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INTRODUCTION

In this age of complex and wonderfully powerful technologies, it is easy to for-
get that scientific research is primarily about ideas. The fact that science is also
about numbers, as Max Delbriick insisted, is somewhat less obvious. The best sci-
entists build their experiments around an exciting hypothesis, using solid tech-
niques and strict quantitation. A few carry a dominant infusing paradigm from
one problem to others, fertilizing several research areas. A very few indeed reach
the pinnacle again and again; for them we reserve the term genius and from them
we must learn. A tiny handful achieve such luster as to outlive their era and shine
on into history. One such, indubitably, is Paul Ehrlich. For this reason, a penetrat-
ing and sensitive analysis of his work is a major intellectual event. All serious
observers of the triumphant scene that is modern immunology should therefore be
very grateful to the distinguished immunologist and historian Dr. Arthur M. Sil-
verstein for describing so clearly Paul Ehrlich’s “magificent obsession.”

Most immunologists would know Paul Ehrlich for three things: the introduc-
tion of quantitative methods into the study of antibodies and antigens; the side-
chain theory, which was the distant forerunner of clonal selection; and the dis-
covery of Salvarsan. Silverstein indeed summarizes and discusses these
admirably, but he does much more. He places them into an unbroken chain of
research, showing us wonderful work spanning a full 38 years. Furthermore, he
reveals that a single preoccupation provided the thread linking quite disparate
research endeavors, namely that biological processes depend on the interaction
between a substance and a preformed receptor—an interaction that was specific
and depended on stereochemical fit. Ehrlich remained faithful to this paradigm
all his life.

X1



XI1 INTRODUCTION

We learn about Ehrlich’s early work on staining reactions of tissues with
dyestuffs, a chemistry-rich M.D. thesis in which the seeds of the idea of biologi-
cal specificity are already apparent. This interest leads to the development of
techniques to stain blood cells, with Ehrlich identifying basophils, eosinophils,
and neutrophils. The basis is the staining of the granules of these polymorphonu-
clear leukocytes with basic, acidic (eosin being the typical one), or neutral dyes.
The great Max Wintrobe therefore recognized Ehrlich as one of the fathers of
modern hematology. Ehrlich also discovered how best to stain Koch’s tubercle
bacillus and briefly worked on tuberculin. Much more significant studies, how-
ever, were those on the plant toxins, ricin and abrin, in which Ehrlich first demon-
strated his ability to introduce rigorous quantitation into immunity research—that
is, the standardization of toxin activities and of antibody strength. These predated
the work of Behring and Kitasato on the treatment of diphtheria by the passive
injection of antitoxin antisera from various animals. It was logical and relatively
simple for Ehrlich to apply the knowledge gained via the plant toxin system to the
urgent questions of how to produce very high-titred sera and how to standardize
the doses used in treatment. It was really Ehrlich’s clinical trials that proved the
value of Behring’s discovery, which had previously been bedevilled by inconsis-
tent and variable results. Furthermore, in the plant toxin studies, Ehrlich had
essentially solved the problem of transfer of antibodies from mother to infant,
showing that this involved both transplacental transport and passage of antibodies
via the milk. Thus, he was in a position to use goat and cow milk as an alternative
to serum as a source of antitoxin. This approach appears not to have been fol-
lowed actively, and soon horse serum became the standard clinical tool, ruling the
therapy of diphtheria for 30 years. Then, diphtheria toxoid was perfected and
active immunization gradually took over.

The nature of the antigen—antibody interaction preoccupied Ehrlich greatly.
Even famous men make mistakes. Thus, Ehrlich argued with Svante Arrhenius
about the reversibility of the reaction, claiming that when antigen and antibody
met, a chemical reaction akin to covalent bonding took place. Of course, in many
situations that Ehrlich encountered, the bivalence (or multivalence) of antibodies
made the reaction operationally irreversible. Ehrlich was also wrong in his argu-
ment with Jules Bordet about complement, claiming that immune hemolysis
could not be explained without a multiplicity of complements. Dr. Silverstein
produces a fascinating insight into Ehrlich’s mind as he takes us through the elab-
orate contortions of theorizing, ad hoc argument piled on ad hoc argument,
because of course Ehrlich thought that he was always right.

In no area was this self-confidence more apparent than in Ehrlich’s side-chain
theory. This held that antibodies were specific receptors on the cell surface, which
preexist as natural molecules. When the antigen (e.g., a toxin) enters the body, it
combines in a stereospecific manner with the receptor and neutralizes it, thus set-
ting up a process whereby the body needs to make up for the deficiency by form-
ing more receptors. With further injection of antigen, the process overshoots and
excess natural antibodies spill into the serum. Silverstein sees the pictorial form
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of this theory, as presented in 1900 in Ehrlich’s Croonian Lecture of the Royal
Society, as epitomizing his magificent obsession and also as having been particu-
larly influential. This side-chain theory was the crowning glory of Ehrlich’s
excursion into immunology. After 1901, his fertile mind and active laboratory
research turned elsewhere.

Although Ehrlich’s work on cancer, using various transplantable tumor mod-
els, was not particularly successful, his shift in 1905 into the chemotherapy of
various infectious diseases provided the last glorious chapter of this remarkable
scientific life. He used screening techniques and chemical modifications of
promising compounds to attempt to find the “magic bullets” capable of killing
pathogens while leaving the host unharmed. In June 1909, Ehrlich’s faithful asso-
ciate Sahashiro Hata, recently arrived from Japan, tested compound number 606
in a variety of infections. It soon proved capable of curing syphilis, and, with the
drug christened Salvarsan, the modern era of scientific pharmacology was ush-
ered in. Had he lived long enough, Ehrlich would surely have won a second Nobel
Prize for this feat.

Silverstein concentrates on giving us a full and satistying insight into Ehrlich’s
scientific veuvre. He succeeds admirably in guiding us into looking at the various
problems with the mindset of Ehrlich’s times. He avoids going into details of
Ehrlich’s personal life except to the extent that Ehrlich the scientist is naturally
influenced by Ehrlich the man. Chapter 9 is of particular interest as it explores
Ehrlich’s scientific style. Silverstein develops the theory that all Ehrlich’s work
rests on a single precept, namely the interaction of agonists with preformed recep-
tors. But we learn much more than this. We gain insight into Ehrlich’s tempera-
ment, his character, his leadership qualities, his interactions with scientific col-
leagues, indeed his Weltanschauung.

Those of us who have known Art Silverstein for many decades and have
admired his contributions to his chosen branch of immunology wondered greatly
about the increasing time he was spending since the late 1970s on the history of
immunology. We saw a first vindication in his excellent 1989 work A History of
Immunology. Now we have a further and most welcome dividend in the present
extraordinary book, a work of scholarship, a labor of love, in fact an obsession in
its own right. The book will enrich the wide readership it will surely receive. We
can only hope that its certain success will stimulate further projects. Our past
leaders still have so much to teach us!

G.J.V. Nossal
Melbourne
December, 2000
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PREFACE

In 1989, I finished A History of Immunology.! Tt had taken 11 years of part-time
activity stolen from my research laboratory obligations—obligations owed both to
the Independent Order of Oddfellows who had endowed my Chair and to the
National Institutes of Health who financed my research. The writing of the book
proved so fascinating, and the book was so well received, that I felt that I must do
another historical work in immunology. But 11 years was too long, and I no longer
felt free to shortchange my laboratory research, so that [ opted to retire from the lab-
oratory to the Welch Medical Library, where Gert Brieger generously let me have a
small office in the Johns Hopkins Institute for the History of Medicine.

Why should it have taken 11 years to write a general history of immunology,
and especially one that did insufficient justice to such areas as allergy, comple-
ment, and natural immunity, and that stopped short of the startling developments
that accompanied the immunobiological revolution of the late 1960s and 1970s?
Much of the answer lay in the dearth of secondary literature in this field; up to that
point, not many historians (or even immunologists) had written analyses of the
events of the past that might have provided shortcuts to an understanding of the
contributions of individuals, of the bases for scientific disputes, or of the reasons
why some ideas succeeded and others failed. Thus, one had perforce to depend
largely on the original literature and an one’s own interpretations, hoping that one
had covered the writings fully and interpreted correctly both their literal meaning
and the between-the-lines implications.

Now, some 10 to 20 years later, the field of historical studies in immunology
has attained a certain status among the subdisciplines of the history of the bio-
medical sciences. A critical mass of investigators now exists, including book
authors Anne-Marie Moulin,2 Alfred Tauber,> Pauline Mazumdar,* Tatyana

XV
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Ul'yankina,® and Leslie Brent;® collections edited by Deborah Jan Bibel,’
Gilberto Corbellini,! Mazumdar,? and Richard Gallagher et al.;!? and numerous
papers by these authors as well as by Alberto Cambrosio and Peter Keating, Ilana
Loéwy, Craig Stillwell, and Nicholas Rasmussin. In addition, several journals now
give occasional space to historical contributions,!! or to the reminiscences of
elder-statesmen immunologists.!2 History of Immunology workshops were held
at the International Congresses of Immunology at Toronto, Berlin, and Budapest,
where interested individuals exchanged views on important events in the history
of immunology. Finally, the past few years have seen a number of international
symposia on the subject.!> Thus, one may safely conclude that the history of
immunology has come of age.

During several years of research around the periphery of immunological his-
tory,!4 I cast around for a major project to occupy my time and interest. I remem-
bered having described in my book the proximate stimulus for my entrance into
the history of immunology'>—the story of a manuscript I was given to review for
The Journal of Immunology on the maternal transfer of antibody to the neonate by
a 1970s author, who failed to mention that Paul Ehrlich had done the same study
and obtained substantially the same results 80 years earlier. I went back to reread
Ehrlich’s papers!¢ and found them truly remarkable! Not only had Ehrlich in
1892 solved the problem of maternal-fetal transfer of antibody in utero and of
maternal-neonatal transfer via the milk—devising for the purpose some of the
most elegant experiments of the 19th century!’—but in one of the papers he had
actually defined the kinetics of the primary and booster antibody responses. This
work would not be improved on for a further 80 years.

Surely this work should have been more widely known, if not from the original
reports then certainly from one of the many biographies of Paul Ehrlich. As I read
through these biographies, it became apparent that neither in that of his adoring
secretary,'8 nor in those of his admiring students or later celebrants of his fame!?
were the details of this extraordinary work to be found. Indeed, many of them did
not even mention the pediatric studies at all. As I examined other of Ehrlich’s
immunological research, I found the same lack of attention in the biographies to
the fine and important details of Ehrlich the scientist. Nowhere was it made clear
why he had embarked on a given set of immunological studies, nor was attention
drawn to their precision and elegance. There was little elaboration of the details of
Ehrlich’s results or of their exact significance both contemporaneously and during
the long-term development of the field of immunology.

Only in two places does one find at least an attempt to explore the minutiae of
Ehrlich’s science. In Claude Dolman’s treatment of Ehrlich in The Dictionary of
Scientific Biography,20 most of his important studies are mentioned, but not in
great detail. Only in the Festschrift for Ehrlich’s 60th birthday?! did his more
famous colleagues and students come close to detailing Ehrlich’s experiments
and their significance, and even many of these summaries are incomplete. But
even incomplete, this Festschrift had never been translated from its original Ger-
man, and thus is essentially unavailable to most modern scientists (and even to
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many modern historians). Indeed, many of Ehrlich’s other important studies (e.g.,
the ricin/abrin work; the maternal-fetal/neonatal experiments) were not even
deemed important enough to be included in the 1904 Collected Studies in Immu-
nity, 22 or to have been translated in the three-volume collection of Ehrlich’s works
put together in 1957 by Dr. Fred Himmelweit of St. Mary’s Medical School. Lon-
don, under the supervision of Sir Henry Dale.2?

Here was my project, clearly defined. I would attempt to provide the details
and an interpretation of Ehrlich’s immunological studies, segment by segment.
For each of the immunological areas in which he worked, I would attempt, where
possible, to indicate why he undertook the studies (i.e., the contemporary con-
text), ~ow he did the experiments (the experimental design), what results he
obtained, and, as best I am able, the significance of his results, both contemporary
and in the long term. Given the publication habits of 19th-century scientists, and
especially the occasional turgidity of Ehrlich’s scientific prose, I have taken cer-
tain liberties in recasting his results and adapting his data tables into a form more
understandable, perhaps, to modern readers.

I decided, further, that I would deal only with Ehrlich the scientist, and leave
Ehrlich the man to others. But it quickly became apparent that the “scientist” is
frequently influenced by the “man.” When we see Ehrlich jealous of his discover-
ies and fighting an Arrhenius or a Gruber against their attacks on his position,?* or
an Ehrlich so imbued by a sense of logic that he builds logically consistent but
otherwise improbably complicated ad hoc structures to integrate new data into
old theories (as he did to explain toxin-antitoxin neutralization curves?’ or the
multiplicity of complements26), then aspects of the man emerge as well. To the
extent that these traits are discernible in Ehrlich, they will be commented on in
the last chapter on Ehrlich’s scientific style.

To fully explain Paul Ehrlich’s ideas, and especially why some of them have
not survived the test of time, poses a curious historiographic challenge. Historians
consider it a sin (called presentism) to bring modern knowledge to bear when dis-
cussing historical data and its interpretation. If an Ehrlich ‘misinterpreted’ some
results because he could not have known at the time of the existence of some
interfering substance or process, this should not be held to reflect on his intelli-
gence or competence. However, the modern reader (and especially the expert in
that field) deserves to be told what it was that actually produced the misleading
results, so that the reader may fully understand the experimental system, the data
it produced, and thus why the historical interpretation was so reasonable.

This situation arises several times in the discussions of Ehrlich’s work, most
particularly in his (and others’) studies of “anti-antibodies” and “anti-comple-
ments.” In each instance, I will attempt fairly to explain why Ehrlich interpreted
his data in a certain way and why, knowing what he did, the interpretations
appeared to be both reasonable and logical. I will then point out what Ehrlich
could not have appreciated at the time: the presence of unrecognized reagents and
interactions that skewed the results to provide a false trail to the truth. This
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approach will, I hope, avoid the danger of seeming to judge Ehrlich using modern
knowledge, while serving well the needs of the modern reader.?’

I owe a strong debt of gratitude to many individuals whose assistance helped to
smooth an otherwise problem-strewn path. Foremost among these is Giinther
Schwerin, last surviving grandson of Paul Ehrlich, whose recent untimely death is
much regretted by his many admirers. Schwerin’s friendship and enthusiastic sup-
port were invaluable; he not only sent me directly much important material on
Ehrlich, but he provided me with an entry to the large collection of Ehrlich papers
that he had deposited at the Rockefeller University Archives Center at Tarrytown,
New York. He also established a fund there to support research on his grandfa-
ther’s papers, from which I received a grant to defray the travel expenses incurred
on many visits to the Archives Center. I acknowledge also the encouragement of
Mrs. Elizabeth Brody, great-granddaughter of Paul Ehrlich, who has also gener-
ously supported the translation of many of Ehrlich’s papers and of the Festschrift
published in 1914 in honor of Ehrlich’s 60th birthday.

At the Rockefeller Archives Center, I appreciated greatly the help of Dr. Dar-
win Stapleton, director of this well-equipped and well-organized institution, and
of Dr. Lee Hiltzik, its archivist. I must also express my appreciation to Dr. Eliza-
beth Fee and the staff of the History of Medicine Division at the National Library
of Medicine in Bethesda, Maryland, for their help in consulting their rich
resources. 1 have also received valuable help from several others interested in
Paul Ehrlich, notably Professor Dr. Hans Schadewaldt of Diisseldorf, Professor A.
Thomas Stoecki of Freiburg, Dr. Bernhard Witkop of Bethesda, and Grifin
Suzanne von Goertz of Munich.

I learned much about the arcana of immunological history from extensive dis-
cussions with Anne-Marie Moulin, Alberto Cambrosio and Peter Keating, Alfred
Tauber, Noel Rose, and many others. I learned about problems of biography from
Thomas Séderqvist (although we have agreed that what follows is not a biogra-
phy; neither is it a hagiography). In the area of historiographic practices, I owe
much to Gert Brieger, Harry Marks, Daniel Todes, Owsei Temkin, and Edward
Morman for many instructive discussions.
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THE BACKGROUND TO
EHRLICH’S IMMUNOLOGY:
ORIGINS OF THE
RECEPTOR THEORY

...the sidechain theory was laid down fixed and finished in
the Sauerstoffbediirfnis [ 1885], ar a time when there was not yet
an immunology.

Leonor Michaelis!

It is undoubtdly rare that the general concept undertying a major breakthrough
in the biological sciences should have arisen suddenly and fully formed, like
Athena from the forehead of Zeus. More often, it is the slow accretion of many
varied facts that leads to a formulation that is tested and retested, each time
slightly modified, until a mature system of thought is acknowledged and made
explicit. So it was, among others, with Darwin’s theory of evolution and with Vir-
chow’s cellular pathology; so also was it with Paul Ehrlich’s side-chain receptor
theory of antibody formation.

Thus, the epigraph by Michaelis, written in 1914 for the celebration of
Ehrlich’s 60th birthday,2 was his attempt to show that Ehrlich’s theory had
grown on an earlier rootstock. But only five years later, Michaelis would unearth
Ehrlich’s long-lost thesis for his M.D. degree,3 entitled Contributions to the The-
ory and Practice of Histological Staining,* written in 1878. The discussion of
the mechanism of staining by this 24 year old put back to an even earlier date the
germination of the theory that would guide him in all of his future scientific
endeavors. We shall return to these two major contributions in due course, but
only after discovering that the seeds of his chemically based receptor theory had
been planted even earlier than this. To repeat the caveat mentioned in the pref-
ace, we shall examine Ehrlich’s early science in detail, to look for the founda-
tions of the theoretical system that he would apply so productively to so many
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fields, commenting only briefly in passing on a few pertinent incidents from his
private life.

SCHOOLING

Ehrlich was born in 1854 to a well-to-do middle-class family in Strehlen, Sile-
sia, in what was at the time the southeastern part of Germany, now a part of
Poland. He was sent to high school in Breslau where he excelled in Latin, mathe-
matics, and the sciences (especially chemistry and biology), but apparently did
poorly in more literary courses such as German composition. His future love of
chemistry is presaged by his answer when asked to explain the meaning of his
final exam essay in composition on the obligatory subject of “Life—a Dream.”
The young student stammered in distress, and finally came out with, “you know
... life is ... a chemical incident ... a normal oxidation ... and the dream ... the
dream is ... a fluorescence of the brain.”> Many years later, Ehrlich would write,
“I really believe myself that my talents lie in the field of chemistry; I can picture
the chemical formulae in my mental vision.”® This is really a quite remarkable
and probably rare talent. To look at a chemical formula on paper and “see” it men-
tally as a three-dimensional structure must be analagous to the architect who can
look at the plans and “see” the finished building, or to the musician who can look
at a fully scored page and mentally “hear” the music written.

As Ehrlich maintained his interest in chemistry, so also did he continue his
love of Latin throughout his life. He would frequently utter or write a Latin apho-
rism in the course of his normal pursuits, and he addressed his cousin Carl
Weigert affectionately as Carolus Magnus, and wrote letters to his colleague and
friend August von Wassermann with the greeting Lieber Aquaticus.

While he was a student, young Ehrlich had the opportunity to visit his cousin
Carl Weigert in the pathology department of the medical school in Breslau.
Weigert had been one of the first to introduce the use of the newly discovered ani-
line dyes into histology. It was Weigert, 9 years Ehrlich’s senior, who showed him
stained tissue preparations and pointed out that some cells stain well while others
stain only poorly or not at all-—a demonstration that would be remembered later,
with important consequences.

After completing high school, Ehrlich entered university in Breslau in 1872, to
study medicine. Here he came under the influence of anatomist Withelm von
Waldeyer, who exposed Ehrlich further to histological methods for the differenti-
ation of cell types. When, shortly thereafter, Waldeyer was appointed to a profes-
sorship at the “newly refounded”” University of Strasbourg, he took Ehrlich with
him. In Germany, a university student could transfer from one institution to
another at will, thus tailoring an education to individual interests. Before he was
done, Ehrlich’s university travels would take him to Breslau, Strasbourg, back to
Breslau, to Freiburg, back to Breslau again, and finally to present his thesis and
take his degree at Leipzig. In this way, a student could study with the cream of
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German medicine and science in a chosen area. Ehrlich, on his travels, would
come under the influence not only of Waldeyer and his cousin Weigert, but also of
chemist Adolph von Baeyer, botanist Ferdinand Cohn, and pathologists Julius
Cohnheim and Rudolph Haidenhain. In Cohnheim’s institute, Ehrlich would meet
the American pathologist William Welch, the future Danish immunologist Carl
Salomonsen, and the obscure country physician Robert Koch, who had come to
Breslau to demonstrate his anthrax studies.

Throughout his medical student days, Ehrlich experimented with the wealth
of new dyes emerging from the growing German chemical industry. He would
test each dye on a variety of tissues, and under a variety of conditions, so that
his benchtop presented a spectrum of colorful solutions, and his fingers and
occasionally his face were colorfully smudged. In 1877, in anticipation of his
doctoral thesis, the 23-year-old medical student published his first scientific
paper, “Contributions to the Knowledge of Aniline Staining and Their Use in
Microscopic Technics.”8 In this paper, Ehrlich described the technical aspects
of tissue staining, and the variable staining qualities of a variety of tissues and
cells. Interestingly, he devoted much of the paper to the study of the distribution
of plasma cells in different tissues, and especially in the components of the lym-
phoid system: tonsil, peyers patches, regional lymph nodes, and spleen. Of
course, he could have had no inkling of the future importance of these cells for
the discipline of immunology.?

Then, the year after publication of this preliminary paper, Ehrlich offered up his
histochemical magnum opus on the theory and practice of histologic staining, as a
dissertation for the M.D. degree.10 Part I bore the title “The Chemical Concept of
Staining,” and Part II “The Aniline Dyes and their Chemical, Technological, and
Histological Relationships.” This was a truly remarkable body of work, especially
for a 24-year-old undergraduate. Its opening sentence defined well the current state
of affairs in histology: “While in the modern histological literature, directions on
tinctorial method are already so numerous, and still increase from day to day, yet
their theoretical basis has had only a very negligible consideration.” This sentence
and the entire thesis testify not only to the current absence of chemical science in
histologic technology, but also to the self-confidence that would characterize
Ehrlich throughout his career. He, an outsider, would dare to introduce rigorous sci-
entific method into this hitherto purely empirical field. Testifying also to Ehrlich’s
single-minded dedication to work, even as a student, is the story of his time in
Leipzig while waiting for his degree. As a transient without a laboratory, he is said
to have set up an experimental staining bench on the billiard table of the inn in
which he roomed in order to continue his experiments.'!

In this lengthy and fact-filled thesis, Ehrlich laid the basis for an understanding
of the relationship between the chemical structure of dyes and their differential
staining abilities. He reviewed the characteristics of numerous dyestuffs and dis-
cussed the importance of their ionic state, their concentrations and solubilities,
and the solvents in which they could be used. He even commented on the impuri-
ties present in some of them and on the difficulties that certain impurities posed.
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Three important points emerge from this early example of Ehrlich’s approach
to biological research, an approach that would characterize his future work in the
several disciplines to which he would make important contributions:

The first point is chemical; staining reactions are purely chemical in nature
rather than physical. (Twenty-odd years later, Ehrlich would argue for the
chemical interaction between antibody and antigen against Jules Bordet’s
and Karl Landsteiner’s physical adsorption ideas.)!?

The second point of the dissertation is also chemical; there is discernible in
staining reactions a certain degree of specificity, in that certain dyes react
preferentially with certain cells or structures. (This implied that the dye
attaches to some sort of receptor, based on charge or other characteristics.)

Finally, the third point is chemical as well; to a great extent, structure appears
to define function. (The nature of the groups attached to the aniline core of
the dye define not only molecular charge, but solubility and strength of
attachment.)

Here was the seed of a receptor theory that would take fuller form, first in
Ehrlich’s 1885 cell respiration studies, then in his 1897 side-chain theory of anti-
bodies, and finally in his ultimate triumph, the design of such pharmacological
agents as Salvarsan, the future magic bullets of chemotherapy. As Michaelis
pointed out, one learned from this dissertation how “the idea of the chemical
binding of foreign substances to the protoplasm developed on reflection about the
nature of staining, and how from this idea later developed the side-chain the-
ory.”!3 This point is even more fully developed by Maria-Louise Eckmann in her
impressive dissertation on the historical significance of Paul Ehrlich’s thesis. As
well as indicating the critical importance of the work for future developments in
histochemistry and hematology, Eckmann points out that “This idea {the chemi-
cal binding of substances to cells] dominated Ehrlich’s life. A straight path led
from the doctoral work past the significant publication The Oxygen Requirements
of the Organism to vital staining, and further to the side-chain theory, whose
experimental basis shaped the work on toxins, antitoxins, and immunity.”14

It is noteworthy also that in this thesis Ehrlich reported the discovery and nam-
ing of the mast cell,!> which would lead him naturally to later important discover-
ies in hematology, including the eosinophile, neutrophile, and basophile.

Given the fundamental importance to histology of Ehrlich’s thesis, it is quite
surprising that it was never published or even widely referred to in the staining
literature. Perhaps it was too far in advance of its times and too radical a depar-
ture from contemporary practice to have been accepted in its entirety. However,
Ehrlich’s ideas on the science of histologic staining would attain wide accep-
tance over the succeeding decades as, in study after study, he slowly demon-
strated the validity of his ideas. But in the meantime, his doctoral dissertation
lay unremarked in the archives of the University of Leipzig for over 40 years,
until Michaelis thought to search it out and bring it to the attention of the scien-
tific community.
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The Charité

Already known for his histologic staining, Ehrlich received an invitation to
become an assistant in Professor Friedrich Frerichs’s second medical clinic at the
prestigious Charité Hospital in Berlin. The Charité was a teaching hospital in
which the new relationship between chemistry and medicine was well recog-
nized, and where basic and clinical research was encouraged. This was nowhere
more evident than in Frerichs’s department. Once the young Ehrlich had demon-
strated his talent, Frerichs, whose favorite maxim was “Caged birds do not sing,”
allowed him even more time for research than was permitted to other assistants.
How lucky the budding investigator was, not only to have a supervisor who
encouraged research, but one who also let his students fly. As another of
Frerichs’s prominent students, Bernhard Naunyn, later said of his director,

He accepted each one from the very first day as a man who unquestionably could and
would do everything the position required of him. So confident was he, unfortunately, of
this that he never gave us any instructions as to how we should do anything; indeed, he
scarcely said what he wanted done. ... It was just as much a matter of course that we
should make scientific investigations and produce able pieces of work, as that we should
perform our clinical duties to his satisfaction. What this work should be and how we did it
was again entirely up to us, for he let us come and go and do whatever we wished, however
we wished.!0

Whereas Naunyn might have been voicing a modest complaint at the lack of
supervision, this situation well suited the imaginative Ehrlich. He never seemed
to lack for interesting and important research projects, or for the time to pursue
them. In the ten years during which he worked at the Charité, not only did he help
found the new discipline of hematology by his description of the various blood
leukocytes and by his groundbreaking studies on the anemias, but he opened up a
new field of exploration with his monograph on cell respiration, The Oxygen
Requirements of the Organism, to which we shall return. All this basic research
was performed in the context of continuing clinical activities; during the same
period, he published reports on syphilitic heart infarcts, on the occurrence and
metabolism of glycogen in diabetics, on acute splenic tumor, and on phosphorus
and iodine poisoning. Meanwhile, he found time to apply his knowledge of stain-
ing to a variety of different histologic problems, and to introduce for the first time
the use of fluorescein to study aqueous humor dynamics in the eye.!” Of further
clinical importance, Ehrlich’s diazo reaction for the detection of various sub-
stances in the urine!® found broad acceptance in the diagnosis of a variety of
febrile diseases, and his demonstration of supravital staining of peripheral nerve
endings with methylene bluel? was widely employed by neuroanatomists.

The papers Ehrlich published on this wide range of subjects point up another
remarkable aspect of his modus operandi. He seemed to be aware of the impor-
tant literature in each of these disparate fields, and never failed to cite those
studies on which his work depended and those that his results contradicted.
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Thus, he seemed to read everything in the medical literature, both from at home
and abroad. This is testified to by the famous later photograph of his office in
Frankfurt (Plate 13), in which a visitor could hardly find a seat because the
desk, chairs, and even floor were covered by great stacks of books, journals,
and reprints. In addition, he would shower his associates with notes suggesting
that they read one or another scientific paper, or that “we must prepare an
answer to so-and-so’s recent statement.”

Along these same lines, it is interesting to contrast the management styles
of Frerichs with that of the Ehrlich who would later become an institute direc-
tor. Where Frerichs took on bright young people and “let them sing [or fly],”
paying little heed to what they were up to in the laboratory, Ehrlich oversaw
everything closely. No matter how many assistants and students were working
on different problems, Ehrlich would shower them daily with little notes (his
famous Bloke) with questions, advice, and requests to “see the animals” or to
“discuss the results.” We shall return to this matter of Ehrlich’s scientific style
in Chapter 9.

The Oxygen Requirement of the Organism

Of all of Ehrlich’s contributions during the period of the 1880s, this monograph?®
must be considered his most important. He prepared it as his Habilitationsschrift, or
inaugural dissertation required for appointment as a university lecturer. Ehrlich once
again had made an innovative technological contribution to medical research; he
introduced the use of redox dyes to study intracellular physiology.

Ehrlich had previously demonstrated the specificity of dye interactions with
cells, as we saw. Now he used the color changes that accompany the oxida-
tion—reduction reactions of dyes to assess the oxygen-fixing capacities of various
tissue cells in the body. The assumption was as follows: those cells that possess
a high affinity for oxygen will provide a reducing milieu within the cytoplasm,
whereas those that bind oxygen only poorly will provide an oxidizing environ-
ment. If, therefore, an oxidized (e.g., highly colored) dye is injected, it will
maintain its color in cells that bind oxygen poorly. Similary, it will lose its color
when reduced in cells that bind oxygen avidly. Alternatively, injection of the col-
orless reduced form of the dye will reveal those cells that oxidize well, since the
dye will there become highly colored.

Ehrlich ascribed the specific physiological functions of the cell to a chemically
conceived Leistungskern [activity- or power-nucleus]. The term was not intended
to relate to the anatomic nucleus of the cell, but rather to something akin to the
aniline nucleus of a complicated dye, where side-chains account for modifica-
tions of specific function. Once again, we see Ehrlich dealing in terms of struc-
turally based specificity, of affinity,2! and of side-chains (such as amino, nitro,
and halogen groups) that determine solubility, color, and specificity. Michaelis
was indeed correct; here in this 1885 paper, almost fully formed, was the preview
of Ehrlich’s famous 1897 side-chain theory. In Ehrlich’s words,
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in living protoplasm a [chemical] nucleus of special structure is responsible for the specific
function peculiar to the cell, and that to this nucleus are attached, as side-chains, atoms and
atom-complexes which are of merely subordinate importance for the specific function of
the cell, but not for its vital activity in general.22

But the final discussion in this monograph heralded another of Ehrlich’s later
interests, immunity to infectious diseases. Already he had come under the influ-
ence of Louis Pasteur and Robert Koch’s advances in bacteriology, leading him to
discuss the implications of his findings for cellular immunity to pathogenic
organisms. Most bacteria require ample oxygen for life, so that those cells that
bind oxygen strongly should provide a hostile (e.g., immune) environment for
such organisms. Indeed, Ehrlich suggested explicitly that this thesis was not
unlike that proposed by Ilya Metchnikoff to explain cellular immunity against
infection, except that Metchnikoff’s proposal involved only the mobile phago-
cytes, whereas Ehrlich’s referred to parenchymal cells in general.

Hematology

In his book Hematology: The Blossoming of a Science, Maxwell Wintrobe
suggests that it may always be difficult to say who has had the greatest impact on
a field of science. But he immediately goes on to note that “the simple investiga-
tion that Paul Ehrlich conducted as a medical student ... had consequences far
more important than he dreamed. A new era in the history of hematology was ini-
tiated.”23 Elsewhere in the book, Wintrobe named Ehrlich the “father” of modern
hematology. (He proposed that Ehrlich shares this honor with William Hewson
[1739-1744], discoverer of the lymphatic system and of the nature of blood coag-
ulation,?* and with Georges Hayem [1841-1935], who described and system-
atized a number of hematologic disorders.)? The validity of Ehrlich’s claim to
paternity appears to be borne out in Blood Pure and Eloquent, a compendium of
historical chapters in the history of hematology by some of its leading modern
practitioners.?® Here, it is the rare chapter on one or another aspect of hematology
that does not pay tribute to Ehrlich, and indeed he is more frequently cited in the
name index than any other individual.

Prior to Ehrlich’s work on the blood, little quantitative knowledge was avail-
able. The structure of the circulatory system and that of the lymphatic system
were known, the red and white corpuscles had been identified, and preliminary
observations had been made on anemias and leukemias. Then came Ehrlich’s
demonstration of techniques for the staining of blood cells, which not only led
directly to the development of clinically useful quantitative blood counts, but also
attracted many to the study of the blood.

Throughout the period of the 1880s, Ehrlich continued his studies on the
staining reactions of blood cells. In testing numerous aniline dyes on blood
smears, he was able to distinguish and name basophiles whose cytoplasmic gran-
ules, like those of mast cells, take up basic dyes, and eosinophiles, whose gran-
ules take up acidic dyes (of which eosin is the prototype). Here was evidence
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that the intracellular elements of different cells might differ chemically, resulting
in a degree of specificity in their staining reactions.?’ This idea was elegantly
verified by Ehrlich in his demonstration that polymorphonuclear leukocytes pos-
sess granules that, while not stainable with either basic or acidic dyes, can be
stained by colored neutral salts resulting from the combination of acidic and
basic dyes—thus the term neutrophiles. Once again, the leitmotif of Ehrlich’s
work—chemical specificity depending on molecular structure—had been veri-
fied with outstanding results, in this instance an important contribution to the
founding of a new medical discipline, hematology. He was also the first to dis-
tinguish between lymphogenesis in the spleen and erythrocyte and myelogenesis
in the bone marrow. He also claimed, correctly, that contrary to popular notions,
the lymphocyte is not the progenitor of the other leukocytes. From these studies
came Ehrlich’s important monograph Color-analytical Investigations on the
Histologic and Clinical Aspects of the Blood.?8

Ehrlich is as well known in hematology for his technical innovations as for his
original discoveries. In introducing new staining methods, he maintained close
contact with such dye chemists as Artur von Weinberg and August Laubenheimer,
and even helped to design new derivatives with special characteristics. He origi-
nated the heat-fixation of blood smears, which improved their staining character-
istics, an innovation that reveals well Ehrlich’s originality. To determine the best
temperature for fixation, he set up a copper plate with one end heated by a bunsen
burner, thus establishing a temperature gradient along its length. He then tested
slides dried at different positions, establishing that the optimum temperature for
fixation was at that position on the plate at which a small drop of water would siz-
zle and evaporate rapidly.

As an important adjunct to his blood cell studies, Ehrlich also engaged in
groundbreaking studies of various forms of anemia and leukemia. These included
both clinical and laboratory investigations, and resulted in a lengthy series of
reports, culminating in the publication with A. Lazarus and F. Pinkus of the defin-
itive book The Anemias.?®

There was a curious by-product of Ehrlich’s anemia studies that resulted in his
becoming the only nonrickettsiologist after whom a tribe and a species of rick-
ettsia are named.>® It happened that Ehrlich had a Russian assistant named
Mikhail Georgievich Kurloff in his laboratory at the Charité in 1888. He assigned
Kurloff to study the long-term effects of splenectomy on the blood of guinea pigs.
Kurloff observed that some of the leukocytes in the splenectomized animals con-
tained cytoplasmic granules. It was assumed that these granules were constitutive
(i.e., normally occurring), like those of basophiles and eosinophiles. On returning
to St. Petersburg, Kurloff published these observations in the local journal Vratch
[Doctor],! mentioning that the work had been done “in the laboratory of Prof.
Ehrlich in Berlin.” Only some 30 years later were many of the newly identified
rickettsial diseases shown to be accompanied by inclusion bodies within the
infected cells of the host. The “Kurloff bodies” in the monocytes of the guinea pig
were rediscovered by a Russian rickettsiologist S.D. Moshkovsky in 1937.
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Moshkovsky ascribed these inclusions to infection of the guinea pig by an agent
that he chose to name Ehrlichia kurlovi, “in honor of Paul Ehrlich, since it was in
his laboratory that the first representatives of this group were discovered, and
because he contributed so much to the study of the morphology of the blood and
of the agents of infectious diseases.”32 How coincidental that the revision of rick-
ettsial nomenclature should have been made by a Russian who, probably uniquely
among rickettsiologists, had read and remembered the obscure paper published in
Russian a half-century earlier.

WITH ROBERT KOCH

Ehrlich’s life appeared to be amply rewarding during the early 1880s. He was
becoming widely known and respected for his researches in histology and for his
hematological studies, crowned for the moment by his publication of the Oxygen
Requirement monograph. When Robert Koch described his discovery of the tubercle
bacillus,* Ehrlich went immediately into his laboratory to devise a better staining
method to reveal this organism.?* In 1884, he was granted the honorary title of pro-
fessor by the medical faculty of the University of Berlin, and in 1887 he received the
prestigious Tiedemann Prize of the Senckenberg Scientific Research Society in
Frankfurt. He had married Hedwig Pinkus from his native Silesia in 1883, and they
had two daughters, Stephanie in 1884 and Marianne in 1886.

In 1885, Ehrlich’s benevolent chief Frerichs died and was succeeded by Carl
Gerhardt. Gerhardt was not opposed to medical research, but thought that his
assistants should spend more time in the clinic than in the laboratory. Although
many of Ehrlich’s biographers describe him as uninterested in clinical affairs, this
was probably not true; he was a good clinician, and always sought the clinical
implications of his basic research. Nevertheless, his heart was always in the
research laboratory. Thus, Gerhardt’s appointment was bound eventually to make
Ehrlich unhappy and frustrated. He would say later of that period, “When in those
days I felt so miserable with Gerhardt, I always went to my dye cabinet and said,
‘These are my friends, who will never forsake me.’”35

It is ironic that Paul Ehrlich, who had shown how better to stain Koch’s
tubercle bacillus, should have used that same stain in 1888 to detect tubercle
bacilli in his own sputum. As his illness began increasingly to interfere with
his work, the Ehrlichs decided to seek a rest cure in warmer regions. They left
Berlin in the autumn of 1888 for Italy, and one must assume that Ehrlich was
not completely unhappy to find an excuse to leave Gerhardt’s supervision.
From Lake Garda, they visited Naples, and thence to Egypt, where they spent
time in Alexandria and Cairo and visited Luxor and Thebes. It was perhaps
Ehrlich’s only foreign travel that was not connected with a meeting or congress
and the only period that Ehrlich spent not preoccupied with thoughts of exper-
iments and science. He returned from these travels completely cured and ready
to rejoin the scientific fray.
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There was no thought of returning to the unhappy position at the Charité under
Gerhardt. With the financial support of his father-in-law Joseph Pinkus, owner of
a linen-weaving factory in Silesia, Ehrlich found some rooms near his Berlin
apartment and opened up his own private research laboratory, even hiring a diener
named Fritz. There he was able to continue his earlier investigations of aniline
dyes, and to extend his studies on the relationship between chemical structure and
biological activity. Using mice, he studied the derivatives of cocaine, “insofar as
is possible, to determine the ultimate relationship between chemical constitution,
local damage, and anesthetic activity.” He was able to comment once again about
these molecules that, “As is evident, the side-chains embody the carrier of specific
activity.”36 He seemed especially interested in the toxic properties of cocaine, and
developed his own method of administering the drug by feeding animals with bis-
cuits soaked with solutions of the drugs and then dried, a technique that he would
soon put to good use in his studies of plant toxins.

In the autumn of 1890, Robert Koch offered Ehrlich a position to supervise
Koch’s clinical tuberculosis unit at Berlin’s Moabit municipal hospital, where Koch,
the lion of Berlin medicine, had been given 150 beds for the treatment and study of
tuberculosis. Not only was Koch already famous for his discovery of the life cycle of
the anthrax organism and of the tubercle bacillus, but everyone expected his tuber-
culin to be the new cure of this dread disease. Koch was already negociating with the
government for the construction of a new Institute of Infectious Diseases in Berlin,
and when he moved into it in the summer of 1891, he took Paul Ehrlich with him. It
is curious, however, that although Koch was very well supported financially by the
government, Ehrlich was to work for him for more than three years without salary.

Tuberculin Studies

When Ehrlich went to work for Koch at the Moabit Hospital in 1890, he had
already commenced his experiments on plant toxins several months earlier, in his
private laboratory. Despite a busy clinical schedule with tubercular patients at the
Moabit, he seems to have found time to continue these studies and bring them to
a successful conclusion, as we shall see in the next chapter. For the moment, how-
ever, Ehrlich’s principal obligation was to the treatment of tuberculosis.

Robert Koch had isolated from the fluid medium in which tubercle bacilli are
cultured a substance that he named tuberculin. He had high hopes that this mater-
ial, which he considered the toxic component of the tubercle bacillus, might serve
as the cure of tuberculosis just as diphtheria and tetanus toxins were being shown
by Behring and Kitasato to mediate the cure of these diseases. But while the early
results with tuberculin therapy appeared promising, much more clinical experi-
mentation was required by the cautious Koch to demonstrate conclusively its
curative powers. Indeed, it was in part for this further testing that the large unit at
the Moabit had been given to Koch.

Then, in one of the more unfortunate incidents in the history of medical
research, the politicians in the Ministry of Culture and at the Kaiser’s court
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strongly urged Koch to announce his “cure” to the world, at the upcoming Inter-
national Congress of Medicine to be held in Berlin. This, it was felt, would once
again demonstrate German leadership in medical research, strongly challenged
by the recent successes of Louis Pasteur in France. Only at the end of a very gen-
eral speech on bacteriological research did Koch make the startling announce-
ment that after testing many chemicals, he had “at last hit upon a substance which
has the power of preventing the growth of tubercle bacilli.”37 It is understandable
that the announcement was received with great excitement; the end of the plague
of tuberculosis was widely forecast. It would be all the more disappointing, then,
when the coming years would show that not only did tuberculin treatment not
cure the disease, but indeed it might cause occasional dangerous flare-ups of qui-
escent tubercles.38

Meanwhile, however, Ehrlich and other admirers of Koch attempted to define
the parameters of usefulness of tuberculin. Almost all the reports start with a trib-
ute to Koch’s great discovery. The first study on the subject in which Ehrlich was
involved was published in the Berlin klinische Wochenschrift,?® one of many that
would appear during the following several years. Ehrlich was junior author on
this and several earlier preliminary reports, the senior being Paul Guttmann,
director of the Moabit Hospital.

Guttmann and Ehtlich claimed that the fever response that was seen to follow
the use of high doses of tuberculin is not critical to its therapeutic effect; therefore
lower doses averting fever may be the best approach. This they demonstrate, giv-
ing slowly increasing doses of tuberculin every second day and noting an increase
in weight in 32 of 36 patients, clearing of the lungs in some, and an overall
improvement in most. (It must be appreciated that this was the period of euphoria
about tuberculin therapy. Almost all publications initially reported a greater or
lesser degree of therapeutic success with the Koch’schen Heilungsmittel.) Later,
as reports of complications and less-than-satisfactory improvements in the condi-
tion of tubercular patients appeared, fewer and fewer physicians utilized tuber-
culin therapy, and indeed in some places the practice was prohibited.

It is probable that the use of initially low doses of tuberculin, with steady
increase in dosage over time, was not an accidental observation. By the time
tuberculin therapy was initiated at the Moabit, Ehrlich had already invented the
method of small and steadily increasing doses of ricin and abrin to induce immu-
nity in his private laboratory studies. He had found, as we shall see in the next
chapter, that highly necrotizing lesions that accompany large doses of these toxins
are not only undesirable, but unnecessary. Small doses are well tolerated, and
induce in the test animals an increasing resistance to ever-larger challenge doses.
If this works for these plant toxins, why should it not work for the putative toxin
associated with the tubercle bacillus?

Ehrlich then summarized his work with tuberculin, and indeed his entire ther-
apeutic philosophy, in a paper presented at the 1891 International Congress of
Hygiene in London.* It was also a spirited defense of his much-admired chief,
Robert Koch. In this manifesto on therapy, Ehrlich not only recommends his
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small-dose approach to tuberculin therapy, as published with Guttmann, but also
outlines the guidelines that will govern all his future work in immunology, oncol-
ogy, and pharmacology. There is, he states, a direct relationship between chemical
structure and function; the binding of molecules by receptors mediates most of
the functions of physiology. As Ehrlich says in the opening lines of the paper,

Therapy, the most important branch of medicine, has from the outset developed on
empirical grounds, in which more accidental or incidental observations on cures, be it in
man or animal, led to the approach to practical use. Thus it was that the greatest majority of
therapeutic substances have been attained, such as quinine, opium, and mercury. Only in
recent times, especially with the progress in pure chemistry, have changes been made in
this. One strives for the time when insight into the essence of drugs is attained, and to decide
the question in the first instance of the relationship between the constitution of these sub-
stances and their therapeutic action. Justifying this approach was especially the more accu-
rate research of the alkaloids, which showed that the great number of these variously active
substances [have] a common nucleus similar to pyridine, to which side-groups connect as
the carriers of physiological activity. This knowledge must necessarily lead to the desired
goal of the synthesis of new drugs ... it will in fact be possible by means of certain combi-
nations to eliminate nearby damaging activity without prejudicing the curative potency.

Here is the clearest statement thus far of the dream that Ehrlich would realize only
some two decades later in his landmark excursion into scientific pharmacology.

The stage was now set for the imaginative Paul Ehrlich, steeped in structural
chemistry, partial to quantitative methods, and with the seeds of a comprehensive
theory of biological interactions already at hand, to tackle the problem of the mecha-
nisms of immunity to toxins. He was, after all, generally interested in the pathogene-
sis of disease, and had previously studied the toxic effects of such substances as
iodine, phosphorus, and cocaine. Perhaps it would be possible for Ehrlich to intro-
duce quantitative chemical science into research on immunity, as he had introduced
these methods in the fields of histology, hematology, and cellular physiology.
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ON RICIN AND ABRIN:
QUANTITATION ENTERS
IMMUNITY RESEARCH

I have here the possibility ... to deal with the question of
immunity in a more mathematical manner.
Paul Ehrlich, 1891

WHY WORK ON PLANT TOXINS?

We must go back for a moment to June 1890 when Ehrlich, in his private lab-
oratory, commenced experiments on the plant toxins ricin and abrin.! Since it was
these experiments that caused him to enter the young field of immunology (not
yet so-named), it may be valuable to explore the reasons for this apparent depar-
ture from his more usual research pursuits in histology, hematology, and the clin-
ical problems encountered in his daily practice.

The view in the 1880s of the causes of disease was quite different from that
existing today. For some thousands of years, it was generally believed that disease
was caused by poisons arising from the slimes and miasms of unhealthy places.
Indeed, the Latin word for poison was virus, and it is no coincidence that Louis
Pasteur, who identified microorganisms as the etiological agents of disease, called
these organisms virus. Even the words virulence, now used to denote the degree
of danger posed by a pathogen, once measured the poisonousness of a substance.
Indeed, the words pharmacy and pharmacopoiea are derived from the Greek
equivalent word, and refer to both a helpful drug or a harmful poison.

Then, in 1888, Emile Roux and Alexandre Yersin discovered the toxin associ-
ated with the diphtheria organism,? and it was quickly demonstrated that the dis-
ease is caused by the toxin alone, rather than by the direct action of the micro-
organism itself. Shortly thereafter, Shibasaburo Kitasato in Koch’s laboratory at
the Hygienic Institute in Berlin performed the same service with respect to tetanus,
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showing that it is an exotoxin elaborated by the Clostridium that causes the dis-
ease.’ Along similar lines, as we saw in Chapter 1, Robert Koch thought that his
tuberculin was an analogous toxic product of the tubercle bacillus.* These recent
demonstrations appeared to lend strong support to the classical theory that all
infectious diseases are caused by toxins elaborated by the organisms involved.

Thus, in early 1890, toxins as disease agents were very much in the air in Berlin,
as elsewhere. In addition, because the medical research community in Berlin was
modest in size, it is likely that Paul Ehrlich, even working apart in his private labora-
tory, would have heard by early summer of 1890 of the startling results from the
Hygienic Institute across town. There, Behring and Kitasato were in the process of
discovering substances in the blood of immunized animals that would protect normal
animals from the deadly effects of diphtheria and tetanus toxins; they would not pub-
lish these results until December.5 There also, Robert Koch was preparing his long-
awaited announcement of a possible cure of the dreaded tuberculosis. He would pro-
pose using the putative toxin tuberculin to counter the disease, just as Louis Pasteur
had employed chicken cholera and anthrax organisms to combat these diseases by
altering the susceptibility of the host itself (i.e., by inducing immunity).

The stage was now set for the imaginative Paul Ehrlich, steeped in structural
chemistry, partial to quantitative methods, and with the seeds of a comprehensive
theory of biological interactions already at hand, to tackle the problem of the
mechanisms of immunity to toxins. He was, after all, generally interested in the
pathogenesis of disease, and had previously studied the toxic effects of such sub-
stances as iodine, phosphorus, and cocaine. That Ehrlich was aware of the signif-
icance of poisons in disease pathogenesis is made clear by the opening sentences
with which he introduced his ricin studies:

In the course of my investigations on the relationship which exists for a vast number of
substances between chemical constitution, the distribution within individual organs, and phys-
iological activity, as was quite obvious from systematic experiments, I was also led necessar-
ily to the meaningful study of poisonous proteins. When I report the results obtained herein, it
was done especially for the reason that I believe that from many points of view this same rela-
tionship ought to be of interest for an understanding of infectious diseases.

Furthermore, Ehrlich appeared to be confident that he could introduce quantitative
chemical science into research on immunity, as he had introduced these methods in
the fields of histology, hematology, and cellular physiology. Since the toxic bacterial
proteins such as diphtheria and tetanus toxins have not yet been produced in pure
state or in commercial quantities, he proposed to study the readily available and pure
ricin, derived from the castor bean, and abrin, obtained from the jequirity bean.

RICIN STUDIES

The Experimental System

Ehrlich commences the study in his typical style; he looks for a suitable exper-
imental animal and establishes the reproducibility of the approach. He finds that 1
g of the commercial ricin is sufficient to kill one and one-half million guinea pigs,
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and marvels that it is many thousandfold more toxic than the better known poi-
sons mercuric chloride and cyanide. Although standard laboratory white mice are
less sensitive to ricin than guinea pigs, Ehrlich is able to show that a reproducible
titration curve of ricin toxicity may be established in mice. The endpoint for this
assay is measured in terms of the dilution of a standard solution of ricin that
causes death in a 20-g animal within 2 to 4 days. He feels justified then in con-
cluding that, “I have here the possibility ... to deal with the question of immunity
in a more mathematical manner (Ehrlich’s italics).”

But, for ricin, the normal mode of immunization via the subcutaneous route
proves too damaging because severe local inflammation with induration and scar-
ring makes further study difficult. It is here that Ehrlich’s technical inventiveness
comes effectively into play.® He finds that feeding of the toxin will also permit
quantitative assay of toxicity, but without deliterious side effects that would inter-
fere with further experimentation. He then devises a reproducible feeding
method, involving the addition of the desired amount of a solution of toxin to a
biscuit (the so-called Albertcake) to form a stiff dough. This is then divided into
small cubes (aliquotsj, dried, and fed to the mouse, assuring a known dosage. The
technique became quite popular, and was called die Ehrlich’sche Cakesmethode.
Preliminary tests showed that by this route, 0.02 mg of ricin is tolerated, whereas
0.035 mg is the median dose (MLD) causing death in 5 to 6 days.?

Immunity to Ricin

Now Ehrlich is ready to demonstrate the induction of immunity in mice (Table
2.1). He starts with an oral dose of 0.002 mg (or roughly 1/17 the MLD) and
increases the dosage slowly. Already after day 11, he is able to administer a lethal
dose with impunity, and by the eighth week the animal is able to tolerate more

TABLE 2.1 Introduction of Stepwise per os Immunization

Day Lethal doses  Day Lethal doses Day Lethal doses
14 0.06 19 3.1 41 123
3 0.11 21 3.4 42 (severe diarrhea)
5 0.22 23 4.0
7 0.33 25 4.6 43 8.0 (recovered)
9 0.43 29 6.0 45 8.6

11 0.86 31 6.8 48 10.0

13 14 34 8.6 51 11

14 1.7 37 10.6 53 12

16 2.3 39 114 54 14 (weight loss)

Source: Adapted from the first table in the ricin paper (Collected Papers, vol. 11,
p. 23).
@I have only included every other entry. Day | was 10 June, 1890.
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TABLE 2.2 The Time-Course of the Immune Response

Largest dose  No. of Maximum dose

Day fed (ug) animals  tolerated (MLDs) Observations
4 4 8 <l All >1 MLD dead
5 5 16 1.3 Minor necrosis
6 6 23 13.3 Extensive necrosis
7 7 5 10 Minor necrosis
8 8 18 20 Miniml necrosis

10 12 9 40 Negligible necrosis

12 20 3 66.6 Mild necrosis

15 50 1 100 —

18 80 4 200 Massive necrosis

21 80 1 400 Necrosis of the abdominal region

Source: Adapted from the second table in the ricin paper (Collected Papers vol. 11
p. 24).

than 10 MLDs. He decides not to carry the process further, since the animal is
refusing to feed and losing weight. He finds that the slow increase to about 3
MLDs as the maximum immunizing dose per os suffices to yield adequate pro-
tection, and that any additional increase in the level of immunity may better be
attained by using the subcutaneous route.

Already at this time, Ehrlich was measuring the level of immunity in
numerical terms (Immunitéiitsgraden = degree of immunity). This was the mea-
sure of the greatest number of lethal doses that the immunized animal could
resist. He points out that levels of immunity up to 200 can be attained readily
with the feeding protocol; higher degrees of immunity (up to 800) may be
reached only with an additional series of systematically increasing subcuta-
neous doses. To demonstrate the time-course of the development of immunity
and to obviate individual differences among mice, Ehrlich has run six different
experimental series, involving many animals. Here, the maximum tolerated
subcutaneous challenge dose is titrated at different times after initiation of the
feeding protocol, as illustrated in Table 2.2.

It can be seen from this table that during the first 5 days of immunization, there
is no significant protection afforded. Suddenly, on the sixth day, a very obvious
immunity has appeared, rendering the animals resistant to over 13 lethal doses,
although the immunity is not perfect as indicated by the development of some
necrosis at the challenge site. Ever imaginative in search of clinical correlates of
his results, Ehrlich says,

The most noteworthy finding that surprised me most is the sudden—I might say criti-
cal-—appearance of immunity on the sixth day. One automatically is led to the speculation
that the critical fall of the fevers in so many diseases, as in pneumonia and measles, which
frequently occurs at the end of the first week, is attributable to a similar event, the critical
onset of immunity [Ehrlich’s italics].!0
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Thenceforth, the immunity continues to increase in progressive fashion, reach-
ing a value of 400 by the end of the third week; by feeding he has never been able
to exceed a degree of immunity greater than 1000. He points out that if the results
are graphed, a curve in the shape of a parabola is obtained, wherein the degree of
immunity attained approaches an asymptote. He is able to show further that small
doses (e.g., 3 ug per feeding) administered over prolonged periods may elicit lev-
els of immunity as high as the large dose regimen, reaching 200 after 7 weeks and
then going no higher. He points out further that per unit of toxin employed, the
immune response is greater using low doses than high, one of the earliest sugges-
tions that there is no one-to-one relationship between immunizing agent and the
substance responsible for protection.!!

The Duration of Immunity

Ehrlich next proposes to ascertain whether immunity is only a temporary prop-
erty or instead a long-lasting acquisition of the organism. He therefore progres-
sively immunizes a group of mice (he calls them “ricinisirt”) to a minimal titer of
200, and is able to show persisting high immunity on challenge at 6 !/, and 7 !/,
months. He states that he intends to study this phenomenon more extensively to
establish the duration of immunity difinitively. Ehrlich mentions the “fundamen-
tally important discovery” of diphtheria and tetanus antitoxins by Behring and
Kitasato and that they have shown by passive transfer of protection to normal ani-
mals that immunity is carried in the blood. He then furnishes an analogous
demonstration that in the ricin system, the protective substance (which he terms
“antiricin”) also resides in the blood of immunized animals, both mouse and rab-
bit. He further shows that the duration of this passive immunity in the recipient is
related to the protective titer of the blood donor. Although Ehtlich has not yet
established the precise duration of what will become known as passive immunity,
it appears to last a much shorter time than does active immunity.

Ophthalmic Studies

The imaginative Ehrlich is not content merely to demonstrate the toxicity of
ricin at subcutaneous and gastrointestinal locations, and the protection afforded at
these sites following immunization. He goes on to demonstrate ricin toxicity in
the eye upon conjunctival application, and that the protection that follows sys-
temic immunization involves the eye also. Even a thick paste of ricin applied to
the eye of an immune animal elicits no toxic response. As Ehrlich says, “It is a
question here in the eye also of an absolute immunity of a local type, which seems
to be developed even at moderate levels of general resistance to ricin.” This men-
tion of ocular immunity is the earliest harbinger of an interest that will be taken
up by ophthalmologists with the ultimate development of a full subdiscipline, that
of ocular immunology.'? Ehrlich will expand on the significance of this ocular
immunity in the abrin studies described next.
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ABRIN STUDIES

Having demonstrated in his ricin studies the technique for the induction of
high degrees of antitoxic immunity, and the way that the level of immunity may
be measured quantitatively, Ehrlich now extends these results to another plant
toxin, abrin.!3 But it soon becomes apparent that he is not interested in the simple
repetition of the same type of result merely to justify another publication (an
approach not entirely unknown in recent times!); he already knows that these data
can be generalized to diphtheria and tetanus toxins. Rather, he has two other
important points to make with the abrin studies. He will utilize the immune
response to prove that ricin and abrin are different toxins, and show no antigenic
cross-reaction. He will also discuss the significance of local ocular immunity, in
that it may permit the use of abrin therapeutically for the treatment of trachoma.
First, however, Ehrlich methodically demonstrates that the immunization proto-
col developed for ricin applies equally to abrin, and that similar protective anti-
abrin titers can be achieved (although abrin appears to have only about one-sev-
enth the toxicity of ricin when fed).!4 He demonstrates both systemic immunity to
subcutaneous challenge and ocular immunity to conjunctival application of the
toxin. As with ricin, Ehrlich is able to conclude for abrin that “All of these fea-
tures are based, as may readily be demonstrated, upon the presence in the blood
of a body—anti-abrin—which paralyzes the activity of abrin, apparently by the
destruction of these [toxic] substances” [his italics].!

Immunological Specificity

Ehrlich pays tribute to the extensive studies of ricin and abrin by Kobert and
his colleagues at the Physiological Institute in Dorpat, who have brought these
toxins to the attention of the medical community and the products themselves to
commercial availability.'® Both are proteins susceptible to the action of proteo-
lytic enzymes, and both produce substantially similar physiological effects
(although abrin causes extensive hair loss, whereas ricin does not). Thus, despite
some difference in their intrinsic toxicities, it is still not fully clear that they are in
fact different substances.

Ehrlich proposes, therefore, to answer the question of the relationship between
the two plant toxins immunologically. After demonstrating the resistance to ricin
of ricin-immune animals, he shows that both systemically and locally in the eye
there is no resistance to abrin; abrin evokes as great an inflammatory reaction in
ricin-immune animals as in normal controls. Similarly, abrin-immune animals
show no greater resistance to the action of ricin than do normal animals. There is
no cross-protection to be seen. With his usual incisive logic, Ehrlich concludes,

It would be scarcely imaginable to propose a more striking proof that antiabrin and
antiricin have no relationship to one-another. It follows also from this that the otherwise so
similar starting materials which cause the production of two different antibodies are them-
selves completely different [his italics)."”
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This is the first time the nature of immunological specificity has been so well
understood that it could be applied to the qualitative analysis of antigens.

Implications for Ocular Therapy

In the 1880s, ophthalmologists were interested in the therapeutic use of plant
toxins such as abrin to clear up certain corneal lesions, and especially the corneal
inflammation caused by trachoma. There had been a report from Brazil by the
Belgian ophthalmologist L. de Wecker entitled “Experimental purulent oph-
thalmitis produced by means of jequirity or licorice vine.”!8 de Wecker tested
abrin for the treatment of trachoma, but decided against its use due to the severe
conjunctival inflammation that accompanied its instillation on the eye. Ehrlich’s
awareness of this report demonstrates yet again Ehrlich’s encyclopedic knowl-
edge of the literature in so many diverse fields.

Among the ricin experiments that Ehrlich repeated using abrin was the demon-
stration that abrin-immune animals can also resist abrin’s toxic effects on the con-
Jjunctiva. He pointed out, therefore, that the danger of using abrin topically to heal
corneal ulcers can be obviated by systemic preimmunization with abrin, thus per-
mitting its use in clinical practice. But Ehrlich went further. He showed the poten-
tial clinical importance of his observations in that, commencing with the conjunc-
tival instillation in normal animals of very low doses with cautious daily increase
in dose, inflammation might be avoided without compromising abrin’s therapeu-
tic effect. He ends the discussion with very precise advice on the proper dosages,
timing, and cautions to be observed in the treatment of human patients. This was
the first demonstration of the ability to immunize via the conjunctival route and of
the presumed local formation of antibodies in the eye, a phenomenon that was to
prove highly important in future studies of ocular immunology.!?

Further Studies

At the end of the abrin paper, Ehrlich mentions that he has performed experi-
ments similar to those previously mentioned with a third plant toxin robin,
derived from the bark of the acacia. A weaker toxin than either ricin or abrin,
robin nevertheless was able to induce immunity just as readily as these two. In a
later publication, Ehrlich discussed experiments from his laboratory by Morgen-
roth on yet another plant toxin crotin, which yielded similar results.20

Mechanism of Action of Toxins

In his paper “On the constitution of toxins” in the Ehrlich Festschrift,?! Hans
Aronson pointed out that it had been suggested by Roux and Buchner that antitoxin
acts indirectly by modifying the host’s ability to be damaged. Ehrlich countered this
argument by taking advantage of the fact that ricin is able in vitro to agglutinate ery-
throcytes. He mixed varying amounts of antiricin serum with highly toxic ricin, and
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could demonstrate that antiricin neutralizes the agglutinating activity of ricin in vitro
precisely in parallel with its protective power in vivo.?> This had to be by direct
chemical interaction of antitoxin with toxin, quite in line with all of Ehrlich’s previ-
ous views of biological interactions. Not long thereafter, Ehrlich’s colleague Mor-
genroth would confirm this conclusion elegantiy by demonstrating the in vitro neu-
tralization of the enzyme rennin by antirennin.??

SIGNIFICANCE OF THE WORK

For the near term, Ehrlich’s results had a marked impact on immunological
thinking and practice. First, he demonstrated that protective immunity is not lim-
ited to bacterial toxins; even plant toxins, to which humans are normally not
exposed, may stimulate an immune response. This must perforce have affected
any view that the immune response is a direct and specific Darwinian adaptation
to the threat of the common dangerous pathogens.?* By the end of the 1890s, the
issue was further clouded by the finding that the immune response could respond
to a wide variety of bland antigens, and even to cells of the body!

Next, Ehrlich’s demonstration that high titers of antiserum may be obtained by
starting with low initial amounts of antigen, with progressive increases in dosage;
this approach set the tone for all future immunization protocols. This was espe-
cially true for such toxins as diphtheria and tetanus, whose popularity in the new
serotherapy grew steadily. Only with the development of toxoids and active
immunization of humans would new protocols be introduced, involving far fewer
injections and greater doses. Implicit also in this phase of the work was the fact
that small amounts of antigen might give rise to large amounts of antibody, argu-
ing strongly against the direct conversion of the one to the other.

Ehrlich’s finding that actively induced immunity was long-lasting implied
either that the Korper (bodies) responsible for neutralization of the toxin persist
in the blood of the immunized animal or that the process of their formation con-
tinues after cessation of the immunizing injections. But these same antibodies
disappear moderately rapidly when transferred to normal recipients, suggesting
that it is the latter alternative that applies.

The parallel decrease in the activity of toxin in its in vitro and in vivo manifesta-
tions when antitoxin is added made it clear that it is not the susceptibility of the host
on which the antitoxin acts. Rather, it would thereafter be generally understood that
the antibody acts directly on the antigen, either to neutralize it or to destroy it.

Perhaps the most generally interesting of Ehrlich’s speculations about these
studies follows from his surprise at the sudden onset of immunity on the 6th
day of immunization. Could an active response to the infectious agent, hereto-
fore considered only as a preventive measure, be responsible for an abrupt
change in symptomatolgy? Such a possibility would have important implica-
tions for the understanding of the natural history of such disease processes. It
is curious that Ehrlich specifically mentions measles in this context. He is
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speaking here about the 6th day afier the onset of symptoms, and suggests that
it is the immune response that ends the symptoms. A decade later, 29-year-old
pediatric resident Clemens von Pirquet would claim for measles and similar
diseases that it is the development of immunity that initiates the disease sym-
toms.25 Thus, the end of the rash and fever is not the beginning of pathogen
clearance, but its completion! This view has been confirmed in modern times,
with the demonstration that these symptoms result from the action of cytotoxic
T cells functioning to clear the virus from infected cells in the skin and else-
where.26 In the immunocompromised host, the rash and fever are substantially
absent; measles presents as a giant cell pneumonia.?’

Ehrlich’s suggestion that local ocular immunity might render abrin treatment
of trachoma more tolerable apparently did not convert the ophthalmic commu-
nity, for reasons that are not clear. However, his demonstration of immunity in
ocular tissues did intrigue many ophthalmologists. They then initiated a variety of
experiments in the eyes of laboratory animals, and began to interpret a variety of
ocular diseases in immunological terms; this led eventually to the development of
organized research in ocular immunology and immunopathology, eventually with
all the characteristics of an established discipline.2®

Finally, perhaps the most significant result of Ehrlich’s studies of plant toxins
was to convince him that immunity research was not a trivial pursuit, but rather
one worthy of his future full-time attention.

A NOTE ON ORAL IMMUNIZATION

In the course of assembling the Ehrlich bibliography (Appendix), I ran across
his brief note on the history of immunization per 0s.2° Others had apparently
claimed priority for the approach and Ehrlich, typically, was quick to contest any
challenge to his own achievements and priorities. But the exchange called to mind
contemporary confusion associated with oral administration of antigen.

With the discovery of the mucosal immune system, involving secretory IgA
and its importance in diseases of the gastrointestinal and upper respiratory tracts,
interest in oral immunization has swelled. This was heralded by the introduction
of an oral poliomyelitis vaccine, and the hope of attaining an efficacious oral
cholera vaccine. The oral administration of other preventive vaccines, including
genetically modified carriers, is currently under consideration and even testing.30
But from another direction come conflicting reports—oral administration of cer-
tain immunogens may apparently lead to a state of immunological tolerance
rather than to positive immunity.3! This approach has been favored by many in the
field of autoimmune diseases, who employ “self” antigens in an attempt to pre-
vent or alleviate autoimmune diseases. However, it is not evident that there are
substantial differences, either qualitative or quantitative, in the protocols
employed by the immunizers on the one hand, or the tolerizers on the other.
Indeed, the induction of an autoimmune disease following oral administration of
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autoantigen has been reported.32 We will eagerly look forward to the future reso-
lution of this paradox.
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THE VALUE OF
MOTHER’S MILK:
THE FOUNDING OF
PEDIATRIC IMMUNOLOGY

I have been able to succeed in finding a simple research plan...
Paul Ehrlich, 1892

Most immunologists will recognize the name Paul Ehrlich as one of the Nobel
Prize-winning founders of their discipline, with his quantitative assay of diphthe-
ria toxin and antitoxin, his side-chain theory of antibody formation, and his ele-
gant studies of immune hemolysis. But few if any immunologists, and no pedia-
tricians whom I have questioned, are aware that Ehrlich performed the first
critical experiments in pediatric immunology. He demonstrated the manner in
which the fetus and neonate acquire protective immunity from the mother and
stressed the importance of milk antibodies. His contributions to this field are
scarcely mentioned in definitive works on the subject, such as The Transmission
of Passive Immunity from Mother to Young' or Maternofoetal Transmission of
Immunoglobulins.? and not at all in more general summaries, for example, Foetal
and Neonatal Immunology? or Immunology and Immunopathology of the Human
Foetal-Maternal Interaction.* To have forgotten Ehrlich’s contributions is espe-
cially surprising, since these animal experiments may be classed not only as
among the most elegant of all of those devised by this imaginative investigator,
but as ranking high also among all 19th-century experimental designs.’

BACKGROUND TO THE STUDIES

Why should Ehrlich have become interested in the immunological relationship
between mother and offspring in 1892, the year after his introduction to immunology

27
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through his work on abrin and ricin? Nothing in his writings provides a clear answer,
but we may make a reasonable inference from an understanding of the contemporary
state of knowledge and Ehrlich’s approach to science. He wanted always to under-
stand the why of things and processes, and to theorize about their origins and mode
of function. He was well aware of the then-mysterious mechanisms of naturai and
acquired immunity through the famous works of Pasteur, Koch, and Metchnikoff.
Further, the great stir in the medical community and beyond that followed the dis-
covery of diphtheria and tetanus antitoxins by Behring and Kitasato® meant that
physicians everywhere were alert to signs of immunity to these diseases. Thus,
Ehrlich must have been familiar with the frequent reports that newborn children may
be initially resistant to the diphtheria bacillus and often show protective blood titers
of diphtheria antitoxin. An omnivorous reader of the entire medical literature, he also
was aware of the many reports indicating that young animals may inherit from their
parents protection against a variety of other infectious diseases.

We saw in the preceding chapter that Ehrlich’s venture into immunity research
not only produced valuable data, but appeared also to stimulate him to consider
questions about the basic mechanisms of antibody origin and function. Given the
success of the ricin-abrin experiments, we may surmise that Ehrlich felt that the
solution of the problem of the inheritance of immunity might lead to an explana-
tion of the mystery of the origin of protective antibodies. As he says in the intro-
duction to his major study of the bases of neonatal immunity,’

One of the most important tasks in medicine lies in the solution of the problem of how
the organism can protect itself against infections. ... In the light of our current ideas and
understanding, the Jennerian discovery no longer appears to be an inexplicable and iso-
lated phenomenon, but rather as the expression of a fundamental principle which domi-
nates the majority and perhaps the entirety of infectious diseases—that of immunity.?

ORIGIN OF IMMUNITY IN FETUS
AND NEONATE

Ehrlich published the results of his initial studies in 1892, in a paper entitled
“On immunity by inheritance and suckling.” Referring in his introduction to the
earlier, often conflicting, reports of neonatal protection, he concluded,

Thus I believe that I can assert that these essentially incidental observations do not pro-
vide an explanation of the so-called nature of inheritance, insofar as three different possi-
bilities present themselves which, differing in principle, must also be separately treated.
The immunity of the offspring can be effected by: 1) inheritance in the ontogenetic sense;
2) the transfer of maternal antibody; and 3) the direct intrauterine influence on the fetal
tissues by the immunizing agent. ... I have been able to succeed in finding a simple
research plan which made it possible to establish in each instance the mechanism of inher-
ited immunity [his italics].?

Here is Ehrlich at his most typical. The elegance of this “simple research plan”
will quickly become apparent.
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Is Immunity Inherited Genetically?

First, Ehrlich planned what he called an experimentum crucis, to test whether
neonatal immunity is derived from the father or mother. At that time, it was com-
monly believed that certain diseases and even immunity might be transmitted
from the father!® and even from the grandfather!! by way of an “altered zygote.”
These experiments were based on Ehrlich’s earlier demonstration that a depend-
able “absolute lethal dose” of the plant toxins ricin and abrin can be established
for mice of a standard weight.!? Thus, partial immunity in the test animals is
made evident by an extended survival time as compared with controls, and greater
levels of protection result in less severe lesions or none at ali.

Ehrlich first tested the offspring of immune fathers and normal mothers and found
that they showed no protection; doses in the range of 0.2 to 1.3 lethal doses routinely
produced severe lesions up to death within 4 days. By contrast, the offspring of nor-
mal fathers and immune mothers were almost routinely protected, even against mul-
tiples of the lethal dose. Table 3.1 illustrates not only the protection afforded the new-
born by its immune mother, but in addition the duration of this immunity. It can be
seen that the neonate enjoyed almost complete protection from these toxins for about
the first 6 weeks postpartum. The immunity then waned over the succeeding few
weeks, and had completely disappeared by the third month of life.

TABLE 3.1 Immunity to Ricin or Abrin in the Newborn
of Immune Mothers and Normal Fathers

Age No. of
(days) Toxin lethal doses Result
21 Abrin 0.66 Normal
21 " 1.33 ”
21 ” 1.33 "
35 Ricin 5.00 v
42 "’ 10.00 Extensive necrosis
46 " 4.00 Normal
56 Abrin 4.00 Necrosis, + day 14
61 " 033 Hair loss, necrosis
61 " 1.33 + day 4
69 ” 1.10 ”
81 ” 0.25 "
81 " 1.33 ”
87 Ricin 2.00 +day 5
92 " 1.00 Intense induration
97 " 1.60 +day 3
97 Abrin 1.25 + day 4
102 " 1.00 +day 5

Source: Adapted from Ehrlich, note 7, Table II, Collected
Papers, vol. 11, p. 34.
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Further experiments along these same lines, but now using the offspring of
nonimmune parents derived from ricin- or abrin-immune grandparents, showed
that immunity to these toxins was never transmitted to the second generation. He
could conclude, therefore, that immunity was carried neither by an “altered
zygote” nor by paternal sperm. Following the lead provided by Behring and
Kitasato’s demonstration of serotherapy using diphtheria antitoxin, Ehrlich sum-
marized this phase of the study,

We can presently distinguish two types of immunity, the first of which may be termed
active and the second passive. ... It is not to be doubted that the immunity rhat we have
observed in the offspring of immune mothers ... depends on the transfer of maternal anti-
body [his italics].!3

The Foster-Mother Experiments

But Ehrlich did not yet know how and when antibody is transferred from
mother to offspring. The starting point was the observation that the immunity
derived from passively administered antibody disappears much more rapidly in
the adult mouse than does that derived by the newborn from its mother. This
meant to Ehrlich either (a) that the newborn conserves passive antibody better
than the adult does,'* or (b) that a new external source develops. The latter can
only be from the milk. Therefore, Ehrlich devised a lovely set of experiments to
decide the question, whose difficulty can only be appreciated by those who have
tried similar studies: the transfer of newborn mice from their natural mothers to
suckle on foster mothers.!5

Ehrlich transferred the neonates prior to suckling from their abrin-immune
mother mice to nonimmune foster mothers. As Table 3.2 shows, these mice initially
had modest levels of anti-abrin immunity that rapidly disappeared; this immunity

TABLE 3.2 Newborn Mouse Exchange Experiment—Abrin System

Abrin-immune wetnurse
(suckling newborns of
nonimmune mothers)

Normal wetnurse
(suckling newborns
of abrin-immune mothers)

Age Challenge Age Challenge

(days) (lethal doses) Result (days) (lethal doses)  Result
27 1.25 Normal 22 1.25 Necrosis
29 333 + induration 24 333 +day 5
31 10.00 + induration

37 40.00 +day S

(Wetnurse survived 40 lethal doses)

(Wetnurse + day 5 after 1.25 lethal doses)

Source: Adapted from Ehrlich, note 7, Table 1V, Collected Papers, p. 38.
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TABLE 3.3 Newborn Mouse Exchange Experiment—Ricin System

Ricin-immune wetnurse Normal wetnurse
(suckling newborns of (suckling newborns of
nonimmune mothers) ricin-immune mothers)

Age Challenge Age Challenge
(days) (lethal doses) Result (days) (lethal doses) Result
20 2.25 Normal 20 2.25 + necrosis
21 10.00 " 21 10.00 +day 5
23 20.00 Induration 23 5.00 Severe induration
25 13.33 3+ induration 25 13.33 + day 2
27 40.00 Severe necrosis
41 2.00 3+ necrosis
+ day 12

Source: Adapted from Ehrlich, note 7, Table V, Collected papers, p. 39.

could only have been acquired passively in utero. (Ehrlich was never able to show
that antigen derived from the mother during gestation could stimulate an active
immune response in the fetus.) By contrast, the offspring of nonimmune mothers
transferred to immune wetnurses demonstrated high levels of anti-abrin protection
that lasted for some weeks after weaning. So effective was this passive immunity
derived from the milk that at its height the neonate was found to resist more than 10
lethal doses of toxin. A repeat of these newborn exchange experiments using the
ricin system provided further confirmation of these results (Table 3.3). Once again,
the offspring of a ricin-immune mother given to suckle to a nonimmune wetnurse
showed a degree of immunity that lasted for some 3 weeks. The results obtained with
normal offspring that suckled from an immune wetnurse were even more convinc-
ing; immunity lasted at least 6 weeks, and at its peak substantially protected against
over 40 lethal doses. Ehrlich could now conclude,

From this experiment it is shown with certainty—as was to be expected a priori—that
the young come into the world endowed with maternal antibody ... that already after 21
days the degree of immunity is extraordinarily low. ... On the other hand ... my experi-
ments show with every certainty that milk ... supplies antibody to the suckling young and
provides a high and increasing immunity throughout the duration of suckling.'¢

Ehrlich then raised the question of the origin of milk antibodies. Is this due to
arestricted change in the function of the mammary gland or is antibody formation
a normal function of this tissue? The solution was extraordinarily simple. In a
preview of future experiments, he transfered horse anti-tetanus serum (obtained
“from my good friend Kitasato™) passively to a nonimmune nursing mother, and
demonstrated the appearance of complete immunity in the suckling young within
the next 24 hours. He points out that, until now, blood was considered to be the
only carrier of protective antibodies. That the milk also may contain antibody is
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readily understandable, since the mammary gland is the only one that secretes
large quantities of protein.

Ehrlich next discussed the curious and hitherto unknown fact that the antibod-
ies in question appear to pass unchanged through the intestinal wall of the new-
born into its circulation. As he put it,

More wonderful, however, is the fact that the antitoxins suckled with the milk can enter
the circulation from the alimentary canal unaltered. We are accustomed to view antibodies
as extraordinarily labile substances. ... It is thus a phenomenon worthy of note that in this
instance the antibodies contained in the milk are not subjected to decomposition and
destruction by the potent action of digestive juices. This process is even more unusual,
since I have never succeeded in detecting the slightest trace of antibody by feeding [normal
animals] with pieces of the organs of highly immune animals."’

Clinical Implications

Then, always interested in the practical, Ehrlich began a long discussion of the
clinical implications of his findings. He suggested that he has now established
that it is maternal antibodies in the milk that explain why certain infectious dis-
eases of children do not afflict suckling infants during the first year of life. As he
concluded, “Thus, mothers milk is the most ideal food for the newborn.”

Follow-up Studies

It is typical of Ehrlich that, once he had published a set of scientific findings,
he would alertly scan the literature as well for confirmation of his results (which
he welcomed) as for contradictions (to which he was generally quick to respond).
Thus, two years later, Ehrlich published a paper with Hiibener!® that was in
essence a response to several challenges to his maternal-fetal/neonatal data previ-
ously outlined. These were studies by Charrin and Gley from France!® and Tiz-
zoni and Centanni from Italy.2® Both reports suggested that Ehrlich had been
wrong, and that in fact immunity could be conferred to the neonate by the father.
Ehrlich and Hiibener’s paper not only pointed out the technical errors in these two
studies, but further demonstrated the validity of his earlier results. They extended
these same findings to the tetanus system and to a new species, using suckling
guinea pigs as well as mice. In an extensive study of the persistence of immunity
in newborn mice, they were able to show clearly once again that protection
against challenge by pathogenic tetanus organisms is only afforded by immune
mothers and not by immune fathers; that protection continues so long as the
neonate suckles from the immune mother; and that protection diminishes during
the month after weaning and is completely gone by the end of the second month.

THE ORIGIN OF MILK ANTIBODIES

The results previously outlined on the importance of milk antibodies prompted
further experiments on their origin. These were reported in two follow-up papers
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that Ehrlich published in collaboration with Ludwig Brieger, whom Robert Koch
had named head of the Clinical Department at his newly formed Institute for
Infectious Diseases. The experiments now shifted to the goat, from which much
greater amounts of milk could be obtained. In their first paper,?! they immunized
a pregnant goat with increasing doses of a dilute tetanus toxin about 5 weeks prior
to parturition. During the second month of the injection series, they shifted to a
more virulent culture fluid, and showed that the animal could uftimately tolerate
at least 80 lethal doses of the toxin without ill effects. Within 24 hours following
birth of the kid, protective antibodies appeared in the milk.

They then set up a quantitative assay of the protective power of the milk. They
pointed out that there are two approaches to the titration of protective antibody.
The first, favored by Behring in his studies of diphtheria antitoxin,?? measures the
dilution of the antitoxic fluid required to neutralize a certain toxic effect. The sec-
ond approach measures the number of units of toxin (lethal doses) that are
required to just overcome the protective effect of a given amount of the antitoxic
fluid. Brieger and Ehrlich choose this second approach, although they confess
that with careful technique both should yield identical results.

They employ a standard toxic preparation of tetanus bouillon whose lethal
dose for a standard mouse had previously been determined. They then titrate
the antibody content of the milk as follows: a given volume of milk is injected
into a series of mice, which are then challenged with increasing doses of
tetanus. The number of lethal doses tolerated by the mice is determined, and
the titer is expressed as immunity units/cc milk/g of mouse. Table 3.4 illus-
trates a typical titration of the antibodies found in goat’s milk on the 41st day
of immunization (i.e., 1 week after birth. They conclude that this volume of
milk protects the 20-g mouse against some 16 to 24 lethal doses, for a titer of
between 1600 and 2400 units (i.e., 16 lethal doses X 20 grams X 1/0.2 cc milk

TABLE 3.4 Titration of the Tetanus Antitoxin Con-
tent of Goat’s Milk (0.2 cc. of Milk Administered
Intraperitoneally)

Animal No. lethal

number doses Result

1 4 Normal

2 8 Normal

3 16 Transient mild disease

4 20 +day 5

5 24 Disease day 2 with recovery
6 32 + day 2

7 40 + day 2

8 48 + day 2

Source: Adapted from Brieger and Ehrlich, note 21, sec-
ond table, Collected Papers vol. 11, p. 46.
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= 1600 immunity units/gram of mouse/cc of milk). Here was the approach that
Ehrlich would elaborate in his famous 1897 demonstration of how to measure
the potency of diphtheria toxin and antitoxin.23

Brieger and Ehrlich note that they were unable to elicit protection by feeding
immune goat’s milk to adult mice. They point out, however, that in the fetus the
antibodies (Schiitzkorper) pass freely and promptly from the intestines to the cir-
culation. It will, they say, be their task to clarify the basis for this difference
between the neonatal and adult intestinal tracts. Finally, Brieger and Ehrlich point
out that milk may provide a most useful source for the isolation of these protec-
tive substances. They conclude their first paper by reporting that removal of the
casein leaves the original protective capacity untouched, and that vacuum evapo-
ration of the residual whey substantially concentrates the active factor.

In their second paper on milk antibodies,?* Brieger and Ehrlich exploit the
goat’s milk system in two directions: first, to elucidate the dynamics of the
immune response and, next, to show in detail how antibodies may readily be
obtained in quantity from milk. They point out that the goat is the most appropri-
ate animal for these studies and that tetanus is the best system because it is the
best example of a pure toxic disease, and also because its endpoint is clearest.

THE DYNAMICS OF THE IMMUNE RESPONSE

Brieger and Ehrlich introduce this study by recalling that appreciable quantities of
antibody are present in the milk of an immunized, lactating goat after 41 days. They
indicate that the further aim is to determine (1) whether the excretion of these anti-
bodies lasts throughout the entire period of lactation and (2) if, this being the case,
the antibody content of the milk increases with the rise in immunity of the animal.

As in Ehrlich’s earlier work with ricin and abrin, Brieger and he use steadily
increasing doses of antigen to immunize their lactating goats in the present
study.?> Moreover, they measure the antibody content of the milk every few days,
permitting them to plot a curve of the kinetics of the antibody response. This
approach depends on the assumption that the milk titer reflects absolutely the
changing titer in the blood, an assumption apparently justified by the earlier
observation that passive antibody administered to a nursing mouse is rapidly
reflected in the suckling newborn. This means that the normal mammary gland
contributes little to the active formation of antibody.26

The authors then describe the changes in titer resulting from subsequent
(booster) injections of antigen. This plots as a curve that they describe as a “wave-
form” (Fig. 3.1), in which an immune animal with some 4000 units of antibody
suffers an initial decline in titer during the next 2 days to almost 1000 units. The
titer then rapidly rises over the next 17 days to a peak of almost 9000 units, before
falling somewhat during the following weeks.2” Figure 3.2 shows that each addi-
tional antigenic boost yields a similar waveform, and each one leads to a higher
titer of protective antibody.
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FIGURE 3.1 Dynamics of the antibody response measured in the milk of a lactating goat after

a single booster injection of tetanus toxin. (After Brieger and Ehrlich, note 24.)

The authors conclude that “such types of curve hint at a complicated biologi-
cal state of affairs.”?® They then analyze the significance of each phase of the
immune response curve in terms that are some 40 to 50 years ahead of their time.
Phase I, the fall: the large amount of antigen in the booster injection “directly
binding or otherwise destroying the existing antibody in the immunized animal,
leading to a corresponding reduction in the amount secreted in the milk.” This
would later be shown to accompany the immune elimination of antigen.?® Phase
I, the rise: this is due to the active response of the host, involving an overproduc-
tion or overcompensation for the earlier fall in titer. (Note this anticipation of
Ehrlich’s later side-chain theory of antibody formation—the same words are
employed.) Phase III, the reduced steady state: the host now attains a [slowly
declining] steady state until the next booster immunization intervenes.

Brieger and Ehrlich point out the practical significance of the several portions
of the antibody response curve. First, it shows the importance of repeated booster
injections. Next, it emphasizes the critical nature of the timing of bleeding of the
immunized animal in order to obtain therapeutic antisera. It should be done at the
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FIGURE 3.2 Dynamics of the antibody response of the lactating goat to repeated booster injec-
tions of tetanus toxin. The injections are indicated by arrows. (After Brieger and Ehrlichm, note 24.)

peak of the booster response; too early, during the immune elimination phase
leads to low titers, as does bleeding too late during the phase of declining concen-
trations of antibody.

THE PURIFICATION OF MILK ANTIBODY

Brieger and Ehrlich then moved on to the next major experiments—the purifica-
tion of antibody from milk. They report immediately that “We have now found that
in a single step one can isolate substances of considerable protective value from milk
and other protein-rich fluids.” After trying a large variety of precipitating agents,
including acids, alcohols, and metal salts, by far the best results were obtained with
ammonium sulfate. The antibody precipitates in the first fraction, at 27-30% ammo-
nium sulfate, leaving much protein behind.?! The material is then dissolved in water,
dialysed, and evaporated in vacuum, yielding a powder readily soluble in water. With
concentration comes an increase in potency, so that milk with a titer of 2000 to 6500
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immunity units yielded a powder with a titer of 900,000 to 4,000,000, or a concen-
tration factor of 400-600. They pointed out that concentrating antibody from serum
is not as efficient, since there are so many other proteins that coprecipitate with the
antibodies. Similar findings were obtained later by Ehrlich and Wassermann for the
diphtheria toxin-antitoxin system.>2

DISCUSSION

Here is a series of groundbreaking and even elegant studies by a remarkable
scientist. Far in advance of his time, Ehrlich and his colleagues contributed
important information for our understanding of some of the most basic aspects of
immunology. As nearly as I can determine, he was the first to clearly define the
difference between active and passive immunity. He was surely the first to inter-
pret the basis for neonatal protection against many infectious diseases, demon-
strating transplacental transfer of maternal antibodies and then the role of milk-
borne antibodies in protecting the neonate. This early demonstration of the
dynamics of the antibody response illustrated well the phase of immune elimina-
tion of antigen (reflected in a transient reduction in blood/milk titer) and then the
heightened titer that follows the booster injection of antigen. A similar under-
standing of the characteristics of the immune response would not reappear until
the 1950s.33 The fact that these kinetics were immediately reflected in the anti-
body titers in the milk showed that these antibodies originate from the blood.

It is of interest that Ehrlich mentions Darwin in connection with these studies.
This is, surprisingly, the only reference to Darwin that I have found in any of
Ehrlich’s papers, despite the obvious Darwinian nature of many of his ideas and
especially of his later side-chain theory. In discussing his proposed tests of paternal
transmission of immunity, he points out that “It will generally be agreed, in contrast
to the original Darwinian theory, that acquired characteristics are not inherited as
such” [my italics].>* But certain cases of congenital malformation recall the ques-
tion. “Thus the possibility cannot be excluded that such striking modifications of a
special organ part may be readily inherited (and immunity represents such a modifi-
cation of the entire organism).” It is to test this possible inheritance of an acquired
characteristic that Ehrlich has designed his experimentum crucis.

Curiously, these studies of the transmission of immunity to the offspring con-
stitute almost the only instance in which Ehrlich’s scientific activities failed to
exert a lasting effect on biomedical science. It is true that in the years immediately
after these publications, they appeared to stimulate a number of follow-up studies,
but these were done as often to contradict as to confirm and extend Ehrlich’s
results. Thereafter, the work appears to have been substantially forgotten, and the
burst of research activity on maternal-fetal/newborn immunological relationships
in the period after World War II (1-4) seems to have received its impetus from
other sources.

This important work deserves to be better known.33
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THE STANDARDIZATION
OF TOXINS AND
ANTITOXINS

Ehrlich’s immunity unit plays the same role for antitoxin
measurement as does the Standard Meter for the measurement
of length.

Thorvald Madsen, 1914

The demonstration in 1890 by Emil Behring and Shibasaburo Kitasato! that
immunization with a toxin results in the formation of a blood-borne protective
substance excited the medical world. Not only did it suggest a humoralist expla-
nation for the immunity that follows Jennerian vaccination for smallpox and Pas-
teurian immunization for anthrax and rabies,? but it offered much more. The
immunized host was not only protected from diphtheria or tetanus, but its blood
could be transferred passively to protect naive recipients or even to cure the dis-
ease once started. There was, in the circulation of immunized individuals, some
sort of protective “body.” At a time when the pathogenesis of infectious diseases
was thought to involve the action of poisons (toxins) liberated by the pathogen,?
Behring and Kitasato’s discovery was widely viewed as the key to the eventual
cure of all these diseases. Thus, before it appeared that the approach was limited
to only those few pathogens that liberate exotoxins, and that passive transfer of
xenogeneic serum might cause serum sickness, Behring would be awarded the
first Nobel Prize for Medicine in 1901, and would be ennobled by the Kaiser.

The initial attempts to prepare diphtheria antitoxic sera and treat infected chil-
dren clinically met with widely varied success. Different donor animal species
were employed, the dosages of antitoxic serum employed could not be standard-
ized, and little attention was paid to the progress and severity of the disease in the
patient. Thus, varying and conflicting reports of the efficacy of diphtheria anti-
toxin in the cure of childhood diphtheria appeared in the literature,* and physi-
cians throughout the world often employed serum preparations containing little or

41
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no protective antibody.3 Indeed, even Behring and the Hoechst Company (with
whom Behring had a joint arrangement for the production and sale of diphtheria
antitoxic serum) were having difficulty in producing a high-titer product, and the
Hoechst directors were starting to complain about the cost of the project.®

Ehrlich’s Rational Appreach

Having already demonstrated with ricin and abrin how high titers of antitoxic
sera can be produced and measured (see Chapters 2 and 3), Ehrlich turned his
attention to the quantitative aspects of diphtheria antitoxin production, assay, and
clinical application. By this time he was well established in Robert Koch’s Insti-
tute for Infectious Diseases and widely recognized for his careful and quantitative
experimentation. It was only the direct request of Behring, urged on by an impa-
tient Koch and a cost-conscious Hoechst Company, that would allow Ehrlich to
venture into an area to which his institute colleague had full priority claim. The
fact that August Wassermann collaborated in Ehrlich’s first publication in this
field was significant, a further indication of Director Koch’s support of Ehrlich’s
involvement in this important new therapeutic approach.

Ehrlich’s first paper on the subject, published in 1894 with Kossel and Wasser-
mann, was entitled “On the Production and Use of Diphtheria Antiserum.”” Ehrlich
was careful in the introduction to pay tribute to Behring’s original discovery, and
indeed mentioned that the investigations here reported “have been undertaken in
agreement with Behring, and with the warmest interest and authoritative advice of
our highly honored chief, Herrn Geheimrat R. Koch.” He also mentions that the stud-
ies have extended over several years (so that they must have begun already in 1892),
not surprising in view of the impressive amount of data included in the five pages of
the report. Ehrlich would bring to the study of diphtheria toxin and its antitoxin the
same careful quantitative approach that he had employed with ricin and abrin.

First, they will use goats as antiserum producers; not only did this species
serve well in the ricin and abrin studies, but preliminary resuits showed that these
animals are highly sensitive to dipheria toxin and also produce very high titers of
antitoxic antibody. In addition, the demonstrated ability to prepare large quanti-
ties of antibody from goat’s milk may also be important for these studies. They
report that high titers of antitoxin may also be produced also in the cow.

The second point that they emphasize is the importance of obtaining high titers
of antibody, on the resonable assumption that the more antibody used, the greater
the clinical efficacy of the treatment. For this, they revert to Ehrlich’s earlier
demonstration with ricin that repeated injections with increasing doses of toxin
will result in higher and higher titers. They will therefore start to immunize with
increasing doses of a Killed culture of bacilli to obtain a “basic immunity,” and
then shift to increasing doses of the most virulent cultures of living bacteria avail-
able, to maximize the immune response.

Since the ultimate purpose of the investigation is the practical value of the
method for treating diphtheria in humans, the authors point out the critical
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importance of having an accurate and reproducible assay of the antitoxic activ-
ity of their sera. Until then, the usual method for the titration of antitoxic sera
was to inject a given amount into test animals (usually guinea pigs) and then
determine how much injected toxin that dose would protect against. But
because the reaction must occur within the test animal, it is too slow and too
dependent on individual variation in the resorption of the reagents, yielding
results that are too variable. Rather, the authors will take advantage of the orig-
inal observation in Behring and Kitasato’s first report that antitoxin will neu-
tralize toxin in vitro. They will therefore measure the antitoxin content of their
sera by premixing in the test tube varying amounts of serum with a standard
preparation of toxin. The resulting mixture is then injected into the guinea pig
to test for residual toxicity. This approach is permitted, they claim, because they
have shown that the in vitro combination is rapid and “obeys the simple law of
proportionality.” Here is a method that assures a rapid, quantitative, and repro-
ducible result.®? With this approach, they define one “Immunization Unit” (IE)
as the mount of antiserum required to neutralize 1.0 cc of Behrings standard
toxin, or 0.8 cc of their more potent preparation.

The Clinical Trial

Ehrlich and his coworkers will now, “in agreement with Prof. Behring,”
employ their highest titer antitoxin preparations in the treatment of diphtheritic
children in a number of different Berlin hospitals. With the aid of the directors
and staff of six different Berlin Institutions, they have been able to treat a total of
220 cases of childhood diphtheria. (In addition, they are able to control their treat-
ment regimen by comparing their cases with comparable groups of untreated
diphtheritic children.)

They start initially with single injections of serum containing 130-200 units of
antitoxin, but later in more severe cases utilize repeated injections of the antitoxic
serum to increase the dosage. Of the total cases treated with antitoxin, 168 of the
220 recovered, or 76.4%; the remainder died. Of the 220 treated children, 67 had
already been given a tracheotomy, and the success rate in this group was only
55.1% (We may assume that only the most severe cases with the worse prognosis
were tracheotomized—those whose breathing had been impaired by the develop-
ment of diphtheritic membranes.)

When the data were analyzed further, they were able to show for the first time
the importance of the timing of treatment after onset of disease. The survival rate
was 100% when antitoxin treatment was started on the first day of symptoms,
97% on day 2; 86% on day 3; 77% on day 4; and 56% on day 5. Thus, when
serotherapy is begun within the first 2 days, only 2/72 patients died, whereas
25/72 untreated controls died. They point out that many of the cases that serother-
apy failed to save had come to them too late and had suffered from intercurrent
infections; conversely, they feel that with sufficient antitoxin administered early
enough, they could probably have saved at least half of the children lost.
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The conclusions drawn from these studies for the first time provide serother-
apy with a rational basis:

1. The fate of the child is determined in the first 3 days of disease; serotherapy
should commence as early as possible.

2. Since a surplus of antitoxin in the body of the child should be attained, mild
cases should be given at least 200 immunization units, and severe cases and
all tracheotomized cases at least 400 units.

3. Serum treatment should be repeated on the same day or on subsequent
days, depending on the course of fever, pulse, and local factors. The total
amount of antitoxin may reach 500 to as many as 1500 units according to
the severity of the case.

4. The authors caution, however, that these results apply only to their sera,
and that other preparations must be assayed and have values equal to theirs
to be equally affective.

In order to gain a wider audience for the successful serotherapeutic trials,
Ehrlich and Kossel summarize the study in a subsequent paper entitled “On the
Use of Diphtheria Antitoxin.” They again emphasize the critical importance of
employing high titer antisera, multiple doses, and early treatment. There is an
extensive discussion of clinical matters, including the prognosis of serious cases
requiring tracheotomy, and of the complications of diphtheria, including accom-
panying bacterial infections and organ failure. They have, in effect, provided in
two pages a vade mecum for the clinician facing an outbreak of diphtheria.

ANTITOXIN FROM SERUM AND MILK

Some months after the demonstration of the efficacy of diphtheria serother-
apy, Ehrlich and Wassermann published a paper on the isolation of diphtheria
antitoxin from serum and milk.!? In their preliminary study on a single goat,
begun in 1892,'! they confirm the earlier results obtained with ricin: the goat
readily makes diphtheria antitoxin; the protective substance appears in the
milk; and milk titers of antitoxin parallel those in the serum. Thus, they feel
justified in extending the study to many additional animals, while repeating the
emphasis on the importance of using progressively higher doses of antigen to
assure high titers.

To underline the importance of having a good assay method for antitoxin,
Ehrlich and Wassermann reexamine the two approaches to the titration of antitox-
ins. They show that the method of premixing toxin and antitoxin ir vitro is much
more sensitive than passively immunizing the guinea pig and then challenging
with toxin. In addition, the endpoint is more precise. Thus, utilizing a standard
toxin, the difference between a severe reaction and none at all in the in vizro test is
from 0.005 to 0.006 cc, or 20%, whereas the same difference in the in vivo
approach is from 0.024 to 0.060 cc, or 150% However, as they show in detailed
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titrations using constant antiserum and variable toxin, there is a certain variability
among the guinea pigs available for the test.

They next compare the antitetanus and antidiphtheria toxin titers of milk and
serum of immunized goats, and demonstrate that serum contains some 15 to 30
times (usually about 20 times) as much antibody as milk whey. Despite the lesser
concentration of antitoxin in the milk as compared with the blood, they point out
that one may obtain a liter of milk per day from the lactating goat, or 30 liters per
month. This would have the same antitoxin content as 1.5 liters of blood, an
amount greater that the goat could provide without serious consequences. With
concentration of the whey therefore, as shown in the earlier publication with
Brieger,!? an even more effective preparation of protective antitoxin should be
available from milk than from blood.!? Once again, the authors state that, in con-
Jjunction with Professor Behring, they will utilise the highest titer sera available to
test further their practical therapeutic use in various Berlin hospitals.

Ehrlich then gave a lecture before the German Society for Public Health Care.!4
He reviews briefly the history of the discovery of the diphtheria bacillus, its toxin,
and specific diphtheria antitoxin. He emphasizes the importance of accurate assays
of these reagents, and describes how it became apparent that only high-titer antisera
are maximally effective in therapy. He then summarizes his own involvement in this
area, first with the plant toxins ricin and abrin, then with the production of high-titer
antisera and preparations derived from milk, and finally with the clinical application
of these sera in the treatment of diphtheria in children.

It would appear that the chief purpose of the lecture is to reassure practitioners
that serum therapy is not only efficacious, but safe as well. He discusses the pre-
vious clinical studies involving the use of passively administered diphtheria anti-
toxic serum and concludes that it causes no untoward side effects; any later
nephritis or myocarditis that may be encountered is due, he claims, to the direct
effect of the diphtheria toxin on these organs.!3

The impressive immunological studies that Ehrlich had reported on plant tox-
ins, on the maternal-fetal relationship, and on diphtheria antitoxin, came to the
attention of Ministerial Director Friedrich Althoff at the Prussian Ministry of
Education. It was apparent to all that Ehrlich held the key to the solution of the
practical problems involved in diphtheria serotherapy, and Althoff arranged for
Ehrlich to become head of a Royal Institute for Serumtesting and Serum Research
in Berlin-Steglitz.'6 It was a modest establishment, but it was his own, and it rep-
resented the first official recognition of his scientific worth. From this laboratory
would come, during the next few years, some of Ehrlich’s most interesting contri-
butions to the developing field of immunology.

THE MECHANISM OF ANTITOXIN ACTION

Ehrlich’s first report from his new institute was entitled “On the knowledge
of the action of antitoxin.”!” In it, he reviewed current theories of the action of
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antibody. Behring had initially supposed that the antitoxin directly destroys the
toxin molecule, but this was soon shown to be an incorrect assumption. Roux
and Vaillard'® had shown that mixtures of toxin and antitoxin harmless to nor-
mal animals were still toxic in weakened animals, while Buchner!® found that
such neutral mixtures that spared the mouse would kill the guinea pig. Both
results demonstrated that some free toxin might persist in the presence of anti-
toxin, and these investigators concluded that the antitoxin did not function by
destroying the toxin itself. Rather, they assumed that the antitoxin protected the
animal by acting directly on its tissue cells to protect them from the poison.

But perhaps the best indication that the toxin molecule survives the action of
antitoxin was the finding with snake toxins. Calmette?0 and, independently,
Physalix and Bertrand®! had shown that an antitoxin could be produced against
the toxins of the naja and the cobra. Calmette then reported that when inactive
combinations of a snake toxin and its specific antitoxin were heated, the thermo-
labile antitoxin is destroyed, restoring the toxicity of the thermostable toxin.?? In
light of these observations, Ehrlich suggests two possibilities to explain the action
of antitoxin: first, that Roux and Buchner are correct in thinking that the antitoxin
acts on the target cell, making it insensitive to the effect of toxin; or second, that
the antibody neutralizes the toxin by combining with it, thus inhibiting its delete-
rious effects (a chemical view fully reflective of Ehrlich’s notions about the nature
of biological reactions).

Ehrlich points out that it is very difficult to obtain decisive results by experimen-
tation using the complex in vivo systems, and that in vitro experiments, especially
with pure materials such as ricin, are to be preferred. He urges acceptance of the
assumption that the action of these plant toxins is directly analogous to the systems
involving diphtheria or tetanus toxins, a viewpoint supported by the fact that, as he
says, “his ricin studies have not been deemed unimportant in this connection,”?? The
stage is now set for the presentation of quantitative results utilizing the ricin-antiricin
system and the generalization of these results to all toxin-antitoxin systems.

Ehrlich first shows that ricin will agglutinate the erythrocytes of defibrinated
blood in the test tube, and that he can titer an anti-ricin by measurung its ability to
interfere with the agglutination by a given quantity of ricin. Next, he demonstrates
that a parallel titration of ricin and its antibody can be done in vivo by injecting into
the mouse mixtures of antitoxin and toxin in various ratios, and evaluating the resul-
tant degree of inflammation or death of the animal. Ehrlich concludes that, “There
exists between the two experimental series [i.e., in vivo and in vitro] an absolute
agreement not only in qualitative but also in quantitative relationship.”2

Ehrlich thus concludes that these results argue against the cellular view of
Roux and Buchner, in that they involve no vital process. He believes that his ear-
lier suggestion of a purely chemical interaction is supported, and expresses the
hope that further investigations will permit a closer view of the “finer chemistry”
of this puzzling situation.

Ehrlich did indeed expand later on these observations, but in a manner that
illustrates a sharp difference between the way that scientific communication was
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carried on in late 19th-century Europe and how it functions in modern society.
The world of what we now call biomedical practice and research was small; many
important reports were delivered at the meetings of the various medical and sci-
entific societies and these and the discussions that accompanied them were
widely reported in such German weekly publications as the Berliner klinische
Wochenschrift, the Deutsche medizinische Wochenschrift, the Miinchener medi-
zinische Wochenschrift, and so on; in France in the Comptes Rendus de la Sociéte
de Biologie, and the Comptes Rendus de I'Academie des Sciences, and so on; and
in Britain in the Proceedings of the Royal Society. Many important data were pre-
sented during these somewhat informal comments that would be recorded, but
might never be published formally in an appropriate journal.

Thus, following a paper read by H. Kossel at a meeting of the Society of Charité
Physicians,? in which he reported a study using the toxin of eel serum, Ehrlich rose
to comment.?0 After complimenting Kossel, he mentioned work on the plant toxin
crotin performed by his assistant Morgenroth. In contrast to ricin, which agglutinates
erythrocytes, crotin hemolyzes those of certain species, a property that can be inhib-
ited by specific anti-crotin antiserum. Ehrlich mentions that he himself has shown
that tetanus toxin is not one but two poisons; the first is the classical toxin that
induces tetany (tetanospasmin), whereas the second is a substance that hemolyzes
the erythrocytes of many species (tetanolysin). This second toxic substance, says
Ehrlich, also engenders its own specific antitoxin. This is an important new finding to
be reported so informally, and neither Morgenroth nor Ehrlich seem to have followed
up these casual statements with formal publications.

It was Madsen who drew attention to these studies in his paper in the Festschrift
celebrating Ehrlich’s 60th birthday.?” Madsen had come to Ehrlich’s institute from
Copenhagen at this time, to study and work, and was assigned to follow up the
tetanus work. He stresses the importance of Ehrlich’s observation on the two compo-
nents of tetanus toxin, since it led to two very important observations: first, that in a
mixture of toxins (antigens), one could be absorbed without affecting the other (e.g.,
tetanolysin is absorbed by erythrocytes, leaving tetanospasmin free); and, second,
that in a mixture of two different antibodies formed in response to a single immu-
nization, each functions independently of the other.® I believe that this was the first
demonstration of a partial absorption involving antigens or antibodies, an approach
that Ehrlich would later elegantly apply in showing that the red cells of one species
might absorb partially the hemolytic antibodies prepared against a cross-reacting
species.? This approach would figure significantly in future immunochemical stud-
ies, most notably in the work of Karl Landsteiner.3°

THE DEFINITIVE ASSAY: EHRLICH’S
IMMUNOLOGICAL MAGNUM OPUS

After seven years’ work on the quantitative aspects of toxin—antitoxin interac-
tions, Ehrlich published a paper that would define for the world the solution to the
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vexing problem of how to ensure the potency of diphtheria antitoxic sera.3! This was
no simple problem like the assay of ricin and antiricin, in which a chemically pure
substance (ricin) could be weighed out. In this case, both diphtheria toxin and its
antitoxin were labile, and the toxin solution itself usually contained substances that
interfered with the assay. It was thus impossible to develop standards for the assay;
one day’s titration results could usually not be repeated on the morrow. As Ehrlich
points out in the introduction to the paper, the failures worldwide of diphtheria
serotherapy were due to the use of antisera that were too weak to be effective.32 He
concludes the introduction with the words, “It was necessary to work out a new and
more accurate method of determining the value of the serum” [his italics].

It is clear that in order to establish a reproducible assay system, a single perma-
nent and dependable reference standard must be established, against which all other
reagents can be measured. This will be a diphtheria antitoxic serum. But Ehrlich first
demonstrates that the former standard serum, supposedly stabilized in glycerine,
may deteriorate with time. Just because it might yield the same results over time,
when tested against a given solution of toxin, is no proof of stability; they may both
deteriorate in parallel, concealing the loss of potency of the antiserum. He concludes,
therefore, that the use of solutions must be avoided. Since the chief factors in the
breakdown of unstable substances are (1) water (by hydration); (2) oxygen (by oxi-
dation); (3) light; and (4) heat, he will prepare a serum standard by maintaining
dessicated aliquots of a high-titer antiserum in an evacuated chamber in the dark and
cold.33 Knowing at the start the titer of this standard, one tube can be opened as
needed, dissolved in an appropriate volume of glycerinated saline, and utilized for up
to 1 month to assay solutions of toxin. These in turn will permit the assay of test
batches of antitoxin to determine their adequacy for use in the clinical treatment of
diphtheria cases. The preparation of large numbers of tubes of the standard antitoxin
will thus provide not only for the long-term maintenance of the reference standard,
but will also permit the distribution of the standard throughout the world, thus assur-
ing uniformity of reagents and, ideally, the widespread use of an efficacious therapy.
Obviously, when the original reference standard nears depletion, it can be used in the
preparation of a further large number of ampoules of a new, accurately assayed and
thus standardized reference anttoxic serum.

Ever the careful experimenter, Ehrlich next points out the problems involved in
assessing the endpoint of a titration involving living animals. He shows that the
assay of a certain degree of inflammation as an endpoint is too subjective and
depends too greatly on the precise site of inoculation. Therefore, the objective
endpoint of death within 4-5 days of a standard 250-g guinea pig will be used to
define the unit lethal dose of a diphtheria toxin solution.

Now Ehrlich sets up a series of titrations of 11 different preparations of diphtheria
toxin, both from his own laboratory and from others in Germany and abroad. He
tests an arbitrarily chosen standard diphtheria antiserum, diluted to contain one
“immunity unit” (defined as the amount of antitoxin required to neutralize 100 lethal
doses of toxin), against varying dilutions of the test toxins, and seeks to define two
threshhold values: Lo, or the amount of toxin just neutralized by one unit of antitoxin,
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and L,, the amount of toxin that will suffice to leave one lethal dose of toxin free after
the unit of antitoxin has exerted its neutralizing effect. As Ehrlich points out, L, — Lg
should equal one lethal dose (i.e., Ly should equal 100 and L, should equal 101 lethal
doses) “provided the toxin is a pure chemical substance.”

But in no instance does reality accord with theory. Among the 11 toxin prepa-
rations tested, the values of Ly range from a low of 27.5 to a high of 108, and for
L,, from 29 to 123. In no instance was the value of L, ~ Ly equal to the theoretical
one lethal dose; it ranged from 1.7 to as high as 22 lethal doses! How was this
possible? Not only did some toxin preparations appear to contain substances that
lowered the protective power of the antitoxin, other preparations seemed to con-
tain substances that actually appeared to enhance its protective power. Here was a
major challenge to the nimble imagination of Paul Ehrlich.

To explain these unusual findings, Ehrlich would recall that, some years earlier,
he had had occasion to treat a tetanus broth with carbon disulfide in order to see the
effect of substituting the amino groups of the tetanus toxin. He was surprised to find
that while the preparation had entirely lost its toxicity, it possessed an even better
capacity to induce immunity in mice than the original toxin. Indeed, the modified
product, which Ehrlich named zoxoid, demonstrated an undiminished ability to com-
bine with its antibody, both in vivo and in vitro.3* Here was proof that the structure on
the toxin molecule responsible for toxicity, which Ehrlich named the toxophore
group, differed from that responsible for attachment, which Ehrlich would soon call
the haptophore group (from the Greek aptein, to grasp).

All these considerations were based on Ehrlich’s long-time idea that such
interactions were the result of the chemical binding of atomic structures, or side-
chains, that fit one another like “lock and key,” following the simile advanced by
Emil Fischer. Suggesting that toxin and antitoxin react chemically, Ehrlich pro-
ceeded to postulate the existence of toxoids of varying combining affinity with
antitoxin: some binding more strongly than normal toxin, some with equal affin-
ity, and some with lesser affinity. In this way, by postulating mixtures of varying
amounts of the several substances, he would explain why some values of L and
L, were higher and some lower than 100 lethal doses.

This approach, which Ehrlich employed to explain the complexities of toxin—anti-
toxin interactions, became so complicated and convoluted, and involved such dis-
putes with other workers, as to justify a separate treatment; the factors that entered
into play will be dealt with in the next chapter. It is not inappropriate to make this
separation, since the correctness or incorrectness of Ehrlich’s interpretation of the
composition of toxin solutions in no way affects the validity of the method that he
introduced for the standardization of therapeutic antisera.

Diphtheria Serotherapy and Financial Gain

This is perhaps the appropriate place to touch on an embarrassing and contro-
versial aspect of the development of diphtheria serotherapy and the commercial-
ization of the production, assay, and sale of the serum to the medical profession.
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The event in question raised accusations of unfairness and maltreatment, and
spoiled the friendship and collaboration between the two leading diphtheria
serotherapy researchers, Paul Ehrlich and Emil Behring.

Following the laboratory demonstration of the efficacy of passive serotherapy
in the treatment of diphtheria infection in animals and the preliminary demonstra-
tion that it might save the lives of affected children, it was clear that here was a
pharmaceutical product with immense prospects. Behring had made an arrange-
ment with the dye and pharmaceutical company Hoechst?® that promised to net
him some 10,000 marks per year against a S0-50 division of the profits. But, as
noted previously, both Behring and Hoechst were experiencing great difficulty
with the assay of the antiserum and they called on Ehrlich, the acknowledged
authority on quantitative assays, to help solve the problem that was interfering
with the commercial venture.

Initially, Behring entered into a joint agreement with Ehrlich to exploit the fin-
ished antitoxin product, whose sale would be managed by the Hoechst Company.
The letter agreement that both signed in October 1893 indicated how many ani-
mals each of them should have, how the costs would be shared, and how the prof-
its would be divided among the two of them and Hoechst.?¢ So rapidly did the
commercial prospects for diththeria antitoxic serum develop that in the following
year a formal agreement was signed between Ehrlich and Hoechst, outlining the
royalties due to Ehrlich on the sale of the antisera, either produced directly by
him, or by Hoechst under his supervision.’” The agreement was to run for 14
years and, according to Ehrlich’s adoring secretary Martha Marquardt,3® should
have netted Ehrlich some 500,000 marks over this period.

While Behring was apparently not directly involved in the Ehrlich—Hoechst
agreement, it undoubtedly affected his own arrangement with Hoechst. As Mar-
quardt records, Ehrlich one day received a telegram from Hoechst, asking for an
urgent meeting in the city of Halle. There he was met by Behring and a Hoechst
representative. The main subject of the meeting appeared to have been Ehrlich’s
future plans and his oft-stated desire to have the maximum free time available for
research. In the course of these conversations, Behring brought up Ehrlich’s long-
standing desire to have his own institute supported by the state. Behring
promised, according to Marquardt, that he would exercise his weighty influence
with the government to help Ehrlich to obtain this institute. But, he pointed out, as
director of a state institute, Ehrlich would be ineligible to receive profits from the
commercial sale of antitoxin, and thus he should withdraw from the Hoechst con-
tract; this same consideration would not apply to Behring, who then held a pro-
fessorship at Marburg University. At the same time, the Hoechst representative
spoke of the double burden on the company of supporting both investigators.

Ehrlich resigned his share of the contract, but the institute promised by Behring
was not forthcoming.3® Ehrlich felt that he had been ill used by Behring, especially in
view of the fact that during the first year of sales of the antiserum, Behring’s share
was over 350,000 marks, and in the 20 years through 1914, Behring received almost
1,850,000 marks*® and built a veritable castle on the heights overlooking Marburg.
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Ehrlich complained again and again about this treatment in subsequent years, and
especially refused Behring’s attempt to have Ehrlich’s new institute in Frankfurt
serve as the routine assay laboratory for the Behring/Hoechst products.#! It is curious
that the full story of Ehrlich’s entry and withdrawal from the contract with Hoechst is
not recounted either in the Biumler biography (Bdumler had been a vice-president of
Hoechst),*? in the history of the discovery, development, and marketing of diphtheria
antisera,3 or in the biography of Emil Behring.**

Thus was Ehrlich’s friendship for Behring terminated, never again to be fully
renewed. It is telling that at Ehrlich’s funeral in 1915, attended by many high
notables, the already ailing Behring spoke the following words,

Now you are at rest, dear friend...
You always had a sensitive soul...

And if we have hurt you ... forgive us!®

DISCUSSION

In his 1914 review of Ehrlich’s quantitative approach to immunology Madsen,
by then one of the world’s leading diphtheria-therapy experts, pointed out that,
“Ehrlich’s method of measurement [of toxin and antitoxin] is the common prop-
erty of all civilized nations,” and “Ehrlich’s immunity unit plays the same role for
antitoxin measurement as does the Standard Meter for the measurement of
length.”*¢ Topley and Wilson summarize the benefits derived from diphtheria
serotherapy in their The Principles of Bacteriology and Immunity of 1938 by
describing the fall in the case mortality rate for the [British] Metropolitan Asy-
lums Board hospitals. In 1889, the year before Behring and Kitasato’s discovery,
the case-mortality rate was 40.7%; by 1896, just before Ehrlich showed how to
standardize anti-diphtheria sera, it had already dropped to 21.2%. Thereafter, the
rate continued to decline, falling below 10% for the first time in 1903, and then
slowly declining to below 5% by the mid-1920s.47

After World War I, the standardization of diphtheria antisera, following
Ehrlich’s methods, was taken over by the Biological Standardization Commission
of the League of Nations, working with selected Institutes throughout the
world.#® Several modifications of the standardization procedure were subse-
quently introduced, including Rémer’s intradermal test, which permitted multiple
tests of inflammatory responses on the same animal without an endpoint of
death,* and Ramon’s demonstration that a suitable titration endpoint of toxin and
antitoxin was the onset of flocculation of the antigen—antibody complex in the test
tube.30 The many contributions of Glenny and his coworkers during the 1920s and
1930s contributed importantly to the perfection of these techniques.!

For a time, active prophylactic immunization was pursued employing neutral
toxin—antitoxin preparations, but several accidents involving toxicity of the mix-
ture soon dissuaded the practice. Then, thanks in great measure to the devoted
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attention of Gustave Ramon,? impressive advances were made in the preparation
of toxoids suitable for use in active prophylactic immunization to prevent diph-
theria. Ultimately, the use of formolized diphtheria toxin as toxoid, adsorbed onto
aluminum hydroxide or hydrated aluminum phosphate and given in two doses,
has resulted in the virtual disappearance of diphtheria in the industrialized
nations. The enforcement of childhood immunization, in the form of DPT (diph-
theria, pertussis, and tetanus) inoculations, has substantially banished each of
these diseases as significant public health concerns. These procedures were sup-
ported by application of the Schick intradermal test,3 which permitted the clini-
cian to assess the state of immunity in the patient and thus show whether active
immunization would be required.>*

So significant was the development of active immunization procedures against
diphtheria toxin that by the 1930s, the name of Paul Ehrlich and his assay meth-
ods for diphtheria antisera were rarely remembered; indeed, the use of passive
serotherapy is hardly mentioned in the 832-page treatise Diphtheria Past and Pre-
sent by J. Graham Forbes published in 1932.55
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THE TOXIN—
ANTITOXIN REACTION:
THEORY OUTPACES DATA

HENRY Good God, woman, face the facts.

ELEANOR  Which ones? We've got so many.
James Goldman, filmscript, The Lion in Winter, 1968

We have, up to this point in the discussion of 19th-century immunology, dealt
with theories controlled almost entirely by data. When immunization with live,
attenuated pathogens was thought to deplete those trace elements critical to their
growth! and therefor to confer immunity, the demonstration of immunity to inan-
imate toxins soon corrected this speculation. When immunization with toxins was
thought to protect by inducing some sort of “habituation” to the toxic effects,?
passive transfer of serum showed immunity to be mediated by an active sub-
stance, an “anti-body.”3 When it was believed for a time that antitoxins function
only by acting on cells in vivo,* it was quickly found that they might also act in
vitro to agglutinate or hemolyze erythrocytes.” Again, when it was speculated that
antitoxin acts by destroying the toxin, it was soon shown that the toxin might be
recovered from a neutral toxin-antitoxin mixture.® In all of Paul Ehrlich’s
involvement with the foregoing experiments, he had been guided by the overrid-
ing idea of molecules interacting stereochemically and specifically; this concept
had repeatedly been confirmed by experiment.

Now we enter into a period in immunology when commitment to theory
appeared to dominate data, often determining how the data were interpreted and
even governing the planning of experiments.” For the first time Ehrlich, in seek-
ing an explanation for a phenomenon, seemed to apply his ideas beyond the
immediate requirements of the data. With an inexorable logic, he would construct
a complicated theory of the nature of toxin—antitoxin interactions, at times adding
one ad hoc hypothesis on another to maintain consistency, as new data emerged.
(He would repeat this theory-to-excess again later, when he defended his concept

55
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of the nature and mode of action of complement in the hemolysis of red blood
cells, as outlined in Chapter 7). When, earlier, Ehrlich had forcefully defended his
data, he had usually settled the challenge fully and finally with new data; now that
his theories were under attack, long drawn-out polemics became the rule and the
debate was more often exhausted and given up rather than resolved.

INTRADISCIPLINARY TENSIONS
AND CONFLICTS

The principal burden of this chapter will be to demonstrate not only the basic
facts of toxin—antitoxin interactions, but how the disciplinary backgrounds of
Ehrlich, Jules Bordet, and Svante Arrhenius determined their interpretation of the
experimental data. Of course, the direction from which a scientist approaches his
or her field is only one component of what we call scientific style, and we shall
explore Ehrlich’s style in all its aspects in Chapter 9. The influence of style
(understood in its broadest sense) takes many different forms, and is the subject of
a growing literature.® But it is worth pausing here to alert the reader to the extent
to which the disciplinary origins of the protagonists almost imposed on them the
theoretical positions that they championed. It is the background experience and
even the culture of the science in which individuals are raised that often guides
their choice of subject and technical approach, and even the type of speculations
that they will permit themselves.®

In his debates with Bordet, Ehrlich took the side of the chemist to Bordet’s
biologist. Ehrlich argued molecules while Bordet argued processes. As Niels
Jerne would point out 70 years later,'0 the field of immunology was then still
divided between cis-and trans-immunologists, depending on whether their
backgrounds and approaches were biological or chemical, respectively. The
two groups approached many of the same problems, but in characteristically
different ways; the immunobiologists worked forward from the first interac-
tion of antigen with cell receptor, while the immunochemists worked back-
ward from the final product, the antibody. Each group employed its own meth-
ods, the one concentrating on molecules and their structure and interactions
(its journal eventually changed its name from Immunochemistry to Molecular
Immunology) while the other concentrated on cellular functions and outcomes
(and favored the journal Cellular Immunology). As Jerne said, with tongue in
cheek, “The result is that the two hardly speak to one-another. Or rather, a cis-
immunologist will sometimes speak to a trans-immunologist, but the latter
rarely answers.”

Even the language employed to describe phenomena and substances depended
on disciplinary predilections—witness the different languages of Ehrlich on the
one hand and of Jules Bordet on the other, in their debate on the nature of anti-
body. Ehrlich chose semantically charged names like Ambozeptor and Komple-
ment that implied structure and function, whereas Bordet preferred more neutral
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words like substance and alexine.!! Ernst Mayr has pointed out that early in the
20th century, a similar disparity of language and approach existed between the
geneticists and the field naturalists in their view of evolution, until they were
brought together in what has been termed “The Evolutionary Synthesis.”!2

The debate between Ehrlich and Arrhenius was characterized by a similar
divide in conceptual framework and technique. In this case, Ehrlich was still the
chemist, but the organic chemist, who pictured interactions in terms of the tight
binding of stereochemically complementary molecules. Arrhenius, a physical
chemist and founder of electrolyte theory, saw these interactions as the fairly
loose association of ions in equilibrium, and thus would naturally take Ehrlich to
task for his notion of the irreversibility of the antibody—antigen interaction. The
stylistic differences that separated Ehrlich and Arrhenius are discussed in greater
detail by Lewis Rubin!3 and Elisabeth Crawford.'*

Sometimes the conceptual divide rested more on philosophical than method-
ological views. Mazumdar has described the continuing dispute over four genera-
tions between those who view Nature as a Leibnitzian seamless continuity
(natura non facit saltus) and those who, with Kant, hold Nature to be discontinu-
ous, with continuities only imposed by the human mind.'? In each generation, and
in such fields as botany, bacteriology, and blood-group genetics, one side saw
continuous variation among species and genotypes, while the other side viewed
these as discretely separated entities. As we examine Ehrlich’s disputes with Bor-
det and Arrhenius, we become aware that here too, there existed these same con-
tinuity/discontinuity differences. For Ehrlich, there was no intermediate condi-
tion; an antitoxin either fixed tightly to its toxin or not at all. Ehrlich’s model was
the epitome of discontinuity. For Bordet and Arrhenius, however, the combination
could vary continuously. Bordet would suggest the analogy of the interaction of
dye with fabric, a physical adsorption that could involve continuously variable
proportions of interactants. Arrhenius, on the other hand, suggested the same vari-
ability of proportions, but based now on the reversible neutralization characteris-
tic of weak acids and bases.!6

Just because we have pictured Ehrlich arguing an organic-chemical approach
against Bordet and Arrhenius, it must not be forgotten that he was still, at heart,
an experimental biologist. This is important, in that it helps to explain another
difference between Ehrlich and Arrhenius. Arrhenius represents the “pure” or
“hard” sciences of physics and chemistry, which deal with unchanging laws of
nature and adhere closely to the parsimony of Occam’s razor. But, as Ernst
Mayr has pointed out,!” biology demands a different philosophical approach
from that of chemistry or physics; the molecules of chemistry and the particles
of physics have no evolutionary history like the molecules of biology. More-
over, evolution has added layer upon layer of mechanistic complexity, of alter-
nate pathways, and of feedback controls onto most biological processes. This
may help to explain why Paul Ehrlich would feel free to argue for a highly com-
plex set of components and interactions in this most biological of systems, the
interaction of toxin with antitoxin.
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THE INITIAL FORMULATION: TOXINS
AND TOXOIDS

The initial observation that posed a conceptual problem to Ehrlich was the dis-
crepancy between the values of Ly and L,,'8 as we saw in the last chapter. It will be
recalled that Ehrlich defined one “immunity unit” of antitoxin as that amount that
would just neutralize 100 lethal doses of diphtheria toxin.!® In assaying toxin solu-
tions, he chose two endpoints: L, the amount of toxin solution just neutralized by
one unit of antiserum and L,, the amount of toxin solution that, when added to one
unit of antiserum, would leave one lethal dose free to kill the experimental animal.
Obviously, L, ~ Ly should equal one lethal dose—but it almost never did; it usually
yielded values appreciably greater than one. In addition, the value of L, — Ly in a
given solution of toxin was not constant, but would often increase over time.

How could this be explained? It rapidly became apparent to Ehrlich that the
toxin was unstable, changing into a nontoxic product that he named roxoid. But
whereas the toxicity of the preparation appeared to diminish with time, its ability
to react with the antiserum remained more-or-less intact—that is, the toxoid
maintains its ability to combine with antibody. This implied to Ehrlich that the
portion of the toxin molecule that binds to antibody (Ehrlich’s postulated receptor
on sensitive cells) and the portion of the molecule responsible for toxicity are dif-
ferent. He named the former the haptophore group and the latter the toxophore
group. Here was the chemist once again, who pictured both antigens and antibod-
ies as complex molecules with different functional side-groups responsible for
different biological/chemical functions. His later pictures of these molecules (see
Chapter 6) would always show the attachment sites for antigen and complement
in different parts of the antibody molecule, and the attachment sites of comple-
ment or toxin as different from their active hemolytic or toxic sites.

It was immediately clear to Ehrlich that all solutions of diphtheria toxin were
in fact mixtures of variable quantities of toxin and its breakdown product, toxoid.
But in his discussion of the conditions under which the molecule loses its toxicity
and becomes toxoid, Ehrlich suggests that combining (haptophore) groups with
different affinities?0 for the antibody may be formed. He can conceive of three
types: one with greater affinity than the original toxin, which he names protoxoid;
one with an equal affinity (syntoxoid); and one with a lower affinity (epitoxoid).
By analogy with the neutralization of mixtures of hydrochloric and acetic acids
by sodium hydroxide, he suggests that the neutralization of toxin-toxoid mixtures
by antibody follows similar rules. The high affinity molecules are neutralized
first, and then those of lower affinity. Ehrlich then gives examples of how the
addition of toxin preparations containing different proportions of the several pos-
tulated toxoids may affect the value of Lg— L,.2!

Ever on the lookout for mathematical precision, Ehrlich now attempts to quantify
the analysis of toxin preparations. He claims that it is the presence of low-affinity
epitoxoids that affect the value of Ly — L,, and thus the composition of any toxin
preparation may be represented by x[pro- + syn-toxoids] + y[toxin] + z[epitoxoid].



THE TOXIN—ANTITOXIN REACTION 59

Apparently casting about to rationalize the varying values of Ly — L, that he has
found experimentally, he makes two ad hoc assumptions: first, that epitoxoids are
formed de nove and not from the breakdown of toxin; and, second, that toxin is trans-
formed into protoxoid and syntoxoid, but only in a ratio of either 1:1 or 2:1! Utiliz-
ing these assumptions and numbers, Ehrlich reanalyzes his experimental results and
concludes that the ‘unit’ of antitoxin can actually neutralize 200 lethal doses of toxin
rather than the 100 doses originally postulated, the difference being due to the invari-
able presence in these mixtures of some 100 units of the several toxoids.

Here was the start of what became, in Ehrlich’s hands, an ever-increasingly
complex explanation of the mechanism of interaction of diphtheria toxins and
toxoids with their specific antibody. The complexity of Ehrlich’s interpretation of
the neutralization of toxin mixtures by antitoxin increased significantly in his next
publication on the subject, in 1899.22 First, he gave the new name “toxon” to “epi-
toxoid,” to emphasize that it is an original product of the bacillus and not a sec-
ondary breakdown product of toxin; it possesses, in addition, an intrinsic mild
toxicity. Next, he finds it necessary to explain how a given toxin can break down
into two different toxoids (pro- and syn-toxoids) of differing avidities.?> To this
end, he feels constrained to postulate that toxins may also have different avidities;
he speaks, in order of decreasing avidity, of prototoxins, deuterotoxins, and trito-
toxins (and of their respective toxoids), and of o and B modifications of these tox-
ins, depending on whether they are more or less stable. Finally, he introduces the
terms hemitoxin for those toxins that have decomposed by some 50% to toxoids,
and mesotoxin for those toxins that have undergone no decomposition to toxoid.

Ehrlich is now ready to introduce his graphic (“mathematical”) representation
of the steps in the neutralization of toxin mixtures by antitoxin. These he calls a
Giftspektrum, or “poison spectrum,” by which he will describe the stepwise neu-
tralization by antibody of the multiple components of the toxin mixture, remem-
bering that the mixture representing the Ly dose always contains 200 neutralizing
units of haptophore combining groups. Typical examples of these graphical rep-
resentations are illustrated in Figure 5.1.

Several aspects of Ehrlich’s concept become clear from a consideration of
these neutralization sequences. He views the toxin preparation as a mixture of
discrete molecular entities, some toxic and others not, but all possessing a hap-
tophore group able to interact with antibody. Further, following his early view of
the firm (organic-chemical) binding of substance with receptor, he assumes that
each substance of higher affinity will be completely bound to antibody before ini-
tiation of the neutralization of those components of lesser affinity. Finally, in view
of this latter assumption, the neutralization takes the form, not of a continuous
curve, but of a discontinuous bar diagram.

Here was Ehrlich introducing a congeries of hypothetical substances to sup-
port his ambition to put diphtheria assays on a firm mathematical basis. It was
quite clear that toxoid exists, representing a molecule that has lost its toxic prop-
erties while retaining its ability to interact with antitoxic antibody. But the exis-
tence of the postulated toxins and toxoids of different combining affinities, and of
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FIGURE 5.1 Ehrlich’s “Giftspectrum” for the neutralization of diphtheria toxin by antitoxin. With
time, the toxin is modified into the several comnponents of different affinities. The toxins occupy the
shaded areas, the nontoxic products the unshaded areas. (After Aschoff, L., Ehrlichs Seitenkettentheorie
und ihre Anwendung auf die Kiinstlichen Immunisierungsprozesse, Jena, Gustav Fischer, 1902.)

the rule of toxin breakdown in the proportions of one-half or two-thirds is
nowhere experimentally demonstrated; they are pragmatically chosen to provide
a “best fit” to the data and lend to the method the air of mathematical certainty.
Fortunately, the practical value of Ehrlich’s protocol for the standardization of
diphtheria toxins and antitoxins did not depend on the validity of his theoretical
concepts. But the many components of Ehrlich’s “poison spectrum,” and even the
form of the graphs themselves, were sure to pique the curiosity of, and to raise
objections from, other scientists; this was not long in coming.

THE EHRLICH-BORDET DEBATE

We have seen that Ehrlich’s view of the antigen-antibody interaction was
based on the idea that its specificity depends on the tight chemical joining of two
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complementary structures. As Ehrlich would say, using the famous simile of Emil
Fischer, they “fit” one another like lock and key (but there are no master keys in
this system, as Pauline Mazumdar has made clear).?* Jules Bordet, however,
found fault with Ehrlich’s formulation on three main grounds:

1. On the operational level, Bordet objected to the large number of different
substances postulated by Ehrlich. He argued for a more Ockhamian sim-
plicity, as Arrhenius also would.

2. On the epistemological level, Bordet criticized Ehrlich’s “audacious syn-
thetic concepts”; Bordet’s ideas, he claims, are not theories, but “merely
represent a description of the true state of affairs.”

3. On the semantic level, Bordet would criticize Ehrlich’s nomenclature,
claiming that the terms he employed (such as Amboceptor, Zwischenkérper,
and Komplement implied too much about mechanism. Bordet preferred the
more neutral terms anticorps and alexine, and would refer to hemolytic
anti-erythrocyte antibody as the substance sensibilisatrice.?

That it should have been Bordet from within the immunological community who
disputed Ehrlich on the mechansms of humoral immunity is an irony that has not
escaped historians.?” The young Bordet had come from Belgium to learn immunol-
ogy in the laboratory of Elie Metchnikoff, whose cellular immunology fiercely
opposed Ehrlich and the humoralists. It was from this hotbed of cellularism at the
Pasteur Institute that Bordet reported on one of the most significant contributions to
humoralist theory, the demonstration of antibody-mediated hemolysis.?

Bordet could not accept Ehrlich’s chemical interpretation of antibody—antigen
binding as involving the interaction of stereochemically complementary struc-
tures. He preferred a more physical adsorptive process, analogous to the way that
dyes adhere to their substrates. In this respect, Bordet followed the lead of Karl
Landsteiner in viewing the process as a colloidal reaction,? and would later
explain the Danysz effect® by comparison with the stepwise adsorption of the
dye methy! violet onto filter paper.3! When it was suggested that adsorptive col-
loidal processes could not account for the fine specificity of immunological reac-
tions, Bordet countered, “The affinity of adsorption is sufficiently delicate, gradu-
ated, and elective, so that the notion of its participation in antigen-antibody
reactions is compatible with that of specificity.”3

Perhaps the greatest difference between Bordet and Ehrlich lay in their scientific
styles (it was surely not in the quality of their contributions to immunology, for both
would be recognized with Nobel Prizes, Ehrlich in 1908 and Bordet in 1919).
Ehrlich had a theory to explain every observation, whereas Bordet pretended that any
ideas that he might have advanced were not even worthy to be called theories, but
“merely represent a description of the true state of affairs.”” He would write,

one knows with what luxuriance they [theories] have been developed on the fertile
ground of immunology, where so much of the unknown still stimulates the imagination
and invites audaciously synthetic concepts from the schools desirous of affirming their
superiority ... conceptions that are defended with all of the partisanship that amour propre
mixed with chauvinism so readily inspires.33
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Despite their differences, each of the protagonists held the other in high regard
and they were never reduced to unseemly polemic and ad hominem accusations.
Each credited the other with having helped to stimulate progress in this increas-
ingly important discipline.

THE EHRLICH-ARRHENIUS DEBATE

Thorvald Madsen earned his M.D. degree from the University of Copenhagen
in 1893, and became an assistant to the noted bacteriologist Carl Julius Salomon-
sen. He worked on the difficult problem of the standardization of diphtheria anti-
toxic serum and in 1896 wrote his doctoral dissertation on this subject.3* The
work attracted the attention of Ehrlich, who cited Madsen in his landmark paper
on the standardization of serotherapeutic reagents.3S Thenceforth, Madsen made
many working visits to Ehrlich’s institute, and the two developed a mutual friend-
ship and admiration; Madsen was one of the few foreigners invited to contribute
to the 1914 Festschrift in honor of Ehrlich’s 60th birthday.3¢

In 1899, Madsen went off on the customary Wanderjahr, but chose (unusual
for a physician already committed to bacteriology) to devote the time to learning
physical chemistry. Part of the period was spent in Stockholm with the already
famous Svante Arrhenius, who by then had developed a theory of electrolytic dis-
sociation that was to win him the Nobel Prize for chemistry in 1903. Following
frequent visits to Madsen in Copenhagen, Arrhenius became interested in
serotherapy and in Ehrlich’s interpretation of the nature of the interaction of diph-
theria toxin with antitoxin.3” With the full force and prestige of the laws of chem-
istry and physics behind him, Arrhenius felt sure that he could bring order into the
poorly understood and theoretically immature biological sciences. As Crawford
says, “he was also committed to making serotherapy and immunity studies more
scientific, using the concepts and methods of physical chemistry.”38

In 1901 and again in 1902, Arrhenius spent a month with Madsen in Copen-
hagen, designing and undertaking experiments and discussing the implications of
their results. Madsen taught Arrhenius the technics and reagents of the system,
and Arrhenius fit the data to equations and plotted them as the typical curves of
the physical chemist. The results of this work were published in the celebratory
volume prepared for the opening of the Danish State Serum Institute in Septem-
ber 1902.3° Arrhenius felt that Ehrlich’s method of titrating toxin, involving in
vivo tests employing many mice, was not only time-consuming but inexact; as a
chemist, he would much prefer a more precise in vitro test. He and Madsen there-
fore chose to use as their toxin the tetanolysin elaborated by the tetanus bacillus,
and as their assay of its interaction with antitetanolysin, the in vitro hemolysis of
erythrocytes. This choice, while logical, would cause problems when they sought
to challeng Ehrlich’s diphtheria toxin results with their own tetanolysin data.

Arrhenius and Madsen aimed to demonstrate that mixtures of tetanolysin
and antitetanolysin follow the same laws of chemical reaction as do weak acids
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FIGURE 5.2 Arrhenius’s comparison of the equilibrium neutralization of ammonia by boric
acid (curve A) with the neutralization of tetanolysin by its specific antibody (curve B). (After Arrhe-
nius and Madsen, note 39.)

and bases—that is, the law of mass action,*® which implies reversibility of
interaction. In line with this, they presented data suggesting that the degree of
hemolysis depends on the square of lysin concentration; that the reaction veloc-
ity is proportional to the concentration of reactants; and that the influence of
temperature on reaction velocity is in line with other chemical reactions and
with hemolysis by alkalis. They argued that the results with tetanolysin parallel
those with diphtheria toxin.

Now they are ready to attack Ehrlich’s interpretation of toxin-—antitoxin inter-
actions. Why, they ask, is it necessary to plot the results in the form of Ehrlich’s
toxin spectrum, in which the neutralization of toxin is presented as a series of dis-
crete steps represented by interrupted bars? Why not picture the neutralization as
a continuous curve, representing a smooth equilibrium transition from toxic to
neutral mixture, such as the physical chemist is accustomed to? They compared
the curves of the neutralization of tetanolysin by its antibody to that of the neu-
tralization of a weak acid (boric acid) by a weak base (ammonium hydroxide)
(Fig. 5.2), and concluded that there was “striking agreement” between the two.
This means that the toxin-antitoxin relationship should be represented by the
familiar reversible equation of physical chemistry,

toxin 4+ antitoxin <> toxin-antitoxin complex
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They do confess, in this first report, that the errors inherent in their system “occur
much more often than in ordinary physico-chemical experiments with solutions.”4!

It is quite possible that Ehrlich had not read Arrhenius’s criticism of his work,
published in the Copenhagen Festskrift. The two had met at the opening of the
Danish Serum Institute. They appeared to get on well together, and Ehrlich
invited Arrhenius to visit his institute in Frankfurt. During the resulting 6-week
visit in the spring of 1903, Arrhenius worked on the problem of the hemolysis of
erythrocytes by antibody and complement, a topic that Ehrlich had hotly dis-
puted with Jules Bordet (see Chapter 7). When he published the results 4 years
later,*? he upheld Ehrlich’s position on the union of antibody with complement,
rather than Bordet’s, which held that antibody “sensitizes” the erythrocyte to
permit the independent hemolytic action of complement. Thus, Arrhenius’s
experimental results during the visit could not have upset Ehrlich. But during
this visit, Arrhenius spent time reading proofs of the German translation of a
shortened version the Festskrift article,*? and for the first time Ehrlich learned of
the details of the Arrhenius—Madsen study and their interpretation. It may read-
ily be imagined that Ehrlich defended his ideas energetically, but apparently they
parted as friends.*4

But the armistice between Ehrlich and Arrhenius was soon broken by the inter-
cession of one of Ehrlich’s principal bétes noires, Max von Gruber. Gruber had
for several years been attacking Ehrlich’s side-chain theory and his concept of the
nature of toxin—antitoxin interactions, and Ehrlich had felt called upon to
respond—somewhat contemptuously—to each published attack.* Then, during
the summer of 1903, Gruber published a satire on Ehrlich’s concept,* purporting
to come from a “Dr. Peter Phantasus by God’s Grace Chemist,” which included a
Giftspektrum describing the “toxic” action of distilled water, which lyses erythro-
cytes due to osmotic disruption, including even the suggested formation of tox-
oids. However, what especially stung Ehrlich was Gruber’s postscript, which
announced that Arrhenius, “the famous discoverer of electrolytic dissociation”
and Madsen, “a most meticulous bacteriologist” had “put the phantom of the
side-chain theory to rest.”

Ehrlich was quick to respond, and he replied not only to Gruber’s attack, but
now somewhat bitingly also to Arrhenius’s implied challenge. In his reply to
Gruber, Ehrlich took to task “such authors as Gruber, who have absolutely no
personal experience in the main questions, [but] wage a bitter war merely
because they have made a few literary studies.”’ In a frustrated response to
Gruber’s repeated attacks, Ehrlich would eventually declare: “In a way, there-
fore, my position is like that of a chess player who, even though his game is
won, is forced by the obstinacy of his opponent to carry on move by move until
the final ‘mate.’”8

At the outset, Ehrlich was somewhat more circumspect in dealing with Arrhe-
nius. He had his assistant Julius Morgenroth, a close friend of Arrhenius, write to
the latter urging him to dissociate himself from Gruber’s attacks and not to keep
such ‘bad company.’ Morgenroth also suggested that Arrhenius and Madsen
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might even write an article against Gruber, but Arrhenius did not even answer
these letters. Thus, Ehrlich felt forced to respond not only to Gruber, but to clarify
once again his position vis-a-vis the criticisms of Arrhenius and Madsen.*® He
wrote a long, three-part review of his ideas, defending them in detail against the
Arrhenius—Madsen attack.5° To soften the blow however, especially with respect
to Madsen, Ehrlich opened the article by congratulating Madsen for having suc-
ceeded in attracting a distinguished physical chemist to the study of toxins and
antitoxins, something that Ehrlich had failed to accomplish in Germany despite
years of effort.

Ehrlich first summarizes the Arrhenius-Madsen results, and then points out
that he himself had earlier demonstrated also the effect of concentration and tem-
perature on the rate of toxin neutralization. More specifically, he suggests that the
tetanolysin system may not precisely parallel the diphtheria toxin sytem, since the
affinity of the former is so much weaker than that of the latter. Further, he points
out that in pure chemistry it is a general rule that to make precise measurements it
is necessary to deal with pure substances, or at least with substances whose
degree of purity is known. But these toxin preparations are not pure, nor is their
exact composition known; how then, Ehrlich implies, can one treat them using the
exact laws of chemistry, as Arrhenius had done?’!

Ehrlich then proceeds to analyze in detail a large amount of data in the con-
text of his notions about the multiplicity of toxins and toxoids, arguing in each
instance that the results support his notions and contradict those of Arrhenius.
He reviews the manner in which toxin decomposes into toxoid and, ever the
structural chemist, engages in a fascinating discussion of the possibility that
such a transformation may be accompanied by changes in avidity.’? Ehrlich
recalls that in his original publication,’® he had assumed that there is a single
species of toxin and multiple species of toxoid breakdown products. He now
provides an interpretation of this phenomenon. Following up on his concept of
distinct toxophore and haptophore groups on the molecule, he suggests that if
these groups are widely separated, then deterioration of the toxic moiety should
not affect the binding group, and thus it should leave its avidity unchanged.
However, should these groups lie close together on the parent molecule, then a
change in the toxophore may result in a change in the avidity of the neighboring
haptophore for its antibody, either enhancing or reducing its binding ability.
(Here is an interesting foretaste of the discussion 60 years later of allosteric
conformational changes induced in the binding affinity of the active site on
antibody or enzymes.)>* In analyzing his newer data, however, Ehrlich con-
cludes that the different avidities of the several toxoids originate in the break-
down of different species of toxin, each with its own avidity that remains
unchanged on the daughter toxoid.

Finally, Ehrlich argues strongly for the existence of toxon, against the objec-
tions of Arrhenius and Madsen. Without his postulated toxon, Ehrlich suggests
that he cannot adequately explain the neutralization spectrum of diphtheria toxin.
Indeed, he reanalyzes some earlier published data of Dreyer and Madsen3> and
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suggests that it can only be properly interpreted by the inclusion of toxon. At the
end of the paper, Ehrlich summarizes his position as follows:

1. The diphtheria bacillus produces different types of poisons, especially
toxins and toxons.

2. The avidity of diphtheria toxins for antitoxin is high.

3. The deviation of the graph of toxin neutralization from a continuous curve
is not attributable to the assumption of a single toxin of weak affinity, but
rather to the presence of a mixture of different toxins and toxoids.

4. The different avidities of the several toxoids is not due to changes in the
avidity of a single toxin during its change to toxoid, but rather to the pres-
ence of preformed toxins of differing avidities.

5. No change in [the avidity of] the haptophore group occurs during toxoid
formation.

6. The absolute number of binding units in the “immunity unit” (Immunitdit-
seinheit, or Ly dose) is 200.

Having so strongly defended his position against the attack of Arrhenius,
Ehrlich adds a final paragraph to this lengthy discourse, to soften the blow. He
points out that it is not surprising to encounter “a certain interference” at the out-
set when two such special fields meet, with their differing mathematic-physical
and biological points of view. Physical chemistry must strive to employ the fewest
factors possible in its computations, whereas biological analysis must deal with
the “wondrous diversity” of organic substances. “I believe and hope that the uni-
fication of the two directions will be very much possible and salutory.” Biology
must adapt to mathematical methods and utilize only the minimal number of con-
cepts, but the physical chemist must take into consideration that this minimal
multiplicity [of assumptions] is experimentally determined. The task will be diffi-
cult, so that they must work closely together. Ehrlich closes by stating that he
“takes it for a great gain that so distinguished a leader as Svante Arrhenius has
taken an active interest in our area, and has associated himself in a joint undertak-
ing with my friend and student Th. Madsen.”’36

THE DEBATE CONTINUES

After the initial salvo from both sides, the debate between Ehrlich and Arrhe-
nius settled down primarily to a war of words. For his part, Ehrlich saw fit to pub-
lish in the Berliner klinische Wochenschrift the pertinent portion of a letter to
Arrhenius, in which he reviewed his position and reinterpreted his data to demon-
strate the validity of his conclusions.3” Ehrlich implied to this wider readership
that they can appreciate the validity of his position, even if Arrhenius cannot.

The next salvo from Ehrlich came on a trip to the United States in 1904, where he
had been invited to give the Herter Lectures at the Johns Hokins University in Balti-
more. This was a series of three lectures, whose summaries from notes were pub-
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lished in the Boston Medical and Surgical Journal.>8 The first lecture was entitled
“The mutual relations between toxin and antitoxin,” in which Ehrlich reviewed the
history and essence of his side-chain theory and his concept of the nature of toxins,
toxoids, and antitoxins, and their interactions. In the second lecture, entitled “Physi-
cal chemistry v. biology in the doctrines of immunity,” Ehrlich outlined in detail the
methods that he employs and the excellent fit to the data afforded by his many postu-
lated toxins and toxoids—this in contrast to the questionable validity of Arrhenius’s
assumptions and the paucity of the data that he and Madsen presented to support
them. The third lecture in this series relates to the mechanism of immune hemolysis
and his debate thereon with Jules Bordet, and will be taken up in the next chapter.
The last major component of Ehrlich’s polemical exchange with Arrhenius
was written in collaboration with his student Hans Sachs.>® It was an obvious
effort to bring Ehrlich’s views and methods to the attention of a wider chemical
public. The authors point out the difference between chemical and biological
analysis, in view of the complexity and impurity of biological substances. “When
the doors of chemistry are provisionally closed, so can and must the biologist
seek to provide clarity by means of experiment.” They go on to review the high-
lights of Ehrlich’s theory, and the arguments in support of his views of the nature
of toxin-antitoxin interactions and in opposition to those of Arrhenius. They do
admit, however, that there may be an initial reversibility to the interaction, but that
this is soon followed by a “secondary strengthening” of the binding.
Arrhenius, for his part, answered these attacks by Ehrlich with only a brief
rebuttal in the literature.5! He chose, rather, to take his position to the scientific
public in a series of lectures throughout Europe and the United States. By this
time, he was further armed with added prestige conferred by receipt of the 1903
Nobel Prize for chemistry. The first of these lectures took place at the German
Bunsen Society meeting in Bonn in May 1904, where Arrhenius was scheduled to
debate with Ehrlich in public. However, the plot was further complicated by the
presence of the distinguished physical chemist Walther Nernst. Nernst had arrived
(supposedly at the instigation of Ehrlich) to attack Arrhenius’s position, arguing
from the point of view of the increasingly popular colloid chemistry.5? In this crit-
icism of Arrhenius,%3 he sought to show that the data in the tetanolysin system did
not support the application of the law if mass action. As Nernst said, “the concept
of a reversible process collides with the facts of immunity theory.”0* In his own
lecture, Arrhenius not only repeated his standard attack on Ehrlich, but attempted
to undercut Nernst’s argument by modifying his original equation.5 Instead of

antitoxin (A) + toxin (T) <& AT
he proposed that the equation should be
A+To AT +B

where B represents a by-product of the reaction. But Nernst refused to accept this
ad hoc modification, which he said was advanced only to preserve Arrhenius’s
theoretical position.
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From Bonn, Arrhenius continued his immunological lectures in Holland, France,
and England, and then in the United States. He found support for his position at the
Pasteur Institute in Paris and at the Lister Institute in London; the support from the
French may have been less pro-Arrhenius than anti-Ehrlich.% Then, in the summer
of 1904, Arrhenius gave a lecture course on the application of physical chemistry to
serum therapy at the University of California at Berkeley. The invitation was made at
the suggestion of the noted biologist Jacques Loeb; other invitees for the summer
session included chemist William Ramsay and geneticist Hugo de Vries. Based in
part on the Berkeley lectures, Arrhenius wrote, over the next two years, a book to
explain his views on the problems of immunity. He had originally thought to entitle
the book The Physical Chemistry of Antibodies,%” but finally ended with the felici-
tous new coinage, Immunochemistry. He hoped, as the introduction states, “to indi-
cate ... the chemical reactions of the substances that are produced by the injection of
foreign substances into the blood of animals, i.e., by immunization.8

Arrhenius addressed his book primarily to the medical profession, hoping to con-
vince them of the importance of chemical thinking and chemical methodology in
biological research. The presentation of his thesis was more pedagogical than polem-
ical, and therefore his attack on Ehrlich’s ideas was not especially severe. He first
outlined some of the important general principles of physical chemistry, including
reaction rates in homogeneous and heterogeneous systems and the nature of
reversible reactions, using complement-mediated hemolysis as an example. He
argued that since toxins and antitoxins diffuse like other molecules, they should be
subject to van’t Hoff’s law of osmotic pressure and therefore to Guldberg and
Waage’s law of mass action. With little actual data to support the idea, he implied
that those who opposed it bore the onus of disproving it. In the absence of such refu-
tation, he felt justified in saying that, “it seems to me very unphilosophical a priori to
suppose that other laws should regulate the reaction of toxins and antitoxins than
those which govern the reactions of other substances.”®?

Arrhenius then discussed immune hemolysis in detail, touching on the debate
between Ehrlich and Bordet over mechanism. In brief, he sided with Bordet in
questioning the complexity of Ehrlich’s theories of the antigen-complement-ery-
throcyte interaction (or of the toxin—antitoxin interaction), but had to agree with
Ehrlich in questioning Bordet’s claim that colloidal adsorption processes domi-
nate the phenomenon.

In the years that followed publication of Immunochemistry, the fine points of
the Ehrlich-Arrhenius debate were not often mentioned prominently in the jour-
nals. Only in the 1914 Festschrift dedicated to Ehrlich did his assistant Hans
Aronson revisit minutely the Ehrlich notions and the Arrhenius challenge, con-
cluding (understandably) that Ehrlich was correct in all particulars.” For his part
Madsen, in a chapter in the same volume on quantitative methods in toxin
research, omitted completely the battle over theoretical interpretations.7l Interest-
ingly, Marx reviewed the recent literature on toxins in the same volume,”? and
concluded that while the interaction of toxin and antitoxin is reversible in the ini-
tial stages, the binding later becomes irreversible!’? This was based in part on the
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demonstration by Martin and Cherry’™ that free toxin could be separated from
neutral mixtures by filtration through gelatin for the first few hours after addition
of antitoxin, and not thereafter. However, he called attention to Morgenroth’s
demonstration that cobratoxin could be isolated from neutral mixtures for a long
time, using hydrochloric acid to split the antigen—antibody complex.”> Marx then
discussed the “paradoxical” activity of antitoxins in the so-called Danysz phe-
nomenon,’® in which the stepwise addition of antitoxin to a toxin solution leads to
a lesser degree of neutralization than does addition all at once. This observation
would also appear to argue against Arrhenius’s suggestion that the toxin—anti-
toxin interaction is simple and reversible.

In the final analysis, Arrhenius’s book Immunochemistry exerted little influ-
ence on contemporary immunological research. Perhaps the times were not yet
ready for the application of the “hard” sciences to this area of biomedicine; while
a few chemical journals reviewed the book (its author was, after all, a Nobel Prize
winner for chemistry), few biological or medical journals mentioned it, and few
researchers in immunity followed Arrhenius’s suggestions. Thus, its principal
contribution was the introduction of the term “immunochemistry,” and only some
half-century later would Arrhenius’s ambition to apply rigorous chemistry to
immunological problems be realized, in the hands of Landsteiner, Heidelberger,
Pauling, Karush, and others.

NOBEL PRIZE IMPLICATIONS
OF THE DISPUTE

The dispute over toxins and antitoxins was not restricted to the podia at scien-
tific meeting or to the pages of the pertinent journals. It also entered the halls of
the Karolinska Institute in Stockholm, where the Nobel Prize committees consid-
ered candidates for the various prizes that were conferred starting in 1901. Svante
Arrhenius figured significantly over many years in the evaluation of candidates
for the prize in Physiology or Medicine, and Ehrlich’s candidacy would suffer
from Arrhenius’s opposition. This story, which reflects little credit on Arrhenius,
is told by Crawford in her biography Arrhenius’’ and in even greater detail in
Franz Luttenberger’s study of the Ehrlich/Arrhenius controversy and its implica-
tions for the Nobel Prize.”® In brief, Arrhenius, as one of the founders of physical
chemistry, as a 1903 Nobel Prize winner himself, and as one of the leaders of
Stockholm science, was able to exert appreciable influence on the considerations
of the committee responsible for evaluating and recommending candidates, even
though not himself a committee member. He did this in part through his own pres-
tigious influence, and in part through his brother-in-law, physiologist Johan Erik
Johansson, who was then chairman of the medical Nobel Committee.

Ehrlich was first nominated for the Nobel Prize in 1901, when it was awarded
to Behring. He was seriously considered starting in 1902, and increasingly there-
after. Over the years, Ehrlich received a total 70 nominations from 13 countries,
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but each year his nomination failed because of the questions raised by Arrhenius’s
objections to Ehrlich’s theories. When, in time, consideration of Ehrlich for the
prize in medicine became stronger, Johansson delivered renewed attacks on the
Ehrlich candidacy, apparently written by Arrhenius. Finally, however, and due in
part to the support that Ehrlich received from Walther Nernst, which helped to
neutralize the Arrhenius position, the Prize for 1908 was awarded to Ehrlich, but
only to be shared with Elie Metchnikoff.

Starting in 1913, Ehrlich was once again nominated for the prize, this time for
his chemotherapeutic studies and for Salvarsan. However, Ehrlich’s death in 1915
rendered this issue moot. In his description of the Nobel Prizes in physiology or
medicine, Goran Liljestrand’® seems to imply that Ehrlich might well have
received a second Nobel Prize, had he lived long enough. One wonders whether,
had Ehrlich lived, Arrhenius would have fought this second nomination too.

Arrhenius was not done, however. Just as he had disagreed with Ehrlich, so
he had serious disagreement with Nernst, whose championing of colloidal
interpretations appeared to threaten Arrhenius’s contributions to physical
chemistry. In addition, Nernst had challenged Arrhenius directly by defending
Ehrlich. Thus, when Nernst’s name came up for serious consideration as early
as 1909, Arrhenius fought it then and for many years thereafter, and repeatedly
wrote reports to the committee questioning the value of Nernst’s work. But
eventually Arrhenius’s influence waned, and Nernst’s important contributions
to thermochemistry were recognized by award of the Nobel Prize for chem-
istry in 1920 (awarded in 1921).

The history of the Nobel candidacies of Ehrlich and Nernst referred to, and
that of Elie Metchnikoff as outlined by Tauber in his review of Nobel archives,?
demonstrate how politicized the awards might be. They show also how personali-
ties, differences in scientific style, and even questions of nationalism may influ-
ence the process.

THE FINAL RESOLUTION OF THEORY
AND PRACTICE

The modern history of toxin—antitoxin research confirms yet again one of the
truisms of the biomedical sciences; in most serious disputes, both sides will usu-
ally prove to have been partially correct in their views. Thus, Ehrlich was ulti-
mately shown to be correct in his claim that according to the side-chain theory,
the toxin molecule possesses two separate stereochemical groups, the toxophore
and haptophore, and that the former could be “detoxified” to form toxoid without
disturbing the binding capacity of the molecule. Ehrlich was also partially correct
in suggesting that the neutralization of toxin by antitoxin involves molecules of
varying combining affinity, but whereas he attributed this heterogeneity to differ-
ent toxin and toxoid species, it would later be shown that it was the antibody that
was heterogeneous.8! This would prove to depend on the activation of many dif-
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ferent clones of antibody-forming B cells following immunization by a single
antigenic epitope.??

But Ehrlich was wrong and Arrhenius right on the question of the reversibil-
ity of the antigen—antibody bond. Ehrlich had thought that the bond was firm
like the carbon-carbon bond of organic chemistry, because once formed, the
antigen—antibody complex seemed almost immutable. The reason for this
became clear, when J.R. Marrack proposed that antibodies are divalent and
form a tight lattice wherein the complex multiple attachments firmly anchor the
molecules in place.83 The case for the reversibility of the interaction of a single
antibody combining site with its antigenic epitope developed initially with the
demonstration of hapten inhibition of precipitin formation and then with the
demonstration by Pauling and Pressman of the nature of the antigen—antibody
bond, composed of contributions by electrostatic, hydrogen bonding, and van
der Waals interactions.3*

As to the practical medical aspects of diphtheria and tetanus antitoxin
serotherapy, this approach continued to save many lives with complete disregard
for the theoretical disputes previously described. Ehrlich’s recipe for toxin—anti-
toxin standardization, or some modification of it, continued to serve the therapeu-
tic community. However, in 1906, Clemens von Pirquet and Bela Schick made it
clear that the administration of horse antitoxin (or other xenogeneic product) was
not without danger.3> They described the development in serotherapy patients of
serum sickness, a disease involving glomerulonephritis and other systemic prob-
lems, due to the formation of immune complexes that follow the host’s immune
response to horse serum proteins. At the same time, improvements were made in
the quality of toxoid preparations and in vehicles (alum precipitation, etc.) for the
enhancement of immunogenicity,3¢ so that the prophylactic induction of active
immunity became a much-preferred option. With the introduction of obligatory
childhood DPT immunization (against diphtheria, pertussis, and tetanus), the use
of passive serotherapy has substantially disappeared, except for the use of human
immune globulin in preventing maternal Rh sensitization and erythroblastosis
fetalis, or in the treatment of such diseases as infectious hepatitis.
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THE SIDE-CHAIN
THEORY OF ANTIBODY
FORMATION

MINISTER ALTHOFF  If you do all the work, what does Herr
Professor Ehrlich do?

ASSISTANT  He thinks!
John Huston et al., filmscript,
Dr. Ehrlich’s Magic Bullet, 1940

EARLY SPECULATIONS ON IMMUNOLOGY

The ability to develop resistance to further infection after an initial exposure to a
disease (acquired immunity) was recognized some 2500 years ago, when Thucidides
described it in connection with the plague of Athens. As he put it, “those who had
recovered from the disease ... now had no fear for themselves; for the same man was
never attacked twice—never at least fatally.”! The reason for this protection was
unknown, but with the rise of Christian religiosity, disease was understood to be a
punishment inflicted by God for sin. In this view, those who remained healthy during
an epidemic (natural immunity) could be presumed to be without sin; those who
became ill and recovered to exhibit acquired immunity could be presumed to have
been cleansed of their sins and did not merit further punishment when the plague
returned. Disease might thus be viewed as an expiation.

A more mechanistic view of immunity arose in the Middle Ages, especially in
the world of Islamic medicine. This was based on the ancient Greek view of dis-
ease as an imbalance of the humors. In the 9th century, the physician Rhazes (who
had first differentiated measles from smallpox) suggested that the well-recog-
nized lasting immunity following recovery from smallpox could be readily
explained. Smallpox, he claimed, resulted from the fermentation of a supposed
excess of moisture in the blood. When this moisture is driven off through the skin
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pustules, the individual is not only cured, but no longer has the excess moisture
that might support another infection!? An analogous explanation was proposed by
the Italian Girolamo Fracastoro in 1546. In his case, it was the putative contami-
nant of traces of menstrual blood with which we are all born that is expelled via
the smallpox pustules; this being depleted in the first attack, nothing further could
be expected, since the substrate for the disease was thenceforth lacking.? It is
interesting that both Rhazes and Fracastoro, as well as their contemporaries,
viewed smallpox as a benign childhood disease, in contrast to the deadly form
that it appeared to acquire from the early 17th century onward.*

This was not the last of the interesting theories of the basis for acquired immunity,
most of which depended on changing concepts of disease pathogenesis. There was a
physical theory, which held that pock formation in smallpox was due to the ebulition
of matter through the pores of the skin. The force of this movement was so great that
it would distend the pores; forever after they would be open, so that even if further
“infection” took place, there would be no consequent clinical signs (pocks), and thus
no disease.> Another theory held that we are all at birth endowed with the seeds of
every disease possible. When the seeds of a given disease are “fertilized,” illness
ensues, but cannot recur because the seeds for that disease have been depleted.® Here
is an interesting early demonstration of disease specificity.

The notion that immunity depends on the depletion of some element essential
to the disease process took many forms. One of the more practical emerged from
Louis Pasteur’s original experimental demonstration of acquired immunity in
1880. It will be recalled that, at the time, immunity was only known to follow
infection or immunization with live pathogens. Citing the well-known cessation
of bacterial growth in culture following an initial growth phase, Pasteur suggested
that this was due to the exhaustion of some trace nutrients peculiar to that organ-
ism and essential to its growth. Thus, after active infection or immunization with
an attenuated strain, those critical nutrients would be absent in the host, and new
infection and growth of the organism a second time could not be supported.
Recurrence of disease would thus be impossible.” This theory could not survive
the later demonstration that immunity might be induced by nonreproducing tox-
ins and toxiods.

In 1884, zoologist Ilya Metchnikoff proposed a new theory of immunity based
on Darwinian evolutionary principles.® He suggested that those cells responsible
for the digestion of foodstuffs in invertebrates had evolved into the mobile phago-
cytes of vertebrates, able to ingest and digest invading pathogens. These, then,
were the principle actors in natural immunity and in acquired immunity as well.
The theory found favor in France, where Metchnikoff was invited by Pasteur to
work in his new institute in Paris, but the concept was strongly contested, espe-
cially in Germany.® The opposition to the cellular theory was strongly reinforced
by the discovery of the antibacterial substance alexine (later named complement)
in the blood,!? and especially by the finding by Behring and Kitasato in 1890 that
immunity could be transferred passively by some kind of “anti-body” present in
the serum of immunized animals.!!
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While the cellularist/humoralist debate continued apace, those who believed in
the importance of circulating antibodies speculated on their origin. Buchner had
proposed that antibodies are altered antigen,!2 but it was soon shown that anti-
body formation persists in the apparent absence of antigen,!? and that small
amounts of injected antigen may give rise to much greater amounts of antibody.'*
It seemed obvious that these antibodies must be formed within and by the immu-
nized host, but why and how? It was clear that a serious conceptual vacuum
existed in the growing field of immunity research, nowhere more apparent than in
the many German laboratories engaged in research on these new antibodies.

EHRLICH’S BIOLOGICAL THEORY
OF SIDE CHAINS

We must, at the outset, separate completely Ehrlich’s notion of how antibodies
interact with their respective antigens from his concept of where and how these
antibodies originate. The former, involving debates with Bordet and with Arrhe-
nius on purely physicochemical mechanisms of interaction, is discussed in detail
in the previous chapter on toxins and antitoxins, and will be touched on also in the
following chapter on the mechanism of action of hemolytic antibody and comple-
ment. We are concerned here only with the origin and details of Ehrlich’s side-
chain theory of antibody formation.

We saw in Chapter 1 that from the very beginning of his scientific career,
Ehrlich conceived of the interaction of cells with dyes, drugs, and even nutrient
molecules as mediated by specific receptors.!5 These receptors occupy the posi-
tion of “side chains” attached to the surface of the cell. As he (who loved Latin
aphorisms) put it, Corpora non agunt nisi fixata, or substances do not [inter]act
unless fixed. But Ehrlich went further; he pictured the interaction as a chemical
process involving stereochemical structures (“specific groups of atoms™) that fit
together as “lock and key” in tight combination. That the reaction is purely chem-
ical is apparent from Ehrlich’s statement that “I have been able to demonstrate by
test tube experiments ... that the interaction of toxin and antibody is much more
rapid in concentrated than in dilute solutions, and also that heat accelerates the
action and cold retards it” [his italics].!6

Having discarded the view that antibodies derive from exogenous substances
(the injected antigen), it follows therefore that they must be products of the living
organism. Moreover, “the living organism can perform this task easily, often
within the course of a few days, and with a multiplicity of toxins.” Now Ehrlich,
the modern experimental scientist, rejects any interpretation of the phenomenon
of antibody formation that smacks of an outmoded mystical vitalism or even
Lamarckian mechanism. Thus,

To attribute what could be called inventive activity to the body or to its cells, enabling
them to produce new groups of atoms as required, would involve a return to the concepts
current in the days of [an obsolete] Naturphilosophie. Our knowledge of cell function and
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especially of synthetic processes would lead us rather to assume that in the formation of
antibodies, we are dealing with the enhancement of a normal cell function, and not with
the creation at need of new groups of atoms. Physiological analogues of the group of
specifically combining antibodies must exist beforehand in the organism or in its cells.!?

Here is the epitome of modern Darwinian thinking, although Ehrlich never
explicitly mentions Darwin. He cannot, of course, explain why receptors for tox-
ins (i.e., specific side chains attached to the cell) have evolved, but they form for
him part of a larger physiological picture. He points out, in support of this thesis,
that tetanus toxin preferentially localizes in the central nervous system rather than
in other visceral organs. This can only be due to the presence in the receptive tis-
sues of specific receptors that preexist there to mediate not only the localization
but also the physiological activity of the toxin. Similarly, all substances required
for cell nutrition will attach to the cell and be utilized by it, by virtue of their own
specific receptors. But there is a reverse side to this coin, of great theoretical inter-
est. If the receptor for a given toxin (e.g., pathogen) is absent, notes Ehrlich, then
the toxic action of that substance cannot be exerted-—this may explain many
instances of natural immunity!

How do we go from the existence of antigen-specific receptors on the cell sur-
face to the presence in the immunized host of large quantities of circulating anti-
body? For Ehrlich, the solution is obvious; injected antigen will combine with its
receptor on the cell, neutralizing the receptor and rendering it unavailable for fur-
ther physiological function. However, the deficiency of this type of receptor is
made good by the new formation of identical groups by the cell, “according to the
well-established principle of pathology” propounded especially by Ehrlich’s
cousin, Carl Weigert—that of compensatory hyperplasia.'® When further injec-
tions of antigen are made, they neutralize the newly formed receptors and further
regeneration of the side chains occurs, until the excess spills over into the blood-
stream in ever-increasing amounts as specific circulating antibody. This is not
only compensation, but overcompensation.

Here is the first selective theory of antibody formation that would inspire a gener-
ation of researchers in many fields, and a series of polemical debates about its possi-
ble validity. For Ehrlich at the time, it probably did not appear to be anything special;
it was merely a repeat in a new context of the same idea that he had discussed so
often before in his histological studies, in his work on cell metabolism, and in his
studies of the pharmacological action of alkaloids and other agents. In an 18-page
publication devoted to the standardization of toxins, toxoids, and antitoxins, he
inserted in the middle only two pages to explain this new elaboration of an old idea.

FURTHER DEVELOPMENT

OF THE SIDE-CHAIN THEORY

It is interesting that two years would pass during which Ehrlich made no men-
tion of the side-chain theory, while he elaborated at length on the complex com-
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position of diphtheria toxin and the mechanisms of its interaction with anti-
toxin.!® However, a number of observations in the literature caused Ehrlich to
revisit his theory during his dedicatory address on the opening of his new Royal
Institute for Experimental Therapeutics in Frankfurt.20 It had been shown during
the preceding years that antibody formation could be induced not only against a
limited number of toxins, but against a variety of simple proteins, enzymes, and
other innocuous substances. But even more perplexing was the finding that
destructive antibodies could be formed against erythrocytes.?! Here was an
implicit challenge to the theory that receptors for all these substances prexist
within the host.

Ehrlich defended his theory by first reviewing the increasingly convincing data
showing that antibody could not be some sort of derivative of antigen. A single injec-
tion of a toxin might result in the formation of enough antibody to neutralize 100,000
equivalents of toxin. In addition, active immunization confers long-lasting immunity,
whereas passive transfer of immune serum confers only a transient protection. Thus,
it is clear that antibody must be formed within and by the host. Then Ehrlich raises
two questions that will perplex immunologists for the next three-quarters of a cen-
tury. The questions are posed, but not satisfactorily answered.

The first question concerns the ability to mount an immune response against
complex molecules (proteins, the secretion products of bacteria, and cells) but not
against crystalline alkaloids and other small molecules. If the side chains that are
to become antibodies really mediate physiological functions analogous to nutri-
tion, why then should there not be side chains for the physiologically active alka-
loids as there are for plant and bacterial toxins and other proteins? Ehrlich does
not address this paradox. The second difficulty posed by these data is much
deeper, and will provide the basis for the dispute described later that will ulti-
mately call the entire selectionist theory into question. If side chains are normal
constituents of the cell designed to mediate physiological functions, it is under-
standable that there should be specific side chains for the variety of nutrients, for
drugs, and perhaps even for certain enzymes and toxins. But from where do the
side chains specific for egg albumin, foreign erythrocytes, or spermatozoa come?
Ehrlich does not address this paradox. Toward the end of his speech, Ehrlich for
the first time defines several terms that are still employed in modern immunology.
He points out that if a single pure substance is used for immunization, then only a
single antibody will result and one may speak of a monovalent antiserum. Utiliz-
ing a complex agent such as bacteria, blood cells, or a mixture of antigens will
result in the formation of a multivalent antiserum.

Then, in 1900, came Ehrlich’s most extensive elaboration of his side-chain
theory. He was invited by the Royal Society of London to give the Croonian Lec-
ture, and he used this opportunity to explain and extend his theory before a new
and important public.2? In addition, he presented for the first time a representation
of his ideas in a pictorial form that would convince a generation of investigators
that they could actually “see” the antibody molecule in form and function. It is
significant that, after paying his respects to Jenner for the smallpox vaccine, to
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Pasteur and Koch for their experimental systems, and to Behring for antitoxic
antibodies, Ehrlich opens his lecture with a quote from the English physicist
Clerk Maxwell. This savant had said that if he were required to symbolize the
learning of our time, he would choose a meter measure, a clock, and a kilogram
weight—symbols of the quantitative approach to science that he, Ehrlich, has
introduced into immunity research.

Ehrlich then reviews the extensive literature that supports the view that anti-
bodies are side chains normally present on the cells of the host that serve to medi-
ate the physiological functions of the antigens for which they are specific. How-
ever, he now asks the critical question about the significance of these “toxophile”
groups (antitoxin side chains) in the organs of the host. As he says,

That these are in function specially designed to seize on toxins cannot be for one
moment entertained. It would not be reasonable to suppose that there were present in the
organism many hundreds of atom groups destined to unite with toxins, when the latter
appeared, but in function really playing no part in the processes of normal life, and only
arbitrarily brought into relation with them by the will of the investigator. It would indeed
be highly superfluous, for example, for all our native animals to possess in their tissues
atom groups deliberately adapted to unite with abrin, ricin, and crotin, substances coming
from the far distant tropics.2?

This same question would be raised for the next 60 years, first by those contem-
poraries who opposed Ehrlich’s theory, and then by the new wave of immuno-
chemists who would substitute for this selective theory one based on instruction
by antigen (see later).

The answer that Ehrlich provides to this paradox is in fact not especially satisfy-
ing, but is perhaps the only possible statement that an implacably logical biologist
could offer. “One may therefore rightly assume that these toxophile protoplasmic
groups [receptors] in reality serve normal functions in the animal organism, and that
they only incidentally and by pure chance possess the capacity to anchor themselves
to this or that toxin.” If antibodies are truly cell receptors (as Ehrlich firmly believes),
and if they cannot have evolved to such foreign substances never normally encoun-
tered (as common sense dictates), then their apparent specificity for these substances
must by logic arise from accidental crossreactions. Taken further, this leads
inevitably to the conclusion that the atomic structure of the combining site (hap-
tophore group) of every foreign toxins must be identical to that of some nutrient
important to the normal physiology of the cell; this is what cross-reaction demands.
This conclusion is logically forced, but is it reasonable? Ehrlich would surely not
have questioned it, but it is curious that the implausibility of the argument was over-
looked by those who opposed his side-chain theory.

There is another, even more subtle, problem with the Ehrlich formulation that
seems to have been overlooked by its opponents. If the interaction of toxins with
their receptors leads to the release of antitoxins into the blood, why does the inter-
action of essential nutrients with their receptors not lead to the similar release of
antinutrient antibodies? Just as the one protects the cell from toxic action, so the
other should “protect” it from its sustenance!
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Ehrlich next provides an explanation for the inability of small molecules to
induce an antibody response. He points out that not long after administration, tox-
ins attach tightly to the tissues of the host and can neither be dissolved off nor
readily neutralized in siru. This is because they have become tightly attached to
their specific receptors (i.e., what would later be called “cell-bound” antibodies)
But, by contrast, small molecules such as sugars, alkaloids, and aromatic amines
can readily be removed from the tissues by appropriate solvents. This is because
there is no receptor present to anchor them and thus no possibility to induce
receptor proliferation (antibody formation).

Ehrlich then deals with the phenomenon of natural immunity. This, he claims,
is due to the absence in certain species of the receptors required to anchor certain
bacterial toxins, which would permit them to damage the cells to which they are
attached. The dog, for example, presumably lacking receptors for ptomaines, is
exempt from the disease that afflicts man, monkey, and rabbit, all of whom pos-
sess these ptomaine-receptors in abundance. Ehrlich also provides an explanation
for what would later be called natural antibodies.?* Noting that antitoxins have
been observed in the blood of individuals not previously exposed to these agents,
Ehrlich suggests that they are merely the receptors produced by the excessive
action of those nutrients that cross react with the antitoxins in question.?

Ehrlich next presents the famous cartoons that take the reader pictorially step
by step through his concept of the function of cell surface receptors, of immuno-
logical specificity, and of the process that leads to the production of circulating
antibody (Fig. 6.1).26 For the first time,?” one was able literally to “see” the steps
in the logical development of the side-chain theory. In cartoon 1 is represented a
cell possessing receptors (side chains) for each of the external substances that the
cell requires for its various functions. Note that Ehrlich represents each specificity
with its own geometric design at the binding site, fitting together “as lock and
key,” designations that generations of immunologists would employ in their
blackboard and lantern slide presentations of specific antigen-antibody interac-
tions. In the second cartoon, a toxin is represented bound to its specific cell recep-
tor, the only way that its (brush-border) toxophore group could exert its damaging
effect. In cartoon 3, many toxin molecules are shown binding to their receptors,
leading in 4 to an overcompensatory production of these.?® The excess receptors
are then shed from the cell, to appear as circulating antibody. It is these free anti-
bodies in the blood that will thenceforth interact with and neutralize toxin before
it can become anchored to the target cell, thus protecting the host from later expo-
sure. But whereas many were convinced that they could “see” the materiality of
the antibody in these pictures, Frederick Gay (Jules Bordet’s student) would say
of them, “They seem to have yielded an unfortunate sense of material stability to
an incorrect explanation of the functions that they were meant to represent.””?

By the time that he gave the Croonian Lecture, Ehrlich had responded to Jules
Bordet’s publication on immune hemolysis with some of his own experiments on
the subject, performed with Julius Morgenroth. In concluding this lecture, he
touched on some of these findings. When finally completed in 1901, these six
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\ :

FIGURE 6.1 The diagrammatic representation of the side-chain theory. (1) The cell possesses
many receptors (antibodies) with different specificities; (2) The toxin molecule interacts with its spe-
cific receptor; (3) The neutralization of many identical receptors affects the cell; and (4) The cell over-
regenerates these receptors, casting the excess off into the blood. (After Ehrlich, note 22.)

reports would constitute some of his most important contributions to experimen-
tal immunology, and would incorporate important extensions of his side-chain
theory and his concept of the structure and function of antibodies. They, and addi-
tional publication that discuss the side-chain theory in the context of immune
hemolysis, will be discussed in detail in the next chapter.

THESIS, ANTITHESIS, AND SYNTHESIS

In the years that followed Ehrlich’s publication of his theory, and especially after
its expansion and illustration in the Croonian Lecture, the implications of receptors
and specificity for biology and medicine were widely advertised. This was true
above all in Germany, where already Paul Ehrlich was regarded as one of its leading
scientists. Numerous books, pamphlets, and papers were written attesting to the
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advantages gained from the application of the concepts to one or another field. Chap-
ters could be found on “the side-chain theory in internal medicine,” “the side-chain
theory in obstetrics and gynecology,” and so on and it was held that adherence to
Ehrlich’s tenets would solve most problems in preventive immunization.>?

An interesting booklet appeared in 1908, authored by a Russian from Kharkov,
Dr. P. Schatiloff, then working at the Institute for Research in Infectious Diseases in
Bern, Switzerland. Schatiloff worried that Ehrlich’s theory might not have been
explained sufficiently and was unfairly deemed too difficult to grasp. He, Schatiloff,
would present the theory in a more comprehensible form, emphsizing pedagogy
rather than new research findings.3! For this purpose, he employed cartoons that
went even further than Ehrlich in picturing the numerous components and their inter-
actions. As Cambrosio er al. point out,® Schatiloff’s diagrams provide almost a
Mendeleevian periodic table of immunological elements whose chemical combina-
tions can almost be visualized. Perhaps the most impressive of Schatiloff’s diagrams
is his pictorial summary of all the active cells, the immunological reactants, and their
possible combinations, as reproduced in Figure 6.2. Here is every type of receptor,
every specificity, toxins, complements, and all of their combinations. It was
assumed, apparently, that careful study of this schema and the accompanying tables
would lead to a full understanding of all of contemporary immunology.

The Opponents

We noted in the last chapter that Ehrlich’s ideas were opposed by both Jules
Bordet and Svante Arrhenius. However, both these distinguished scientists payed
little attention to Ehrlich’s concept of how antibodies are formed, preferring to
challenge him on his concept of the mechanism of their function. Bordet did
object strenuously, however, to Ehrlich’s cartoons, later referring to them as
“puerile graphical representation”3—this despite Ehrlich’s earlier caution that,
“Needless to say, these diagrams must be regarded as quite apart from all mor-
phologic considerations.”3*

In the forefront of opposition to Ehrlich’s ideas was Max von Gruber, a Vien-
nese hygienist working in Munich at the time of his polemical exchanges with
Ehrlich. It was in Gruber’s laboratory in 1896 that Herbert Durham had discov-
ered the phenomenon of bacterial agglutination by antibody.3> Although Gruber’s
attack on Ehrlich revolved primarily around the question of the nature of
immunological specificity, his critical salvos were aimed at every aspect of
Ehrlich’s theories, not sparing his theory of antibody formation.

It will be recalled that in 1897, at the time that Ehrlich speculated on the recep-
tor origins of circulating antibodies, only a few substances were known to stimulate
the immune response. These were, almost without exception, toxins derived from
bacterial or plant origin. But over the course of the next few years, many other sub-
stances of widely diverse origins were found to induce specific antibody formation.
These included xenogeneic and isogeneic erythrocytes and other cell types, serum
and egg proteins, and eventually even pollens and complex polysaccharides. Thus,
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FIGURE 6.2 Schatiloff’s attempt to summarize in a single cartoon the many cells, molecules, and
processes involved in Ehrlich’s side-chain interpretation of immunological functions. Ag.C. = antigenic
cell; Ab.C. = antibody-forming cell; C.C. = complement-producing cell. (After Schatilloff, note 31.)

almost day by day, the growth of the immunological repertoire posed an increas-
ingly strong challenge to Ehrlich’s initial explanation of nutrient-receptor cross-
reactions with toxins.

Gruber recognized this paradox immediately, and did not hesitate to pose the
questions that logically followed. How, he asked Ehrlich accusingly, is it possible to
explain, even in chemical terms, the astonishingly large number of different speci-
ficities that the immune system was capable of producing?3¢ How, from the point of
view of Darwinian evolution, could all of these antibody specificities have arisen to
antigens not in the normal environment? Obviously, Ehrlich’s explanation of “acci-
dental crossreactions” seemed to many no longer to be tenable.

There was another not quite so telling argument against Ehrlich’s theory of
antibody formation. Toxins were supposed to act only on those tissues that
contained receptors permitting their attachment to the target cells—hence,
only the tissues with these receptors should engage in antibody formation.
Thus, neurotoxins such as tetanus toxin localize predominently in the brain, as
might be expected from their physiological effects. However, most studies
placed the site of formation of antibodies in the lymphatic tissues and bone
marrow.3” There were no reports of tetanus antitoxin formation in the central
nervous system.
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SELECTION GIVES WAY TO INSTRUCTION

The disclosure of the ever-increasing size of the immunological repertoire was
the rock on which Ehrlich’s theory of antibody formation3® would founder. The
full extent of the conceptual problem was pointed up by the report of Obermeyer
and Pick that simple chemicals attached to a carrier protein would induce anti-
body formation specific for these simple structures.?® If a specific antibody can be
produced against any structure that can be synthesized in the organic chemistry
laboratory, including those hitherto unknown in nature, Ehrlich’s idea of cross-
reaction with nutrients becomes highly implausible. While his receptor concept
continued to influence the field of pharmacology,*0 it rapidly disappeared from
view in considerations of the mechanism of antibody formation. Over the next
several decades, it was mentioned in passing as of merely historical interest,*! if it
was mentioned at all.*2

Following World War I, immunology, in its classical mode as a medical spe-
cialty concerned with infectious diseases, went into decline.*3 Serotherapy could
not be generalized beyong diphtheria and tetanus, and new advances in preventive
vaccines were few and far between. Interest shifted to more chemical pursuits, as
exemplified by the work of Karl Landsteiner, John Marrack, and Michael Heidel-
berger. The emphasis in both investigation and in thought shifted from questions
of biological mechanism to those of chemical structure and specificity. But the
problem of an immense antibody repertoire persisted, and it should come as no
surprise that if this conceptual vacuum were to be filled at all in the 1930s, it
would take a chemical rather than a biological form.

Felix Haurowitz

It was understood by 1930 that proteins were composed of presumably ran-
dom arrangements of the 20-odd amino acids, and that antibodies are globular
proteins. If, as previously suggested, the information for antibody specificity
could not possibly be inherent in the host, then it must perforce be carried in
from outside, and only the antigen could play this instructive role. This idea was
advanced independently and almost simultaneously by a number of different
investigators,** but it assumed its most definitive form at the hands of Breinl
and Haurowitz.# It is interesting that, like Ehrlich, Breinl and Haurowitz intro-
duced their theory as an almost incidental addendum to a research report, in this
case on the immunochemistry of hemoglobin. The theory was, for the period,
elegantly simple. Antigen would be carried to the site of protein formation,
where it would guide the synthesis of a unique sequence of amino acids, thus
determining the specificity of the resulting antibody molecule. In fact, each
antigen would act as a template, and in this manner provide the information
necessary for the production of the unique specificity required to interact with
that structural determinant.
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Linus Pauling

The Breinl-Haurowitz instructive template theory was modified some years
later by Linus Pauling,*® when it became evident that the amino acid sequence of
protein molecules might not be thoroughly random. Pauling suggested that the
function of antigen was to order the unique folding of the amino acid chain on a
nascent globulin molecule, thus forming for each antigen a complementary,
three-dimensional combining site.

These instructionist theories, with their somewhat Lamarckian flavor, appealed to
the immunochemists who dominated the field between the 1930s and 1950s. They
appeared to solve the critical chemical problems posed by the data—the vastness of
the repertoire and the fine specificity of the antigen—antibody interaction. Chemists,
unlike biologists, are unconcerned with questions of Darwinian evolution; the mole-
cules of the chemist, unlike those of the biologist, have no evolutionary history. In
addition, the immunochemists chose to disregard the more biological aspects of the
immune response, such as the anamnestic response and affinity maturation.

Macfarlane Burnet

So well entrenched was instruction during this period, and so well forgotten
was Paul Ehrlich’s theory, that even biologist Macfarlane Burnet could advance
instructionist theories of antibody formation. Attempting to “biologize” the role
of antigen, Burnet suggested in 1941 that antigen would induce specific adaptive
enzymes that would then engage in the synthesis of antibody specific for the stim-
ulating antigen.*’ Later, when the notion that enzymes might be adaptively modi-
fied fell out of favor, Burnet, ever in tune with the times, modified his theory to
propose that antigen might impress the information for its specificity on the
(?RNA) genome, on which indirect template antibody specifity could be molded
during protein formation.*® Perhaps the most significant contribution of Burnet’s
early theories was his suggestion that antibody formation is the product not only
of the cells initially stimulated, but of their descendents also. We shall soon
appreciate the importance of this concept of a role for cellular dynamics.

THE RETURN TO SELECTION

Two developments in the 1950s heralded the demise of instructionist theories of
antibody formation. The first rested on new data on the mechanism of protein forma-
tion, especially on the finding that the information for all protein formation is
encoded in a DNA genome. Francis Crick’s “Central Dogma,” that information can
only move from DNA to RNA to protein and cannot originate in a protein, seemed to
doom the concept of antigenic instruction. The second development lay in the under-
lying transition that was taking place from immunochemistry to immunobiology. A
new generation of medically and biologically trained individuals became interested
in such questions as the hightened booster antibody response, the origin of “natural”
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antibodies, transplantation immunology, immunodeficiency diseases, immunologi-
cal tolerance, and autoimmunity. These were questions that challenged both the con-
cepts and the practices of chemically oriented immunologists.

Niels Jerne

From this period of turbulent change came, in 1955, Niels Jerne’s natural
selection theory of antibody formation.*® His concept was not far from that of
Ehrlich, although the latter was not referenced in the paper. Jerne proposed that
all possible specificities occur naturally in the host, and circulate as “natural anti-
bodies.” Antigen then selects from among that pool and is then transported by its
specific antibody to the appropriate cell, in which black box and by mechanism
unknown further production of the same specificity is stimulated. The theory
proved valuable in three respects:

1. It explained the magnified booster response by suggesting an increase in
production “efficiency”—Ehrlich had suggested this also.

2. It offered a solution to that purely biological paradox, the recently discovered
phenomenon of immunological tolerance’—antibodies against self would by
absorbed in vivo by their respective antigens, and thus would not be available
to transport new antigen for further stimulation of anti-self response.

3. Curiously, Jerne’s theory will probably be remembered, not so much for its
intrinsic value, but rather for the fact that it stimulated Macfarlane Burnet to
point his fertile imagination in a new direction.

Macfarlane Burnet’s New Synthesis

In 1957, his reading of Jerne’s provocative paper caused Burnet to put together
the four critical elements that would determine his new theory of antibody forma-
tion:>! (1) Jerne’s (and Ehrlich’s) idea of naturally occurring antibodies; (2)
Ehrlich’s idea of cell surface receptors; (3) Burnet’s own recognition of the
dynamics of cell proliferation; and (4) the concept of somatic mutation of DNA.
This potent combination would help to explain, or at least begin to explain, most
of the perplexing aspects of the immune response. As Burnet would later recall,

It gradually dawned upon me that Jerne’s selection theory would make real sense if cells
produced a characteristic pattern of globulin for genetic reasons and were stimulated to prolif-
erate by contact with the corresponding antigenic determinant. This would demand a receptor
on the cell with the same pattern as the antibody and a signal resulting from contact of anti-
genic determinant and receptor that would initiate mitosis or other cellular reaction.>?

9.

Note the similarity of concept to Ehrlich’s scheme: “characteristic pattern”; “recep-

9,

tor on the cell with the same pattern™; “initiate ... cellular reaction.” Missing only
were the more modern terms, “genetic,” “signal,” and “proliferation/mitosis.” It is
worth noting that the germ of the same idea was published independently that same

year by David Talmage.53
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Apparently Burnet was so unsure of his theory at the outset that he chose to
publish it in a somewhat obscure Australian journal, rather than in one of his more
customary prestigious outlets like Narure. However, the theory was so well
received that Burnet felt free to expand on it and its consequences in a full book
published in 1959.5* Now, not only were all antibodies formed by the host under
the direction of its own DNA, but they appear spontaneously as receptors on the
surface membrane of lymphoid cells, one specificity per cell. The large repertoire
is provided by the action of somatic mutational events on a more modest library
of immunoglobulin genes. Finally, an antigen will select for activation only those
cells that bear its corresponding receptors, resulting in their differentiation for
active antibody formation and their clonal proliferation. Here was an explanation
of most of the biological features of the immune response: the difference between
primary and booster responses; the continued formation of antibody in the
absence of antigen; and affinity maturation, due to minor somatic mutations dur-
ing the course of repeated booster injections. Even the perplexing question of
immunological tolerance was explained by the postulated elimination of anti-self
clonal precursors during a critical period in fetal development.

Talmage and Lederberg

Burnet’s clonal selection theory stimulated two papers that contributed
important elaborations and theoretical support. In his contribution,> David Tal-
mage not only expanded on the role of antigen selection and antigen-induced
cell activation, but was the first of the selectionists to confront the problem of
repertoire size. He emphasized that an immune serum may contain a very large
number of cross-reacting antibodies (what we now call the degeneracy of the
immune respoonse), and that its overall fine specificity might merely depend on
the differing ratios of the several antibodies present. Thus, the basic repertoire
might not number in the millions, but rather only in the thousands, a not unrea-
sonable number to have stored in the vertebrate genome. Joshua Lederberg, for
his part, brought the prestige of a Nobel Prize-winning geneticist to a discussion
of some of the fine points of the theory.’® Immunological specificity is deter-
mined by a unique primary sequence of amino acids, determined by a unique
sequence of nucleotides in a “gene for globulin synthesis.” Lederberg went on to
suggest that a high rate of spontaneous and random somatic mutation of DNA in
this immunoglobulin gene, not only during the fetal period as Burnet had sug-
gested, but throughout life, would readily account for the diversity of the anti-
body repertoire. This emphasis on the overriding importance of somatic muta-
tion in the generation of immunological diversity would result in a decades-long
debate between those who believed that most of the information is stored in the
germline (the multigene protagonists) and those who believed that only a very
limited number of germline genes acted on by mutations explains the repertoire
(the pauci-gene advocates).>’
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EHRLICH REVISITED

Every theory from the past must be measured, not in terms of what is known
today, but in the context of the state of contemporary knowledge. Even ideas that
today seem naive or even groundless may, at the time, not only have appeared to
be correct, but may even have served broader heuristic functions. In the case of
Paul Ehrlich’s side-chain theory of antibody formation, we view 100 years later a
theory that was essentially correct in its most important elements. These include
the notion that antibodies are naturally occurring substances, that they serve as
receptors on the surface of the cells that form them, and that they constitute the
targets of antigenic selection for expanded antibody formation. Of course, Ehrlich
was wrong in attributing this capacity to all cells; he could not have known at the
time that it is restricted to lymphocyte lineages, or that the mechanism depends on
a complicated signal transduction that would act on an even more complicated
genetic mechanism involving the variable assembly of minigene segments.
Finally, Ehrlich’s suggestion that the original function of these receptors had to do
with cell nutrition was imaginative, but ultimately erroneous. Only with the abil-
ity to sequence the amino acids of proteins in the search for homologies has it
been shown that antibody receptors probably have evolved from more primitive
cell membrane adhesion or recognition molecules important for the differentia-
tion and maintenance of the integrity of all multicellular organisms.3

What is interesting about Ehrlich’s receptor theory is how productive it was at
the time in explaining the specificity of immunological interactions, and of drug
and enzyme reactions as well. But the general concept appears to have disap-
peared from view for over half a century. One searches in vain for signs that it
directly influenced Jerne or Burnet in their formulation of theories so akin to that
of Ehrlich’s original one. Moreover, in these times when almost every physiolog-
ical process from taste buds and olfaction to the workings of hormones and endor-
phins is viewed as depending on receptors, it is difficult to find any thread that
links these present concepts back to Ehrlich. Apparently some ideas must be dis-
covered and then rediscovered, each in its own time and context.
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IMMUNE HEMOLYSIS:
BORDET CHALLENGES
EHRLICH

Against that positivism which stops before phenomena, say-
ing ‘there are only facts,’ I should say: ‘No, it is precisely facts
that do not exist, only interpretations.’

Nietzsche

In 1898 came the report from Paris of a new discovery in immunity research
that would become one of the most useful technologies in the armamentarium of
the immunologist. Jules Bordet, a young assistant to Elie Metchnikoff at the Pas-
teur Institute, reported that red cells could be hemolyzed by the combined action
of two substances, one heat-stable and the other heat-labile.! The phenomenon
had earlier been reported by Belfanti and Carbone,? but it would be Bordet who
would fully realize the important implications and powerful applications of this
approach. He would not only use the system as a vehicle to challenge Ehrlich’s
concepts of how antigens and antibodies interact, but would later demonstrate
how complement fixation may be utilized to test for antigens or antibodies.® This
approach would soon be adapted by August Wassermann for the diagnosis of
syphilis,* the founding methodology of the new field of serology.

The heuristic value of the phenomenon of immune hemolysis (and of the
related hemagglutination) would soon extend far beyond the diagnostic comple-
ment fixation test.’ It would assume great importance in blood typing® and
thence in blood transfusion and in anthropological studies;” in defining the first
of many autoimmune hemolytic diseases, paroxysmal cold hemoglobinuria;®
and it would eventually provide the basis for the hemolytic plaque assay technic
of Jerne and Nordin,” which played so important a role in defining the cell
dynamics of the immune response.

The discovery of immune hemolysis was immediately recognized not to be a
unique phenomenon, but merely another manifestation of a more general type

95
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of reaction—the destruction of a cell through the mediation of specific antibody
and complement. It will be recalled that, in 1895, Richard Pfeiffer had reported
that cholera vibrios injected into the peritoneal cavity of immune guinea pigs
are rapidly destroyed,!? a reaction that Elie Metchnikoff demonstrated could
also be observed in vitro.!! Bordet was soon able to show!2 that bacteriolysis
depends on the action of two substances, a thermostable factor in the serum of
immunized animals (antibody) and the thermolabile factor that had earlier been
discovered and named Alexin by Hans Buchner.!3 Bordet would always prefer
the term alexine to Ehrlich’s Komplement, since the latter term has survived to
this day, we will use it (or rather its anglicized version complement) henceforth
unless “alexine” is required for the argument. Thus, immune hemolysis and
immune bacteriolysis were similar phenomena, dependent on the workings of
the same two substances.

THE FIRST ROUND

Bordet Describes Inmune Hemolysis

Bordet published his first paper on immune hemolysis in October 1898. He
recalled to the reader Pfeiffer’s observation on the killing of cholera vibrios, and
his own demonstration of the requirement for two substances, one specific and
thermostable and the other nonspecific and thermolabile. Now he refers to obser-
vations that the serum of certain animals possesses the ability to agglutinate the
erythrocytes of other species and wonders about the possible analogy with the
cholera vibrio phenomenon. He immunizes guinea pigs intraperitoneally with
defibrinated rabbit blood, and can show that the fresh antiserum causes the agglu-
tination and then the hemolysis of rabbit red cells, but only agglutination is seen
if the serum is preheated to 55° C. However, fresh serum (either rabbit or guinea
pig) will restore the power to hemolyze. Whereas the specificity of the antiserum
for the species of red cells used for immunization may be demonstrated, Bordet
shows that the action of the complement is not only nonspecific, but that a given
complement can function in any antibody-erythrocyte system.

At this point, just a year after the publication of Ehrlich’s side-chain theory,
Bordet makes no mention of it. He does not discuss mechanism explicitly,
restricting the report to phenomenological observations, with one interesting
exception. Since the response to erythrocytes (which pose no threat) is identical
to that against cholera vibrios (which pose a grand threat), Bordet concludes that
the immune response cannot have arisen solely “to serve for defense against the
microbe, any more than phagocytosis, the pivot of immunity, owes its existence
and its raison d’étre to a fight against microbes.”!* In paying his obligatory
respects to the phagocytic theory of his chief Metchnikoff, Bordet concludes that
immunity is nothing other than a particular case of intracellular digestion, a pri-
mordial function that would have existed even had there been no pathogenic
organisms in the world.
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Ehrlich Takes Up the Challenge

It is well known that Paul Ehrlich was an avid reader of the medical literature
from all over the world, especially in the area of his current interests. He would
have put high on his reading list the immunologically oriented Annales de UInsti-
tut Pasteur, in which Bordet published his studies. The challenge to his side-chain
theory implicit in Bordet’s report could not go unanswered; it stimulated an
immediate reaction from Ehrlich. Without delay, he assigned to his assistant
Julius Morgenroth the task of repeating and extending Bordet’s observations.
Having at hand a quantity of goat anti-sheep blood, they were able within only 3
months to publish their initial results.!> This report was intended to neutralize any
challenge implicit in Bordet’s report and to lend further confirmation to the valid-
ity of the side-chain theory.

In typical Ehrlich fashion, the first experiments sought to define the quantita-
tive aspects of the phenomenon of immune hemolysis, by titrating the antiserum
against a dilute suspension of defibrinated blood. In the process they found that,
contrary to Bordet’s report that hemolysis (of concentrated suspensions) is pre-
ceded by hemagglutination, in their hands (using more dilute reagents) aggluti-
nation and hemolysis were seemingly unrelated. From this they suggested that
the agglutinating antibody and the hemolysing antibody are separate substances,
a view that would later encompass all the secondary manifestations of anti-
gen—antibody interactions. This view held sway until Hans Zinsser’s unitarian
theory of antibody action'® becamed generally accepted some two to three
decades later. They did confirm, however, Bordet’s finding that two substances
are required for hemolysis to proceed—one thermostable and the other thermo-
labile. Significantly, however, they chose not to employ Bordet’s terminology of
a “specific material in serum that renders [the cells] sensitive to the influence of
the bactericidal substance” (later his substance sensibilisatrice) and alexine;
they would employ the terms immune-body and addiment.

Ehrlich and Morgenroth now propose that application of the principles of the
side-chain theory should shed light on the mechanism of hemolysis. Since the
formation of any antibody must follow the attachment to cells of its stimulating
antigen, they predict that the immune-body responsible for hemolysis should bind
to the target erythrocytes. This they are able to demonstrate by absorbing the
heated immune serum (heated to destroy its lytic ability) with sheep blood, and
showed that after centrifugation of the mixture, all hemolytic antibody has been
removed. Moreover, the sedimented red cells may be completely hemolyzed by
the further addition of fresh serum. “As a result of these experiments, therefore,
and in conformity with the side-chain theory, we must assumme that the immune-
body possesses a specific haptophore group which anchors it to the blood-cells of
the sheep [their italics].”!7

They then demonstrate that sheep red cells alone do not fix addiment, but that
fixation of the antibody to the sheep cells in the cold carries along small amounts
of fixed addiment, leaving the majority of it in the supernatant fluid. Interpreting
these data in the context of the side-chain theory, they conclude that,
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The explanation of these phenomena presents no difficulties. It must be assumed that
under certain circumstances the immune-body and the addiment enter into loose, readily
dissociated chemical combination. ... On the other hand, the affinity existing between
blood-cells and immune-body must be very strong, for these combine completely even in
the cold ... the immune-body represents a link which ties addiment to the red blood-cells
and subjects these to the action of the addiment.'8

This is typical Ehrlich; all interactions, whether of weak or strong affinity, are
chemical and involve specific atomic groupings. Thus, it is logical to assign to the
hemolytic antibody two combining (haptophore) groups, one for the red cell (or
bacterium) and the other for the addiment. In the same fashion, logic requires that
the addiment possess two groupings also, a haptophore group for binding to anti-
body and another that carries the postulated enzyme (ferment) function responsi-
ble for destroying the red cell.

Here is the first structural modification of the side-chain theory to fit new facts;
previous modifications had only required components of different binding affini-
ties. The “simple” antitoxins described initially had but a single combining site
for toxin. But the cell, being so much larger, requires a more complicated anti-
body molecule not only to fix to it, but also to mediate its destruction—thus the
more complex hemolytic and bacteriolytic antibodies.

Bordet on Agglutination

In March 1899, Bordet published a lengthy review of theories of agglutination.'®
Although it does not bear directly on the dispute over immune hemolysis, we include
it here in part for completeness and in part because in this paper Bordet draws two
conclusions of far-reaching importance to the young field of immunology.

The main purpose of this review is to consider (and reject) a number of theo-
ries advanced to explain why microorganisms agglutinate when treated with spe-
cific antisera. In marshaling his arguments, Bordet shows that the phenomenon is
a general one, since it also encompasses the agglutination of erythrocytes. He
goes further and suggests that the precipitin reaction reported by Kraus? (involv-
ing such antigens as bacterial culture supernatants and even milk) is identical in
mechanism to agglutination. He then repeats forcefully an earlier conclusion—
the immune response must not be interpreted teleologically. It is a general physi-
ological mechanism. “It is not with the aim of defending itself that the organism
claborates these injurious substances [antibacterial antibodies]. It simply brings
into play against the microbes preexisting functional capabilities.”

The second important point made by Bordet emerges from his demonstra-
tion that fixation of antibody to the cell and its agglutination are separate
events. Taken together with the observation that fixation of hemolytic antibody
to the red cell is independent of the subsequent hemolysis mediated by com-
plement, and the apparent similarity of agglutination and precipitation, Bordet
advances here a unitarian concept of antibody function some quarter-century
before Zinsser.
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THE SECOND ROUND

Bordet’s Second Report on Hemolysis

In April 1899, Bordet expanded on his earlier study of hemagglutination and
hemolysis in a second report.2! We will explore this contribution in some detail,
since it provided more detailed and specific targets for Ehrlich to contest. In this
report, Bordet asks two questions: (1) Is there a basic difference between anti-ery-
throcyte and anti-bacterial sera? and (2) What is the relationship between the
serum of a normal animal and that of an immunized animal? In his initial experi-
ments, Bordet observes for the first time in the literature that only the blood of
different species can stimulate an immune response; rabbit erythrocytes injected
into the rabbit produce no agglutinating or hemolytic activity against rabbit cells.

Bordet repeats his earlier demonstration of the production of agglutinating and
hemolyzing anti-erythrocyte antibodies, and shows that they may be passively
administered to normal controls, conferring on the recipients the same qualities
(albeit somewhat diluted) that were possessed by the immunized donor. He shows
again the role played by complement in the hemolytic process, and that any comple-
ment, either from normal or immunized animals, will suffice. Thus, “One has no rea-
son to suppose ... that the injection of active [immune] serum into a control animal
will result in the secretion of a special dissolving alexine different from that found in
control serum.”?2 This observation will become the basis of a controversy between
Ehrlich and Bordet on whether there is only a single nonspecific complement or a
multiplicity of specific complements. We shall return to this question.

Bordet then proceeds to demonstrate once again the specificity of these anti-
sera, showing, for example, that rabbit anti-chicken red cells do not affect guinea
pig red cells. More convincing, and making yet another important immunological
point, is Bordet’s demonstration that absorption of a heated antiserum with the
erythrocytes against which it has been formed will deplete the serum of all agglu-
tinating and hemolytic capability. The red cells fix the the antibody (Bordet does
not use this term; he prefers “the active substances”) avidly, and they cannot be
washed off. Bordet concludes with the statement that will characterize thence-
forth his position and will excite the strong opposition of Paul Ehrlich,

Such facts seem to prove clearly that this special substance, heat resistant, found in the
serum of vaccinated [animals], and which permits the energetic dissolving action of alex-
ine, acts on the cells themselves, to affect them directly and ro sensitize them to the action
of alexine [his italics].2?

He also points out that there is no interaction between the alexine and the anti-
body, and that these coexist in an immune serum with no effect on one another.
Further on, Bordet would express his thought more precisely: “the specific sera
contain a sensitizing substance [‘substance sensibilisatrice’] which renders the
cell or the microbe susceptible to be attacked by the alexine” [his italics].?*
Note that Bordet refuses thus far to employ the Ehrlich term antibody (Antikér-
per = anticorps), and that while recognizing the tight binding of antibody to
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antigen, assigns it the function of merely preparing the cell for the destructive
action of the complement.

Bordet then reports that the normal sera of most species possess agglutinins
and hemolysins for the red cells of other species, in greater or lesser amounts; fol-
lowing immunization, these appear to be increased in amount and apparently also
in their intrinsic activity. This leads Bordet to the “quite natural idea” that the
properties acquired by the organism following immunization represent merely
“the perfection, the exaltation of preexisting abilities.”>> Here is the prelude to an
idea that both he and Karl Landsteiner26 would later champion—that Ehrlich was
wrong in suggesting that antibody of a single affinity was produced throughout.
They would maintain that the effect of antigen is to further sharpen the specificity
of the antibodies produced, an idea that sounds surprisingly like the modern con-
cept of affinity maturation.

Ehrlich’s Second Hemolysin Paper

In May 1899, Ehrlich and Morgenroth publish their second communication
on hemolysins.2” This is devoted, in the main, to confirming with better goat
anti-sheep red cell sera the results obtained in the previous publication. In addi-
tion, they wish to argue the validity of their interpretation of the phenomenon
and, for the first time, challenge Bordet’s implicit interpretation. They repeat
their earlier experiments that purport to show that hemolytic antibody has two
combining sites, one for the red cell and another for their “addiment,” and that
the function of antibody is to transport the addiment to the cell surface, where
it can act to destroy the cell. To point up their conceptual differences with Bor-
det, they now introduce a new nomenclature whose terms are semantically
laden with implications about mechanism.2® To counter Bordet’s suggestion
that hemolytic antibody functions as a “sensitizer,” they introduce the name
Zwischenkdorper (the “body between,” that connects the complement and the
cell; they would later use the term Ambozeptor to imply the same process).
Where Bordet employed the neutral term alexine, Ehrlich and Morgenroth
introduce the new word Komplement, implying again that the substance acts
with, or complements, the action of antibody.

To further highlight their differences with Bordet’s interpretation that anti-
body “sensitizes” the red cell for the action of complement, they deride Bor-
det’s metaphor, which suggests that the antibody acts “to change the structure
of a lock, so as to permit the ready introduction of one or several keys which
earlier could not enter, or did so only with difficulty.”?® But, they say, in this
“mechanical conception,” keys do not jump into a lock of their own accord,
they require a driving force, which is “the chemical affinity between the fitting
groups.” Here are the contrasting views that will define the Bordet—Ehrlich
dispute henceforth—the one involving physical forces and structural modifica-
tions, and the other defined by the affinity of chemical binding of complemen-
tary stereochemical structures.
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Among the experiments reported in this paper are several whose interpretation
would cause appreciable confusion in the years to come. First, there was the
observation of a “heat-stable” complement. It will be recalled that heating normal
serum at 56°C for 30 minutes will destroy its ability to mediate immune hemoly-
sis when added with antiserum to a red cell suspension. But when Ehrlich and
Morgenroth demonstrated that red cells could absorb antibody from heated serum
in the cold without suffering damage, they measured this absorption by showing
that the sensitized cells could then be hemolyzed by the addition of fresh (com-
plement-rich) serum. But the same cells could apparently be lysed also by certain
heated sera whose complement should have been inactivated. Under the impres-
sion that complement is a single entity, one had to conclude that some comple-
ments are heat-labile while others are heat-stable; it would be several decades
before it was realized that complement is a complex mixture of labile and stable
constituents that act in succession to cause hemolysis.30

The next complication arose from the view that hemolytic antibody is a
“toxin” for the red cells, analogous to diphtheria or tetanus toxins. Thus, it should
be possible to produce a specific anti-hemolysin, analogous to specific diphtheria
or tetanus antitoxins. Therefore, goat anti-rabbit erythrocyte serum was injected
into rabbits in an attempt to form this antibody. The results seemed convincing.
Mixing the immune rabbit serum with the goat hemolytic serum not only pre-
vented its hemolytic action against rabbit cells, it protected the cells of other
species as well. It appeared logical to conclude that every serum contains a multi-
plicity of hemolytic antibodies, each able to excite the production of its corre-
sponding antibodies.

Looking back, it strikes us as curious that researchers of that time could use
blood or serum and disregard the presence of all constituents but the one in which
they were interested. If red cells were required, then whole defibrinated blood was
used; if sera were employed for their antibody or complement activity, then the
presence of a multiplicity of other antigenic substances was ignored. It could not
be imagined at the time that immunization with a serum (or whole blood) would
induce the formation of antibodies against a variety of serum proteins, the inter-
action of each of these able to fix complement and interfere with the hemolytic
test under consideration. We shall see further on how this misunderstanding
would result in attempts to produce not only “anti-hemolysins,” but also “anti-
complements,” leading to some extremely complex theoretical constructs.

The final complication arose from the demands of the side-chain theory for
specificity when the binding groups of two substances interact. Thus, if the bind-
ing of antibody to antigen is specific, so ought the (Iooser) binding of complement
to antibody, since haptophore binding groups were supposed to function here
also. But this implies that each different hemolytic antibody should have its own
specific complement; this factor is only hinted at in this communication, but it
will play a larger role in further experiments and debates. It also provided the
basis on which Ehrlich and Morgenroth expressed wonder that complement from
a guinea pig can assist the function of a dog hemolytic antibody!
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Ehrlich’s Croonian Lecture

On March 22, 1900, Ehrlich presented the prestigious Croonian Lecture before
the Royal Society of London.3! He devotes the greater part of the lecture to his work
with diphtheria toxin and to the side-chain theory (see Chapters 5 and 6), but refers
at the end to immune hemolysis and to Bordet’s and his own studies with Morgen-
roth. Once again, he emphasizes the chemical nature of the haptophore groups and
that hemolytic antibody has two binding sites—one for the erythrocyte antigen and
the other for complement. For its part, the complement molecule is also assigned
two groupings, one to bind to antibody and the second to exercise its
enzymatic/lytic activity. For the first time, Ehrlich illustrates his concepts with a set
of cartoons (Fig. 7.1) that include his ideas about hemolytic antibody and comple-
ment, and that will influence the thinking of a generation of immunologists.

THE THIRD ROUND

Bordet Summarizes His Position

In May 1900, Jules Bordet published an extensive summary of the current
knowledge of hemolytic antibodies, their anti-antibodies, and of the theories of
their action.’2 By this time he would undoubtedly have seen Ehrlich’s Croonian
Lecture and have had full opportunity to consider all aspects of the first two com-
munications on the subject by Ehrlich and Morgenroth. Bordet must at this point
have been offended by his treatment at their hands: they had questioned his prior-
ity in the discovery of immune hemolysis by crediting Belfanti and Carbone with
the discovery (see note 2); they seemed to take credit for the demonstration of the
specificity of lytic antibodies; they insisted on the multiplicity of complements;
and they appeared to trivialize Bordet’s pioneering work on immune hemolysis
by introducing a new terminology and asserting that everything could be
explained in terms of Ehrlich’s side-chain theory.

Thus, it is highly significant that the usually calm and generous Bordet reviews
the entire field of immune hemolysis and mentions Ehrlich and Morgenroth only
once! This reference occurs in a relatively minor context, and is presented as an
experimental finding that “appears as a remarkable confirmation of this notion
established by us several years earlier.” Otherwise Bordet will, in effect, ostracize
Ehrlich. He will not even mention Ehrlich’s claimes to priority or his theories in
order to contest them—he will merely show that “someone else” should be cred-
ited with this-or-that finding or that a certain result could only be explained by an
interpretation clearly opposed to the Ehrlich view. No one in the field reading this
contribution could fail to appreciate that it was really an attack on Ehrlich by
someone who felt ill used and unappreciated, but who was perhaps too polite to
make explicit accusations.?

In this contribution, Bordet establishes at the very outset his priority in the dis-
covery of the phenomenon of immune hemolysis. He reviews his earlier work
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FIGURE 7.1 The side-chain theory and the structure of the components. (5) Receptors (anti-
toxic antibodies) are cast off by the cell; (6) In the blood, they act to neutralize further exposure to tox-
ins; (7) Hemolytic antibody, however, must have two combining sites, one for the cell antigen and one
for complement; (8) To serve the more general function of nutrition, some receptors must carry com-
bining sites for the enzymes which predigest the large molecule nutrient, permitting its entry into the
cell. (After Ehrlich, note 31.)

showing the requirement for two components: a heat stable substance sensibil-
isatrice and a thermolabile alexine. He even insists that his original system,
involving guinea pig anti-rabbit erythrocytes and guinea pig complement, pro-
vides the best vehicle for these studies (Ehrlich and Morgenroth had used a goat
anti-sheep system). He then reviews the principal phenomenology of immune
hemolysis, most of whose points prove to be contradictions of Ehrtlich’s claims
(although as indicated, the latter are never cited). Thus, Bordet shows that there is
but a single nonspecific complement, active in both bacteriolysis and hemolysis.
He shows that complement is not fixed until the red cell is “sensitized” by the
antibody. Finally, he cites an experiment to suggest that the hemolysin-erythro-
cyte combination is not a chemical union. This result will later be known as the



104 PAUL EHRLICH’S RECEPTOR IMMUNOLOGY

Danysz or Bordet-Danysz phenomenon.3* The addition of red cells in small
aliquots absorbs the antibody more efficiently than adding the cells all at once.
This should not occur in a chemical equilibrium union, says Bordet, but is typical
of the variabie adsorption of dyes by a piece of filter paper.

Bordet then summarizes those areas in which his data agree with Ehrlich,
again failing each time to mention Ehrlich by name. He shows, using red-cell
stromata (hemolyzed erythrocyte ghosts), that antibody is fixed, since the stroma
can absorb it all from the antiserum. He shows that an “anti-hemolysin” (sérum
antihémolytique) may be formed by repeated injections of guinea pig anti-rabbit
blood (hemolytic serum) into new rabbits. This serum, when premixed with the
hemolytic serum, appears to protect rabbit red cells from its hemolytic action.
(Again, as discussed previously, it is not realized that the rabbit anti-guinea pig
serum contains antibodies against all guinea pig serum proteins, thus fixing all
available complement and rendering the red cells safe from hemolysis.) But Bor-
det reports a rather striking observation in this context; when he injects a large
amount of the guinea pig anti-rabbit blood back into the rabbit, it is immediately
lethal. He reports a picture of “disseminated hemorrhagic suffusions.” The rapid-
ity and pathologic changes described make it possible that this was one of the ear-
liest observations of a form of systemic anaphylactic shock, such as would later
be reported by Portier and Richet.?3 (There would, in any event, be a massive
hemolytic crisis in the rabbit so treated.)

Bordet then proceeds to demonstrate that his anti-hemolysin serum also contains
an anti-alexine (anti-complement), employing an experimental approach analogous
to the one previously described. This also would have appeared logical, since the
immunizing anti-erythrocyte serum also contains complement, and the resulting
antiserum appears to inhibit the action of complement, just as it seems to inhibit the
action of hemolytic antibody. But the resuits point to another conclusion; whereas
there is no specificity in the action of complement (i.e., complements of many differ-
ent species are all effective in mediating the hemolysis of rabbit cells), the “anti-com-
plement” appears to be specific! Thus, rabbit “anti-guinea pig complement” will
neutralize the complement activity of guinea pig serum, but not that of rabbit
serum—again, the complement-fixing properties of the of anti-guinea pig serum pro-
teins are not appreciated. It is interesting that Bordet mentions in passing® that the
rabbit “anti-guinea pig complement” causes a precipitate when mixed either with the
hemolytic or with normal guinea pig serum. Neither the nature of this precipitate nor
its possible implications for the fixation of complement are mentioned, nor will they
be until Bordet and Gengou3” and Gengou3® later show that any antigen—antibody
interaction will fix complement.

Bordet then questions any priority of discovery that Ehrlich and Morgenroth may
have claimed, still never mentioning them by name. He assigns the discovery of the
specificity of lytic antibodies to Pfeiffer;3* the demonstration of the passive transfer
of cytolytic activity is credited to Fraenkel and Sobemheim;#C the demonstration that
these lytic reactions may be studied in vitro is assigned to Metchnikoff;*! and a satis-
factory theory of cytolysis he claims for himelf, “one that we advanced in 1895, and
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which our later investigations have been able to confirm entirely without the addition
of anything essential” [my italics].

Bordet then passes in review the principal elements of his findings and conclu-
sions, which he does not hesitate to call la Théorie de Bordet. But in a lengthy
footnote he protests,

We have observed with surprise that certain authors, especially in Germany, write a
quite inexact history of these notions, sometimes attributing the study of these matters to
authors who have only quite recently addressed these questions. In consequence, we will
allow ourselves to cite verbatim certain passages from our communication of 1895 [note
12]. On pages 480 and 481 one reads. ... On page 499...

Thus, point by point, Bordet attempts to correct the record where he feels that his
work has been slighted by others; clearly Ehrlich and Morgenroth are meant to be
the culprits. He then discusses the theory advanced by Pfeiffer (by name!) to
explain the lysis by antibody of cholera organisms, dealing much more gently
with this latter investigator.

Ehrlich’s Third Report: A Theory of Tolerance

The next communication on hemolysis by Ehrlich and Morgenroth appeared in
May 1900.42 It is a truly remarkable document, and forcefully illustrates the
workings of a highly logical imagination. By this time Ehrlich would have
become aware of the increasing interest in all sorts of destructive anti-cell anti-
bodies, stimulated initially by the reports on anti-erythrocyte antibodies. He
would have seen the reports on antispermatozoa by Landsteiner,*> Metchnikoff,*
and Metalnikoff;*> of anti-ciliated epithelium by von Dungern;* and of anti-
leukocyte antibodies by Besredka.*” He also would have seen the provocative
article by Metchnikoff on spermotoxic antibodies and their putative anti-antibod-
ies.*8 In this report, Metchnikoff had injected guinea pig anti-rabbit spermatozoa
serum into a rabbit and obtained a serum that inhibited the spermicidal action of
the original antiserum. Just as Ehrlich had in an analogous experiment previously
described, Metchnikoff interpreted this as the formation of of an anti-antibody
that interacts with and neutralizes the anti-spermatozoa antibodies. Once again, a
seemingly logical and reasonable interpretation led an investigator down what
would prove to be a blind alley.

Having begun the report with mention of these anti-cell studies, and with the
reminder that the side-chain theory holds that antibodies are cell receptors,
Ehrlich and Morgenroth point out that everyone has worked with the injection of
foreign cells. But such injections are unphysiological. Moreover, the formation of
auto-antibodies should be theoretically possible since,

If an animal organism, when injected with blood cells of foreign species, always pro-
duces a specific hemolysin for each of these species, it must surely be following a natural
law; and it is improbable that this law ... should be suspended in the case of blood cells of
the same individual. On the other hand, it is not to be denied that the formation of such
hemolytic substances would appear dysteleological in the highest degree.
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But, they point out, the individual suffers the breakdown and absorption of its
own cells and tissues in a variety of pathological conditions, from the action of
toxins, hemorrhage, parenchymal atrophy, and so on. Why do these instances not
lead to the development of autoantibodies and an antibody-mediated autodestruc-
tion? “It cannot be doubted that the organism seeks a way out of this difficulty by
means of certain regulatory contrivances, the explanation of which would be of
the highest interest.” This, then, will be the object of the present studies.

They begin by injecting a goat with a mixture of the blood of three other goats,
and test the resulting serum on the red cells of nine other goats. Six of them are
strongly hemolyzed, two are hemolyzed only weakly, and one is entirely resistant,
as are the red cells of the immunized goat itself. Three other goats are similarly
immunized with the same mixture of goat blood; in each case, lysins for some but
not all goats are obtained, and in no instance are the animal’s own red cells
affected. Interestingly, each of the four preparations differs in the set of animals
whose erythrocytes it can hemolyze. (Here were the data that might have served
for the description of blood groups, had they been analyzed from this direction.
That same year, Karl Landsteiner would publish a similar analysis of human
blood groups,3? for which he would receive the Nobel Prize in 1930.)

It was clear to the authors that the species relationship of donor antigen and
recipient antibody-producer are important. They therefore define the three differ-
ent antibodies that might be formed: heterolysins, resulting from the response to
antigens from a foreign species; isolysins, against antigens from a member of the
same species; and autolysins, if an animal should respond to its own native anti-
gens. But since hemolytic iso-antibodies are so readily produced and interact with
so many red cell types, why do they not act on the cells of the animal that pro-
duced them (i.e., function as auto-antibodies)? Since all toxins and hemolysins
must fix to cell receptors in order to exert their destructive activity, two possibili-
ties are offered: either the blood cells entirely lack this receptor for isolysins, or
they have receptors that are blocked by the animal’s own auto-antibodies. The lat-
ter suggestion must be discarded, for “it would be incomprehensible that the
blood-cells were not lysed by the complement also circulating in the blood.”
From this conclusion and in keeping with the side-chain theory, it is an easy jump
to the conclusion that an animal does not produce auto-antibodies because it lacks
the side-chain receptors specific for those auto-antigens. This is further general-
ized: “In the development or non-development of antibodies we shall have an
indication of the presence or absence of receptors.”>! (We see here a bit of circu-
lar reasoning that will lead to problems in the future.)

The authors now develop the conceptual scheme to its logical conclusion. They
point out that every red cell possesses a large number of different side-chains with
haptophore groups (in modern parlance, epitopes) on its surface. Considering only a
single group, let us inject that red cell into a recipient. If the immunized animal has
appropriate receptors, it will make a hemolytic antibody; if it has no such receptors,
no antibody will be formed. But if antibody is formed, two further possibilities exist:
if the recipient does not possess the same antigenic grouping on its own cells, then
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the antibody titer will rise uninteruptedly and function only as an isolysin and not as
an autolysin. However, if the recipient should possess the same antigenic grouping
on its own erythrocytes, then these antibodies might function as destructive
autolysins, causing much damage. But this does not appear to occur. Either the
lysin’s target receptors are routinely absent or, more likely according to Ehrlich and
Morgenroth, are present, but another process intervenes. This is the formation of an
anti-autolysin, effectively neutralizing the autolysin itself.

How does this occur? Simply by the fact that the autolysin, in interacting with
its specific receptor, finds both an antigen and an antibody, that is, an anti-anti-
body. This is because the side-chain theory requires that any molecule with a hap-
tophore group that finds a specific receptor to attach to induces the liberation of
that receptor as a circulating antibody. If the eliciting molecule is itself an anti-
body, then the response must be the formation of an anti-antibody, and thus the
neutralization of the one by the other. Note also that by virtue of their interaction
with the same site on the antibody, the combining sites on the antigen and the
anti-antibody must be identical! Here is Jerne's network theory of immunoregula-
tion*? already prefigured some 70 years in advance.>3

The authors close this paper by pointing out that they have not yet observed an
instance of auto-antibody formation, but will continue the search “until a lucky
coincidence leads us [to it].” Not doubting the existence of the phenomenon, they
go on to discuss the general problem of auto-intoxication in humans, some of
which may be due to the normal breakdown and absorption of a variety of cells in
the body. “Only when the internal regulatory contrivances are no longer intact can
great dangers arise.”

THE LAST ROUND:
THE POWER OF PURE LOGIC

Ehrlich’s Fourth Report

On Hemolysis

The paper* opens with a review of the Ehrlich side-chain view of the nature of
hemolytic antibody and complement. This is accompanied by an illustrative car-
toon (Fig. 7.2) of the type that Ehrlich introduced in his Croonian Lecture. The
interbody (hemolytic antibody) is represented as a toxin, by comparison with the
toxins of tetanus or diphtheria. Whereas the latter constitutes a single molecule
with a cell receptor-binding group and a toxic moiety, the former has two binding
groups—one for the cell and the other for (toxic/enzymatic) complement.

The authors then review their notions about complement and hemolytic anti-
body. They point out that a serum may contain many different antibodies specific
for the red cells of different species. Thus, rabbit erythrocytes will absorb all anti-
rabbit hemolytic antibody from a heated serum, while leaving behind a functional
anti-guinea pig hemolysin. They even suggest that a hemolytic serum active on a
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FIGURE 7.2 Ehrlich’s demonstration of the similarity between the structure of the hemolytic
antibody-complement complex and the structure of diphtheria or tetanus toxin. a = complement; b =
hemolytic antibody: ¢ = the erythrocyte receptor; d = the red cell; e = the toxophore group on the
toxin; and f = the combining site on the toxin. (After Ehrlich, note 54.)

given red cell may consist of a mixture of different antibodies, presumably based
on differences in their affinity for different complements—this harks back to the
Ehrlich’s diphtheria antitoxin studies described in Chapter 5. Further, they insist
again that there is a multiplicity of different complements, each different
hemolysin bearing a receptor for its own specific effector molecule.

In countering Buchner’s objections® to the existence of a multiplicity of com-
plements they say in words that Bordet might have used, “we must emphasize that
our conclusions are not the result of speculation, but simply the necessary conse-
quences of observations which are not to be harmonized with the assumption of a
single simple alexin.”3® It is of further interest that Ehrlich, ever conscious of the
clinical correlates of his work, notes that a profound complementopenia accom-
panies systemic phosphorus poisoning.

On Anti-Complements

The authors then review their earlier findings that the injection of comple-
ment-rich sera from one species into another will result in the formation of
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“anti-complements.” As noted previously, such an antiserum will neutralize the
complement activity of the target serum when they are mixed, and logic
demands that the explanation lay in the development of an anti-complement.
But complement has two active groupings according to the side-chain theory: a
haptophore to mediate its attachment to the antibody, and a toxophore to effect
hemolysis. Therefore the anti-complement could be directed at one or both of
these groupings.

The logic of the design of the experiment to clarify the nature of the anti-
complement was impeccable. If the anti-complement is directed against the
toxic end, then the combining end would be free to attach to the antibody, thus
“clogging” all of these sites and rendering them inaccessible to fresh active
complement. On the other hand, if the antibody is directed against the combin-
ing site on the complement, adding it to sensitized cells would have no effect on
the complement-fixing site on the hemolytic antibody, and fresh complement
would mediate hemolysis. The results were clear. Red cells were sensitized
with heated antiserum and then washed. They were then treated with a mixture
of a complement-rich serum and its respective “anti-complement” and washed
again. The addition of a fresh source of complement resulted in rapid lysis of
the target erythrocytes. As the authors conclude, “the anticomplement acts by
fitting into the haptophore group of the complement and side-tracking this
group” [their italics].

The remainder of the paper is devoted to an attack on Bordet’s theory and his
interpretation of his data. Bordet had argued the unitarian thesis of complement
from the qualitative observations that the complements of many different
species can mediate the hemolysis of rabbit red cells treated with guinea pig
anti-rabbit hemolytic serum. Ehrlich and Morgenroth object, and call upon
quantitative data that show that the complements of some species act much
more efficiently than do those of other species, and thus must not only differ but
be composed of mixtures of many different complement types. Moreover, they
posit the existence of multiple antibodies specific for the given target erythro-
cyte, often present in differing ratios, and each utilizing its own specific com-
plement. In this case, as with the toxin spectra described in Chapter 5, any
result can be explained by the choice of appropriate ratios of the several com-
ponents active in the process. Indeed, the authors hint that they may have under-
stated the complexity of the situation, and that “thorough, though to be sure
arduous, studies will show a multiplicity heretofore unexpected. ... For the pre-
sent, however, this duality of the immune-body should suffice to refute the
objections made by Bordet from the unitarian standpoint.”>’

In his concluding remarks to the 1906 English edition of his Collected Stud-
ies,*® Ehrlich would recognize the many observations showing that the injection
of a serum results in the formation of multiple antibodies, each potentially capa-
ble of fixing complement. Although insisting that these be considered ambocep-
tors also, he concedes that, “This being the case, the demonstration of anticom-
plements by immunization becomes extremely difficult.”
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Ehrlich’s Fifth Report

The paper, published in March 1901,5? opens with the declaration that the side-
chain theory, developed in the context of toxins and antitoxins, has been thoroughly
vindicated. If indeed it has any general biological applicability beyond toxins, then it
should also be able to explain the immune response to tissue cells and bacteria. This
is why the authors have studied immune hemolysis as a critical test of the theory, a
phenomenon whose discovery they now unequivocally credit to Jules Bordet for the
very first time. But they point out that new systems may require minor adjustments to
existing theories, just as hemolysis has required a modification of the side-chain the-
ory of antitoxins. In no way should this be considered a weakness of a valid theory,
but it will instead result in a deeper understanding of the subject. They illustrate this
point by reference to the famous theory of solutions of van’t Hoff, which holds that
osmotic pressure depends on the number of particles in a solution. When the theory
was threatened by the aberrant osmotic results observed with salt solutions, Arrhe-
nius’s concept of electrolytic dissociation not only explained the anomaly but rein-
forced the original theory.

This analogy provided a useful segue to a discussion of the chemical basis of
the combinations of antibody with cell and of antibody with complement. The
analogy was made between hemolytic antibody and a chemical with two active
groups (such as a diazo group at one end and an aldehyde at the other), able to
“connect” two reactive substances to one another across this bridge. For the first
time, they would coin the term “amboceptor” to describe this two-headed (or
rather, two-grasping-handed) physiological substance.

The Bordet-Danysz Paradox

The authors next take up the accusation made by Bordet that the combination
of antibody with erythrocyte cannot be a chemical union, but must rather be like
the adsorption of dyes by filter paper. Bordet had noted that if the hemolytic dose
of an antibody is established for a given quantity of red cells, then it is found that
all of the antibody is taken up when only half that quantity of cells is added, leav-
ing nothing to mediate hemolysis on addition of the second aliquot. For Ehrlich,
this presented no problem of interpretation. He pointed out that the erythrocyte
might contain many more receptor sites for antibody than are needed to mediate
hemolysis. Given his ideas on the tight, essentially irreversible chemical binding
of antibody haptophore group to the cell receptor, a cell with twice the minimum
number of receptors may bind two hemolytic doses of antibody before any addi-
tional would be found free in the supernatant. Indeed, they show experimentally
that the total number of binding sites may vary from one antibody-red cell combi-
nation to another, sometimes achieving a value of 100 times the number needed
for hemolysis. The side-chain theory is preserved!

The picture is made clear with a chemical analogy. Naphthalene diamine pos-
sesses two sites able to combine with a diazo compound. One aliquot of diazo
compound is sufficient to form a colored product (the mono-azo compound), but
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addition of double that amount will combine totally (the di-substituted product),
leaving no reagent free in solution.

Now Ehrlich brings to bear his most potent argument against Bordet’s theory
of dye-like adsorption—specificity. He points out that charcoal and other surface-
active substances can attract thousands of different substances of the most varied
type. Further, any given dye may stain a large number of different substances.
Where in the absorption of dyes, asks Ehrlich, is the specificity so characteristic
of immunological interactions? A rabbit anti-guinea pig hemolysin reacts only
with guinea pig erythrocytes. Where there is a cross-reaction that might suggest a
breakdown of specificity, as when a goat anti-goat isolysin is found to act on
sheep red cells, it can be shown by specific absorption that the two species have
receptors in common.

Complementoids

There now appeared one of those typical Ehrlichean conceptual leaps, in
which the inner logic of a phenomenon seems to demand the step-by-step elabo-
ration of an earlier theory. We saw previously (Fig. 7.2) that complement was
viewed as a bipolar molecule, one end the toxic moiety and the other the binding
site, by analogy with tetanus and diphtheria toxins. But if the bacterial toxins can
be converted into foxoids, now innocuous but still capable of eliciting antitoxic
antibody, why not the hemolytic ones? Perhaps the inactivation of complement by
heating serves only to diminish the toxicity of the hemolytic “zymotoxic” end,
turning it into a complementoid.

The test of this hypothesis was easy. Heat-inactivated goat complement was
injected into various species, and in each instance an antiserum was formed that
specifically inhibited the activity of fresh goat complement. But the antisera to heat-
inactivated complements seemed to function the same as that against fresh, active
complements. Thus, they could conclude that, “according to our view that it is the
haptophore group which causes the immunity reaction, it follows that inactivation of
the complement has destroved only the zymotoxic group, leaving the haptophore
group intact” [their italics].%° However, if the “complementoid” has an intact binding
site, then heat-inactivated complement should compete with fresh complement for
binding to the antibody and thus inhibit its action. Since it appears not to do this,
logic requires that, “in the change to complementoid, the haptophore group of the
complement suffers a diminution of its affinity for the complementophile group of the
immune-body” [their italics]. They assume that in this instance, the two active sites
on the molecule are close enough to one another so that altering the one will exert an
effect on the other. Similar experiments seeming to support the existence of comple-
mentoids were later published by Ehrlich and Sachs.?!

Auto-Anticomplements and Horror Autotoxicus

Ehrlich and Morgenroth recall that in their third communication on hemolysins,
they discussed the implications of the formation of cytotoxic antibodies against
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self. They pointed out that there must exist “certain contrivances by means of
which the immunity reaction, so easily produced by all kinds of cells, is prevented
from acting against the organism’s own elements and so giving rise to autotoxins.”
They term this general physiological process Horror Autotoxicus, or the “fear” of
self-intoxication. In a footnote, they point out that Metalnikoft’s observation of
anti-spermatozoal antibodies®? does not contradict this principle; the antibody
attaches but the spermatozoa survive, and thus, “an autotoxin within our meaning,
one that destroys the cells of the organism that formed it, does not exist” [italics in
the original].

Now, in their study of complements and anticomplements, they believe that
they have observed another manifestation of this phenomenon. They found that
about 1 week after the injection of large amounts of goat serum into rabbits
(with the object of producing rabbit anti-goat complement), the rabbit’s own
complement seemed to disappear, not to return until some weeks later. Indeed,
this complement-free serum even neutralized the complement present in fresh
rabbit serum. The conclusion seems inescapable-—since the rabbit does not
spontaneously form antibodies against its own complement, the goat comple-
ments must share cross-reacting constituents with the rabbit’s own comple-
ments, so that the anti-goat complement formed by the rabbit must be consid-
ered an auto-anti-complement. (Here is the prediction, long forgotten, that
would be rediscovered and confirmed a half-century later by researchers
studying the “breaking” of tolerance by cross-reacting antigens.) Further, the
clinical consequences of such a complement deficiency are mentioned; they
quote preliminary findings by Neisser and Wechsberg to the effect that such
animals suffer a decreased resistance to certain infections, testimony to the
important function of complement.

Once again, the logic is impeccable, given the demands of Ehrlich’s side-chain
theory and the contemporary view of the nature of the reagents and methods
employed. A fresh, complement-rich serum was viewed as complement alone; if
it were derived from an immunized animal, then it might be considered to possess
two components, antibody and complement. If it were employed to immunize an
animal, then the resulting antibodies could only be specific for the presumed con-
tents of the serum. Again, the doses employed for immunization were large by
later standards; to produce hemolytic antisera, 10 cc or more of whole blood
might be used, and similar volumes of serum to produce “anti-antibodies” or
“anti-complements.” The presence of untold numbers of other immunogenic pro-
teins in these inocula was not appreciated.

The full explanation of the phenomenon of complement depletion following
the administration of massive doses of serum would appear in 1910, although it
would not be fully appreciated at the time. It will be recalled that Behring’s treat-
ment of diphtheria and tetanus involved the administration of large doses of horse
antitoxic serum; in many instances, while the toxic disease was cured, a curious
side reaction would occur beginning a week or so later. This was called serum
sickness. Its pathogenesis would be explained by Clemens Baron von Pirquet, in a
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FIGURE 7.3 von Pirquet’s concept of the steps in the development of serum sickness. (After
Pirquet, Allergy, note 63.)

remarkable demonstration of insight, in a book entitled Allergy.5®> The story is
worth retelling here, since it illustrates how some distant connections may be
made in a field, while other closer connections may be missed.

By 1910, the following observations had been made:

1. The mixture of antibody with antigens would form a visible precipitate.54

2. Serum contains much protein, and antibodies may be formed against serum
protein antigens.

3. The interaction of antibody with antigen may cause systemic anaphylaxis®
or local hemmorhagic necrosis.5’

4. Any antigen-antibody combination can fix complement.5®

Now comes Pirquet the pediatrician, long interested in the clinical conse-
quences of serum sickness that he had identified some years earlier, in collabo-
ration with Bela Schick.%? Pirquet proposed a pathogenesis of serum sickness
that was made perfectly clear in a single diagram in his book—we reproduce it
here in Figure 7.3. Note how well it illustrates the steps in the immune response
that would be the subject of study of a later generation of immunologists. An
injection of serum protein is made, which only slowly leaves the circulation
over the next week or so. Then, suddenly, with the onset of antibody formation,
the antigen disappears more rapidly in what would later be termed the phase of
immune elimination. At the same time, a “toxic body” is formed, presumably
the antigen—antibody complex precipitin formed in vivo, this is the material
responsible for the clinical manifestations of the disease. Antibody formation
continues, so that a repeated injection of the same serum will result in an imme-
diate reaction, due to the formation of new immune complexes.
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Ehrlich’s Sixth Report

In May and June 1901, Ehrlich and Morgenroth published the two parts of
their final contribution to the study of immune hemolysis.”® It opens with a review
of the many difficulties posed by the immune response in general, and by the
study of cytotoxic antibodies in particular. They mention the curious observation
that the usual antibody response in frogs is suppressed when they are kept in the
cold.”! This is ascribed, reasonably, to a slowing of the normal metabolic func-
tions in this cold-blooded species.

They also discuss the observation by most investigators that an antibody
response is often undetectable in certain animals or in certain species. This, they
hold, can only be due to one of two causes, in the context of the side-chain theory:
either the animal’s cells lack the necessary receptors that would become antibod-
ies when cast off from the cell, or the receptors are too tightly bound to be
released. They call these sessile receptors, reminiscent of the “sessile” antibodies
that would be postulated three to four decades later to explain delayed hypersen-
sitivity reactions.

On the Multiplicity of Antibodies

The authors report that the immunization of rabbits with ox red cells results
in a hemlytic serum that acts on goat erythrocytes as well. This is true of every
rabbit tried, but the ratio of anti-ox to anti-goat titers differs from 1.5:1 to 17:1,
showing a marked variation among individuals. In each instance, substantially
all of the anti-ox and anti-goat activity can be absorbed from the serum using ox
cells, but absorption with goat cells leaves the anti-ox hemolytic activity unaf-
fected. When the reverse experiment is performed, immunizing several rabbits
with goat red cells, the ratio of anti-goat to anti-ox titers varies from 2.4:1 to
33:1. Now absorption with goat erythrocytes removes almost all activity against
both cell types, whereas absorption with ox cells leaves the anti-goat activity
undiminished. Here again is one of the early examples of the use of differential
absorption of cross-reacting antisera.”?

The explanation offered for this apparent interspecies cross-reaction lies in the
sharing of antigenic sites on the two red cell types. This is because Ehrlich’s the-
ory does not allow for multiple antibodies specific for the same antigenic site.
This concept is represented pictorially in Figure 7.4, where each cell contains a
target site unique to that species as well as a different site shared between species.
This result reinforces Ehrlich’s view that the surface of all cells must contain a
large variety of antigenic sites (as well as, we might note, receptor sites that can
be shed as circulating antibodies). The further consequence of this is that each
antiserum must consist of “several, perhaps a host of, immune-bodies” [their ital-
ics, note 70, p. 285]. This conclusion appears to be confirmed by the earlier obser-
vation that a goat might produce a variety of anti-goat isolysins. Here is a subtle
correction to an earlier view; no longer is the entire antiserum specific; rather, it is
composed of a mixture of many individually specific antibodies.
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0x Goat

FIGURE 7.4 Ehrlich’s demonstration of the hemolytic cross-reaction between ox and goat red
cells. Some antigenic receptors are shared (3), whereas others are unique to the species (0, ). (After
Ehrlich and Morgenroth, note 70.)

Anti-Antibodies

Ehrlich and Morgenroth next report a complex series of experiments
designed to confirm the existence and action of anti-antibodies specific for the
combining sites (cytophilic groups) on the hemolytic antibodies. They have
obtained a very high-titer rabbit anti-ox hemolytic serum and used it to immu-
nize a goat. (Note that, following a common practice, they have injected the
goat with as much as 120 cc (!) of the whole rabbit serum over a period of 2
months.) They then mix 0.5 cc of this “anti-antibody” with increasing amounts
of the rabbit hemolytic serum (of which 0.001 cc constitutes a hemolytic unit).
To this mixture is then added a standard suspension of ox red cells, the mixture
incubated, centrifuged, and the sedimented red cells resuspended and then
exposed to the action of excess guinea pig complement. The tests were con-
trolled using normal goat serum in place of the goat anti-rabbit serum. It was
found that the goat anti-rabbit serum would inhibit up to 17.5 hemolytic units of
the rabbit anti-ox hemolysin.

The same experiment was run using goat complement in place of the guinea pig
complement previously employed. In this system, the rabbit anti-ox hemolytic unit
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was determined to be 0.051 cc; thus, 51 times as much of the hemolytic antiserum
was needed now to attain complete hemolysis as in the previous tests. But now the
goat anti-rabbit hemolysin (the putative anti-antibody) was found not to exert an
inhibitory effect on the rabbit hemolysin. The interpretation presented by the
authors is that, in this system, a different antibody enters into play. This one con-
tains a different haptophore group than that acting in the guinea pig complement
experiment, and is thus a hemolysin that is not neutralized by the rabbit anti-anti-
body that previously worked so efficiently. In line with earlier reasoning, it is
assumed that just as every antiserum may contain multiple antibodies, so every
“anti-antiserum” may contain multiple anti-antibodies, each specifically able to
interact with and neutralize a different haptophore group.

Once again, the logic of this explanation is above criticism, given the context of
Ehrlich’s previous studies, the current lack of knowledge about the full complexity of
the immune response to whole serum, and the variability of the complements of dif-
ferent species. However, we may safely assume that the putative anti-antibody (what
would be called later an anti-idiotype) was in reality an anti-rabbit immunoglobulin.
As such, it would indeed neutralize the action of the rabbit anti-ox hemolysin; pre-
sumably the amount employed was adequate to neutralize all of the immunoglobulin
in 0.017 cc of the hemolytic serum in the first test. But goat complement is so much
less efficient than guinea pig complement that 51 times more rabbit hemolysin was
required to furnish a hemolytic unit, following the now well-understood reciprocal
relationship between hemolytic antibody and complement.”? With so much rabbit
serum present, the goat anti-rabbit serum could not have neutralized all the rabbit
immunoglobulin in the test; unneutralized hemolysin would have remained active,
and thus the “anti-antibody” would have appeared ineffective in this system. This
supposition appears to be confirmed by the fact that the authors found that their goat
anti-rabbit hemolytic serum (the anti-antibody) was essentially ineffective in neutral-
izing the anti-ox hemolysins formed in other species. Again, they assumed, reason-
ably, that this was due to the formation of hemolysins containing non-crossreactive
haptophore groups, but it appears in retrospect to be due to the non-crossreactivity of
the immunoglobulins of these different species.

The Multiplicity of Complements

The authors then present further experimental support for their view that there
are many different complements—at least one for each of the different hemolytic
antibodies they have observed. They extend the observation that the complements
of different species affect the amount of rabbit anti-ox erythrocytes required to
hemolyze ox cells. As we saw, many times more antibody is required in the pres-
ence of goat complement than is needed for guinea pig complement, and the val-
ues for such complements as rabbit, rat, goose, and chicken fall in-between. The
explanation again is that the rabbit antibody is a mixture of many types, each
requiring its own specific complement. The antibody mixture would thus be
richer in antibodies specific for guinea pig complement than for other comple-
ments, and therefore the titer found with this complement would be higher.
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They then compare their rabbit anti-ox erythrocyte serum with goose anti-ox
erythrocyte serum, using the complements of different species to mediate the
hemolytic reaction. The order of efficacies in these two systems is roughly com-
parable, but they wonder at the fact that goose and chicken complements work
better in the rabbit antibody system than does horse complement, and pigeon
complement seems not to be able to participate at all. They point out that this
argues against the supposition that the zoological closeness of species should
manifest itself in the similarity of action of such constituents as their comple-
ments, and thus against Bordet’s unitarian theory of complement action. Once
again, the explanation proferred is the existence of multiple complements, each
acting only with its respective specific antibody.

Finally, the authors discuss the clinical implications of the existence of multi-
ple antibodies and multiple complements. To best utilize all the complements pre-
sent in a patient in the immunological fight against bacterial infection, it is
advised that any passive antibody administered be derived from a mixture of dif-
ferent donors and even from different species.

Bordet Responds

In May 1901, Bordet repeated his arguments against Ehrlich’s theory of the
chemical interaction of amboceptors and complement, arguing once again for the
theory of “sensitization.”’* Whereas this merely represented a restatement of
positions in respect of antibody, a new observation was advanced against
Ehrlich’s contention that there exists a multiplicity of complements. Bordet
shows that all the complement may be removed from a serum by an antibody-cell
interaction, thus depriving other antibody-cell systems of its collaboration in
lysis. Here is proof, says Bordet, that there is only a single complement.

This challenge to his theory was met by Ehrlich in a paper coauthored with Mar-
shall, a Rockefeller Institute Fellow studying with Ehrlich in Frankfurt.”> They
argued that indeed each serum contains a multiplicity of complements. Therefore, if
a given amboceptor were to fix many complements, it must be because that ambo-
ceptor contains receptor sites for each of them. They picture this structure in the
now-familiar style adopted by Ehrlich, as illustrated in Figure 7.5. The amboceptor
now possesses many different complementophilic sites, each specific for its respec-
tive complement—some were called “dominant” complements and others “nondom-
inant.” This is typical Ehrlich, building one ad hoc structure on another, as he had
done with toxins to explain their neutralization spectra and with antibodies to explain
the shift from simple antitoxins to the more complicated hemolysins.

SUMMARY

The stimulus provided by Jules Bordet’s brief report on immune hemolysis
elicited a burst of activity by Paul Ehrlich and his associates. The series of chal-
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FIGURE 7.5 Ehrlich’s explanation of why any immune complex could fix substantially all the
complement in a serum. If the complement-antibody bond is specific, then each antibody must possess
multiple binding sites, for both the “dominant” complement (¢) and for ail of the “non-dominant” ones
(d). (After Ehrlich and Marshall, note 75.)

lenges, rebuttals, and counterchallenges that flew between the two laboratories
resulted in a significant leap forward for immunology, both in the data obtained
and in the new scientists attracted to this interesting and increasingly important
field. Here is one of the best examples that differences of opinion and interpreta-
tion and unabashed challenge may be more productive of progress than quiet
agreement among investigators.’®

If anyone at the turn of the century would rush to the defense of his ideas, it
was Paul Ehrlich. He combined a love of theory with elegance as an experimenter,
and acted throughout as if his side-chain theory had been proved beyond doubt.
Therefore its extension to immune hemolysis must be valid in all its aspects. Bor-
det, on the other hand, professed to be disinterested in theory and trusting only in
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facts. He insisted that the ideas that he put forward were not even worthy to be
called theories. As he would later say,

My single desire has been to show that it is not I myself who have created or even chosen
my ideas; they have rather been forced upon me by facts, by the logical induction which, so to
speak, is the inevitable result of experimentation, and by the immediate deductions from it. I
have limited myself to being an experimenter and very little of a theorist, and the accuracy of
the opinions which I have defended is, I think, guaranteed by this fact.””

But this statement would appear to be somewhat disingenuous. Bordet’s introduc-
tion of physical adsorption, of colloidal properties of the components, and of the
implications about mechanism implied by his substance sensibilisatrice were, if
less detailed than Ehrlich’s ideas, surely no less conceptual.’® Indeed, the first
sentence of the quote could have been uttered by Ehrlich himself, who was fully
convinced that it was “the facts” that had stipulated his theories. Ehrlich, how-
ever, would not have been as modest as Bordet was in the second sentence of the
quote; he would probably have insisted that the facts had to be organized and
interpreted by a keen theoretical mind (such as he possessed).

Over the period of the next decade, the conceptual dispute between Ehrlich
and Bordet slowly softened and declined; the various alarums and excursions
published in the journals by the two protagonists and then by their followers
became rarer as the years passed. In the end, as is so often true in science, the
views of both sides would prove partially correct and partially in error. Ehrlich’s
concept of the stereochemical basis of antibody specificity (the haptophore
group) would be validated, and his nomenclature (Antikorper and Komplement)
would survive. But the idea of a “complementophile” group on hemolytic anti-
body would disappear. For his part, Bordet’s notion of the “sensitization” of the
red cell by antibody to permit the fixation of complement, and of the existence of
but a single complement,’ would be confirmed.

Whereas Ehrlich shifted his interests to experimental tumor research and
chemotherapy (see Chapter 8) in the early years of the new century, Bordet con-
tinued to concentrate on immunology during the remainder of his scientific life.
They both would eventually win the Nobel Prize for their immunology, Ehrlich
sharing his with Elie Metchnikoff in 1908 and Bordet, finally, in 1919. Ehrlich
died in 1915, and thus was spared the further modifications of his concepts that
later data would have demanded. Bordet, however (who lived until 1961 at age
91), utilized the leisure enforced by World War I to write his magnum opus, L’Im-
munité dans les Maladies Infectieuses in 1919,80 summarizing the field as it was
then appreciated. In it, he treats Ehrlich’s theories more gently than before, espe-
cially those that emphasize the chemical nature of immunological specificity. But
the earlier battles are not completely forgotten; Bordet can still write,

My predilection for realities has not been able to prevent me from briefly consider-
ing hypotheses, even reckless ones; they have left too profound an impression on many
studies to be passed over in silence. One knows the luxurience with which they have
been developed on the fertile terrain of immunology, where so much of the unknown still
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stimulates the imagination and (it must be added) invites audaciously synthetic concepts
from those schools anxious to affirm their superiority by inspired suppositions. Thus,
general hypotheses crop up with dominating and conquering pretensions that wish in a
single step to embrace an entire scientific territory and annex it thenceforth; thus are
constructed tyrranical systems which are angered by facts which are difficult to incorpo-
rate and which are defended with all the prejudice that an amour-propre mixed with
chauvinism so readily inspires.8!

Thus, over the years, the dispute about the nature of the interaction between
erythrocyte, hemolytic/hemagglutinating antibody, and complement slowly lost
its polemical tones, without the declaration of a “winner” on either side. What
remained, however, was a set of methodologies that contributed significantly to
immunology and its allied sciences: the practical fields of diagnostic serology and
immunohematology; the elucidation of the components of complement, perhaps
the founding paradigm of the field of immunopharmacology; and the application
of hemolytic plaque assays to study single cell responses and the celluiar dynam-
ics of the immune response.
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Corpora non agunt nisi fixata.
Paul Ehrlich

One of the most curious phenomena in science is the frequent suggestion that
a given discipline has finally solved all of its problems; there is little else left to do
but perhaps some cleanup of minor details, and the next generation might as well
seek other fields to conquer. This declaration of the end of a science is most often
made explicitly by its own elder statesmen, who seem to imply that their work has
provided the finishing touches, beyond which no significant advances can be
expected. Thus, to cite but a few notable examples,' Lord Kelvin declared in the
1890s that it was all over in physics (just before the Einsteinian revolution); in
1968, Gunter Stent, in a series of lectures at the University of California, Berke-
ley,? declared that molecular biology had already peaked (this not long before the
burst of activity that led to the human genome project and to genetic engineering);
and both Macfarlane Burnet? and Niels Jerne* concluded in the 1960s that the
clonal selection theory had pretty much solved all of immunology’s problems
(just before the immunobiological revolution).3

It would appear that after 1901, Paul Ehrlich had the same feeling about his
contributions to immunology, although he never declared it explicitly. He had,
after all, advanced his side-chain theory of antibody formation that was, in most
immunological laboratories, the ruling paradigm that guided the planning of
experiments and the interpretation of results. And he had, in his work on
toxin—antitoxin and hemolysin-erythrocyte interactions, fairly well characterized
the mechanisms by which these antibodies function. Aside from continuing his
attempts to convert the residual nonbelievers (e.g., Elie Metchnikoff, Jules Bor-
det, Max von Gruber, and Svante Arrhenius), it is likely that Ehrlich felt that there
was little left to do in immunology, and one ought to move on to address other
important challenges. He would leave to his assistants Julius Morgenroth and
Hans Sachs the residual “cleanup” work required in immunology.
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Indeed, there is good reason to believe that Ehrlich felt that there was little
else left to do in immunology even before his landmark studies with Morgen-
roth on immune hemolysis. In November 1899, he could say in a letter to a Dr.
Clemens, “I did not have a chance to deal with this matter [the diazo reaction
in urinalysis] in a chemical way, since I slipped in the last 10 years into
immunological “hocus-pocus.”®

We will review briefly those new areas of activity that Ehrlich entered, provid-
ing only a taste of his involvement in each. It must not be thought, however, that
each phase of Ehrlich’s scientific career ended sharply after he had begun to focus
on a new problem; he would maintain an interest and even publish in areas of ear-
lier involvement long after he had moved on to a different discipline, especially
when the earlier work had been challenged.

CANCER RESEARCH

In his lengthy review of Ehrlich’s tumor studies,” Hugo Apolant points out that
of all the scientific fields to which Ehrlich contributed, only cancer research did
not originate directly from his ideas about receptors. This is not to say, of course,
that he did not eventually introduce receptors into his concept of the growth,
rejection, and inhibition of tumors, as we shall see. Rather, it happened that soon
after Ehrlich had completed his landmark studies of immune hemolysis with
Julius Morgenroth (see Chapter 7), a number of generous donors made significant
sums available to him for the support of cancer research. These had been stimu-
lated by the intercession of Ehrlich’s chief sponsor, Ministerial Director Friedrich
Althoff, and by the former Mayor of Frankfurt, Dr. Franz Adickes, both of whom
had collaborated in the initial establishment of Ehrlich’s Institute. This is not to
suggest that Ehrlich would “sell” himself to an inferior science: cancer research
was in the air, it presented fascinating and important challenges, and Ehrlich was
presumably ready for a new scientific venture. One knew that if Ehrlich turned his
attention to a problem, he would bring to it his imaginative best, and he did not
disappoint. In the autumn of 1901, he set up a cancer division within his institute,
and recruited for it such individuals as Prowazek and Weidenreich intially, and
then Embden and Apolant. This was to be a serious venture.

Ehrlich’s approach to the study of the biology of tumors concentrated on the
development of a library of transplantable tumors and the establishment of the
rules that govern their acceptance in normal recipients, their growth, and their for-
mation of metastases.® He developed the notion of tumor “virulence,” analogous
to the virulence of pathogenic organisms. As with pathogens, this characteristic
could be measured by such factors as the dose required to achieve successful
transfer, the rapidity of growth and invasiveness of the transplant, and its procliv-
ity to seed metastases elsewhere in the recipient. He showed also that the “viru-
lence” of many tumors could be enhanced significantly on repeated passage from
animal to animal, whereas the virulence of other tumors (most notably sarcomas)
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was attenuated by exposure to elevated temperatures. Of great interest was the
demonstration that the injection of a given tumor into an animal might lead to an
apparent “immunity,” wherein a second transplant of the same tumor resulted in
little or no growth. At the outset, this was viewed by the Ehrlich group as a mani-
festation of the same type of immunological response that was seen following
immunization with erythrocytes, but the absence of demonstrable circulating anti-
tumor antibodies caused them to abandon this theory.

What factors determine the “take” of a tumor transplant and the rate at which
it would subsequently grow? For Ehrlich, the answer had to be in the availability
of appropriate nutrition in the new environment. This must perforce depend on
receptors for each of the nutrients involved, which Ehrlich termed nutri-recep-
tors. It will be recalled that in his side-chain theory, Ehrlich had insisted that anti-
bodies are only special instances of the broad range of cell surface receptors
required by a cell to transact its normal functions, including both the ingestion of
nutrients and the interaction with dyes, drugs, toxins, and so on.

Thus, everything appeared to be explicable in terms of the presence or absence
of receptors on the donor tumor, or the presence or absence of the required nutri-
ents in the recipient of the tumor. A tumor that failed to grow in a new host must
have failed to find adequate nutrition; those that grew well must have found a fer-
tile “soil” in which to flourish. Again, the failure of second tumor transplants to
thrive was attributed to the depletion by the initial transplant of those nutrients
essential to tumor growth. Perhaps the concept was best illustrated by the expla-
nation advanced by Ehrlich?® to explain the fact that when certain carcinomas are
transplanted, they are rapidly taken over by a minor sarcomatous contaminant,
while the transplantation of mixtures of carcinoma and sarcoma cells invariably
gives rise to pure sarcomatous growth.!0 This was explained!! by the presence on
the sarcoma cells of more appropriate receptors for those nutrients present in the
recipient host than were possessed by the carcinoma cells.

Ehrlich’s theory of the importance of nutritional factors in the development
and growth of tumors had one immediate and important effect; it reinforced the
growing impression that cancer cells are nothing more than normal cells gone
astray. This was due to his suggestion!? that the essence of tumor formation lies in
avidity differences between cancer cells and normal cells; they are otherwise sim-
ilar, and require the same nutrients for their growth. The side-chain theory thus
predicted that the advantage of the tumor cell depends on one of two factors:
either (a) it has more nutrient receptors than the normal cell does, or (b) its recep-
tors are more avid than those of the normal cell. In either case, the tumor cell will
be better nourished and therefore flourish more exuberantly.

Ehrlich termed this concept of nutritional inhibition of growth “athrepsia” (Gr.
trephein, to nourish). He admitted that the idea was not new,!3 and cited an anal-
ogous theory advanced many years earlier by Louis Pasteur'# to explain the
mechanism of adaptive immunity, a theory that did not long survive. At a time
when only live, attenuated pathogens were known to induce acquired immunity,
Pasteur had suggested that, by analogy with bacterial growth in culture, the
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exhaustion of trace nutrients would inhibit further growth of the pathogen, and
thus the infected or immunized animal would be rendered immune to further
challenge. This concept, in the field of immunology, did not survive the discovery
of phagocytosis and of immune (antibody) responses to inert toxins and dead bac-
teria. But Ehrlich’s specific nutri-receptors gave athrepsia a new life in the context
of tumor biology; however, not all researchers in the field accepted the concept.

One of the more interesting observations made during these tumor studies
involved the transplantation of a mouse tumor into the rat.!> The tumor would
grow rapidly until about the 6th day, whereupon growth would suddenly cease
and the tumor would be completely destroyed. However, excision of the tumor in
the rat prior to its failure and passage of it back to the mouse would see it continue
to flourish. The same process, zigzagging the tumor between rat and mouse, could
be repeated for many generations. Ehrlich explained this according to his theory
of athrepsia; the rat, being deficient in some of the nutritive elements required by
this tumor, could only support its growth for a short period, whereas the mouse,
possessing these nutrients in abundance, could support its growth indefinitely.

Ehrlich would later extend his theory of athrepsia to the survival or death of
bacterial invasions of the body, and to the distribution of lesions during infec-
tion.'6 He suggested that the failure of an organism to survive in a given host,
or to mutiply and cause disease in a given tissue, depends on the availability of
appropriate nutrients. Thus, most species will not support infection by Tre-
ponema pallidum, but the monkey can be infected, although only in the skin
and not by parenteral inoculation, suggesting that only this susceptible site can
nourish the pathogen of syphilis. Again, fowlpox can be transferred from hen
to pigeon, but after several passages in the pigeon can no longer be propagated
back to the hen. Ehrlich suggested that this change is due to the stepwise loss
(atrophy) of hen-specific receptors on the pathogen, while pigeon-specific
receptors multiply.

Another fascinating aspect of the transplantation story is how early researchers
developed experimental approaches involving parabiotic animal preparations.
These involved rabbits, in studies by Sauerbruch and Heyde,!? rats by Mor-
purgo,'8 and mice by Schéne.!® Almost invariably, one member of the parabiotic
pair would suffer a wasting disease, while the other grew. At first this was
ascribed to a blood-induced “toxic anemia,” wherein the stronger of the two over-
powered the weaker, but Ehrlich suggested that it was yet another example of the
workings of athrepsia. Here, the stronger party was supposedly able to monopo-
lize the nutrients shared by the two, at the expense of the weaker member. Later
studies by Hasek, Simonsen, Trentin, and others would confirm the broad utility
of parabiotic preparations?® and demonstrate that the wasting disease was the
result of a purely immunological graft-vs-host reaction.?!

It is worth recalling here a logical inconsistency in Ehrlich’s theory of athrepsia
that was alluded to in a somewhat different context in Chapter 5. Presumably, the
receptors for nutrients should function in a manner similar to the receptors for tox-
ins, which had provided the basis for his side-chain theory. But if the interaction of
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toxins with their specific receptors leads to their overproduction and release into
the circulation as protective antibodies, why then should not the nutrient receptors
respond similarly? If this were to occur, then “anti-nutrient” antibodies should
appear in the blood able to “neutralize” the nutrients before they can reach and
nourish the cell; this obviously does not happen. It was never adequately explained
why nutri-receptors alone should be exempt from the process of receptor activa-
tion, overproduction, and shedding into the blood, and again it is curious that this
inconsistency was not recognized by Ehrlich’s opponents and used as a strong
argument against his theory.

As we look back on the flurry of activity in cancer research that occurred dur-
ing the first decade of this century, we cannot escape the conclusion that here, for
the first time, Ehrlich’s keen scientific intuition failed him. Studies on the accep-
tance and rejection of transplantable tumors were in progress in many laborato-
ries, most notably in those of the Imperial Cancer Research Fund in London.
Especially at the latter institution, it was repeatedly observed that atter rejection
of a tumor, transplantation of a second graft of that same tumor would invariably
fail. However, when controls were run using normal tissues from the same donor
for the initial sensitization, failure of the (second) tumor graft was seen also;
obviously, it was something innate in the tissues of the donor rather than some-
thing peculiar to the tumor that caused the incompatibility.

Ehrlich, having advanced a theory of athrepsia, explained these results in its
terms (i.e., in terms of the availability or exhaustion of nutrients and/or nutrient
receptors). In London, E.F. Bashford and his colleagues chose to view this phe-
nomenon in purely immunological terms.22 In an era when immunological con-
cepts were in the forefront, when anaphylaxis had become one of the popular top-
ics of the time, and after Richet and Héricourt had suggested as early as 1895 the
possibility of serotherapy for the treatment of cancer,?? it is surprising that it was
the oncologist Bashford rather than the immunologist Ehrlich who would provide
an immunological explanation of tumor rejection. Thus, the results with tumor
grafts were quickly generalized to cover the immunologic response to and rejec-
tion of all foreign tissues.

The same Georg Schone (now removed from Frankfurt to Greifswald), who
would summarize Ehrlich’s theory of athrepsia (see note 11), published a remark-
able book on tissue transplantation in 1912.24 In it, he cited almost 500 references
to transplantation studies (demonstrating the broad contemporary interest in the
field), and even coined the term “fransplantation immunity.” Schoéne condensed
the results of these studies into six general rules that he believed underlay all of
the phenomenology of transplantation:

1. Transplantation into a foreign species (heteroplastic = xenogeneic) invari-
ably fails.

2. Transplantation into unrelated members of the same species (homoplastic =
allogeneic) usually fails.

3. Transplantation of autografts almost invariably succeeds.
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4. Using allografts, there is a primary take and then a delayed rejection of
first grafts.

5. Second allografts undergo accelerated rejection in hosts that have rejected a
primary from the same donor, or that have been immunized with tissue
from from the tumor donor.

6. The closer the “blood relationship” between donor and recipient, the more
likely the graft is to succeed.

Here, already in 1912, are the “laws of transplantation” substantially as they
are understood today.?> However, probably because tissue transplantation was
tied to immunology by experimental oncologists and the results published pri-
marily in their literature, it did not enter into mainstream immunological thought
at that time. Indeed, even the original studies in the 1940s and early 1950s by
Medawar and associates did not attract much attention in immunological circles.
Medawar was a zoologist, and published in anatomy and pathology journals; only
after the mid-1950s did his work begin to influence immunologists, and only then
did he and the members of his group start to think of themselves as immunolo-
gists.2 Had Paul Ehrlich not been so wedded to his theory of athrepsia, and had
he been willing to consider the phenomena of tumor acceptance and rejection
from a purely immunological point of view, the history of transplantation
immunology would doubtless have developed far differently.

CHEMOTHERAPY

Just as 1901 saw a major shift in Ehrlich’s interests from immunology to experi-
mental oncology, so 1905 saw yet another shift, this time to chemotherapy.?’ We
attributed the former shift to Ehrlich’s probable feeling that his immunological the-
ory and experiments had substantially solved the major outstanding problems in that
field, and perhaps we were correct in this assumption. But the problems of experi-
mental tumor research in 1905 were far from solved, although Ehrlich had surely
made important contributions in this field. Perhaps Martha Marquardt was closer to
the mark, in the context of this latter change of scientific direction, when she quotes
Ehrlich as saying generously, “One must not stay in a field of work until the crops are
completely brought in, but leave still some part of the harvest for the others.”?8

In any event, the challenges posed by infectious diseases remained in the fore-
front of early 20th-century medicine. The limitations of preventive vaccination,
and especially of serotherapy, had become all too evident; immunology seemed
ineffective in preventing or curing such important diseases as tuberculosis,
syphilis, the gram-positive infections, and especially the parasitic diseases that
ravaged much of the world. As early as New Year’s Day, 1905, Ehrlich wrote to
Ministerialdirektor Althoff that,

I have, generally speaking, the impression that it is necessary that I concentrate all of
my energy, consistent with my innate ability, to chemical therapy. Now is the moment to
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confront the major types of illness (protozoan diseases) from the direction of chemical
approaches, which are not very open to immunization therapy.??

Thus, when Frau Franziska Speyer wished to endow a research institute in
memory of her late husband, Frankfurt banker Georg Speyer, it would not be an
institute of cancer research (from which disease her husband had died) but an
institute of chemotherapy!3® The Speyer Institute was built adjacent to Ehrlich’s
Royal Institute for Experimental Therapy, and Ehrlich managed both. He would
say at its dedication,

The aims of the new Speyer Haus follow different, though parallel, lines [from those of
the Institute for Experimental Therapy]. Here too, the problem is to cure an organism
infected by particular parasites by killing the parasites within the living organism, only this
time not with the aid of the protective substances produced by the organism in acquired
immunity, but with the aid of substances formed in the chemist’s retort. The task of the new
institute is thus the specific chemotherapy of infectious diseases. Simple reflection will
show that this is bound to be a far more difficult issue than that of serum therapy. ... we are
not so easily going to find such magic substances as antibodies which attack only the
harmful agent.3!

How was this new approach to be accomplished? Here, the full strength of
Ehrlich’s grounding in organic chemistry would come to the fore.3> He had
already demonstrated the quality of his chemical thinking in his side-chain theory
and earlier in his work on the relationship between the chemical structure and the
biological activity of dyestuffs. Now, the same approach would be employed; just
as dyes could be acidophilic, basophilic, neurotropic, and so on, so might other
chemicals be parasitotropic. Ehrlich would henceforth screen large numbers of
compounds to determine which had an effect on parasites, and then use his
organic-chemical imagination to design derivatives to enhance their parasiticidal
effect while minimizing their toxicity for the host. Thus was a truly scientific
chemotherapy founded. Its aim was, as Ehrlich would put it, to develop a therapia
magna sterilisans, in which the drug would completely destroy the pathogen
while fully sparing the tissues of the host.

Malaria

As early as 1891, and based on his extensive knowledge of the differential
staining of cells by dyes, Ehrlich took note of the report that the plasmodia that
cause malaria are strongly stained by methylene blue. Knowing that this dye is
nontoxic in humans, he proposed to try it as a therapeutic agent in two cases of
malaria present in Guttmann’s clinic. The concept underlying this approach was
that the dye appeared to be “parasitotropic” (in Ehrlich’s terminology) and not
“organotropic” in the human, and thus might exert a specific effect on the para-
site. In the event, this chemical was found to yield clearly positive therapeutic
results,33 and the authors suggested that it might be employed profitably in con-
Jjunction with quinine therapy. However, in the absence of further cases of malaria
locally, and because Ehrlich’s attention was being drawn inexorably toward
immunological research, the observation was not followed up.
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Trypanosomiasis

The study of trypanosomes early in the 20th century was opened up by the
demonstration by Laveran and Mesnil?* that the disease could be studied in
infected mice. This led to two observations that would assume much greater sig-
nificance in future work on the prevention and therapy of certain infectious dis-
eases. The first involved what was called at the time “serum-fastness” or “serum-
resistance.” This was seen in animals that had been partially cured of an infection,
but then suffered a recurrence. The surviving trypanosomes were found to differ
from the original strain, in that they could now infect an animal immune to the
original strain. This was first interpreted by Ehrlich3 as the disappearance from
the original strain of organisms of a putative nutri-receptor “A” and its replace-
ment by another nutrireceptor “B.” Since it appeared that anti-trypanosomal anti-
bodies are not directly cytotoxic, Ehrlich assumed that the antibody acted as an
anti-nutri-receptor, thus interfering with the pathogen’s nutrition. Thus, anti-"A”
antibodies would inhibit “A”-type trypanosmes, but have no effect on “B”-type
organisms. He gave the name athrepsins to these antibodies, and suggested that a
trypanosome with multiple nutri-receptor types could only be damaged by anti-
bodies capable of occupying (i.e., inhibiting the function of) all of these sites. It
will be obvious that this phenomenon of “serum-fastness” has come to be recog-
nized as antigenic variation, one of the many ways in which pathogens have
learned to circumvent the inhibitions of the immune response, and one that has
assumed great significance in modern efforts to develop efficacious vaccines
against influenza and a number of tropical diseases.

The second observation stemming from trypanosomal research was the devel-
opment of drug-resistant strains of the organism.3® With repeated exposure to
small doses of a drug such as atoxyl, a given strain of trypanosomes will soon
become completely impervious to its action. Ehrlich called the receptors for these
drugs “chemoreceptors.” He suggested that in “drug-fast” strains the receptor
does not disappear, but rather loses its avidity for the drug. Again, this phenome-
non of the development of drug resistance has become an important issue in mod-
ern medicine, when antibiotics are so ubiquitous and overutilized.

Ehrlich continued his search for trypanocidal dyes, in collaboration with the
visiting Japanese researcher Kiyoshi Shiga.3” They developed the agent called
trypan red, much more effective in curing trypanosomal infection, but still some-
what too toxic to be employed in the human. However, this observation was
accompanied by a finding that would assume great future significance in pharma-
cology; the compound was not trypanocidal in vitro, but only in the infected host.
This meant that the active substance was some metabolic intermediate formed by
the action of the host on the original compound. Work on other derivatives of
these benzidine dyes was extended by Mesnil and Nicolle, who developed the
even more effective trypanocide trypan blue 38

The French investigators had shown that inorganic arsenious acid was trypanoci-
dal, but it also was quite toxic to the host. Ehrlich would now investigate organic
arsenic compounds. He had quite early tried the arsenic-containing substance atoxyl
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(p-aminophenylarsonic acid) on trypancsomes, but found it ineffective on the strains
of organisms that he had available, and so he let it drop. But when atoxyl was shown
to be effective against other strains of trypanosomes, he returned to it with good
results. However, atoxyl proved too toxic for practical use, and Ehrlich showed that
derivatives of this compond, such as acetylarsanilic acid (Ehrlich’s preparation 306,
given the tradename arsacetin) and arsenophenylglycine (preparation 418) might be
equally or even more effective, while at the same time being less toxic for the host.

Spirochetal Diseases—Syphilis

Until 1903, syphilis was thought to be restricted only to humans; then Roux
and Metchnikoff described the infection of chimpanzees,® and in 1905
Schaudinn identified the causative agent, Treponema pallidum.*® Since
Schaudinn was known to suspect a relationship between trypanosomes and spiro-
chetes, Ehrlich felt that it might be useful to extend his experiments with arseni-
cals to syphils.#! In Berlin, Paul Uhlenhuth had already been experimenting with
atoxyl for the treatment of chicken spirillosis, another disease caused by spiro-
chetes; Uhlenhuth would later dispute with Ehrlich the priority for initiating the
chemotherapy of syphilis.

Over the course of the next four to five years, some 300 additional compounds
were tested for efficacy and safety. Some were chemicals submitted from the lab-
oratories at the Hoechst Chemical Company, with whom Ehrlich had a contrac-
tual arrangement for the commercial exploitation of any agents deemed worth-
while. Many compounds were synthesized at the suggestion of Ehrlich himself,
who would choose a promising starting material and then suggest the preparation
of derivatives; he might even suggest to chemists Alfred Bertheim and Ludwig
Benda which substitution or condensation reaction they should employ to attain
the desired product!

In March 1909, a new Japanese colleague, Sahashiro Hata, arrived in Frank-
furt, sent to Ehrlich by his old friend from Koch'’s institute in Berlin, Kitasato.
Hata worked tirelessly, testing one compound after another to determine its action
both on trypanosomal infections as well as on the spirochetal infections syphilis,
chicken spirillosis, and relapsing fever. Then, in early June 1909, Hata tested a
new compound, number 606, and found that a single dose of only 3.5 mg/kg
would completely cure birds suffering from chicken spirillosis. The more severe
test of the drug, on relapsing fever, proved equally promising. Hata would con-
clude that, “Dihydroxy-diamino-arsenobenzene [preparation 606, soon to be
given the tradename Salvarsanl consistently displays protective and curative
activity in relapsing fever in mice and rats; the successes which I have recorded
with this compound surpass all those achieved previously.” Morover, as respects
toxicity, Hata noted that “unpleasant side effects involving the nervous system
(such as tremor, chorea, and amaurosis in particular), which are easily caused by
other chemical agents, were not once observed in animals treated with [606].742
Hoechst immediately filed a patent on 606, but in it mentioned only its beneficial
effects on the spirochete of relapsing fever.
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But the application of this new drug to syphilis was not long in coming. It was
quickly shown to cure an active case of syphilitic inflammation of the rabbit
cornea, and then the syphilitic ulcers that accompany scrotal infection in the rab-
bit.4> Cautiously, Ehrlich had the compound tested and retested, and finally, in
September 1909, Ehrlich proposed a clinical trial in “hopeless cases of late
syphilis” in patients at a lunatic asylum run by his colleague Konrad Alt. The
results were highly promising, and it was soon found that the drug was even more
effective in cases of recently acquired syphilis. One trial after another showed the
new drug to be effective in the treatment of syphilis, and soon the demand for it
exceeded the production capacity of Hoechst.

Full recognition of this great advance in therapeutics occurred not only in the
press worldwide, but formally at the 82nd Congress of German Natural Scientists
and Physicians at Konigsberg, where Ehrlich was received “to unbroked
applause.” The Dean of German dermatologists and venereologists, Privy Coun-
cilor Professor Albert Neisser, reviewing the history of the struggle against
syphilis, could say,

it is because we now know that Ehrlich’s new compound is precisely such a wonderful
weapon against syphilis that our sense of gratitute and admiration for the man is so great
and heartfelt. ... If syphilis is justifiably referred to as the scourge of mankind, then Ehrlich
may with equal justification be called the benefactor of mankind.*

THE LAST YEARS

Just as Ehrlich had been forced to defend his immunological offerings, so was
he challenged on his chemotherapy, especially on Salvarsan. He had issued very
precise instructions on the use of Salvarsan, cautioning about dosage, about the
sterility and purity of the water employed for its solution, about the care to to be
exercised to ensure that nothing be injected outside the vein, and that the treat-
ment not be employed in cases of neurosyphilis or in patients with certain organ
failures or with diabetes. Nevertheless, report after report was made of failure of
cure, of activation of neural symptoms, of infection, and even of death, and in
each instance Ehrlich had to track down the problem and expose the true cause.*>

The challenge to his Salvarsan therapy came especially forcefully from a
Berlin dermatologist Richard Dreuw. This individual actually achieved a degree
of fame in leading the attack on the famous Ehrlich, and mobilized a variety of
forces behind it, including some from right-wing political factions who were
openly anti-Semitic. Dreuw even instigated a debate on Salvarsan in the German
Reichstag. In the end, Ehrlich made the point in 1914 that, in view of the stagger-
ing death rate from syphilis and of the fact that well over 1,000,000 people had
been treated with Salvarsan, even if there had actually been 275 deaths due to the
drug (a fact that Ehrlich disputed), the benefits of treatment must far outweigh its
harm. As with his immunological disputes, Ehrlich maintained in his file
Polemics a thick folder labeled “Anti-Dreuw.46
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In spite of all attacks, Salvarsan and its successor Neosalvarsan received
world-wide acceptance and acclaim, as indicated above. It will be recalled that
Ehrlich, having been nominated for a Nobel Prize for his immunology each
year starting in 1901, finally received this coveted award in 1908 (see Chapter 5
for the story of Svante Arrhenius’s intervention with the Nobel Committee).
Then, starting in 1913, he was once again nominated, this time for his contribu-
tions to chemotherapy in general, and to Salvarsan therapy of syphilis in partic-
ular. In his review of the Nobel Prizes in physiology, Liljestrand has concluded
that Ehrlich would probably have received a second Prize, had he lived long
enough.%’

Paul Ehrlich died on August 20, 1915. He was buried in the Jewish Cemetery
of Frankfurt, with a Star of David on one side of his gravesite, and the staff of
Aesculapius on the other. His published obituary read in part,

In you, Paul Ehrlich, we have lost one of the worthies of the heroic age of experimen-
tal therapeutic research; you were a King in the realm of a science which you yourself
founded, and a teacher to innumerable researchers around the world who were proud to
have studied under you. For you made disciples in an almost unprecedented way, and you
became the magister mundi in medical science. Now you can rest from your difficult but
successful labors, having completed an important mission in the furtherance of man’s
knowledge and resources. Ave, pia anima.*®

Ehrlich’s institute and the Speyer Haus were located in Frankfurt am Main on
Sandhofstrasse. In 1912, this street was renamed Paul Ehrlich Strasse in his
honor. Then, in 1938, in the midst of their virulent anti-Semitic campaign, the
Nazis erased the name of Ehrlich from the street and from all other records; the
name was “rehabilitated” in Germany after the end of World War IL. But the name
had lived on elsewhere in the Western world. When Hedwig Ehrlich fled Nazi
Germany and found refuge in the United States in 1941, the American Medical
Association held a reception at the Waldorf-Astoria hotel in New York to honor
Ehrlich and his widow. The Surgeon General of the United States, Dr. Thomas
Parran, gave the ceremonial address, ranking Ehrlich alongside the greatest doc-
tors of the age. Some years later, at a celebration of the centenary of Ehrlich’s
birth in 1954, Sir Alexander Fleming said that

Ehrlich’s discovery of Salvarsan for the treatment of syphilis in 1909 marked the
beginning of scientific chemotherapy. ... Paul Ehrlich is dead. It was not granted to him to
witness the victory parade of antibacterial chemotherapy, the science which he founded. ...
We are all humble and loyal disciples of the great man, and I honor his memory.*
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S,

EHRLICH’S
SCIENTIFIC STYLE

Bei Ehrlich lernte man arbeiten.
Georg Schine’

Much has been written about the qualities that contribute to the making of a
great scientist. In considering those who have distinguished themselves by a sin-
gle significant discovery or concept, little can be said specifically, save perhaps
for Louis Pasteur’s famous dictum that “success favors the prepared mind.” But
for those whose entire scientific lifetime has been characterized by success after
success—a Pasteur, a Koch, a Metchnikoff, or an Ehrlich—that and much more
can be said. Now we may explore the question of temperament, of character, of
training, of leadership, and even of obsession: in short, those qualities that con-
tribute to what may be termed scientific style.

The principal aim of this chapter will be to explore some of the factors that con-
tributed to Paul Ehrlich’s scientific style, and to attempt to measure the extent to
which these affected his approach to his science and his fellow scientists. At a some-
what deeper level, these are the factors that guide the individual in his choice of sub-
ject, in his interpretation of his data, in the type of speculations that he will permit
himself, and even in the manner in which he runs his laboratory. It will be recognized
that one or another aspect of this question has been touched on in each of the preced-
ing chapters, as Ehrlich’s many contributions have been passed in review. The reader
is referred to the introduction to Chapter 5, where some of the more general features
of scientific style were mentioned, including some of the epistemological and psy-
chological differences that may distinguish one style from another.

A SCIENTIST’S OBSESSION
Perhaps more than any other scientist of his day, Ehrlich applied a single pre-

cept to every field into which he ventured and reaped in each a bountiful harvest.
This was the idea, arrived at while still a medical student, that every physiological
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process depends on the initial interaction of some substance with a preformed
receptor. Moreover, he would insist that this interaction is characterized by speci-
ficity, furnished by the stereochemical “fit” of the two components, as a key acti-
vates its proper lock. We saw earlier that Ehrlich developed this idea in the con-
text of histological staining, wherein certain dyes interact only with certain cell
types, presumably determined by the chemistry involved. Indeed, the notion is
implicit in the names he gave to the several types of blood leukocytes that he
described, the eosinophile (eosin [acid] lover), basophile, and neutrophile.

Thenceforth, Ehrlich would apply this concept to all manner of biological phe-
nomena, each time following its lead into promising experiments with interesting
and often valuable results. In immunology, his receptor theory led to the solution
of the problem of assaying toxins and antitoxins; to the understanding that anti-
body formation is a natural and inherent physiological process; to the explanation
of immunological specificity; to the first suggestion of independent domains on
antibodies and antigens; and to the conclusion that the antigen-receptor interac-
tion might trigger the activation of the cell bearing that receptor on its surface.
Here was a concept that would appear and reappear in many different contexts
throughout the development of the discipline of immunology.

His receptor theory appeared also in Ehrlich’s work in experimental oncol-
ogy. In this instance, however, it assumed a somewhat different form. Now it
had to do directly with cell nitrition, in his theory of athrepsia. All cells were
assumed to have nutri-receptors, which permit them to enjoy the benefit of the
various nutrients on which their well-being depends. Ehrlich viewed the resis-
tance or susceptibility of the host to tumor transplants as depending on the bal-
ance between the availability of certain required nutrients in the host and the
presence of the appropriate receptors on the tumor cells. Although this concept
did not pan out in the long run, it did prove to be heuristically valuable in
Ehrlich’s hands, in that it stimulated a variety of interesting experiments whose
results would further progress in the field. This same theory of athrepsia would
appear again in another guise, in Ehrlich’s work on parasitic infections. He
would explain the development of resistant strains of pathogens in terms of the
acquisition of different nutri-receptors, a notion that resonates well with the
modern understanding of the adaptive devices of pathogens as expressed in
antigenic drift, antigenic shift, and drug resistance.

Finally, it was in his application of the concept of receptors to chemotherapy
that Ehrlich realized perhaps his greatest and longest-lasting success. He sought
to develop those toxic chemical compounds that could attach to receptors on the
surface of the pathogen to effect its destruction, while unable to attach to the cells
of the host due to the absence of such receptors. Here would be the specific
chemotherapeutic agent, the perfect magic bullet that would achieve Ehrlich’s
ultimate aim, a therapia magna sterilisans.

It is clear that this preoccupation—indeed, obsession’>—with receptors pro-
vided a continuity of approach that in Ehrlich’s hands made him a leader in many
fields. It contributed to his being named a “father” of the field of hematology,3 his
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recognition as one of the founders of the discipline of immunology,* as a signifi-
cant contributor to experimental oncology, and as the founder of scientific phar-
macology.® But even Ehrlich would have admitted that a guiding precept alone is
not sufficient to ensure success. He would add to this what he called “The Four
Big G’s”: Geduld, Geschick, Geld, and Gliick (patience, ability, money, and luck).

A CHEMIST’S APPROACH

From his earliest days as a medical student, Ehrlich was attracted by the vari-
ety of highly colored dyes that poured forth from the growing German dye indus-
try. He would, in later life, establish close ties to synthetic organic chemists in the
industry, would hire several at his Frankfurt Institute, and would discuss molecu-
lar structure and function in many of his letters. He would not only propose the
synthesis of special dye derivatives, but would even make suggestions about
which reactions to employ to achieve the desired result. As he would say later,” he
could “see” in his mind’s eye the three-dimensional structure of a complicated
compound. This disposition to think in organic chemical terms would exert a
strong influence on both his immmunology and his chemotherapy.

We saw in Chapters 5 to 7 that Ehrlich’s background in organic chemistry
almost enforced the several conclusions he reached about antigens and antibod-
ies. First, as a thinker in chemical terms, Ehrlich could not possibly accept Jules
Bordet’s proposal that antigens might interact with antibodies in a purely physi-
cal, adsorptive manner. He would insist that only a chemical interaction could
provide both the force and the specificity to satisfy the interaction phenomena
that the immune system manifested; a physical interaction could not, in his view,
possibly fulfill the requirements of the data, and provide the specificity inherent in
the interaction of a lock with its key.

Next, Ehrlich held that each biological molecule must be composed of side-
chains like a complex organic molecule, each responsible for one or another func-
tion. These might serve for attachment to a receptor (the haptophore, the active
site on the receptor itself) or as the effector of some physiological function (the
foxophore group on a toxin or the zymophore group on a complement). He would
picture these groups as he did the various attachments that could be added to a
benzene molecule: a carboxyl or sulfonic acid group to increase aqueous solubil-
ity; an aliphatic group to increase solubility in organic solvents; an amino group
to permit diazotization and coupling; or a hydroxyl group to permit esterification.

Finally, Ehrlich’s exposure to organic chemistry enforced the view that all
molecular interactions are tight and irreversible, like the condensation reactions
of organic chemistry. He could not agree with Arrhenius’s view that the interac-
tion of toxin with antitoxin might be reversible, and indeed none of the in vitro
interaction then available (hemolysin fixation to erythrocytes, the fixation of com-
plement, the precipitin reaction, or bacterial agglutination by specific antibody)
appeared to manifest the slightest degree of reversibility.
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We must not imagine, however, that his proclivities toward chemical thinking
diminished in any respect Ehrlich’s approach to clinical medicine. As we go through
his work on dyes, on tuberculin, on ricin and abrin, on diphtheria toxin—antitoxin
interaction, and on pharmacology, it is amazing how he always returned to the clini-
cal value of the work. Thus, he saw in fluorescein an approach to ocular physiology;
in abrin a treatment for trachoma; in tuberculin a potential therapy; and in chemicals
an approach to the cure of some of the most important diseases that afflict humanity.
His introduction of quantitative methods into immunology was, in part, an attempt to
understand the biology involved, but in the main an effort to improve the treatment of
diphtheria and tetanus, among others.

THE RESPONSE TO CRITICISM

It is very difficult to understand why some scientists seem to maintain an alle-
giance to the validity of an idea long after its support has become, by general con-
sent, unreasonable. We saw this phenomenon among a generation of immuno-
chemists after the apparent victory of the immunobiological clonal selection
theory; Felix Haurowitz went to his grave awaiting the vindication of instruction-
ist theories of antibody formation,® and Alain Bussard still to this day awaits
proof of the inadequacy of clonal selection.® But if adherence to a discipline’s rul-
ing paradigm is strong, even stronger will be one’s adherence to one’s own theory
and one’s own data that support it. Sometimes the explanation lies in nationalistic
roots, as in the dispute about the basic nature of immunity, between the (predom-
inantly French) cellularists and the (predominantly German) humoralists.!® In
regard to the excessive defense of one’s own data, the most likely explanation
rests, in all probability, so deep in the psyche of the individual as to defy ready
analysis. But if the causes of this phenomenon are inaccessible for the most part,
its consequences are often readily apparent.

Paul Ehrlich was one who, once he had gathered data on a problem and inter-
preted it in a certain way, seemed overly sensitive to any challenge to the validity
either of the data themselves or his interpretation of them. This stance was not so
evident in his early days. This was probably due in part to his youth and modest
position in the world of science, but must in great measure be because he was
breaking new ground with his histologic staining studies and his hematology,
fields in which there were few to challenge him. But, even then, his self-assurance
and willingness to innovate and to challenge foreshadowed a self-confidence and
even an egotism regarding his science and its worth.

When Ehrlich ventured into immunology, however, he encountered many
other investigators with views and personalities as strong as his own. As is so
often the case, the conflicts stemmed less from questions of the validity of the
data than from the manner in which these data were interpreted. Thus, Ehrlich
would contest with Metchnikoff the relative importance of circulating antibodies
and phagocytic cells in affording protection against infection; with Jules Bordet



EHRLICH’S SCIENTIFIC STYLE 141

over the basis of immunological specificity and complement function; with Max
Gruber over the validity of his side-chain theory and the nature of the neutraliza-
tion of toxin by antitoxin; and with Svante Arrhenius over the question of whether
the toxin—antitoxin interaction is or is not reversible. Ehrlich would later defend
with passion his chemotherapeutic studies against attack, especially against the
suggestion that his salvarsan was either dangerous to use or else ineffective.

It will not be necessary to repeat here the details of the various conflicts in
which Ehrlich engaged with one or another opponent. Suffice it to say that he pur-
sued each of them with vigor, never seeming to understand how anyone could
have found fault with his analyses, theories, or predictions. However, one can
detect differences in the way that he presented his position and attacked that of
the antagonist, depending on the level of his esteem. Thus, he was always
extremely polite in criticising Bordet,!! somewhat less so in his words about
Arrhenius,!2 and caustic in his treatment of Gruber, whom he appeared to have
cordially detested. Thus, he could say about Gruber that ‘“he knows [the field]
merely from literary studies. Against such critics, I am in the unpleasant position
of a man who is compelled to discuss colors with the blind.”!3 He would say later,
in desperation about Gruber’s attacks, that “my position is like that of a chess
player who, even though his game is won, is forced by the obstinacy of his oppo-
nent to carry on move by move until the final ‘mate.”” 4

In his own institute, however, Ehrlich was often less inhibited. He kept a large file
labeled “POLEMICS,”!3 with notes and outlines covering each of his ongoing disputes.
In addition, he would continually harp, in his notes to institute colleagues and his let-
ters to friends, on the one that currently engaged him the most. Thus, a very small
sample of his Blike'9 to assistants within the institute included:

To Morgenroth, 1900: “I have thought about the matter and would consider it
very unwise, if we were to leave the lysin field now and let someone else
harvest the cream. That would be a free meal for Bordet now.”!”

To Morgenroth, June 1901: “The main thing is to finish the anti-Bordet work’18

To self, June 1901: “New evidence against Bordet.”!”

To Marx, Morgenroth, and Sachs, April 1902: “We have to do an anti-Gruber
experiment in which only a minimal amount of serum is used.”20

To Morgenroth—Sachs, April 1902: “Perhaps Korschun could work on. ...
More important is that he continue with all energy the anti-Metchnikoff
matter.”?!

To Marx, 1902: “I wanted to discuss with you. ... I think that the Pasteur peo-
ple are preparing a similar attack and I'd like to beat them to the punch.”?2

To Morgenroth, August 1902: “I was just thinking how much has to be done
in the next two short weeks: 1) anti-Metchnikoff; 2) anti-Besredka.”23

To Sachs, no date: “It is high time for the publication of the Anti-Danysz. It
will lose its significance if we sit on it too long.”2*

In a similar manner, whatever preoccupied him at the moment would be
mentioned again and again in his letters to friends and sometimes even to seem-
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ingly casual correspondents. Thus, during the course of his defense against the
various opponents of his concepts, we come across the following fairly repre-
sentative examples:

To Salomonsen, February 1899: “[we have] the phagocytic theory by the
jugular”®

To Gabritschewsky, February 1899: “The Pasteurians are very angry with me.”2

To Weigert, 1899: Ehrlich asks for comments on the draft of the second
hemolysin paper. He “had to write it, since Bordet took over his
(Ehrlich’s] last results without credit. He naturally cut me out
absolutely.”?’

To Williamm Welch, 1899: “Your comments on Bordet. ... It’s all Metch-
nikoff, of course.’?8

To August Wassermann, early 1900: “Our common friend [Behring] is up in
arms ... his obsession to topple the toxoid and side-chain theory.”2?

To William Bulloch, November 1902: “Recently, Metchnikoff has not had
many scientific triumphs.”30

To Theobald Smith, May 1904: In discussing a paper by Arrhenius and Mad-
sen, “This is a true cuckoo’s egg the authors have put into the immunity
nest.”3!

To Christian Herter, October 1904: “The dispute with Arrhenius continues,
but I am not letting up. We blow out each of his eggs that he puts into our
immunological nest.”32

To Ludwig Darmstidter, February 1910: “Madsen is an amiable, dear
Mensch, and I can only regret that that fathead Arrhenius has so long
opposed us.”33

It will be apparent that Ehrlich took all challenges to his ideas very much to
heart; in some cases, he almost appeared to take the challenge personally, as
though he had been accused of practicing “bad science,” or what might have
seemed equally derogatory, foolishness. Given such “insults,” and his supreme
self-confidence, it is no wonder that he not only harped continuously on these
challenges, but planned experiments specificaily to counter them. One also must
wonder whether Ehrlich’s experience of having lost his share of the antitoxin
profits to Behring (see Chapter 6) did not instill in him a more proprietary feeling
about his scientific accomplishments. He would for years revisit again and again
in his letters this feeling of betrayal by Behring. Finally, in a letter to Minste-
rialdirektor Althoff as late as 1906, he would say, “In the diphtheria campaign ...
a constant scientific struggle between Behring and me resulted, from which I
finally emerged victor, to be sure, but as a Pyrrhic victor, entirely exhausted, exas-
pirated, and warn out.””**

The manner in which Ehrlich responded so strongly to criticism by answering
not only with polemic, but also with experiment, has attracted the attention of
many of Ehrlich’s admirers and a number of observers of the sociology of science
as well. Georg Gaffky commented on the importance of Ehrlich’s opponents,
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It must appear very lucky in looking back on progress in immunology that the side-
chain theory was not immediately fully accepted without opposition. The ensuing objec-
tions and debates caused Ehrlich and his students to perform a tong series of magnificent
experiments, on the one hand further helping his fundamental ideas to victory and on the
other hand leading to a rich harvest of new facts.?’

August Wassermann made a similar point about the heuristic value of scientific
dissention, and pointed out that both sides of each of the arguments were stimu-
lated to increased productivity,

But we think of the opponents of the side-chain theory, among whom are found such
outstanding and well-known investigators as Gruber, Bail, Bang and Forssmann, Bordet,
and many others ... their prominent studies, undertaken as arguments against the side-
chain theory, have actually worked to support it; on closer analysis they have contributed to
a valuable enrichment of science.36

THE LIMITS OF PURE LOGIC

We saw in Chapters 5 through 7 that each time his results or ideas were
challenged by apparently conflicting data, Ehrlich would first repeat the exper-
iments to test the validity of the antagonist’s results. He would then design
additional experiments to establish the limits of applicability of the new phe-
nomena. Finally, he would develop a further set of ad hoc assumptions that
would serve to bring his earlier interpretations into line with those new obser-
vations that had seemed to cast doubt on them. Rarely would he abandon an
earlier, published explanation in favor of an alternative, especially one pro-
posed by a challenger.

Two examples, reviewed briefly, will testify to the extent to which Ehrlich
could build layer upon layer of complication to adapt to new data. In the case
of of the neutralization of diphtheria toxin by antitoxin, the sequence was
roughly:

1. Such interactions must depend on firm organic chemical-like bonds, and
therefore cannot be reversible.

2. As an irreversibile reaction, the neutralization must occur as an all-or-noth-
ing event.

3. But the neutralization “curve” argues against a single discrete event. There-
fore, there must be multiple components of differing affinities for antibody,
interacting one after the other in a stepwise manner.3’

4. This leads to the postulate, first of pro-, syn-, and epi-toxoids, and then of
proto-, deutero-, and trito-toxins (in order of decreasing affinity).

5. Finally, since some components appear to be thermolabile and others ther-
mostable, Ehrlich proposes o- and B-modifications of the several toxins.

Here is a congeries of components that could be fitted, in various proportiors, to
any neutralization curve.



144 PAUL EHRLICH’S RECEPTOR IMMUNOLOGY

The second example of the construction of a logical, albeit extremely compli-
cated, schema to explain increasingly complex data involves the system of the
hemolysis of erythrocytes by antibody and complement. Again in brief outline:

1. The antitoxin molecule was originally credited with a single active site—
that which binds it to toxin.

2. Hemolytic antibody only acts in conjunction with complement and there-
fore must also possess a separate complement-binding site.

3. But all receptors (even a complement receptor) must bind their partner mol-
ecules chemically, and thus specifically.

4. As each antibody-combining site (haptophore) is specific, so must each
complementophore bind only its specific complement—therefore, there
must exist a multiplicity of complements in any serum, one for each differ-
ent anti-erythrocyte (hemolytic antibody) specificity.

5. But if, as Bordet showed, any antibody—antigen complex can fix all com-
plements, it must be because each antibody has multiple complemen-
tophilic groups, a major one for its specific complement and many minor
ones for all the other complements.

6. Finally, just as the toxophore group on diphtheria toxin can degrade to form
a toxoid, so may the zymophore group on complement (that which dam-
ages the red cell) degrade to form a “complementoid.”

Now we have before us not only a multiplicity of complements, but in addition a
multipliicity of active receptor sites on the antibody molecule.

We shall not dwell here on Ehrlichs studies of anti-antibodies and anti-com-
plements. Although the existence of these putative entities appeared just as logi-
cally derived from the data as the rest of Ehrlich’s assortment of activities, he was
not alone in following up on this apparently reasonable interpretation. Many other
investigators at the time, including Metchnikoff, Bordet, and Besredka, failed to
realize that immunization with whole serum (be it an antiserum or merely an
active source of complement) would engender a host of complement-fixing anti-
bodies against the many protein constituents of a serum.

HERR GEHEIMRATH EHRLICH

It is rare that any individual can be fitted accurately into a given mold that will
explain him or her fully and accurately, and this is certainly true of Paul Ehrlich.
We have, in this section, employed the rubric “Geheimrath” in part because
Ehrlich was awarded this title in fact, but in part also because the term has come
to imply a certain formal position and manner of action that fits Ehrlich to a cer-
tain extent. The term is not meant here to denigrate, but rather to describe the
position of the head of an institute or of a university department in 19th-century
Germany, a style quite common and accepted at the time.38
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Ehrlich’s Control of Research

From his earliest years as a medical student, and then later at the Charité and in
Koch’s Institute, Ehrlich had been a self-contained investigator, finding his own
problems and doing most of the work himself. But always during these years (except
for the period in 1890-1891 when his father-in-law supported him in a makeshift
laboratory), he had worked in a large establishment subject to the whims of a Ger-
hardt or a Koch. Thus, when he was given his own Institute of Serum Research and
Serum Testing in Steglitz in 1896, he could say “Klein, aber mein!”

The most notable feature of Ehrlich’s activities once out on his own was that,
no matter how large his establishment and how many different areas engaged, he
was always in complete control at all levels. It was he who decided on the general
area to be explored and also on the specific approaches to be undertaken. He
would even plan individual experiments, often recommending to his associates
the techniques to be used and even the amounts of reagent and numbers of test
animals and controls to be employed. Part of the explanation for this intimate
involvement was undoubtedly the fact that he appeared to know more about a
given question than anyone else because he seemed to read everything published
in the medical journals, even in areas of no apparent interest at the time. One has
only to see the picture of Ehrlich’s office (Plate 13), in which books, jornals, and
reprints are stacked on the desk, the settee, the windowsill, and the floor, to appre-
ciate the breadth of his reading (but if the office was cluttered, the mind was
surely not). Thus, he would send notes (the famous Bldke) to his assistants sug-
gesting that they read such-and-such an article in the German, French, Italian, or
English literature. The other part of the explanation lay, of course, in a combina-
tion of an innately sharp insight and an overwhelming self-confidence.

Once he had attained the stature of a respected research leader, and had the
direction of the Frankfurt Institute and then the Speyer Haus, Ehrlich’s control
over events could be followed day by day in the texts of his notes to fellow work-
ers. He would request reports on experiments, suggest new ones, push people to
finish work, send instructions on housekeeping matters and requests to order
things, and write many notes (to others and to himself) on chemical reactions,
often including structural diagrams and predictions of reaction products.3® Thus:

To Morgenroth: “Please do not forget tomorrow to change the supernatant
(p. 233).

To Shiga: “Please be most kind as to see me about ... (p. 234).

To Morgenroth: “Please look at a case of hemorrhagic diathesis by Bensanele
in Semaine Médicale, 1903 p. 57 (p. 234).

Many of the notes start with such formalities as “I wanted to ask you...”; “T beg
you to...”; “I should like also to inquire...”; or “Please, most amicably, show me
tomortrow...”; and “I am most curious about...” He would often write to Shiga or
Morgenroth “I would like you most amicably to show me all the animals tomor-
row, so that...”
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In a single 5-day period from January 21 to January 25, 1903, Ehrlich wrote 56
Bloke: to himself on the relationship of biological investigations to physical
chemistry, on the concept of specificity, on chemical reactions, and so on; six to
Sachs on immune hemolysis; nine to Sachs and Kyes on various toxins; one to
secretary Marquardt as a reminder; 10 to Marx on anthrax and diphtheria immu-
nizations; one to Shiga on trypanosomes; and so forth. One can almost determine
the attendance records of the major players by whether or not Ehrlich sent them
Bloke that day.

Thus, it is evident that Ehrlich ran a tight ship and did not provide significant
independence to his collaborators, especially in those fields to which he was ded-
icated at the time. This is confirmed by Georg Schone who, some 40 years later,
commented on how it was to work for him.

Paul Ehrlich was not a man whose principal interest it was to train his students for
independent scientific work. He worked and researched in his institute, and everyone had
to subordinate himself [his italics]. However, anyone who had occasion to work with him
experienced a major advancement, and that especially in methodology. With Ehrlich, one
learned to work.40

Another indication of Ehrlich’s view of his research and his collaborators is
that after 1893, of the 198 items in Ehrlich’s bibliography, only three list another
investigator as senior author. But two other observations mitigate this picture to
an extent. First, once his interest in a certain area had given way to a new venture,
those colleagues who had assisted in the earlier activities would continue those
studies (e.g., immunology after 1901; tumor studies after 1905, etc.) and often
publish independently (although often with the addendum that the work was per-
formed “under the supervision/guidance of Geheimrath Ehrlich”).

A second observation softens somewhat Schone’s indictment of Ehrlich’s treat-
ment of his collaborators. If, as Schéne claims, Ehrlich did not actively engage in the
training of his associates for independent research, the result certainly was that a
large number of them ended up as recognized independent investigators, much as
modern-day postdoctoral fellows “learn the trade” from their mentors and then go
off to practice independently. Thus, among others of Ehrlich’s associates, Morgen-
roth became a professor in Berlin, Lazarus in Charlottenburg, Sachs in Frankfurt,
Shiga and Hata in Tokyo, and Schéne himself in Greifswald.

A final word about Ehrlich’s view of the manner in which research should be
conducted. In the outline that Ehrlich prepared for the autobiographical note to
be sent to Christian Herter in preparation for his American visit in 1904, Ehrlich
wrote, “Work much, publish little: pauca sed matura. No preliminary commu-
nications. No guessing, exact measurements. Facts have always been all right
with me.”*! This sentiment is strongly supported, first by the quantitative
approach that he invariably employed in his work, and, second, by the quality of
his bibliography. For a scientist who made substantial contributions to five dif-
ferent disciplines (histology, hematology, immunology, experimental oncology,
and chemotherapy), a bibliography of 284 items, many of which are discussions
at meetings of the work of others, is modest indeed.
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Ehrlich’s Relationship with Others

We have seen that if Ehrlich was a hard taskmaster, he was also invariably soft-
spoken and polite with his coworkers and assistants. Indeed, contrary to the usual
picture of a Geheimrath, Ehrlich seemed to have had no sense of self-importance.
He gave himself only a small office in the institute, and preferred to wander the
halls poking his head here and there, visiting colleagues rather than imperiously
sending for them. When called on to explain an experiment or an idea, he would
seize any nearby writing implement and write chemical equations or cartoon
explanations on a host’s napkin, a restaurant tablecloth, or even on his knees on
the floor of his office. He apparently explained things in a very convoluted way,
interspersing his sentences with “Wissen Sie, verstehen Sie?” [do you know, do
you understand?]. As Henry Dale said, in remembering his own introduction to
Ehrlich in 1904, “even if his own work and interests lay in a not distant field of
medical research, the visitor was likely to find himself quite early out of his depth
and to resign himself to submersion.”42

Ehrlich’s personal modesty is perhaps best illustrated by the following report
by an out-of-town visitor.

1 went into the Royal Institute for Experimental Therapy to see the famous researcher.
... Everything transpired differently than I had anticipated. ... There was here no “Chef-
zimmer,” in the style of a General Director, with a diplomat’s desk and clublike easy
chairs, as is common today. There was nowhere a barrier for visitors; no anteroom pro-
tected the great man; there was no waiting room where one must wait at length before
being admitted; rather, one dealt at once with Paul Ehrlich. On entering the corridor, 1
immediately bumped into the factotum Kadereit. No sooner did I mention my name, and
that I was from Magdeburg, than he led me to Ehrlich with the words, “I believe that he is
already waiting for you.” And as I announced myself, I heard through the open door his
clear voice, “Yes, fom Magdeburg, come right in,” and I entered. ... It was as if Ehrlich
was in the middle of moving his residence. On the left was a sofa pressed down with tons
of piled-up papers and books; then a bookcase that was unreachable because in front of it
on chairs lay piles of similar publications at least 1 1/2 meters high. The window sill was
similarly packed, and the right side of the room was likewise fully crammed. In the win-
dow corner was a small, simple desk of which only a corner remained clear, where the bot-
tle of mineral water and the cigarbox stood, from which Ehrlich never parted. With a smil-
ing, friendly glance, he laid aside his reading, and greeted me with his characteristic
greeting, ‘Tag ook,” as though we had known one-another for a long time.+?

He treated everyone thus, except for opponents like Max Gruber. When the
great Emil Fischer came to the institute, after Ehrlich had received the Nobel
Prize, the Prussian award of Wirklicher Geheimrath (right honorable Privy Coun-
cillor) with the title of Excellenz, and the rare Honorary Membership in the Ger-
man Chemical Society, Ehrlich exclaimed, “Fancy you coming to see me.”**
Ehrlich was invariably polite to his helpers and associates. He treated his secre-
tary, Martha Marquardt, with consideration and respect, and she obviously adored
him, as witnessed by her treatment of him in the biography she wrote.*> Even his
devoted attendant and factotum Wilhelm Kadereit was dealt with in kindly fash-
ion as he served as doorkeeper, messenger, and provider of the ever-necessary
cigars and mineral water. When, in 1902, Ehrlich learned from Almroth Wright of
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his forced departure from the Army Medical Establishment at Netley, he wrote
letters to Wassermann, Bulloch, and several others, mentioning Wright’s dispair
and expressing his own dismay at this unfair treatment. In a letter to Wright,*
Ehrlich offered his condolences, and asked whether he might write to Lord Lister
to intercede on Wrights’s behalf.

EHRLICH AT HOME

It is difficult to describe Paul Ehrlich, the private individual. One knows some-
thing of the more superficial aspects of his personal life, but little about his activities
outside the laboratory. There is little information about whether he attended the the-
ater, the opera, or the symphony, or even whether he liked music (although he appar-
ently always sang off-key). We know little about any underlying philosophical foun-
dation, or whether he read broadly as was the fashion in the intellectual circles of the
day. We only know that he read everything in experimental biology and medicine,
and read detective stories for relaxation. He preferred Sherlock Holmes, and when
Conan Doyle (a physician himself) learned of this, he sent Ehrlich a picture of him-
self with a note expressing his appreciation of the scientist.

Ehrlich had enjoyed a classical education at the gymnasium in Strehlen, and
ever after demonstrated a love of classical (especially Latin) sayings. He never
missed an opportunity to use a Latin term or phrase, even to call down an oppo-
nent like Gruber (e.g., caput pigerrimum = blockhead). In the same vein, in letters
to his cousin Carl Weigert, he would address him as Carole magne, and Wasser-
mann he called Lieber Aquaticus, among other jeux de mots.

Ehrlich was completely uninterested in politics, and apparently the one time
that he went to vote in an election, Kadereit had to show him how it was done.*’
He took little interest in his religion, like many Jews of the German-Jewish
“enlightenment,” and did not observe the holy days. His secretary claims that it
took her several years before she came to realize that Ehrlich was a Jew, but she
suggests that he would not have dreamed of converting to forward his career?® as
did so many others, including Karl Landsteiner.*® However, at the urging of
Chaim Weizmann, Ehrlich did agree to serve on a committee to support the
founding of the Hebrew University in Jerusalem.>0

Ehrlich married Hedwig Pinkus in 1883, and they had two daughters,
Stephanie in 1884 and Marianne in 1886. The daughters had five grandchildren
between them, and Ehrlich doted on them. When they visited, he would take the
older ones on nature walks, explaining various things to them. He would sing
songs with them, recite poetry, and in the nursery make up fairy tales to amuse
them, pretending that these extraordinary events had happened to him. But soon
he would go off to his inner sanctum to work, not to be disturbed.?!

He would work at home each morning, until Kadereit came with cigars,
papers, and a carriage to take him to the institute. Almost every evening, he would
take papers and journals home for further work. (He was always careful to carry
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them in a large envelope inscribed with his name and address, and the words,
“Finder receives 10 marks”; more than once he had absentmindedly left these on
the seat of his carriage.) Then, after dinner, he would excuse himself to return to
his study to work and write out the next day’s instructions to his colleagues on the
colored Bloke, which Kadereit would copy the next morning and distribute. Even
on Sunday, Kadereit would come with papers and off they would go to the insti-
tute. He would often arrive at work late and depart early, leaving much time, as he
would say, for thinking on long waiks, and for his detective stories. He would say
often, “Quality over quantity.”

Perhaps Ehrlich’s dedication to his work is best characterized by Sir Henry
Dale’s depiction of Ehrlich, in his introduction to Marquardt’s biography:

I am sure that there are many who can confirm Miss Marquardt’s memory and my own
experience that, although Ehrlich had his occasional intervals of relaxation, in which he
could show an almost childlike enjoyment of quiet fun and simple pleasures, his normal
waking hours were filled withan extraordinary concentration of interest on his own scien-
tific ideas and plans for research.2

POSTSCRIPT

The picture we have attempted to paint of Paul Ehrlich the scientist is quite obvi-
ously incomplete. The material available in the archives and in the reminiscences of
friends and colleagues leaves gaps in the picture, perhaps never completely to be
filled in. But this type of examination fails to do justice to the subject for another rea-
son. Any detailed examination of the bits and pieces that make up the man and his
science is like looking too closely at a pointillist painting; the colored marks on the
canvas are too individually intrusive as to permit an appreciation of the entire figure
to which they contribute. Only by standing apart, and viewing from a distance, may
one begin to appreciate the overall value of the whole, which is the net product of a
lifetime spent in science and in society.>® From this perspective, Paul Ehrlich
emerges, warts and all, as one of the great scientists of his time, and surely as one of
the greatest polymaths of all biomedical science.
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PAUL EHRLICH’S
HoNORS!

TITLES GRANTED

Named Ausserordentlicher Professor (Adjunct Professor), University of
Berlin

Director, Institut fiir Serumforschung und Serumpriifung (Institute for
Serum Research and Testing), Steglitz, Berlin

Named Geheimer Medizinalrath (Medical Privy Councillor)

Director, Institut fiir Experimentelle Therapie (Institute for Experimental
Therapy), Frankfurt am Main

Named Honorary Professor, University of Géttingen
Director, Georg Speyer Haus (for chemotherapy research)
Named Geheimer Obermedizinalrath (Medical High Privy Councillor)

Named Wirklicher Geheimrath (‘Real’ Privy Councillor)? with the title
Excellenz

Named Ordentlicher Professor, University of Frankfurt

PRIZES, MEDALS, AND DISTINGUISHED
LECTURESHIPS

Tiedemann Prize of the Senckenburg Naturforschende Gesellschaft,
Frankfurt

Croonian Lecture, The Royal Society, London
Herter Lectures, Johns Hopkins University, Baltimore
Prize of Honor, XV International Congress of Medicine, Lisbon

1. Most of the material described here is recorded in the Paul Ehrlich Collection at the Rocke-
feller Archives Center, 650 Eh89, Box 2, folders 6-20. See also Marquardt, M., Paul Ehrlich, London,
Heinemann, 1949, pp. 251-255.

2. The two earlier titles of Geheimer Rath are honorifics; the adjective Wirklicher is both honorific
and intended to imply an actual duty as counselor. Perhaps the best translation would be “Right Hon-
orable Privy Councillor.
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PAUL EHRLICH’S HONORS

1907 Harben Lecture, Royal Institute of Public Health, London

1908 Nobel Prize for Medicine or Physiology (with Elie Metchnikoff)
1911 Liebig Médaille, Society of German Chemists

1914 Cameron Prize, Edinburg

Bavaria
Denmark
Japan
Norway
Palatinate

Prussia

Romania
Russia
Serbia
Spain
Venezuela

ORDERS AWARDED

Maximilian Order

Commander Cross, Dannebrog Order, 2nd Degree

Order of the Rising Sun, 3rd Degree

Commander Cross, Royal Norwegian St. Olaf Order, 2nd Degree
Cavalier Cross, Order of Berthold I of Zihringen

Order of the Crown, 2nd Degree
Order of the Red Eagle, 2nd Degree

Cross for Sanitary Merit, Ist Degree

Order Of St. Anne, Ist Degree, with Diamonds, Star, and Cross
Great Cross of the Order of St. Sava

Great Cross, Order of Alfonso XII, with Star and Cross

Great Cross of the Bust of Bolivar, 2nd Degree

HONORARY DEGREES

1904 LL.D., University of Chicago
1907 D.C.L., Oxford University

1911 Dr. Phil., University of Athens
1912 Dr. Med., University of Breslau

HONORARY MEMBERSHIPS

1900 Balneological Society, Berlin
Royal Danish Society of Sciences, Copenhagen

1902 International Society for the Fight against Tuberculosis, Berlin

1903  Silesian Society for Home Cuiture, Breslau
Royal Academy of Medicine, Turin

1904 Royal Academy of Science, Bologna
Society for Internal Medicine, Vienna
Imperial and Royal Society of Physicians, Vienna
New York Academy of Medicine, New York
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Royal Society of Sciences, Gottingen
National Academy of Science, Washington, D.C.
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This bibliography is based primarily on one prepared by Dr. Fred Himmelweit
around 1960 that was intended for inclusion in volume IV of The Collected
Papers of Paul Ehrlich; for reasons unknown, that volume was never published.
The bibliography, annotated in Himmelweit’s hand, was found in February 2000
among the Henry Dale papers in the Archives of the Royal Society of London
(No. 93HD 64.5), and is utilized here with the permission of the Royal Society. It
represents Himmelweit’s revision and update of the Ehrlich bibliography com-
piled by Hans Sachs for Paul Ehrlich: Eine Darstellung seines wissenschaftlichen
Wirkens (Jena, Gustav Fischer, 1914) a Festschrift prepared in honor of Ehrlich’s
60th birthday. (The Sachs bibliography also contains references to the indepen-
dently-published werks by Ehrlich’s scientific associates.) Several additions to
this list were taken from the Ehrlich bibliography published by Ernst Bdumler in
his Paul Ehrlich: Scientist for Life (New York, Holmes & Meier, 1984); other
additions and title translations have been made by the present author.

Many of the immunological papers of Paul Ehrlich were published in Gesam-
melte Arbeiten zur Immunitdtsforschung (Berlin, Hirschwald, 1904); abbreviated
here as Gesammelte Arbeiten. An English translation of the German edition, enti-
tled Collected Studies on Immunity, was edited by C. Bolduan (New York, Wiley;
London, Chapman and Hall, 1906), and is abbreviated here as Collected Studies.
Later Himmelweit, under the aegis of Sir Henry Dale, compiled the three volumes
of The Collected Papers of Paul Ehrlich: 1. Histology, Biochemistry, and Pathol-
ogy; II. Immunology and Cancer Research: III. Chemotherapy (London, Perga-
mon, 1956-1960). These contain most of the original publications plus English
translations of those then considered the most important. They are abbreviated
here as Collected Papers, with the appropriate volume number. !

The inclusion of a city and date in parentheses indicates that an oral presenta-
tion was made before the society cited.

1. For a description of the search for an explanation of why volume IV was never published, see
Silverstein, A. M., Bull. Hist. Med. 75 No. 3, 2001.
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patients]. Ges. Charité-Aerzte (Berlin 10.6.1880); Berl. klin. Wochenschr.
28:405, 1880; Collected Papers vol. I, p. 135.

. Uber einige Beobachtungen am animischen Blut [On some observations

on anemic blood]. Ges. Charité-Aerzte (Berlin 9.12.1880); Berl. klin.
Wochenschr. 18:43, 1880; Collected Papers vol. 1, pp. 136-137.
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ment in the organism]. Verh. Charité-Aerzte (Berlin, 18.12.1884); Berl.
klin. Wochenschr. 22:359, 1885 (title only).

1885

Discussion of demonstration “Einige Fille von Chorea” [Several cases of
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phthisis of the lungs] by Prof. G. Sée, Paris, Delahaye et Lacrosnier, Z.
klin. Med. 9:498-500, 1885.

Ehrlich and B. Laquer, Ueber continuirliche Thallinzufiihrung und deren
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899900, 1886; Collected Papers vol. 1, pp. 542-551.

1887

Schédliche Wirkung grosser Thallindosen [Harmful effects of large doses
of thallin]. Therap. Monatsh. 1:53-54, 1887.

Zur therapeutischen Bedeutung der substituirenden Schwefelsduregruppe
[On the therapeutic meaning of substituted sulfonic acid groups]. Therap.
Monatsh. 1:88-90, 1887; Collected Papers vol. 1, pp. 552-554.

Ueber Pleuritis [On pleuritis]. Ges. Charité-Aerzte (Berlin, 24.2.1887).;
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utrophilic granules]. Charité-Ann. 12:288-295, 1887; Collected Papers
vol. I, pp. 155-159.

Discussion of “Ueber eine indigobildende Substanz in eine Pleuracxsudat”
[On an indigo-forming substance in a pleural exsudate] by P. Guttmann.
Verh. Ver. Inn. Med. (Berlin, 5.12.1887); 7:251-254, 1888.

1888

Discussion of “Ueber Empyem” [On empyema] by A. Frinkel. Verh. Char-
ité-Aerzte (Berlin, 5.1.1888); Berl. klin. Wochenschr. 25:408, 1888; Col-
lected Papers vol. 1, pp. 342-343.

Ueber einen Fall von Aniamie mit Bemerkungen iiber regenerative Verin-
derungen des Knochenmarks [On a case of anemia with observations on



164

63.

64.

65.

66.

67.

68.

69.

70.

7L,

72.

PAUL EHRLICH'S SCIENTIFIC BIBLIOGRAPHY

regenerative changes in the bone marrow]. Charité-Ann. 13:300-309,
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144
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Antibody (continued)
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homogeneity, 75

isolation, 37
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local formation, 21

maternal, 28, 31

milk, 27,31, 37,42

monoclonal, 39
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multiplicity of, 114
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repertoire, 88
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specific, 24,59
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titration of, 33

transplacental transfer of, xvi, 37
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Antibody formation (see also Theories), 1,24

anamnestic response, 88
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dynamics, 37

in frogs, 114
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kinetics, 34, 37

local, 39

onset, 113

as a physiological process, 138

primary, xvi

selective theories, 80, 82

side-chain theory, 79

template theories, 88, 92
Antibody specificity, stereochemical basis, 119
Anticomplements, 112
Antigen, xii

abrin, xii, 15, 16, 19-21, 23, 34,42, 45, 140

assay, 48

attachment site, 58

cross-reacting, 112

crotin, 21,47

domains, 138

dosage, 34,44

DPT, 52,71

epitope, 71,72

immune elimination, 35, 36, 113
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native, 106
oral administration, 23
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radio-labeled, 39
ricin, xii, 15, 16, 19-21, 31, 34, 42, 45-47,
71, 140
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Antigen-antibody complex, 71, 113, 144
lattice, 71
reversibility, 57,71
Antigenic drift and shift, 138
Antiserum
cross-reacting, 114
monovalent, 81
multivalent, 81
specificity, 96,99
therapeutic, 35
weak, 48
Antitoxic sera
dosage, 43
potency, 48
titration, 43
Antitoxin, xii, 4, 67, 68, 83
action, 55
assay, 44, 48
diphtheria, xii, 19, 27, 28, 33, 42, 44, 45, 60,
71,101
horse, xii, 71
isolation, 44
measurement, 51
mechanism of action, 45
from milk, 44, 53
reference standard, 48
snake, 46
tetanus, 19, 28, 71, 87, 101
titers, 44, 45
from toxin, 24
treatment, 43
units, 44, 59
Aqueous humor dynamics, 5
Arrhenius’s style, 57
Arsacetin, 131
Athrepsia, 125, 126
Atoxyl, 130, 131
Aurora borealis, 73
Autoimmunity, 89
auto-anticomplements, 111
autoantibodies, 106
autoantigen, 24
diseases, 23, 95
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Avidity (see also Affinity), 65, 72,73 Clonal
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B cells, 71 deletion, 90
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selection theory, 123, 140
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derivatives, 10
Colloidal reaction, 61, 73
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three-dimensional, 88
Complement, xii, xv, 64, 78, 144

clonotype repertoire, 75
Bacteriology, 7,57
Bacteriolysis, mechanism, 96
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Biological interactions, theory of, 12
Biomedical science, 70
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Blood IR
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single nonspecific, 103

relationships, 128
transfusion, 95
typing, 95
Blood groups
discovery, 120
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Cell Complementopenia, 108
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Cell adhesion molecules (CAMS), 91 antigenic, 20, 122
Cellular immunology, 61 inter-species, 114
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Charité Hospital, 5
Chauvinism, 61, 73 Danysz phenomenon, 61, 69, 104, 110
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Cinical trial, 43 Delayed hypersensitivity, 114
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Diazo compound, 5, 110
Dictionary of Scientific Biography, xvi
Differential absorption, 114
Diphtheria, xii, 10, 16, 22, 41, 44, 71, 140
assay, 59
bacillus, 28, 66
campaign, 142
disappearance, 52
mortality, 51
therapy, xii
toxin-antitoxin, 37
treatment, 45
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efficacy, 41
production and use, 42
Diphtheria tests,
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intradermal, 51
Diphtheria toxin, 10, 15, 16, 20, 22, 27,42, 46,
48, 58, 60, 65, 101, 107, 140
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composition, 81
toxophore group, 144
zymophore group, 144
Disease
anthrax, 10, 16, 41, 146
autoimmune, 23, 95
causes of, 15
chicken cholera, 16
chicken spirillosis, 131
of children, 32
cholera, 23
corneal ulcers, 21
Ehrlichiosis, 13
epidemic, 77
erythroblastosis fetalis, 71
etiology, 15
as expiation, 77
febrile, 5
fowlpox, 126
gastrointestinal, 23
glomerulonephritis, 71
graft-vs-host, 126
hepatitis, 71
immune complex, 53
immunodeficiency, 89
infectious, xiii, 7,9, 16, 128
influenza, 130
malaria, 129
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natural history, 22
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paroxysmal cold hemoglobinuria, 95
pathogenesis, 12, 16
pertussis, 71

phosphorus poisoning, 5
plague, 77

pneumonia, giant cell, 232
poliomyelitis, 23
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rabies, 41

relapsing fever, 131
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serum sickness, 71
smallpox, 77,78
spirochetal, 131
susceptibility, 16
symptoms, 23
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syphilitic heart infarcts, 5
tetanus, 16, 33,41, 71, 140
trachoma, 21, 140
treatment, 20, 23

tropical, 130
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parasititotropic, 129
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Dyes, 3,129
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athreptic theory, 125
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Immune complex (continued)
biological action, 53
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passive, 19,27, 30, 37, 78
persistence, 32
phagocytic theory, 78
time of onset, 18
transmission, 37
transplantation, 127
tumor, 125

Immunity unit, 33, 48, 58, 66, 72
defined, 43

Immunization (see also Antigen),
active, 22
booster, 34
DPT, 52,71
methods, 17
oral, 17,23

SUBJECT INDEX

passive, 44

prophylactic, 51

protocol, 18, 20, 22

subcutaneous, 18
Immunobiological revolution, xv, 123
Immunobiology, 89
Immunochemistry, 68, 69, 89
Immunocompromized host, 23
Immunohematology, 120
Immunological specificity, 90
Immunological synthesis, 72
Immunological tolerance, 23, 89, 90, 93
Immunologists,

cis- and trans-, 56, 72

elder statesmen, xvi
Immunology, 12, 146

complete solution, 134

early speculations, 77

fetal, 27

history, xiii, xv

incommensurable languages, 121

International Congresses, xvi

languages of, 56

meetings, Xix

neonatal, 27

19th Century, 55

ocular, 19,21, 23, 24

pediatric, 27

structural concepts, 74

transplantation, 128
Immunopathology, ocular, 23
Immunopharmacology, 120
Immunoregulation, theory of, 107
Imperial Cancer Research Fund, 127
Independent Order of Oddfellows, xv
Infections,

bacterial, 44

parasitic, 138
Infectious diseases, xiii, 7

chemotherapy, 129

pathogenesis, 41, 52
Influenza, 130
Institute,

for the History of Medicine, Baltimore, xv

Hygienic Institute, Berlin, 16

for Infectious Diseases (Koch’s), Berlin, 10,

33,42,53, 145
Karolinska Institute, Stockholm, 69
Lister Institute, London, 68

National Institutes of Health, Bethesda, xv

Pasteur Institute, Paris, xix, 61,73, 78

for Research in Infectious Diseases, Bern, 85



SUBJECT INDEX

Royal Institute for Experimental
Therapeutics, Frankfurt, 53, 81,129, 147
Royal Institute for Serum Testing and Serum
Research, Berlin, 45, 54, 145
State Serum Institute, Copenhagen, 62,73
International Congress
of Hygiene, 11
of Immunology, xvi
of Medicine, 11
Iodine, 12, 16
poisoning, 5
Iso-antibodies, 106
Isoagglutinins, 92

Jennerian vaccination, 41
Jequirity bean, 16
Journals
Berlin klinische Wochenschrift, 11, 47, 66,
Boston Medical and Surgical Journal, 67
Comptes Rendus de 1’ Académie des Sciences,
47
Comptes Rendus de la Sociéte de Biologie,
47
Deutsche medizinische Wochenschrift, 47
of Immunology, xvi
Miinchener medizinische Wochenschrift, 47
Proceedings of the Royal Society, 47
Semaine Médicale, 145

Kurloff bodies, 8

Landsteiner, bibliography, 53
Lattice theory, 74
Law of mass action, 63,68, 72
League of Nations, 54
Biological Standardization Commission, 51
Leukemia, 7,8
Leukocytes, 5, 138
basophile, xii, 4, 7, 138
cytoplasmic granules, 8
eosinophile, xii, 4, 7, 138
lymphocyte, 8
neutrophile, xii, 4, 8, 138
polymorphonuclear, xii, 8
Lock and key metaphor, 49, 61,79, 121
Lymphatic system, 7
Lymphocyte lineages, 91
Lymphogenesis, 8

Magic bullet, xiii, 4, 138
Mammary gland, 31
secretion, 32

199

Mast cells, 7
Maternal antibody, 30
Meister, Lucius, and Briining Co., 54
Methylene blue, 5, 129
Metropolitan Asylums Board hospitals, 51
Milk antibodies,
isolation, 34
origin, 32
purification, 36
Minigenes, 91
Moabit Hospital, 10, 11
Molecular biology, 123
Molecules, complementary, 57
Monoclonal antibody, 39

National Library of Medicine, xviii
Nature, Kantian and Leibnitzian, 57
Naturphilosophie, 79
Nazi antisemitism, 133
Network theory, 107
Neurotoxins, 87
Neutrophile, xii, 4, 8, 138
Nobel Prize
committee, 69
considerations, 69
role of Arrhenius, 69
to Arrhenius, 62, 67
to Behring, 41, 69
to Bordet, 61,119
to Ehrlich, 27, 61, 70, 119, 133
to Lederberg, 90
to Metchnikoff, 119
to Nernst, 70
Normative science, 72
Nutri-receptors, 125, 126, 130, 138

Occam’s razor, 57

Ocular immunology, 21, 24

Oncology, 12
experimental, 138, 139

Opium, 12

Organism, drug-resistant, 130

Organizations
American Medical Association, 133,
German Bunsen Society, 67
Imperial Cancer Research Fund, 127
National Library of Medicine, xviii
Rockefeller University Archives Center,

xviii, 150

Royal Society of London, xiii, 82, 102
Senckenberg Scientific Research Society, 9
Society of Charité Physicians, 47



200

Osmotic pressure, 110

Parabiosis, 126, 134
Paroxysmal cold hemoglobinuria, 95
Pasteur
exhaustion theory, 78
Pasteur Institute, xix, 61,73, 78
Pasteurian immunization, 41
Pathogens, 7, 24
antigenic variation, 130
attenuated, 55
Paul Ehrlich Strasse, 133
Pediatric immunology, 27
Pertussis, 71
Phagocytic theory, 96, 142
Pharmacology, 12, 92, 130, 140
scientific, xiii, 12, 139
Physical chemistry, 62, 63, 66, 67
principles, 68
Physiology, 12
intracellular, 6
ocular, 140
Plague of Athens, 77
Plasma cell, 13
Pneumonia, giant cell, 232
Poison spectrum, 60
Poisons, 15,16
cyanide, 17
mercuric chloride, 17
Polemics (see also Debates), 132, 141
Poliomyelitis, 23
Precipitin reaction, 98, 139
Presentism, xvii
Proteins, bacterial, 16
Prussian Ministry of Education, 45
Ptomaines, 83

Quinine, 12, 129

Rabies, 41

Receptor, xi, xii, 4, 59, 91
antigen-specific, 80
cell surface, 105, 125
nutrient, 125, 126
origins, 1
preformed, xiii
sessile receptors, 114
species specific, 126
specific, 79, 127
theory, 1, 4
toxin, 126

Rennin, 22

SUBJECT INDEX

Repertoire
antibody, 90
size, 86, 90
Reversible reactions, 68
Rh sensitization, 71
Ricin, xii, 15, 16, 19-21, 31, 34, 42, 4547, 71,
140
assay, 48
immunity, 11
MLD, 17
toxicity, 16,19
Rickettsia, 8,13
Robin, 21
Rockefeller University Archives Center, xviii,
150
Royal Society of London, xiii, 102
Croonian Lecture, 81

Salvarsan, xi, xiii, 131-133, 141
debate over, 132
Sarcomas, 124
Schering Company, 52
Schick test, 51
Science, culture of, 56
Scientific dissention, 143
Scientific style, xiii, 137
Semantics, 56
Selection theory,
of Burnet, 89
of Jerne, 89
of Talmage, 90
Serology,
diagnostic, 120
founding, 95
Serotherapy , 43
antitoxin, 30
for cancer, 127
commercial aspects, 50
diphtheria, 45, 48, 49, 51, 87
efficacy, 44
limitations, 128
passive, 71
results, 44
tetanus, 87
Serum sickness, 39, 41, 71
pathogenesis, 112
Side-chain theory, 1,4, 6,27, 35, 52, 53, 64,
70, 72,77, 102, 123, 125, 126, 129, 143
Bordet’s challenge, 97
structural modification, 98
Side-chains, 6, 10, 49
mediate physiological functions, 81
regeneration, 80



SUBJECT INDEX 201

Smallpox, 77,78 instructive theories, 82, 87, 140
as benign disease, 78 lattice theory, 74
pathogenesis, 77 multi- and pauci-gene theories, 90
Sociology of science, 122, 142 network theory, 107
Somatic mutation, 89, 90 Pasteur’s exhaustion theory, 78
Specificity, 6 phagocytic, 24
biological, xii selective theories, 80, 82
chemical, 8 side-chain theory, 4, 6, 27, 35, 52, 53, 64, 70,
of drugs, 91 72,717,79, 102, 123, 125, 126, 129, 143
of enzymes, 91 template theories, 88, 92
immunological, 20, 21, 138 unitarian theory, 97
receptor, 122 Therapia magna sterilisans, 129, 138
repertoire, 75 Therapy
stereochemical, 55 abrin, 24
Spermatozoa, 81 chemical, 128
Speyer Haus, 129, 133, 145 serum, 129
St. Mary’s Hospital Medical School, xvii Tiedemann Prize, 9
Staining Tolerance, 89
of blood cells, 7 breaking, 112
differential, 129 Ehrlich’s theory of, 105
methods, 8 Toxin, 4, xii, 45, 47, 67, 68, 146
specificity, 8 and B modifications, 59, 143
supravital, 5 abrin, xii, 29
Structure and function relationships, 12 affinity, 65
Substance sensibilisatrice, 61,97, 99, 119 assay, 27
Syphilis, xiii, 126, 128, 131, 132 attachment site, 58
chemotherapy, 131 avidity, 59
clinical trial, 132 bacterial, 22
diagnosis, 95 breakdown, 59, 60, 65
heart infarcts, 5 cobra, 46, 69
deuterotoxin, 59
T cells, cytotoxic, 23 diphtheria, 10, 15, 16, 20, 22, 27, 42, 46, 48,
Template theory, 87, 88 58, 60, 65, 101, 107
of Breinl and Haurowitz, 87 hemitoxin, 59
of Burnet and Fenner, 88 heterogeneity, 70
of Pauling, 88 isolation, 69
Tetanolysin, 47, 62, 65 L+ dose, 48, 58
neutralization, 63 L,, 48,58
Tetanospasmin, 47 lethal dose, 48, 58,72
Tetanus, 16, 33, 41, 71, 140 mechanism of action, 21
bacillus, 62 neutralization, 59, 65, 70
Tetanus toxin, 15 neutralization spectrum, 65
components, 47 plant, xii, 10, 11, 15, 22-24, 45-47
The Collected Papers of Paul Ehrlich, xix production, 16
Theory proto-, deutero=, and trito-, 59, 143
of athrepsia, 126-128, 138 ricin, xii, 15, 16, 19-21, 29, 31, 34, 42,
Bordet’s colloidal theory, 68 45-47,71, 140
Bordet’s theory of cytolysis, 104 snake, 46
Bordet’s unitarian theory of complement, spectrum, 109
117 stability of, 48, 58,59
Darwinian theory of evolution, 1,24, 37 standard, 44

of immunoregulation, 107 stereochenical groups, 70



202 SUBJECT INDEX

Toxin (continued) Tuberculosis, 10, 11, 128
tetanus, 10, 16, 20, 22, 33, 46, 47, 80, 87, cure, 16
101, 107 treatment, 10
Toxin-antitoxin, Tumor,

reversibility, 68

standardization, 71
Toxoid, 22, 49, 58, 59, 67, 70

affinity, 49

avidity, 59, 66

breakdown products, 65

diphtheria, xii, 59

heterogeneity, 70

high affinity, 58

preparation, 52

pro-, syn-, and epi-, 58,59, 143
Toxon, 59, 65
Toxophore, 49, 58, 65, 70, 83, 139
Tracheotomy, 43, 44
Trachoma, 21, 140

treatment, 20, 23
Transplant

allogeneic, 127

autograft, 127

xenogeneic, 127
Transplantation

history, 134

immunity, 127

immunology, 89, 128

laws, 128

phenomenology, 127

tumor, 127, 150
Treponema pallidum, 126, 131
Trypanosomes, 130, 146
Trypanosomiasis, 130
Tubercle bacillus, xii, 10, 11, 16
Tubercles, 11
Tuberculin, xii, 10, 11, 16, 140

dosage, 11

effect on tubercles, 14

fever response to, 11

studies, 10

therapy, 10, 11

biology, 126

immunity, 125, 127
incompatibility, 127

metastases, 124

nutrients, 125

passage, 124

rejection, 127

transplantable, xiii, 124, 127, 138
virulence, 124

Unitarian theory, 97
University
of Berlin, 9
of Breslau, 2
of California at Berkeley, 68
of Copenhagen, 62
Hebrew University, 148, 151
Johns Hokins University, 66
of Leipzig, 4
of Marburg, 50
Rockefeller University, xviii, 150
of Strasbourg, 2, 12

Vaccine, 41
cholera 23
genetically mnodified, 23
polio, 23
preventive, 87
smallpox, 81
Van’t Hoff’s law, 68
Variola minor, 92
Viral clearance, 23

Wassermann test, 95
Welch Medical Library, xv

Zwischenkorper, 100
Zymophore, 139



PLATE 1 Julius Cohnheim’s pathology group, Breslau, in the summer of 1877. Cohnheim is
standing fourth from left. On his left is the young medical student Paul Ehrlich. Seated at far left is vis-
iting American pathologist William Welch; seated next to him is Ehrlich’s cousin Carl Weigert. Seated
at the far right is visiting Danish microbiologist Carl Julius Salomonsen. (Courtesy Johns Hopkins
Medical Archives.)



PLATE 2 Paul Ehrlich during his Berlin days, about 1890.

PLATE 3 Robert Koch (Courtesy, National Library of Medicine.)



PLATE 4 Emil Behring (Courtesy National Library of Medicine.)

PLATE 5 The Royal Institute for Experimental Therapy, Frankfurt am Main, 1900.



PLATE 6 Ehrlich and Svante Arrhenius, 1903.

PLATE 7 Jules Bordet. (Courtesy Institut Pasteur, Paris.)
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PLATE 8 Ehrlich and associates, about 1903. Morgenroth is seated on Ehrlich’s right; Shiga is
standing on the far left.

PLATE 9 Ehrlich at age 50.
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PLATE 10 Ehrlich’s gravesite, Frankfurt am Main. (Above) The site is marked by columns with
the Star of David and the Caduceus. (Below) An enlargement of the stone marker.

PLATE 11 One of Ehrlich’s famous almost-illegible notes (Bloke), addressed to Henry Dale. “It
would perhaps be appropriate if you would apply the vital [stain] methylene blue to the affected nerve
stem in your investigation.”
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PLATE 12 Ehrlich’s last portrait, taken shortly before his death.

PLATE 13 Ehrlich’s crowded office at his Frankfurt Institute, February 26, 1914.



PLATE 14 Ehrlich’s medals, on display at the Rockefeller Archives Center, Sleepy Hollow, New
York. (With permission.)
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