outlined here, is historically situated
between the deliberations of Cohnheim, starting in the 1860s, and the practices, assumptions, and
justifications of Koch and his followers, such as Ehrlich and Behring, in the 1890s. More
specifically, Koch’s success in the early 1880s in proving that tuberculosis in humans was linked to
a bacterial agent by means of an animal model may be seen as establishing this paradigm.30

Further historical research is needed to elucidate the specific mechanisms and dynamics in the late
nineteenth century, which created the kind of unquestionable epistemological authority that has
been attributed to the animal model for more than a century.
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