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Oncogenes and the Genetic Dissection of Human
Cancer: Implications for Basic Research and
Clinical Medicine*

Thomas L. J. Boehm

Zentrum der Kinderheilkunde und Zentrum der Biologischen Chemie, Johann Wolfgang Goethe-
Universitat Frankfurt am Main, Theodor Stern-Kai 7, D-6000 Frankfurt am Main 70, FRG

In recent years, considerable progress has been made in the identification of cellular genes impli-
cated in the genesis of human neoplasia. Among the first evidence for dominant transforming genes
were transfection experiments, in which DNA-mediated gene transfer was used to pass from tumor
cells a malignant phenotype onto normal fibroblasts. Some of these genes were found to be cellular
homologues of viral oncogenes, which confer the ability to cause cancer to acutely transforming
retroviruses. With the advent of banding techniques, cytogenetic studies have revealed characteris-
tic abnormalities in several forms of human cancer. To date, the correlation between these non-
random karyotypic abnormalities and the chromosomal localization of cellular oncogenes is of
limited value. Further, only in very few cases, a cellular oncogene can be directly implicated in the
genesis of human tumors. Among the notable advances, however, are findings relating the function
of cellular oncogene products to cell proliferation control, since cellular oncogenes code for growth
factors, growth factor receptors, and mediators of intracellular message systems. In addition, it was
possible to show that the cooperation of oncogenes might by a fundamental principle in oncogenesis,
and the genetic dissection of tumorigenesis in at least two parts, immortalization and transforma-
tion, provides a frame-work for further studies. Of the alterations of cellular oncogenes in human
tumors by amplification, base-pair mutation, and rearrangement, respectively, neither mechanism
appears to be sufficient to trigger oncogenic transformation. However, these alterations can serve as
definite markers for the classification of human tumors. This concept is elaborated for T- and B-cell
leukemia/lymphoma, chronic myelogenous leukemia, Burkitt lymphoma, and retinoblastoma.
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DNA
cDNA

deoxyribonucleic acid
complementary deoxyribonucleic
acid

ribonucleic acid

messenger ribonucleic acid
adenosine monophosphate
guanosine triphosphate
arginine

cysteine

glycine

glutamine

leucine

valine

dimethyl sulfoxide

granulocyte colony stimulating
factor

avian leukosis virus

Abelson murine leukemia virus
human T-cell leukemia virus
lymphoid leukosis virus
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herpes simplex virus

mouse mammary tumor virus
baboon endogeneous virus
Rous sarcoma virus

simian virus 40

long terminal redundancy
adenovirus type 2 early 1 A region
philadelphia (marker) chromo-
some

homogeneously staining regions
double minutes

abnormally banded regions
acute lymphocytic leukemia
acute myelogenous leukemia
Burkitt’s lymphoma

chronic lymphocytic leukemia
chronic myelogenous leukemia
epidermal growth factor
platelet-derived growth factor
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1 Introduction

At the beginning of this century, Boveri suggested that specific genetic alterations
may be the basis of tumorigenesis in both animals and man®. Since then, explicit
genetic determinants of tumorigenesis were indeed defined in such diverse organ-
isms as plants and man. The recent years have witnessed a dramatic advance of
knowledge in tumor biology and the convergence of several routes of inquiry leading
to a new concept of the genetics of human cancer. In the present article, I will
elaborate this concept and will then discuss its applications to clinical oncology.

The first three chapters will discuss different approaches to identify cellular
genes implicated in the genesis of human neoplasia (transfection assays,
tumorigenesis by retroviruses, cytogenetics). In the following chapter, the role of
these specific cellular loci (operationally defined as cellular oncogenes) in the multi-
step origin of human neoplasia is elaborated with respect to their expression in
normal and malignant cells, the mechanisms of alterations in cellular oncogenes in
human tumors, and the function of normal and mutated gene products. A tentative
model for the cooperation of cellular oncogenes is presented in a concluding para-
graph. A final chapter is concerned with the genetics of specific diseases with
emphasis on their use in clinical diagnosis and management.

2 Identification of Cellular Genes Implicated in the Genesis
of Human Neoplasia

2.1 Transforming Activities of Tumor DNA

2.1.1 Assay Systems

The technique of DNA-mediated gene transfer was used to analyse whether normal
cells could take up DNAs from tumors and thereby become transformed. The
analyses of dominant acting tumor genes by transfection were performed with an
immortal mouse fibroblast cell line, NIH 3 T3, which appeared to take up and
express tumor specific DNAs. Early studies investigated the transmissibility of the
transformed phenotype from cell to cell via purified DNA using the calcium-phos-
phate transfection technique developed by Graham and van der Eb?, and demon-
strated the induction of morphological changes as the result of expression of domin-
ant acting tumor genes in chemically transformed cell lines* ¥ and spontaneously
occuring tumors”. The NIH 3 T3 system is extensively reviewed in Refs. 6-8. A
non-tumorigenic chinese hamster embryo fibroblast cell line (CHEF/18) was also
used to detect transforming genes”, as well as human cells'”. The identification of
transformed foci in the NIH 3T 3 assay is sometimes difficult and depends on cell
culture conditions. Therefore, an alternative screening method has been developed
by Blair et al.!). They injected freshly transfected NIH 3T 3 cells into athymic nude
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mice and scored the induction of tumors as a measure of transformation. In this way,
they could detect transforming genes in the DNA of tumor cell lines which were not
readily observed in the conventional NIH 3T 3 assay.

2.1.2 Survey of Tumors for Transforming Genes

The NIH 3T 3 transfection assay for the detection of dominant acting transforming
genes yields positive results only in a fraction of tumor DNAs tested, about 20-30%.
This result may either mean that the negative tumors do not possess dominant genes
or that the NIH 3T3 assay is restricted to only a portion of such sequences.
Nevertheless, the NIH 3T3 system has allowed the identification and, in some
cases, the molecular cloning of such dominant acting genes. Initially, the transfected
transforming genes were classified according to their sensitivity of prior cleavage
with restriction enzymes. In such experiments, the tumor DNA was cleaved with
particular restriction enzymes and then tested for transforming capability. Such
experiments allowed the identification of several distinct genes, suggesting that
tumor-derived cell lines contained both common and distinct transforming ele-
ments'? and that related transforming genes are activated in the same type of tumor
even from different species'?. Further, stage-specific transforming genes of human
and mouse B- and T-lymphocyte neoplasms were detected'”. Among the genes
detected in the NIH 3 T3 system were members of the ras family of oncogenes
(see 3.2.2), as well as oncogenes unrelated to this family (Blym-1, Tlym-1, the
transforming gene from the human MNNG-HOS osteosarcoma cell line, and that
found in colon carcinomas 1665 and 2033'>~®), Further, a c-sis cDNA clone (pSM-
1) isolated from the human HUT-102 cell line (derived from a cutaneous T-cell
lymphoma and infected with HTLV) led to the transformation of NIH 3T 3 cells'?.
Clearly, a number of transforming genes must exist in addition to those detected by
the NIH 3T 3 assay: however, with all its limitations, this assay procedure provided
a wealth of new information to the characterization of transforming genes in human
tumor DNA.

2.2 A Model: Viruses that Cause Cancer

The induction of animal tumors by viruses has long been established. It was only in
recent years that this research fostered a new understanding of the genetics of
human cancer, after it was found that the viral oncogenes found in acutely trans-
forming retroviruses were in fact derived from evolutionary conserved vertebrate
genes. Further, the understanding how non-acutely transforming retroviruses cause
tumors in infected animals suggested a new mode of tumorigenic events also in
human tumors. The following chapter thus concentrates on the illustration of these
different ways of action, which are indirectly or directly dependent on the genetic
information provided by the host cell.
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2.2.1 Insertion of a Retrovirus Adjacent to a Cellular Oncogene can Lead
to Tumorigenesis

This mechanism is the prime path for the so-called non-acutely transforming
retroviruses, which, while carrying no oncogene, can induce, with long latency,
tumors in infected animals. The case of avian leukosis virus (ALV) is the best
studied. ALV can induce lymphoid leukosis and erythroblastosis, as well as fibrosar-
coma, nephroblastoma, and hemangiosarcoma?. It is tempting to speculate that
each tumor type is induced by alteration of a specific cellular locus by the integration
of ALV provirus. It was found that ALV integrates adjacent to c-myc in most cases
of lymphoid leukosis®: %), This integration was shown to disrupt the normal pattern
of DNAasel hypersensitive sites that lie upstream from c-myc in normal chicken
cells, yielding a long terminal repeat (LTR)-associated site, thus representing a
more efficient entry site for various transcriptional factors than the endogeneous
c-myc hypersensitive sites™. In ALV-induced erythroblastosis, integration of the
provirus was detected adjacent to the c-erbB locus®”. Thus, the oncogenic potential
of slowly oncogenic retroviruses resides in their ability to mutagenise or activate
cellular loci; their oncogenic spectrum may then, at least in part, not only depend
upon the type of cells they infect, but also upon the genes they activate. The
progression of such tumors may, in addition, involve proviral deletions and
oncogene base-substitutions in insertionally mutagenized cellular oncogene alleles,
as shown for the c-myc gene in ALV-induced bursal lymphomas®). This finding
explains why the so-called promotor interference® * is not found in naturally occur-
ing tumors, since, very often, the upstream promotor of the integrated provirus is
deleted or damaged to allow the 3'-LTR to function as an efficient promotor.

An analogous situation to the avian lymphoid leukosis induced by ALV can be
found in the case of the murine leukemia virus (MuLV), which integrates adjacent
to c-myc in mouse lymphomas®. Integration into the so-called Pim-1 region was
found in early T-cell lymphomas®. Mouse mammary tumor virus (MMTYV) inte-
grates into the int-1 region and this is accompanied by the appearance of transcrip-
tional products from int-1, a silent domain in non-neoplastic mammary tissue?”. The
stimulation of transcription is, however, indirect and may be due to a cis-acting
enhancer function of MMTV?). MMTYV can also integrate into a different cellular
locus, called int-2’7; it is not known, whether these two sites represent distinct
cellular genes, or whether they function independently or as parts of a single
biochemical pathway. They are, at least, located on different chromosomes®*®.

The human T-cell lymphoma virus (HLTLV-1) is an interesting case for the
situation in man. HTLV is able to transform normal cells in culture to a state of
unlimited proliferation potential, the exact mechanism for this “immortalization”
predominantly of a subset of T-cells of the OKT 4+ phenotype being obscure as yet.
The absence for a common region for provirus integration in leukemic cells suggests
that it is unlikely that this disease is caused by a simple insertional mutagenesis; since

*) Viral mRNA transcription extending to the downstream LTR of a provirus-like construct
restricts the ability of this LTR to function as an efficient promotor. This inhibition is removed if
the upstream LTR is damaged or deleted or if a transcriptional termination signal is inserted
between the LTRs®.
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integration also occurs on different chromosomes one might suggest that there is a
genetic structure inherent in HTLV which is responsible for its effects® 3. By
molecular analyses, it was shown that all HTLYV viruses (group I and group IT) share
a common sequence, called pX, which codes, at least by its overlapping reading
frames, for two different peptides, none of which has been identified so far in
transformed cells®®. These proteins are, however, believed to play a role as trans-
criptional activators of the LTR and, possibly, other cellular control elements. In the
latter respect, it is interesting that in HTLV-1 infected cells, a cellular gene is
abundantly expressed. This gene, specified by its cDNA clone HT-3 presumably
represents a gene important in T-cell proliferation (a growth factor or growth factor
receptor etc.)>?.

The fact that the infection of cultured human cells with baboon endogeneous
virus (BEV) frequently leads to an association of viral DNA with a specific locus
(termed BEVI) suggests the possibility of targeted integration of a virus into a host
genome®, This phenomenon, however, may also be explained by a selection
mechanism believed to occur in all retrovirus-genome interactions and mimicking a
nonrandom integration simply by confering a growth or other advantage to cells with
a specific integration site.

Another interesting example for insertional mutagenesis is the case of c-mos in
the mouse. The c-mos locus is transcriptionally silent but is rearranged in a mouse
myeloma and the tumor RNAs contain a transcript hybridizing with a viral mos
probe®). The c-mos gene is activated by the insertion of an endogenous intracister-
nal A-particle genome® * and the orientation of the integrated IAP relative to
c-mos is correlated to the degree of activation of c-mos (a tail-to-head configuration
is less active than a head-to-head configuration)®.

Taken together, the data reviewed in this paragraph suggest that random inser-
tion of a retroviral genome can, if it happens to invade a cellular oncogene locus,
lead to the selection of tumorigenic variants by inappropriate activation of a cellular
gene.

2.2.2 Insertion of a Cellular Oncogene Between the Controlling Sequences
of a Retrovirus Leads to an Oncogenic Retrovirus

Non-transforming retroviruses are, in simplified terms, composed of four genetic
elements, long terminal redundancies (LTR) containing enhancer and promotor
sequences at both ends of the genome, a coding region for the viral core proteins
(gag), the pol gene for the RNA-dependent DNA polymerase (reverse transcrip-
tase), and the env complex coding for the viral envelope proteins. Non-acutely
transforming retroviruses, which exert their oncogenic potential only after long
latency by mechanisms discussed above, have such a genetic constitution. In con-
trast, most acutely transforming retroviruses have suffered alterations in this genetic
building block by insertion of new genetic material, derived from host cellular
sequences. The insertion can be of various types (see Ref. 40 for review); for exam-
ple, in the Rous sarcoma virus (RSV), the new genetic material, termed src, is
located 3’ to the env gene and thus preserves the replication competence of the
virus. In the other known retroviruses, where the recombinational event disrupts
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vital parts of the retrovirus, the resulting viruses are replication defective, that is,
they are dependent on the presence of a replication competent helper virus in order
to integrate into the host genome. Of special interest is the occurrence of retro-
viruses which contain two different oncogenes, exemplified by the avian erythroblas-
tosis virus (AEV), the avian leukemia virus E 26, and the murine leukemia virus
MH 2. Their genetic composition is a follows: AEV, LTR-A gag-erbA-erbB-A env-
LTR®, E 26, LTR-A gag-myb-ets-A env-LTR** ¥, and MH 2, LTR-A gag-mil-
myc-LTR*~*. The erbA and erbB genes, and the myc and mil genes are trans-
cribed from different transcriptional units, whereas the myb and ets genes are com-
prised in a large mRNA and are expressed as a triple fusion protein, p'¥4 ga-myb-ets,
A more subtle oncogene hybrid may be represented by the v-fgr gene, which has
homology both with actin, a eukaryotic cytoskeletal protein, and with the tyrosine-
specific kinase gene family*®®. The natural ocurrence of such viruses indicates either
two successive transducing events in the generation of such viruses or the possibility
that a non-random translocation in the chicken/mouse genome had brought together
these two sequences prior to being taken up by the retrovirus. It is of interest in this
respect that the cellular loci for ertbA and erbB are on different chromosomes in
chicken* and man®?, but on the same in the mouse™.

An important question in the genesis of acutely transforming retroviruses is the
relationship between the cellular and the viral oncogene. There is no example where
v-onc is isogenic to c-onc, suggesting that the cellular progenitors have to be mod-
ified in addition to being controlled by viral regulatory mechanisms to exert a truely
oncogenic effect. This hypothesis was tested directly for the c-src and the c-fos
genes. Iba et al.’) examined the effects of overproduction of p60°~ in chicken
embryo fibroblasts, the natural host of RSV, by introducing RSV variants that
encode p 60°™° or recombinant proteins between p 60°™° and p 60"~*°. RSV vari-
ants that encode c-src expressed a large amount of p 60°"* in infected cells but failed
to cause cell transformation, indicating a qualitative difference between c-src and v-
src. After transduction of the c-src gene into a retrovirus, this gene is subject to a
high rate of mutation and transforming variants can readily be obtained. The c-fos
gene can lead to cell transformation after being linked to a viral promotor sequ-
ence*?, although c-fos and v-fos differ at sequences at the C-terminus, probably, asa
result of an out-of-frame deletion®”. Another informative example is the relation-
ship between c-abl and v-abl; v-abl is an internal fragment of the c-abl mRNA, and
there is at least one point mutation which results in an amino acid substitution®”.

The fact that cellular and viral oncogenes are not isogenic, although they share
specific sequences and differ from each other in scattered point mutations and
unique coding regions, led Duesberg™ to conclude that the oncogenic potential of
cellular oncogenes is reflected as progenitors of viral oncogenes and that cellular
oncogenes can participate in tumorigenesis only when qualitatively altered.

A model for the transduction of cellular genes by retroviruses has been advanced
by Bishop et al.*®. The transducing vehicle is a preexistent retrovirus, whose provi-
ruses happen to integrate upstream from a cellular oncogene. The important event,
mediated by DNA rearrangement of possibly two different modes, is the formation
of a hybrid transcriptional unit. In the first possibility, the rearrangement transposes
the oncogene into a position within the provirus, transcription and splicing would
now produce a possibly defective but otherwise conventional retrovirus bearing at
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least part of the cellular oncogene. The second possibility, thought to occur more
often, fuses provirus and oncogene together into a single genetic element by a
deletion event. The viral promotor is then joined by a variable part of the cellular
oncogene including sites for the termination of transcription, splicing etc. In this
case, transcription begins at the viral promotor, proceeds through the cellular
oncogene sequence, and generates a hybrid RNA from which the introns are
removed by splicing. Recombination can then occur when hetereozygous virirons
(that is, a heterodimer between recombinant and wild-type retrovirus) enter a new
host cell and begin reverse transcription.

When one analyses the kind of genes which are transduced by oncogenic
retroviruses, there is only a limited number of genes, which are often transduced by
different viruses. This suggests that only a small number of cellular genes is capable,
after suitable modification (by deletion, mutation, etc.) to mediate malignant
growth when controlled by the viral promotor activities. It has furthermore been
noted that some of these genes belong to gene families, and that some represent
single, unrelated isolates. The largest family is the so-called src-family, named after
the oncogene of Rous sarcoma virus, which was identified first as being a transduced
oncogene. The evolutionary relationship among the members of the src-family
(comprised of mos, mil(mht)/raf, erbB, fms, rel, yes, src, abl, fes/fps, fgr, and ros)
has been extensively discussed®”. It is worth noting here that several evolutionary
conserved cellular genes have been transduced by retroviruses from different
species, for example, mil(mht) and raf represent the avian and murine, respectively,
homologues of a single cellular oncogene® % *®_ The same is true for fes and fps*™.
The viral oncogenes yes, stc, abl, fes/fps specify a tyrosine-specific kinase activity
which has distant relationship to the catalytic chain of the bovine cyclic AMP-
dependent protein kinase®. The viral oncogenes mos, mil(mht)/raf, and erbB have
sequence homology to v-src, but do not code for a tyrosine-specific kinase activity.
The same is true for fms and rel, for which the exact evolutionary position in the src-
family has not been established. fgr and ros also code for tyrosine kinase but their
position in the evolutionary tree is uncertain as well. It should be noted that sequ-
ences homologous to src and abl have been found in the DNA of Drosophila® and
were shown to be developmentally regulated®?, suggesting that these genes function
at crucial points in cellular differentiation and growth in eukaryotic organisms.

Another large family is the so-called ras-family, consisting, in man, of c-ras-H,
c-ras-K, and c-ras-N. The former two have been found transduced in several retro-
viruses, whereas the latter was identified so far only in transfection experiments. Itis
of interest that ras-related sequences were also found in yeast®~%),

The myc-family comprises of the c-myc locus transduced into several avian and
feline retroviruses, and the c-myc-N gene, detected by hybridization survey of
neuroblastoma DNA (see 3.2.1).
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2.3 From Chromosomes to Genes: Refining the Genetics
of Human Cancer

For a long time, the complexity and profound heterogeneity of karyotypic findings
in human neoplasia precluded the definition and characterization of specific
cytogenetic lesions in particular disease entities. With the introduction of banding
techniques, however, this situation gradually changed and as of to date, a number
specific chromosomal changes associated with neoplastic conditions have been
found. These non-random karyotypic changes are the basis for the chromosome
hypothesis of oncogenesis, founded by Boveri in 1914Y and recently advanced
primarily by Yunis and Sandberg®- . In their view, a certain karyotypic change
must occur and is responsible for the malignant cellular manifestation. It is now
generally accepted that chromosomal defects are the rule rather than the exception
in human neoplasia and it seems that the cytogenetic findings have suggested to
molecular biologists the regions of the chromosomes where to concentrate on. As a
result of this cooperation, the recent years have wittnessed a dramatic refinement in
the genetic analysis of human tumor cells. In this chapter, we will compile the
present data relating non-random karyotypic changes in cancer and leukemia to the
locations of specific cellular genes thought to be important in oncogenesis.

2.3.1 Characteristic Abnormalities of Chromosomes in Human Cancer

Karyotypic changes can be grouped into three distinct classes®. The first class
represents reciprocal translocations in which there is no loss of structural material.
The second class comprises of deletions and non-reciprocal rearrangements resulting
in the loss of structural material at these sites. The duplication of whole chromo-
somes and their segments (i.e. gene amplification, double minute chromosomes,
homogeneously staining regions) constitutes the third class of chromosomal aberra-
tions. It is commonly held that there are two different steps in the evolution of
malignant disease with respect to karyotypic abnormalities. Defects present early in
the development of neoplasia are generally considered to be related to the etiology
of the specific disease, whereas other recurrent defects (usually apparent only in the
progression of the disease) are viewed as contributing to the tumor heterogeneity,
although the selection of cells with complex aberrations cannot be excluded. The
primary karyotypic changes involve genes controlling either differentiation and pro-
liferation, or both, whose absence or altered expression confers the ability to the cell
to become malignant. Such, the exchange of material between chromosomes could
contribute to the activation or silencing of genes carried by these segments in several
ways, which are not mutually exclusive: (i) the gene in question moves away from an
adjacent cis-acting activator/suppressor, (ii) the gene moves next to an endogenous
promotor region, and (iii) the gene structure is broken by the translocation process
thereby altering the provision of a correct mRNA molecule.

In Table 1, several non-random cytogenetic abnormalities have been compiled.
It is apparent that only a limited number of chromosomal regions is involved in
human cancer and leukemia, and that several distinct types of disease share part of
their karyotypic abnormalities.
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2.3.2 Fragile Sites in Human Chromosomes

Fragile sites in human chromosomes are identified as chromosomal regions in the
human genome which fail to become stained in routine banding procedures and at
which breakage of chromosomes can be observed in such analyses. These sites are
most easily identified under special culture conditions (i.e. depletion of cells of folic
acid and thymidine). It is remarkable that these sites are inherited in a truely
Mendelian fashion so that same locus is involved in any particular family. Of 17
heritable fragile sites identified, 16 are located on autosomes’. Only one is located
on the X chromosome (Xq27) and is a marker of one form of the X-linked mental
retardation syndromes. The incidence of fragile sites in the human population is not
known, although current estimates are far less than 1 of 1000. Table 1 also lists the
locations of these sites in the human chromosomal map and indicates that 7 out of 17
fragile sites occur in chromosomal bands involved in non-random abnormalities and
that 12 of 13 chromosomes that contain fragile sites are involved in non-random
structural and numerical changes in malignant cells. If the coincidence of fragile sites
at the localization of chromosomal aberrations is meaningful, one might expect
cancer patients with chromosomal rearrangements also to be carriers of fragile sites
in the affected chromosomes. Data reported by Yunis’> ™ and Rowley’® suggest
that this might indeed be the case. It is not clear, however, whether such persons do
have fragile sites also in their normal cells and what the mechanism is for the
induction of chromosomal defects at fragile sites. Fragile sites may be prone to
breakage and this may prove to be a predisposing factor in the development of
specific neoplastic diseases.

2.3.3 Chromosomal Localization of Cellular Oncogenes

It has already been discussed that cellular oncogenes are suspected of key functions
not only in normal differentiation and development but also in maligancy. It is of
interest therefore to compare the chromosomal positions of these genes with the
sites of non-random karyotypic abnormalities. A number of different techniques
were used to localize the cellular oncogenes to specific chromosomal positions,
among which the analysis of somatic cell hybrids and the in situ hybridization techni-
ques were the most successful ones.

If one analyses the correlations depicted in Table 1, it is clear that a number of
cellular oncogenes can be implicated in the genesis of specific neoplastic diseases.
The most striking example is the case of chronic myelogenous leukemia (CML) in
which the reciprocal translocation between chromosomes 9 and 22™ occurs exactly
at the same position where the c-abl gene resides. Indeed, it has been shown that this
gene is, in Philadelphia chromosome positive cases, translocated to chromosome 22;
the c-sis gene, located on the long arm of chromosome 22 is then transferred to
chromosome 974~), This finding, obtained by molecular cloning experiments, not
only proves the reciprocal character of this translocation, it also clearly demon-
strates that cellular oncogenes can be transferred in a consistent manner to new
environments. Work from several laboratories (to be discussed in detail in 4.2) has
shown that the breakpoint is not directly in the c-abl gene itself, but is confined to a
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region outside the coding regions (™ ™, our unpublished observations). The second
striking example is the case of Burkitt’s lymphoma which was long recognized
because of its three characteristic translocations, involving c-myc on chromosome §
and the immunoglobulin gene loci on chromosomes 2, 14, and 22. These studies are
extensively treated in 4.3.

By comparing the chromosomal assignment of cellular oncogenes with the break-
points listed in Table 1, it is evident that one can suspect such a relationship for only
some of these genes. Experimental proof for this assumption is, in the majority of
cases, still lacking. Correlations between location of fragile sites and cellular
oncogenes are of limited value either. Although 10 of the 11 autosomes carry both
an oncogene and a fragile site, only in one case, their locations are coincident,
namely at 8 q22 which contains the c-mos gene. The fact that this locus may repre-
sent a pseudogene, does not strengthen the notion that fragile sites may hint the
presence of oncogenes.

To conclude, it is clear that karyotypic analyses identify a number of non-random
abnormalities of human chromosomes in neoplastic cells. In numerous cases,
characteristic lesions could be identified. This may contribute not only to the classifi-
cation of diseases but also to the detection of biologically distinct subgroups. The
refinements offered by molecular biology techniques, notably the advances offered
by recombinant DNA technology, and the isolation and characterization of cellular
oncogenes can greatly contribute to the genetic characterization of neoplastic dis-
eases (see 4.).

3 A Multi-Step Origin of Human Neoplasia:
Are Oncogenes Involved?

3.1 Expression of Oncogenes

Early studies using rodent species have shown that cellular oncogenes might func-
tion in the regulation of cellular growth and differentiation in vertebrate develop-
ment. Miiller et al.™™ studied the pre- and postnatal development of the mouse with
respect to the expression of several oncogenes. The expression of c-fos probably
occurs in cells which give rise to the placenta and in cells of mesenchymal origin. The
expression of c-ras-H is almost the same in all tissues examined and at all develop-
mental stages. The highest level of c-abl expression is found in the testes of young
adult mice and also in lymphatic tissues. The analysis of the complex pattern of
transcripts of sizes 3.7, 4.7, and 5.7 kb, respectively, revealed variable amounts of
individual transcripts, suggesting that initiation and/or termination of c-abl transcrip-
tion, and/or splicing of the c-abl related transcripts may be a strictly controlled
process. This study demonstrated clearly that the expression of cellular oncogenes is
both tissue-specific and dependent on the developmental stage. This may also mean
that the expression of these genes can be a marker of cellular differentiation or
indicative of different growth rates, or both. This suggestion is supported by studies
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on the expression of c-myb in hematopoetic tissues of mice, which appears to be
developmentally regulated and important during T-cell differentiation'®”. Other
studies have specifically asked whether some oncogenes might be associated with a
proliferative state of cells, whereas others might be markers of differentiation. This
is most easily demonstrated in systems where cells can be made to differentiate upon
an exogeneous stimulus. Gonda and Metcalf'®® have studied the expression of
oncogenes in the murine myelomonocytic leukemia line WEHI-3B, which upon
addition of G-CSF or actinomycin undergoes differentiation yielding primarily
monocytic cells. The expréssion of c-ras-H was unchanged, the expression of c-myb
and c-myc declined 10-fold, whereas the expression of c-fos increased about 11-fold.
This indicates that c-myb and c-myc do not themselves control myeloid differentia-
tion (c-fos is a likely candidate for macrophage-specific functions), but that they
function in the maintenance of the proliferative state of myeloid cells. Westin et
al.'® studied the expression of c-myb in a variety of established cell lines and
detected its expression in all immature myeloid and lymphoid T-cells, in addition to
an erythroid cell line. Mature T and B cells did not express this gene. They also
studied the expression of c-myb during DMSO or retinoic acid stimulated differenti-
ation of HL-60 cells. With the appearance of mature myeloid cells, c-myb expression
declined. In a parallel study, these authors showed that also the c-myc gene but not
c-abl expression was declining during HL-60 differentiation'®. The human myelo-
blastic leukemia cell line ML-1 can be induced to differentiate into monocyte and
macrophage-like cells by the tumor promotor TPA. This is accompanied by a 5-fold
reduction of c-myb expression prior to the loss of DNA synthesis that accompanies
the differentiation process'®.

These data indicate that expression of c-myb is correlated to the proliferative
state in myeloid cells. A clinical study supports this notion. Rosson and Tereba'%?,
while studying the levels of expression of various oncogenes in childhood leukemia
noted that the c-myc gene was expressed in all samples tested, whereas c-myb
expression was primarily associated with immature myeloblasts. The c-ras-H gene
was expressed in all samples tested, albeit at low levels.

The expression of c-myc has been studied with respect to the cell cycle. In liver
regeneration, changes in c-myc expression occur before DNA synthesis, suggesting a
role in triggering the S phase in hepatocytes'”~'®), The in vitro stimulation of B
lymphocytes and fibroblasts is also known to induce an immediate increase in the
expression of c-myc''?. This increase is temporary, and the expression returns to
uninduced levels by the time the DNA replication starts. The human lymphoblastoid
cell line Daudi is sensitive to growth inhibition by human f-interferon. This is
accompanied by a selective reduction of c-myc mRNA levels (the level of actin
mRNA served as a control)', The human promyelocytic cell line HL-60 also
responds to dihydroxy metabolite of vitamine D; by ceasing division and aquiring
some of the characteristics of either granulocytes or monocytes. These phenotypic
changes are preceeded by a marked decrement in the expression of the c-myc
gene!™, It was also found that in nontransformed mouse cells, c-myc could be
induced by growth stimulation, but that its expression was constitutive in two chemi-
cally transformed derivative cell lines''V. Thus, altered regulation of c-myc expres-
sion might prevent cells from entering G, phase and thus lead to their infinite
growth.
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Table 2. Expression of cellular oncogenes in human cells and tissues®

conc cell or tissue examined size of Ref.
transcript
normal cells/tissue  tumor cells/tissue (kb)

c-fos” amnion vulva carcinoma cell line 2.2° 115
chorion

vulva carcinoma cell line
renal cell carcinoma (7/9)¢
ovarian adenocarcinoma (6/6)
colon adenocarcinoma (5/5)
rectal adenocarcinoma (3/3)
carcinoma of lung (4/4)
carcinoma of breast (4/4)
hematologic malignancies (12/14)

114

c-fms  placenta®!™

renal cell carcinoma (4/9) 3.6
ovarian adenocarcinoma (4/6)
carcinoma of lung (2/4)

carcinoma of breast (3/4)
LICR myeloma cell line 116
DC199 melanoma cell line

choriocarcinoma (trophoblast-like) 3.7° 115

L 114

c-myb  peripheral blood promyelocytic cell line HL-60 4.5
myeloblasts immature myeloid cell line KG-1

erythroid precursor cell line K 562

immature T-cell lines CCRF-CEM r 104
Molt 4
KM-3

T-cell ALL blasts

myeloblastic leukemia cells ML-1 4.3 105

various hematologic malignancies 34 114

c-fes cancer of lung (4/4) 2.6
carcinoma of breast (3/4)
ALL (7/7) 114
AML (272)
CML (2/2)

Expression of c-myc, c-ras-H, c-ras-K was found in all cells and tissues so far examined; the
expression of c-myc will be discussed in section 4.3. The size of transcripts from the c-ras-K locus
is 4.6 kb, that from the c-ras-H locus about 1.4 kb'¥. The latter is found as similarly sized
transcripts in tissues of the mouse''®, and the rat'®®. The expression of c-abl in human tissues is
not yet fully understood, primarily for technical reasons. Workers using a DNA probe
encompassing the kinase domain have found c-abl related transcripts in all samples studied. Since
DNA sequences coding for the kinase domain may also cross-hybridize with cellular tyrosine-
phosphokinase mRNAs, this may not be a true reflection of c-abl expression. Accordingly,
Slamon et al.!'"¥, while using a probe not containing kinase coding sequences have detected c-abl
expression in only 3 of 54 tumors tested. Probes derived from the human c-abl locus will be
needed to clarify this situation

A transcript of similar size is also found in mouse tissues
Low levels of expression were found in all human tissues tested'™®
Number of positive samples/total number tested

Low levels of expression were also found in fetal membranes

115)

o o 6 o

115)
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Table 2 (continued)

c-onc  cell ortissue examined size of Ref.
transcript
normal cells/tissue  tumor cells/tissue (kb)

c-src CML (1/2) 114f
Lymphosarcoma (single case studied)
osteosarcoma (single case studied) 106
Wilms’ tumor (single case studied)

c-sis sarcoma cell lines (5/6) 42 117
glioblastoma cell lines (3/5)
T-cell line HUT-102 (HTLV-producer) 4.2 103
melanoma cell line DC199 103
myeloma cell line LICR

c-erb-A K 562 erythroid precursor cell 101

f A single patient with ALL found to have high levels of c-src and c-myc expression was also studied
in remission; the expression of c-src but not c-myc dropped significantly; this was interpreted to
mean that a loss of tumor cells had occured that were replaced by normal leukocytes

In conclusion, one can suggest that there are oncogenes which appear to be
directly involved in proliferation control. It further appears that there might be some
kind of hierarchy in this control in that there are cell-lineage specific and cell-lineage
independent requirements for proliferation. The c-myc gene may represent a gene
which is ubiquitously expressed in cell proliferation, whereas the c-myb gene expres-
sion may be necessary only for myeloid cells. It will be interesting to study whether
induced expression of c-myc can force myeloid cells into cell division and whether
c-myb expression is required or not. A large clinical study conducted by Slamon et
al.!" suggests that any oncogene expressed in a tumor sample is also expressed in
the normal surrounding tissue. Sometimes, there is a quantitative difference, but a
qualitative change was never observed.

Table 2 attempts to summarize some pertinent studies with respect to the type of
onc gene expressed and some characteristics of the transcripts. It is notable that
there are some oncogenes for which expression was not proved until now (c-erb-B,
c-mos, and c-yes), whereas c-myc, c-ras-H and c-ras-K appear to be always ex-
pressed.

3.2 Mechanisms of Alteration of Cellular Oncogenes
in Human Tumors

The following section will cite examples for changes in copy number (i.e. gene
amplification), mutations in coding regions, and rearrangements of transcriptional
units of cellular oncogenes which all occur in human neoplasia. It appears that
neither mechanism alone can suffice in malignant conversion of normal cells.
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3.2.1 Amplification of Cellular Oncogenes

The amplification of cellular oncogenes (i.e. the increase in copy number of this
gene) entails the concomitant increase in specific mRNA levels and elevated
amounts of the oncogene product. This may disturb delicate balances built up in a
cell in order to control cellular differentiation and/or proliferation processes. Table 3
compiles evidence for amplifications of the c-myc, c-myb, and c-abl oncogenes in
various human malignancies. It is worth noting that (i) gene amplification does not
seem to be a frequent phenomenon and (ii) many of these tumors contained
chromosomal abnormalities characteristic of gene amplification, such as DM, HSR,
and ABR, respectively. In the case of the apudoma Colo320, the site of the
amplified c-myc gene was shown by in situ hybridization to be in DM and HSR''.
That this may, however, not always be the case is illustrated by the colon carcinomas
Colo201 and Colo 205, which have an amplified c-myb on a marker chromosome,
yet contain also DM and HSR'™. Amplification of ras oncogenes has not been
found in human tumors, but was noted for the c-ras-K gene in a mouse adrenocor-
ticoid tumor cell line Y 1. Two recent studies relate the presence of amplified
oncogenes to the clinical course of malignant disease. The c-myc gene was found to
be amplified in lung cancer, and it was suggested that the c-myc amplification played
a role in the phenotypic conversion and malignant behaviour of small cell lung
cancer cell lines into their variant form'?. This conclusion was based on the finding
that non-small cell lung cancers contained only low levels of c-myc amplification,
whereas small cell lung cancer lines were characterized by intermediate levels of
amplification. The biologically more aggressive variant form of small cell lung
cancer showed levels of up to 100 and more copies of the c-myc gene. Brodeur et
al."® have found that the level of amplification of the c-myc-N oncogene in un-
treated human neuroblastomas correlates with the advanced disease stage; interest-
ingly, a bimodal extent of amplification was found. Whereas in clinical stages 1 and

Table 3. Amplification of cellular oncogenes in tumor cells

cell line/tumor amplified level of karyotypic elevated  Ref.
oncogene amplification abnormalities® mRNA
(fold) levels yes/no

acute promyelocytic c-myc 16-32 DM, ABR yes 126, 127, 132
leukemia HL-60

apudoma (Colo 320) c-myc 16-64 DM, HSR yes 119

breast adenocarcinoma  c-myc 8-16 ? yes 128
SK-BR-3

acute myelogeneous c-myb 5-10 ABR at yes 129
leukemia 6q22-24

colon carcinoma c-myb 10 marker chr. yes 120
(Colo 201/205)

erythroid precursor c-abl 4-8 ? yes 130, 131
(K562)

* elongated homogeneously staining regions (HSR); small chromosomal paired chromatin bodies
(double minutes, DM) which lack centromers and segregate unpredictably at cell divisions;
abnormally banded regions (ABR)
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2, none of the 15 tumors showed c-myc-N amplification, 10 of 48 and 12 of 48
patients in stages 3 and 4 had amplification levels of up to 10 and more than 100
copies of the c-myc-N gene, respectively. The amplified gene can be translocated
from its normal position at 2p 23-24 to any of several other chromosomes'?®. In a
parallel study, the same group of investigators hypothesized that the increased
expression of the c-myc-N gene consequent to amplification of DNA may contribute
to the malignant progression, rather than to the initiation of neuroblastoma'®. The
fact that c-myc-N is also amplified in retinoblastomas® may suggest that c-myc-N
amplification accompanies tumorigenesis in neurogenic tissues.

In conclusion, the available data indicate the possibility of oncogene amplifica-
tion in human tumors, with a possibility of tissue specificity, but also strongly suggest
that the amplification is not causative in the genesis of the disease; instead, once it
occurs, it may merely provide a selective advantage to cells during the progression of
the malignant disease.

3.2.2 Base-Pair Mutations

As already mentioned, the ras genes are members of a highly conserved family of
vertebrate genes, which were first detected as the oncogenes of the Kirsten and
Harvey sarcoma viruses. Mutated ras genes have been detected in human tumor
cells by their ability to induce tumorigenic transformation of the immortal mouse
fibroblast cell line NIH 3T3 (see 2.1.2). Many of these genes have been character-
ized quite extensively, and it was found that they all contain mutations in either
positions 12 or 61 of the encoded proteins (see Table 4). It is notable from these
studies, that different point mutations at the same codon can activate a gene. A
recent study shows, however, that mutations at other sites are also capable of
inducing transformation of NIH 3T3 cells'®. Single amino acid substitutions at
positions 12, 13, 59, or 63 have an activating potential. Nevertheless, it appears that
there are two major hot spots on the ras protein which are susceptible to mutation
events in human tumors and which probably have an effect on structure and/or
function of the p 21 proteins (see 3.3). It should be noted, however, that the muta-
tion of ras oncogenes is rare. Mutations affecting the 12th amino acid of the c-ras-
H-1 gene oncogene product occur infrequently in human cancer, since of 29 cancers,
including 20 primary tumor tissues of bladder, colon, and lung, none revealed this
alteration™.

3.2.3 Rearrangement

The rearrangement of cellular oncogenes has been studied best in the case of the
c-myc gene which is broken and translocated in Burkitt lymphoma. This will be
extensively discussed below (4.3). The only oncogene for which rearrangement was
demonstrated in a human tumor is c-abl, which is amplified and rearranged in the
erythroid precursor cell line K 562139,

The rearrangement of c-mos in mouse plasmacytomas is discussed in sect. 2.2.1.
A rearrangement of c-myb oncogene in mouse plasmacytoid lymphosarcomas is a
accompanied by abundant expression of c-myb mRNA of unusually large size'*”.
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Table 4. Detection of mutated ras genes in human tumors

Thomas L. J. Bochm

Cell line/tissue mutation Ref.

(position/wild-type allele

vs. tumor allele)
related to c-ras-H-1
T 24/EJ bladder carcinoma cells® 12 (gly— val) 140, 142
lung carcinoma Hs 242 cells 61 (gly— leu) 143
melanoma 61 (gln— leu) 144
related to c-ras-N
T-cell leukemias RPMI 8432, P-12, T-ALL-1 vl 135
melanoma cell lines (SK-MEL-119, SK-MEL-147) ? 136
AML (bone marrow) ? 137
promyelocytic leukemia HL-60 ? 138
sarcoma cell lines RD, HT 1080 ? 139
teratocarcinoma cell PA 1 ? 17
neuroblastoma cells SK-N-SH 61 (gln— lys) 145
lung carcinoma cells SW-1271 61 (gln— arg) 141
related to c-ras-K-2
lung adenocarcinoma A 549 cells ? 146
SCLL LX-1 cells ? 146
pancreatic carcinoma A 1165 cells ? 17
pancreatic carcinoma solid tumor 1189 ? 147
rhabdomyosarcoma solid tumor 1085 ? 147
lung carcinoma solid tumor 1085 ? 147
colon carcinoma cells A 2233 ? 147
gall bladder carcinoma cells A 1604 ? 147
lung carcinoma A 427 cells ? 147
lung carcinoma PR 310 cells not in first exon 148
lung carcinoma PR 371 cells 12 (cys— gly) 148
colon carcinoma cells SW 480 12 (gly— val) 149, 150
bladder carcinoma A 1698 cells 12 (gly— arg) 151
lung carcinoma cells A 2182 12 (gly— arg) 151
lung carcinoma solid tumor LC-10 12 (gly— arg)® 151
lung carcinoma Calu-1 cells 12 (gly— cys)* 149
ovarian carcinoma ? 152

not studied
normal tissue lacked the mutated gene

e o o »

gly), and one mutated allele (pos. 12: cys)™®

3.3 Oncogene Products

T24 and EJ bladder carcinoma cell lines are probably identical™

Calu-1 cell line is heterozygous at the c-ras-K-2 locus and carries one wild type allele (position 12:

There is only limited information about the products of cellular oncogenes. In most
cases, the c-onc proteins have not been identified in normal cells. Even less is known
about the subcellular localization of these products and their function. Table 5
summarizes the scarce data. It indicates the need for future studies along these lines.
It is notable that the v-myb and v-myc gene products are nuclear proteins, however,
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this has yet to be proven for the c-onc homologs (see sect. 3.1). The thus far best
studied c-onc gene products are those of c-sis, c-erbB, and c-ras.

The v-sis is almost certainly derived from the gene (or genes) encoding a platelet-
derived growth factor (PDGF)™> 9, a notion strongly supported by the analysis of
the human c-sis gene’™” and immunological studies’®®. PDGF is released from
a-granules of platelets during blood clotting and it is the major polypeptide growth
factor found in serum; fibroblasts and neuroglial cells are sensitive to the mitogenic
action of PDGF, as they express PDGF receptors™. It is of interest that PDGF
receptors exhibit tyrosine-specific kinase activity upon binding the growth factor'®”.

Although the definite function of the c-ras gene products is not known, a number
of data have been accumulated in order to elucidate the biochemical properties of
the wild-type and mutant proteins. The ras proteins are all of a molecular weight of
about 21000 D, hence, p* proteins. The half-life of the c-ras-H-1 gene product was
found to be 20 h in both the normal and mutant forms'®). p?* has a GTP binding
capacity, which is not altered by the base-substitutions and amino acid alterations
found in the tumor variants'®?~'%Y_ Similarly, their intracellular localization, as well
as the degree of postranslational acylation is unchanged. The most notable structural
difference is the observation of altered electrophoretic mobilities of some but not all
mutated ras proteins'®®, which concurs with the different three-dimensional struc-
ture of the mutated p*™! protein'®; the mutant forms may be more conformation-
ally restricted. The biochemical property of p?™, which is clearly affected in the
tumor forms is the GTPase activity, which is reduced in the mutated p**! pro-
tein'®> 19, The p® proteins are located at the inner surface of the plasma mem-
brane, with the membrane association and lipid binding mediated by the carboxyl
terminus'®”,

Utilizing antisera to a synthetic peptide corresponding to the carboxyl terminus
of the human c-myc protein, a 48,000 D protein was precipitated from normal and
tumor cells; this was taken to mean that a major change in the gene product may be
no relevant factor in determining transformation'®.

The structural gene for c-erb-B is believed to code for the epidermal growth
factor receptor'®. This conclusion was derived from comparison of protein se-
quences and is further strengthened by the finding that the c-erb-B locus maps to
7p13—q22%; the EGF receptor gene was located independently to
7p22— qter'™® 1), The binding of EGF to the EGF receptor triggers DNA synthe-
sis with a latency period of about 12-24 h; the intrinsic tyrosine-specific protein
kinase is stimulated upon binding EGF (note the similarity to PDGF action)'’?.

3.4 Cooperation of Oncogenes

The fact that oncogenes must cooperate to fully transform normal into malignant
cells was already suggested by transfection experiments. Cooper and Neiman'™
noted that DNA from tumors induced by avian lymphoid leukosis virus (LLV)
contained transforming genes that can be detected by transfection of NIH 3T3 cells.
Since these transforming sequences were not linked to LLV DNA sequences, it was
concluded that oncogenesis by LLVs may result from indirect activation of cellular



Oncogenes and the Genetic Dissection of Human Cancer 23

transforming genes. In a subsequent study'’, these authors showed that LLV inte-
grated near c-myc and that the transforming sequence was different from this locus.
In Abelson leukemia virus (AbMuLV) induced lymphoid neoplasms, cellular trans-
forming genes are detectable by transfection which are distinct from AbMuLV
sequences'™, suggesting that v-abl expression may mediate early events in the
neoplastic process and that the generation of dominant acting transforming genes is
secondary to this initial lesion. An analogous observation was made by Murray et
al.'” in the human promyelocytic HL-60 cell line, where they detected the coexis-
tence of mutated c-ras-N genes and altered versions of the c-myc gene. In Burkitt
lymphoma cell lines, the c-myc is altered (see 4.3) and a dominant transforming
gene (Blym-1) can be detected in the NIH 3T3 assay'). Another hint for the impor-
tance of oncogene cooperation is the existence of retroviruses containing more than
one oncogene (see 2.2.2). Lane et al.'”” have studied the effects of transfection with
a mutated c-ras-H-1 gene of mouse embryo fibroblasts. No conversion to tumor cells
occurred; however, when the fibroblasts were established and immortalized before
transfection, tumorigenic conversion did occur. Mortal embryo fibroblasts become
tumorigenic if a second oncogene, such as viral or activated cellular myc gene (under
the control of the SV 40 early promotor) or the gene for the polyoma large-T
antigen is introduced together with the activated c-ras-H-1. That fibroblast immor-
tality is a prerequisite for transformation by the mutated c-ras-H-1 gene has also
been shown for primary dipolid hamster dermal fibroblasts, induced to grow indefi-
nitely in culture by chemical carcinogens'’™. In independent experiments, Ruley'™®
showed that the polyoma virus middle-T and the mutated c-ras-H-1 genes are indi-
vidually unable to transform primary baby rat kidney cells. The adenovirus early
region 1 A provided functions required by these genes to transform primary cells
following DNA transfection. The same is true for Herpes simplex type 2. It was
demonstrated that immortalization and tumorigenic transformation of early pas-
sage, non-established Syrian hamster embryo cells are genetically separable, and
that cooperation between these two segments of HSV-2 genome is required for
complete transformation®”. Polyoma middle-T antigen requires the cooperation
from either small-T, SV 40 large-T, or Ad2 E1A genes, respectively to induce
tumors in newborn rats'®?.

These data not only allow to definitely separate establishment and transforming
function at the molecular level, they also suggest the existence of complementation
groups for these two activities, the cooperation of which results in the full
tumorigenic conversion of normal cells (Table 6).

In the following, I will operationally dissect some of the steps leading to the
immortalization of cells, and will then discuss a possible model for the action of
oncogenes in the transformation step of tumorigenesis.

It can be suggested that constitutive expression of proliferation genes leads to
immortality. At present, it is not known what governs the conversion from regulated
to constitutive expression of these genes. There might be irreversible effects (such as
the activation events damaging the c-myc gene in Burkitt lymphoma cell lines,
see 4.3), as well as reversible events. The latter have been evidenced in a number of
experimental systems'®~). It is clear, however, that the induction of proliferation
genes is only the end result of a complex interaction of many regulatory circuits. In
growth factor induced cell proliferation (with DNA synthesis occuring hours after
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Table 6. Genetic complementation groups and genetically separable events in the multi-step genesis
of human neoplasia

Step Alteration of life-span Malignant transformation Pro-
gression

Genes polyoma large-T'" activated c-ras genes'”’"°® ?
involved adenovirus-2 E1 A 1892 v-ras-H'7*

herpes simplex-2 subgenomic polyoma middle-T"” <"

fragment'®® herpes simplex-2 subgenomic

v-myc'7? fragment'®®

activated c-myc!””

polyoma small-T'*?

SV 40 large-T'®

cellular “establishment and
immortalization gene(s)”?

Gene products bind nuclear structures’®~%), A structural homology of the protein products of
the myb and myc oncogenes and adenovirus-12 E1A genes has been noted™®”. This supports the
previous argument that c-myc and c-myb are involved in cell.proliferation control (see 3.1)
Gene products located at the plasma membrane (see 3.3)

Polyoma virus middle-T gene is a dominant transforming oncogene in the NIH 3 T3 transfection
assay when linked to a murine retrovirus'*)

These gene(s) have not yet been defined

the addition of growth stimulus to the cells), the initial event is the interaction of
growth factor with growth factor receptors. This activates the protein tyrosine kinase
activity of these receptors and leads to specific phosphorylations as key elements in
the mediation of growth factor action®”. What follows is a somewhat complex
answer of the intracellular message system. It should be recalled here that there are
oncogenes the products of which have functions in the above described path; there is
a growth factor (sis), growth factor receptor (erbB) and tyrosine kinase (src-family)
function represented in cellular oncogenes (see 3.3). Some years ago, it has been
shown that a close association exists between rapid inositol lipid turnover and cell
proliferation'?, The breakdown of phosphatidylinositol 4,5-biphosphate results in
the generation of 1,2-diacylglycerol and inositoltriphosphate. These two messenger
molecules activate, respectively, protein kinase C (which is also the target of tumor
promotors, Ref. 193) and the mobilization of Ca’* ions from an intracellular
store!®. The observation that certain oncogene products can enhance the synthesis
of phosphatidylinositol 4,5-biphosphate'® is particularly intriguing. In this view, it
may be anticipated that oncogene products that control, have or may have kinase
activity will serve to control phosphatidylinositol 4,5-biphosphate supply, whereas
other oncogene products might be involved in the breakdown of this molecule
(receptors, phosphatidylinositol 4,5-biphosphate diesterase, or protein kinase C). In
either case, this leads to a strong proliferative signal.

Observations that link the mutated ras genes to the control of cell transformation
are as follows: In the case of the adenylate cyclase system, binding of the relevant
hormone to the cellular receptor promotes the inactive form of the G-protein to be
converted into the GTP state which in turn activates the cyclase. cCAMP then stimu-
lates a specific cAMP dependent protein kinase which performs the specific regulat-
ory phosphorylations that determine the rcsponse of the cell. The G-protein signal is
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cancelled by slow hydrolysis of GTP to GDP, mediated by the GTPase activity of
G-protein™®. If ras gene products act as G-protein like molecules, then the loss of
GTPase activity in the mutated forms (see 3.3) leads to a permanent activation of
the adenylcyclase, with elevated levels of phosphorylation reactions.

To conclude, it is now quite clear that the multi-step origin of neoplasia, involves
at least two different genetically determined processes, immortalization and trans-
formation. The fact that cellular oncogenes and their products are involved at all
levels of proliferation control (growth factor, growth factor receptor, intracellular
message system) suggests that the exact nature of cell proliferation might be amen-
able to study with the genetic probes available to date.

4 Genetics of Specific Diseases

4.1 T- and B-Cell Leukemia/ Lymphoma

Some leukemias and lymphomas carry a specific t (11 q 13;14 q 32) translocation; the
DNA from a CLL patient with this translocation was used to demonstrate that the
breakpoint on chromosome 14 occurs in the region carrying the immunoglobulin
heavy chain locus®. A DNA probe that is specific for chr. 11 and that maps
immediately 5’ to the breakpoint on the 14q* chromosome was isolated and used to
detect rearrangement of its homologous sequence in a case of diffuse large cell
lymphoma with a t(11;14) translocation?®. The authors concluded that the gene
located on 11 q 13 and represented in their probe is involved in the malignant trans-
formation of human B cells carrying the t(11;14) translocation; the gene, termed
bcl-1, may be activated upon translocation into the heavy chain gene locus.

The fact that leukemias and lymphomas represent clonal expansions of malig-
nant cells can be exploited in order to characterize such neoplasias on the basis of
genetic markers for lymphocyte differentiation. The glycoproteins produced by
B-cells, immunoglobulins, recognize and bind free antigens and are responsible for
humoral immunity, while the T-cell molecules, T-cell receptors, recognize cell-
bound antigens in the specific molecular context of self major histocompatibility
complex products and are responsible for cellular immunity. In order to function in
this way, B-cells make use of immunoglobulin genes, which have to be rearranged
during B-cell differentiation in order to provide functional heavy and light chain
genes. This rearrangement has been observed to take place in an ordered fashion, in
which immunoglobulin heavy (i) gene rearrangements generally preceed that of the
light chain genes. Rearrangement of ) light chain genes follows that of x*¥,
although exceptions to this model may exist*?. In application of these findings, a
number of clinical problems were studied. Korsmeyer et al.”®> showed that even
though most leukemic non-T/non-B cells had not yet acquired the capacity to synth-
esize detectable cytoplasmic immunoglobulin (the earliest phenotypic characteristic
of B-cells), they have undergone immunoglobulin gene rearrangements that may
already commit them to B-cell development. The precursor cells that monoclonally
expand to produce a lymphoid crisis in CML patients represent discrete steps in
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early B-cell maturation rather than the multipotential stem cell precursor®®> 29,
Immunoglobulin rearrangements have also been used as a diagnostic criterion in
B-cell lymphoma and lymphoproliferative lesions® *® and leukemias®®. Thus, Ig-
gene probes help to identify the leukemia/lymphoma cells of B-cell origin and allow
classification of the degree of maturation.

The functional differentiation of T-cells seems to involve an analogous process of
rearranging T-cell receptor genes®'?, although this process is less well understood at
present. It can, however, be anticipated that a T-cell receptor DNA probe will allow
positive identification of malignant cells of the T-cell lineage, thus complementing
the phenotypic characterization of T-cell malignancies in current use. The only cell
which would escape such characterization with both Ig-gene and T-cell receptor
gene probes is the lymphoid precursor cells which has not yet performed any rear-
rangement. The identification of such malignancies by genetic exclusion diagnosis in
the above described manner should be of considerable clinical and biological in-
terest.

4.2 Chronic Myelogenous Leukemia

In most cases of CML, a marker chromosome (Ph') is present in the various cell
lines involved in the disease (granulocytic, erythrocytic, megakaryocytic, and lym-
phocytic), suggesting that all malignant cells in this disease are derived from a single
multi-potent stem cell clone. The Ph' chromosome arises from a balanced transloca-
tion between the long arms of chromosomes 9 and 22, with break points in bands
q34 and q11, respectively™. de Klein et al.”® and Rabbitts et al.” showed that
c-abl sequences are translocated from chromosome 9 to chromosome 22 q. Subse-
quent studies”” indicated that the c-abl gene is not translocated in Ph’-negative
CML, supporting clinical evidence that CML without Ph’ represents a distinct
entity?’?. The c-sis gene, localized at 22 q12.3—q31.1 (far away from the breakpoint
region 22 q 11) segregates with the translocated part of chromosome 22 to different
chromosomes in Ph'-positive patients and remains on chromosome 22 in Ph’-nega-
tive cases™. It is notable that the breakpoint on chromosome 9 is variable in differ-
ent Ph’-positive CML patients and may be found within a relatively large but limited
region on chromosome 9% 2% associated with the c-abl locus. It is not certain,
whether these breakpoints lie within the c-abl transcriptional unit and/or regulatory
domain, since the human c-abl has not been defined in sufficient detail as yet. Data
from many laboratories including our own have failed to demonstrate a rearrange-
ment of c-abl sequences complementary to v-abl gene probes in CML DNA 742149
(to be published). In contrast to the situation on chromosome 9, the breakpoints on
chromosome 22 are clustered in a very limited region, termed bcr, of about
5.8 kb¥¥, All Ph’ positive CML patients studied showed a chromosomal break
within ber, whereas Ph’-negative patients did not exhibit such a break. It further
appeared that the rearrangements involving ber are highly specific for the leukemic
cells in Ph’-positive CML patients, and may thus be of diagnostic value, in particu-
lar, when no adequate metaphase chromosome spread can be obtained.

The molecular and cytogenetic studies of CML now firmly establish that in Ph’
positive cases the c-abl and ber, but not c-sis are the critical sites involved in the
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genesis of this disease; however, the functional consequences of rearrangements at
these sites remain to be elucidated.

4.3 Burkitt Lymphoma

The Burkitt lymphoma (BL) is characterized by three different cytogenetic aberra-
tions, all of which involve chromosome 8. These translocations t(8q24;14 q32),
t(8q24;22q11), t(2p11;8q24) are reciprocal exchanges of material with involve-
ment of the c-myc locus on chromosome 8, and the immunoglobulin gene loci on
chromosomes 2, 14, and 22, respectively. As shown below and summarized in
Table 7, the c-myc locus is affected in BL in several ways, (i) the breakpoint can be
on either site of c-myc, suggesting that it may or may not reside on chromosome 8 in
tumor cells, and (ii) the c-myc locus can either become structurally changed by the
translocation process or may be left apparently unchanged with the breakpoints
several hundred base pairs to several thousand base pairs 5’ or 3’ of the c-myc locus.

The human c-myc locus has two exons with sequence homology to the viral
v-myc oncogene. Recently, it was discovered that another first exon is also present.
Figure 1 depicts a simplified scheme of the human c-myc locus, highlighting the
features pertinent to the present discussion. It should be noted, however, that there
is some controversy regarding the first exon and its potential coding capacity. Most
workers who have sequenced the c-myc locus demonstrated multiple translational
stop signals in all possible reading frames?*~2'®. Gazin et al.”® have found in their
sequence an open reading frame allowing for a protein of about 20,000 D. The
reason for this apparent controversy is unclear at present and must await further
studies. One of the intriguing features of the c-myc gene is the presence of two
promotors in the first exon region, and the fact that cryptic promotors are revealed
in cases where the function of these upstream sites is destroyed®.

Animal models of BL are the murine plasmacytomas; the mouse plasmacytomas
characteristically have a translocation of the distal part of chromosome 15 to
chromosome 12 (t(12;15)) or 6 (t(6;15)). Chromosome 12 harbors the immuno-
globulin heavy chain gene locus, the immunoglobulin X light chain gene resides on
chromosome 6. The breakage of the c-myc gene occurs within the large 5’ non-
coding exon or the first intron. This results, as in some cases of the common form of
BL (most notably in the Manaca cell line), in the separation of the normal c-myc
gene promotor sequences from the c-myc coding region”" %2, However, although
truncated c-myc specific transcripts are generated, the amino acid compositions of
the c-myc genes in normal and translocated forms are equivalent. Therefore, the
gene product itself is qualitatively unaltered in mouse plasmacytomas®. This
immediately implies that it is the quantitative difference in normal and plasmacy-
toma cells of the c-myc protein which determines the malignant behaviour of the
tumor cells. In this respect, it is interesting to note several experiments concerned
with the level of expression of the c-myc gene in BL cell lines. A small and variable
increase in c-myc expression (2-5 fold) among undifferentiated B cell lymphomas of
Burkitt and non-Burkitt type has been found??. This argues against increased trans-
cription of this gene being the cause of BL, and suggests that altered regulation of
expression of this gene might be a critical event in tumor formation. The normal
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Table 7. Cytogenetic and molecular characteristics of Burkitt lymphoma cell lines

cell line translocation breakpoint comments Ref.
relative to
c-myc?

Raji t(8;14) 5’ expression of c-myc elevated; c-myc broken 231, 233,

in first exon; base-pair mutations in translo- 234
cated c-myc coding exons; c-myc probably
translocated first to cp, then by pseudo-
switch to ¢y 1; immunoglobulin enhancer
(between cp and Jy) not available for
c-myc.

Manca t(8;14) 5’ immunoglobulin enhancer element is trans- 220

' located to within the first exon of c-myc and

activates transcription from cryptic pro-
motor sites in the first c-myc intron.

P3HR-1 t(8;14) 5’ c-myc locus structurally altered; c-myc 235
expression elevated.

w1 t(8;14) 5’ c-myc locus structurally altered, c-myc 236
expression not elevated.
IARC-BL22 t(8;14) 5 c-myc locus structurally altered; coding 237, 238

exons unchanged; translocation breakpoint
1000 base pairs 5’ of c-myc promotors.

TARC-BL31 t(8;14) 5’ c-myc locus structurally altered. 237

ST 486 t(8;14) 5! c-myc locus broken in first exon 239, 240

I t(2;8) 3 c-myc locus in germ-line configuration, 241, 242
c-myc expression elevated.

JBL2 t(2;8) 3 breakpoint 20,000 base pairs downstream 243

of the c-myc gene; abnormal expression of
translocated allele (shift in promotor utili-
zation, increase in transcript level); duplica-
tion of a 2,500 base pair segment of DNA
containing the two c-myc promotors and
exon 1.

IARC-BL37 t(8;22) 3 c-myc locus is in germ-line configuration; 244
translocation is reciprocal and relatively
conservative; c-myc expression elevated
(promotor shift).

TARC-BL12 t(8;22) 3 c-myc locus in germ-line configuration; 245
c-myc expression elevated.

? the human c-myc locus is orientated on chromosome 8 in the order centromer-5'-c-myc-3'-
telomer®®; the point of internal reference is the ATG-codon of exon 2.

c-myc allele is repressed, the translocated c-myc allele active in B cells, suggesting
that the altered c-myc allele escapes from the normal transcriptional control? 229,
The fact that a differential B cell environment is required for the ability to express a
productively rearranged immunoglobulin u chain gene and the translocated c-myc
gene suggests the involvement of specific trans-acting regulatory factors in transcrip-
tional control of the c-myc gene?” . It has already been mentioned that a c-myc
gene product has been immunoprecipitated from Burkitt lymphoma cells, which has
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a normal molecular weight and electrophoretic mobility'®. Thus, a major change in
the c-myc protein is unlikely to be a relevant factor in transformation.

All these data suggest that the situation in mouse plasmacytomas is comparable
to the situation in human BL. There are, however, certain dissimilarities which will
be dealt with in the following.

In an analysis of t (8;14) forms of BL, Taub et al.” noted variable translocation
breakpoints with respect to the c-myc gene. Whereas all rearrangements occured 5’
to the two coding exons, only 2 of 5 cell lines studied showed a disruption of the
normal three exon structure of the human c-myc gene, which characteristically
occurs in mouse plasmacytomas. In an attempt to elucidate the alteration in c-myc
expression, the levels of two alternative c-myc transcripts (initiating at cAp sites 1
and 2, see Fig. 1) were compared. Normal B cells predominantly utilize promotor 2,
whereas in BL cell lines, promotor 1 is much more frequently employed. This
promotor shift is accompanied by transcriptional silencing of the normal, unaltered
c-myc allele.

The loss or damage by rearrangement of the first exon is not a prerequisite for
this effect. In cases, where the three exon structure of c-myc is left intact, the
promotor mutations are exerted by base changes probably of the type that induce
somatic mutations in the rearranged immunoglobulin genes of normal immuno-
globulin producing cells®”. Data suggesting that base substitutions are indeed a
different mode of c-myc promotor mutation, secondary to the rearrangement, have
also been reported by others®?,

We are thus left with the fact that in human Burkitt lymphoma, characteristic
promotor lesions are introduced into the rearranged c-myc allele. This can be
accomplished by direct breakage of the three exon structure of the gene as is the case
in the mouse plasmacytomas, or by base-pair mutations induced by translocation of
an immunoglobulin gene into the vicinity (either 5’ or 3') of the c-myc locus. This
promotor damage is accompanied by the loss of transcription from the normal c-myc
allele, suggesting a trans-acting factor in regulation of c-myc expression. There are
two different models which have been proposed to account for the observations in
BL cells, one based on transcriptional, another based on translational control.
Figure 2 schematically illustrates these models.

The transcriptional regulation model proposed by Leder and coworkers®? indi-
cates that the promotor region of c-myc is a site for interaction with a repressor-type
molecule. This may either be the c-myc gene product itself (autorepression) or an
unrelated protein. Recent data of Rabbitts et al.®" suggest that the c-myc gene
product is directly or indirectly involved in the regulation. They have found that
unlike most other BL cells, the Raji cell expresses both the translocated and the
normal c-myc allele. Raji cells possess a substantially altered translocated c-myc
gene-coding segment suggesting that this c-myc gene product although it can medi-
ate transformation is inefficient in repressing c-myc gene transcription.

Damage at the repressor binding site either by translocation from the c-myc
coding portion or by base-pair mutations would prevent the repression to function
properly, whereas the normal allele would be transcriptionally silent.

The translational regulation model proposed by Saito et al.”’® is based on the
observation that the c-myc germ line mRNA can adopt a stem-loop type secondary
structure, with the initiation codon AUG at the second exon within the loop. The
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c-myc mRNA transcribed from the translocated allele cannot form the stem-loop
structure and is thus translated with high efficiency.

In conclusion, the reviewed findings strongly indicate that an altered control of
expression of the c-myc gene, rather than quantitative changes are the crucial point
in transformation of BL.

Although not directly related to BL, some recent data concerning the role of
c-myc in proliferation control should be mentioned here in order to substantiate the
above conclusion further. Campisi et al."'? showed that growth stimulation of quies-
cent Balb/c 3T3 mouse cells by serum elevates c-myc expression. In two chemically
transformed derivatives, c-myc expression is constitutive. By contrast, the expres-
sion of c-ras-K is still cell-cycle dependent in the transformed cells. Although the
c-myc gene is not rearranged, amplified, or overexpressed, it has lost its cell-cycle
dependent regulation in chemically transformed cells.
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In other experiments, Kelly et al.*”) have specifically addressed the cell-cycle
dependent induction of c-myc. Agents that initiate the first phase of a proliferative
response in lymphocytes (lipopolysaccharide or Concanavalin A) and fibroblasts
(platelet-derived growth factor) induce c-myc mRNA. Within one to three hours
after the addition of these mitogens to the appropriate cells, c-myc mRNA increases
10-40 fold. The induction does not require protein synthesis. The fact that c-myc
mRNA is even more elevated by the combination of mitogen and cycloheximide (a
protein synthesis inhibitor) suggests the involvement of a labile protein which reg-
ulates c-myc mRNA in these cells.

It is of importance to recognize that mechanisms other than rearrangement and
amplification can lead to an aberrant, uncontrolled expression of cellular oncogenes.
It is not known what kind of mechanism (s) is responsible for that, however, it can
be anticipated that alterations introduced by base-pair mutations or alterations in
the pattern of DNA cytosine methylation are effective in this respect?®->9,

4.4 Retinoblastoma

Retinoblastoma most likely arises from embryonal cells and could result from as few
as two specific genetic events, the first of which can be inherited. The gene for
hereditary retinoblastoma (Rb+ for the wild type allele) was mapped to chromo-
some 13q14 by interference from a number of observations: (i) The constitutional
deletion of the long arm of chromosome 13 always includes band q14%% %2, (ii)
Deletions and rearrangements of chromosome 13, resulting in the loss of structural
material from band q14, as well as monosomy of chromosome 13 has been noted in

« Fig. 1. A Human c-myc locus. The structure and the sequences of the human c-myc locus have been

compiled from references given in the text. This scheme shows as numbers (1-11) the landmarks of
the c-myc gene as suggested by the majority of investigators: 1, promotor 1; 2, cAp site 1; 3,
promotor 2; 4 cAp site 2; 5, first splice donor site; 6, first splice acceptor site; 7, initiation codon; 8,
second splice donor site; 9, second splice acceptor site; 10, stop codon; 11, polyadenylation site. The
numbers with asteriks (1*, 1a*, 2*) denote the start sites of transcription in Manca cells. The letters
A and B refer to an internal sequence complementarity seen in exon 1 and exon 2%®), The letters a~f
mark features observed by Gazin et al.”), who obtained a slightly different sequence than other
authors. This allowed an open reading frame in exon 1 and the appropriate signal sites are as
follows: a, putative TATA box; b, putative cAp site; ¢, putative initiation codon; d, putative donor
splice site; e, putative stop codon; f, putative alternative splice acceptor site.
B Transcripts from the human c-myc locus. HeLa cell transcripts contain 555 bp or 480 bp of the
first exon, depending on the promotor used for transcription initiation, about 1514 bp from the first
intron, 757 bp from the second exon, 1376 bp from the second intron, 560 bp from the third exon,
and about 300 bp 3’ sequences ending with the poly(A) tail. Manca cell transcripts initiate at sites
1*, 1a*, or 2* and run through the first splice acceptor site of the germ-line gene as above. The
putative transcripts proposed by Gazin et al.”® would initiate at b, and would run through the
complete c-myc locus. Notz, that in their sequence, an initiation codon (ATG) is present just at the
site where promotor 1 is located by other investigators. As explained in the text, the discrepancy in
reported sequence data is not yet resolved. Since the sequence of Gazin et al.”” also contains
additional insertions in the sequence downstream the promotor 1 site, it would allow an open
reading frame of about 450 bp, with coding capacity of about 20,000 D. The presence of the stop
codon at e would impair the production of the protein encoded in exons 2 and 3, unless an aberrant
splicing would occur between d and f, possibly allowing the synthesis of a 68,000 D protein
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Table 8. Characterization of retinoblastoma genotypes at the Rb-1 locus in 13 q 14

sporadic form* hereditary form® chromosome 13 deletion form

constitutional tumor constitutional  tumor constitutional tumor

Rb+/Rb+ rb—/rb-¢ or Rb+/rb-f rb-/tb-or  Rb+/- rb-/- or
rb-/-* rb—/- -~

? no positive family history, disease usually unilateral

® positive family history, bilateral, multifocal disease

¢ characterized by loss of chromosomal region 13 q14

¢ homozygosity of the mutated allele

¢ hemizygosity of the mutated allele

f

carrier of the retinoblastoma mutation, the risk of developing retinoblastoma is increased by more
than 100,000 times®?

tumor cells of karyotypically normal individuals®™, with similar abnormalities in
cells from patients with both the sporadic and heritable forms of the tumor. (iii) The
locus for esterase D was assigned by deletion mapping to the chromosomal region
13q14 and found to be tightly linked to the gene of hereditary retinoblastoma®*
suggesting a common underlying mechanism in the pathogenesis of the chro-
mosomal deletion and hereditary forms of retinoblastoma. Thus, all evidence sug-
gests that band q 14 on chromosome 13 contains a recessive gene of prime impor-
tance in the development of retinoblastoma. A substantial evidence now suggests
that tumorigenesis may result from the development of homozygosity for the mutant
allele (rb-) at the Rb-1 locus, suggesting a two-step model of tumorigenesis consist-
ing of a combination of an inherited mutation and a somatic mutation, an idea put
forward originally by deMars®™® and applied for the case of retinoblastoma by
Knudson®. Table 8 illustrates this model. From studies by several groups, combin-

<« Fig. 2. A Regulation of c-myc transcription in Burkitt lymphoma cells (¢) The c-myc gene is reg-
ulated by the action of a repressor (thick arrow), which, as discussed in the text, directly or
indirectly, depends on the presence of the normal c-myc product. The target site for the repressor is
the dual promotor region. This type of autorepression is altered if the target site is damaged. Note
that the c-myc locus is not drawn to scale. (b) Separation of promotor region from the coding exons
2 and 3 by rearrangement results in the loss of the triple exon structure of c-myc. The target site for
the repressor is lost. This activates cryptic promotors in the c-myc gene region (first intron), and
releases the rearranged c-myc allele from trans control, whereas the wild-type allele is repressed. (c)
Loss of promotor function by somatic mutation is induced by rearrangement of the immunoglobulin
(Ig) gene loci 5’ or 3’ to the intact c-myc gene region. While the triple exon structure is left intact,
the promotor region suffers from base-pair mutations (indicated by the stippled first exon), which
result also in the loss of the interaction site with the repressor. Mutated c-myc allele is released from
trans control, wild-type allele is repressed. B Regulation of c-myc translation in Burkitt lym-
phoma cells (a) The wild-type allele gives rise to a large transcript, which contains the complemen-
tary sequences A and B. Thus, the germ-line c-myc mRNA can adopt a stem-loop type secondary
structure, with the initiation codon at the first coding exon within the loop. (b) The c-myc RNA
from the translocated allele cannot form the stem-loop structure and is thus believed to be translated
with high efficiency. It should be noted, however, that the translational regulation model of c-myc
expression can only apply to cases where the triple exon structure is damaged. In all other cases,
where the promotor sites still function in the initiation of transcription but are defective in binding
the repressor, such a model could not apply
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ing cytogenetic®® %" and restriction enzyme®® analyses, it now seems clear that the
development of homo- or hemizygosity, respectively for the mutant allele at the
Rb-1 locus at 13q14 includes mitotic non-disjunction with loss of the wild-type
chromosome 13, or mitotic recombination events. There are, however, cases, for
which these two mechanisms do not apply. Thus, though not yet formally demon-
strated, a point mutation or a small deletion at the homologous Rb-1 locus, or a
regionalized recombinational event such as gene conversion, could all reveal the
recessive mutant allele at the cellular level. Utilizing this information, makes the
hereditary form of retinoblastoma accessible to genetic counseling, with 13q14-
specific markers (e.g. esterase D®?, or hybridization probes®®) available. If the
tumor has lost the alleles present on one chromosome 13 homologue, one can
assume that the chromosome 13 remaining in the tumor is the one carrying the
mutant allele. In the patient’s family, the allele predisposing for retinoblastoma is
thus identified®?.

Murphee and Benedict?®” have argued that as a result of the loss of the “suppres-
sor function” of the Rb- wild type allele, the regulation of “expressor gene(s)” might
be impaired. They suspect the presence of such gene(s) on chromosome 6 p, since an
i(6p) is present in several retinoblastomas from patients with both the hereditary
and non-hereditary disease as a fairly specific marker chromosome.

The case of retinoblastoma thus illustrates the concept of Comings®" who sug-
gested that inactivation of suppressor genes may play a role in human tumorigenesis.

The molecular cloning of the Rb-1 locus will provide insights not only into the
nature of the putative suppressor gene but also into the precise mechanism(s) of
inactivation events at this site. The DNA of patients carrying both the normal and
mutated alleles of the Rb-1 locus will be the source for this task.

Wilms’ tumor is also a childhood tumor which has hereditary, non-hereditary,
and chromosomal deletion forms, with the affected gene at 11p13%®, found to be
frequently deleted in tumor cells. It has been shown that the c-ras-H-1 locus, as well
as the insulin and p-globin gene loci map outside the deletion associated with these

tumors?* 269,

5 Addendum#*

An interesting addition to the assay systems for transforming activities of tumor
DNAs are JB6 mouse epidermal cells. These cell lines include preneoplastic clones
that are sensitive to promotion of transformation, variants that are resistant to
promotion of transformation, and tumorigenic lines produced by tumor promotor
exposure of promotion-sensitive lines. By transfecting DN As from such sources into
JB6 clones, it was shown that the genetic activities specifying the sensitivity to

* Since the preparation and submission of this mansucript, a number of significant contributions
pertinent to the present discussion have been made. The purpose of this addendum is to briefly
discuss these findings in the light of the previous observations
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promotion of transformation by tumor promotors and the transforming activity
present in tumor DNAs are different?.

The characterization of integration sites of non-acutely transforming retroviruses
continued to reveal new information on these putative cellular oncogene loci in the
mouse genome. In early T-cell lymphomas, proviral integration of MuL'V can be
observed simultaneously near ¢-myc and pim-1 in the same cell clone; the signifi-
cance of this observation has yet to be elucidated®”. MuLV integrates into Mlvi-1
and Mlvi-2, two DNA regions involved in the induction of mouse thymic lym-
phomas; these loci were both mapped to chromosome 15, and found to be distinct
both from each other and from c-myc and c-sis, also found on this chromosome in
mouse?®. The putative oncogene int-1, activated by integration of MMTYV has been
molecularly cloned; this study revealed that the protein-coding domain is always left
intact by the integration process®”. This provides further evidence that the int-1
specified protein contributes an essential step in mammary tumorigenesis.

During the characterization of virally transduced oncogenes, it was found that
erbA is related to carbonic anhydrases, which participate in the transport of carbon
dioxide by erythrocytes””. AEV can specifically block the maturation of erythroid
cells at an early stage of differentiation, however, this requires the synergistic action
of erbB (a src-family related oncogene) and erbA (probably an activated specific
cell-derived gene), whereas erythroblasts transformed by src or fps alone require
complex growth conditions and partially differentiate into mature erythrocytes in
vitro®™,

A new family of oncogenes was described in experiments using rat neuro/glioblas-
toma cellular DNA in the NIH 3T3 transfection assay. The new oncogene encodes a
185 kD tumor antigen (p185) which is serologically related to but distinct from the
epidermal growth factor receptor?™ 23,

Additional studies of constitutive fragile sites still do not unequivocally clarify the
critical question whether fragile sites are more than just predisposing factors for
chromosomal rearrangements, or may constitute sites of genes critical to the genesis
of human cancer” ). The chromosomal localization of genes relevant to
tumorigenesis has been further advanced. The human c-fos gene was mapped within
chromosomal region 14 q21-q31%9, It was shown that only one of the two src-
related loci, namely c-src-1, gives rise to a detectable mRNA?. The chromosomal
localization of the human T-cell antigen/MHC-receptor (T;) genes T;a and T;p have
been mapped to chr. 14, and chr. 7q22-qter, respectively”’®~2"®_ This is of note,
since one might expect the involvement of T; genes in cases of T-cell malignancies, in
analogy to the B-cell derived lymphomas with their characteristic translocations
involving the Ig gene loci. '

Studies concerned with the expression of oncogenes have added new information
to the interrelationship between cell proliferation and differentiation. By analysing
the spatial and temporal expression of c-myc in developing human placenta, a strong
correlation between c-myc transcript abundance and cytotrophoblast proliferation
was found®”. A close link between reduction of c-myc expression and G, /G arrest
has been established in experiments using interferon p-sensitive and -resistant sub-
clones of human Daudi cells®V.

Thus, all cells which become arrested in the G, /G, phase of the cell cycle as part
of their terminal differentiation might be characterized by a decline in c-myc ex-
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pression. The differentiation of HL-60 cells into macrophage-like cells by TPA
(12-O-tetradecanoylphorbol-13-acetate) is accompanied by the induction of both
c-fos mRNA and protein within 15 min after treatment, whereas such events could
not be observed in the monocytic and granulocytic differentiation processes of
HL-60 cells®?, supporting the notion that c-fos may serve macrophage-specific
functions. Further, c-fos expression is low in osteogenic cells, but high in bone
marrow and macrophages; in the latter, it is confined to mature cells®®. In mouse
fibroblasts, serum or purified growth factors induce a rapid (within 10 min) but
transient increase in mRNAs specific for c-fos and a c-fos related gene, followed by
the synthesis of nuclear c-fos proteins?®~%7), This induction of c-fos precedes that of
c-myc®®. In macrophage proliferation, expression of c-fos is also inducible by the
macrophage-specific growth factor CSF-1; however, the kinetics are entirely differ-
ent from those in growth-factor stimulated fibroblasts®?. Although c-fos can be
induced rapidly in fibroblasts and HL-60 cells by TPA, the end result of this induc-
tion is different, yielding to proliferation in the first and to differentiation in the
latter case. It is conceivable that the c-fos product functions as an intracellular
mediator of TPA action at the cellular membrane, the ultimate outcome of this
triggering process depending on a specific cellular commitment. The N-myc gene,
frequently found to be amplified in neuroblastoma cells (see 3.2.1), is expressed
more actively per genomic copy in such cells than in non-neuroblastoma cells and
tumors®), Its expression decreased during retinoic-acid induced morphological
differentiation of human neuroblastoma cells prior to the appearance of morpholog-
ical changes®™”. This suggests that N-myc may be a cell-type specific proliferation
gene for neurogenic tissues.

The amplification of oncogenes, namely c-K-ras-2 and c-myc has been found
simultaneously in a human lung giant cell carcinoma LU-65, which is maintained in
nude mice. Both genes were amplified 8—10-fold, which was accompanied by a point
mutation in c-K-ras-2%V. Three of sixteen samples of human gastric adenocar-
cinoma carry amplified c-myc genes with a concomitant increase in c-myc mRNA.
Karyotype analyses revealed the presence of double-minute chromosomes™?.

Some progress has also been made in the characterization of oncogene products.
The c-myc gene product has been identified as a nuclear protein of molecular weight
65000D%%. In subsequent studies, the same group of investigators used antisera
prepared against synthetic peptides representing different portions of the c-myc
protein, to immunoprecipitate c-myc related proteins from mouse, rat, hamster,
frog, and monkey cells. This suggests an evolutionary conservation of antigenic
structure, and possibly function, of the c-myc protein among vertebrates®”. The
human c-myc gene product is a DNA-binding protein®, just as a bacterially made
homolog®>). More detailed studies with regard to the human c-myc protein have
been carried out by others. Ramsay et al. identified two phosphoproteins, pp®™©,
the major product, and pp®*™°, produced in smaller quantities’®. The half-live of
these two proteins is about 30 min®.

Hann and Eisenman found two nuclear phosphoproteins of molecular weights 64
and 67kD as human c-myc products, which were shown to be highly related by
proteolytic mapping *”. Interestingly, an alteration in the expression of pp%°™°
relative to pp®’ “™° was observed, paralleled by differences in promotor utilization
of promotors P1 and P2 of the c-myc locus (see Fig. 1.A). This was achieved by
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comparing normal cells and cells carrying structurally altered c-myc alleles.

A large number of studies is still concerned with the biological functions of ras
oncogene products. The decreased GTPase-activity of mutated p* ras proteins has
been substantiated by three other groups®® ). The requirement of Ha-rasp?
protein for transformation of NIH3T3 cells was directly demonstrated by micro-
injection of the bacterially made oncogene product into recipient cells*?. In addi-
tion, it was observed in this study that the injection of Ha-ras p*! stimulated quies-
cent fibroblasts to enter the S-phase of the cell cycle, an observation independently
made by others®™. A second important evidence for the transforming potential of
Ha-ras p? proteins is an experiment involving the injection of anti-ras antibodies
into fibroblasts. When antibodies specific for amino acid 12 were injected, a trans-
ient reversion of oncogene-induced cell transformation was observed®*®. Injection
of monoclonal antibodies against ras proteins showed that these proteins are
required for the initiation of the S-phase in fibroblasts®. The transforming activity
of ras-proteins is mostly localized to the N-terminus, whereas the C-terminus may
function in the recognition of specific stimuli, differing for each of the ras protein
types™™: 3%, Alterations in the electrophoretic mobilities of position-12- and posi-
tion-61-altered p*! molecules are different from each other and wild-type products,
allowing a rapid immunological assay for ras mutations®”. Monoclonal antibodies
of predetermined specificity have also been used to detect mutated p? ras proteins
in immunochemical studies®®. The tumor, but not the normal tissue of two patients
with lung and mammary cancer contained mutated forms of the c-Ki-ras-2 and c-Ha-
ras-1 alleles, respectively; this suggests that the activation of ras oncogenes may
concur with the development of human neoplasia®®*'9, Mutations in ras genes,
however, may also be acquired after establishment of human tumor cells in culture,
as shown for the human PA-1 teratocarcinoma cell line®'?, a finding reminiscent of
the oncogene activation in ras loci during the progression of a mouse lymphoma®?.

The evolutionary relationship of the epidermal growth factor receptor gene has
been worked out in some detail. These studies show that (i) the second extracellular
domain has a homology to o;-acid glyco-protein (known to be distantly related to
immunoglobulins), (ii) the transmembrane domain is similar to that of the HLA
class II B-chain, and (ii) antibodies to two defined regions of the transforming
regions of the transforming protein pp®™™ interact specifically with the epidermal
growth factor receptor kinase system located in the cytoplasmic domains®* ', The
gene for the EGF receptor is amplified, expressed at elevated levels, and possibly
rearranged in primary human brain tumor cells of glial origin (A-431 cells)*™.

Studies on the cooperation of oncogenes and their classification into genetic
complementation groups (Table 6) have revealed another immortalizing gene, p53.
The cellular tumor antigen p53, is formed at elevated levels in a wide variety of
transformed cells®®, although its relationship to malignant transformation is still not
fully understood. Certain similarities with the product of c-myc exist, since both are
regulated with the cell cycle’™*73') and the amino acid sequences predicted for
the two proteins show weak similarities in both the overall molecular organization
and the positioning of charged residues within distinct domains of the molecules®'®.
Indeed, it was shown that the protein encoded by the p53 gene can complement
activated ras genes in the transformation of primary rodent cells®'®*', Its classifica-
tion as an immortalization gene was directly demonstrated with xiphisternum chon-
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drocytes (WAXI cells) by Jenkins et al.*”. The Ad2 E1A protein is a nuclear
protein®, and able to stimulate both viral and cellular gene expression™?.

The transmission of the polyoma middle T gene as the dominant acting oncogene
of an in vitro recombined murine retrovirus definitely proves its assignment to the
group of transforming genes®. The homologies between signal transducing G pro-
teins and ras gene products suggested in light of their GTP binding and hydrolyzing
activities has been substantiated by a comparision of primary sequences of the o
subunit of a bovine brain G protein and the a subunit of rod outer-segment trans-
ducing with ras gene products; the NH,-terminal peptide sequences of these proteins
are highly homologous®?,

Keath et al.*® constructed fibroblast lines expressing activated c-myc oncogenes
and have shown that these cells are tumorigenic in nude mice and syngeneic animals;
their data suggest that constitutive c-myc expression leads to tumorigenicity in
immortalized cell lines. In transgenic mice that carry an otherwise normal mouse
c-myc gene, in which increasingly larger portions of the myc promotor region have
been replaced by a hormonally inducible MMTYV promotor, spontaneously develop-
ing mammary adenocarcinomas were observed®?®. Not only the female founders of
the transgenic strains but also F1 female progeny developed these tumors during
their early pregnancies. These studies provide evidence that a constitutionally dere-
gulated myc gene appears to act as a heritable, predisposing factors, favoring the
accelerated development of a tissue-specific adenocarcinoma. Molecular studies
with T- and B-cell leukemia and lymphoma revealed some additional clues regarding
the mechanisms underlying the genesis of these malignancies. Studies with an acute
B-cell leukemia cell line with 14;18 and 8;14 chromosome translocations allowed the
identification of a second putative B-cell lymphoma oncogene locus (termed bcl-2)
or chr. 18q21°-3®_ Data suggesting that the switching process proceeds in the
general order consistent with the proposed order of the heavy chain gene classes on
chr. 14  (namely 5'-(Vg)y-D-Jy-C,-Cs-Cy5-Cy1-W,-Coy-¥,-C,p-C,4-C-Cp-3',
where W, and W, are pseudogenes™”), may allow a rather subtle characterization of
monoclonal expansions of B-cells. By use of a cDNA probe for the T;f subunit of the
T-cell antigen/MHC receptor, it was found that T;p rearrangement is evident in stage
II (T11 + T6 + T3 -) and stage Il (T11 + T6-T3 +), but not stage 1
(T11 + T6 - T3 -) thymocytes; the expression of To and T;f molecules (the
heterodimer representing the T-cell receptor) was restricted to stage III thymo-
cytes®™. Thus, human T-lineage ontogeny is, analogous to the B-lineage, character-
ized by an orderly series of differentiation steps. This can be exploited to molecu-
larly characterize human T-cell leukemias®!~33%,

Chronic myelogenius leukemia has now been additionally characterized by the
finding of aberrant transcripts from the c-abl locus situated on chr. 9q34.1. The
finding of an 8kb abl transcript, as opposed to the normal 6 and 7kb transcripts, was
associated with the presence of the Ph' chromosome, i.e. the characteristic 9;22
translocation®® 3%, The data suggested that the aberrant transcript contained
extra information from the region 5’ of the translocated oncogene. The transcript
might be translated into an altered protein, perhaps modified at the NH,-terminus
region. This region has been previously shown to be critical for the transforming
activity of the protein encoded by v-abl*>®.

The rearranged c-myc gene from the Burkitt's lymphoma cell line CA-46 is
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characterized by the fact that the non-coding first exon remains on the 8q~ chromo-
some and the coding sequences are translocated to chr. 14q* **”. The data further
indicate that the first exon of c-myc is rearranged 3’ to 3’ with W, gene, into the
switch region of the C,; gene, the prominent site of c-myc translocation seen in
mouse plasmacytomas®”. Nilsen and Maroney™® have assessed the translational
efficiency of c-myc mRNAs in a variety of cell lines carrying normal or translocated
c-myc alleles. It is of considerable interest that the mRNA contained in P3HR-1
cells (the transcriptionally active c-myc allele is broken in the first intron and thus
the suggested stem-loop structure cannot form) is translated with equal efficiency as
normal c-myc mRNAs. This does not support the translational regulation model
suggested by Saito et al.”® (Fig. 2.B).

Dani et al.* have shown that the half-life of c-myc mRNA is extremely short,
about 10 min. Their finding that the inhibition of protein synthesis in some, but not
all cells resulted in the stabilization of this message suggests the possibility that
another type of post-transcriptional control of c-myc expression may exist. It is
apparent from their data that a protein, itself with a rapid turn-over, might be
responsible for exerting such effects.

The molecular analysis of the Burkitt’s lymphoma AW-Ramos cell line by
Wiman et al.>* lends further credence to the model of c-myc regulation mediated
by 5'-regulatory sequences (Fig. 2.A), and also suggests that the constitutive expres-
sion of c-myc is more important than the absolute level of c-myc mRNA.

Experiments by Lachman and Skoultchi**" add yet another dimension to c-myc
regulation. They studied the level of c-myc mRNA in mouse erythroleukemia cells
induced to differentiate by dimethyl sulfoxide or hypoxanthine, and observed a
biphasic change of c-myc expression in the first 24 h after addition of inducer to the
culture. An initial decline of c-myc expression does not require protein synthesis,
whereas a restoration of c-myc mRNA levels is dependent upon continued protein
synthesis. The observation of an early decline in c-myc expression can be explained
by the conventional negative feed-back control model outlined in Fig. 2.A. The
restoration of expression may, however, suggest that c-myc expression may also be
controlled by a positively acting protein factor.

A stringent negative as well as positive regulation of c-myc expression was also
observed in WEHI 231 cells, which, when treated with anti-mouse Ig antiserum
cease proliferation by 24 h after completing one round of cell division and become
arrested in G; phase. This arrest of growth by a specific receptor (sIg)-mediated
signal is preceded by a dramatic decline in cytoplasmic levels of c-myc mRNA,
which, during the initial phase of treatment, is transiently increased 5- to 10-fold>*?).
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Cancer-associated alterations of blood groups or their precursors occur most frequently in car-
cinoma and in leukemia. Antigens most often affected are those of the ABO(H), Ii, Lewis, MNT and
P systems. The blood group changes in cancer may involve one system or multiple systems. When
reported in leukemias, blood group deficiencies have usually been confined to A and H antigens,
but in some cases, have been accompanied by other blood group system deficiences. Gene specified
o-2-L-fucosyltransferase deficiency is a common precursor abnormality in untreated acute leukemia.
The changes observed in adenocarcinomata and other solid tissue tumors are varied. Some tumor
cell surfaces lack or are deficient in blood group determinants, whereas, gains of antigen have been
reported in other tumors, at times inappropriately expressed relative to erythrocytic determinants.
The probable causes relate to

1. production of simplified glycolipid or glycopeptide patterns in comparison with the normal tissue

counterpart

2. production of unusual or atypical complex forms of glycoconjugate.

Current evidence suggests as a frequent cause deficient or aberrant synthesis of gene specified
glycosyltransferases rather than excessive glycosidases. Synthesis of novel tumor related substrates
may in turn provide favorable microenvironments for ubiquitous sugars such as sialic acid or other
carbohydrates whose acceptor requirements may be less rigid than those carriers responsible for A,
B or 0 specificities. In addition to changes in antigen status, malignancy can produce alterations in
immune responsiveness as reflected by altered levels of circulating anti-A, anti-B, anti-T or other
naturally occurring antibodies. Blood group-like autoagglutinins may be formed, in some cases of
neoplastic disease and may cause active hemolysis. In many cancers, a heightened cell mediated
immunity can be demonstrated using extracts of erythrocytic T antigen. The latter phenomenon has
established a role for one blood group system in cancer diagnosis. Specific diagnosis of gastrointesti-
nal cancers may be aided by blood or tissue tests utilizing monoclonal antibodies formed against
Lewis-system-related cancer antigens. These and other monoclonal reagents are significant aids as
applied to immunohistochemical studies of tumor tissue. Therapy of tumor using cytotoxic blood
group antibodies or radiolabeled lectins has shown initial promise and may be expected to expand as
hybridoma technology becomes more widespread.
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1 Introduction

Tumor transformation produces numerous antigenic alterations?, particularly
among the glycoconjugates, sugars linked to each other, to lipids and to proteins®?.
Many blood group antigens are identified as glycoconjugates; they include the
ABO(H), MNT, Lewis, Ii and P antigens”. These determinants are particularly
valuable since they can be understood in terms of their serology, chemical structure
and biochemical genetics*”). Their specific functions are not well understood; how-
ever, their position as terminal or penultimate sugars may assign them a special role
as protective or informational molecules®'?. Ordinarily, these antigens, equally
described on erythrocytes*'?, persist unchanged throughout the lifetime of the indi-
vidual, but they may be susceptible to alterations in the presence of certain
hematopoietic diseases and solid tissue tumors, primarily carcinomas. A review of
this topic was published by one of us in 1980'). New data has accumulated rapidly
since then, particularly in the areas of structural analysis, biochemical genetics, and
immunologic and tumor marker relationships. The purpose of this review is to
provide an update of progress realized in these areas. Other reviews with emphasis
on special areas are also available”™. Current and prospective experimental
studies should be of use in regard to the following questions:

1. are changes in blood group antigens unique concomitants of tumor transforma-
tion, or are they phenomena symptomatic of a more general event, such as
altered molecular precursors, membrane domains or altered cell subpopulations?

. are the changes essential to tumor initiation or tumor progression?

. are they sporadic occurences in leukemias and carcinomas or are they predictable
under conditions as yet poorly specified?

. can the changes be reproduced in experimental cancers?

. how can these cell surface alterations be of use in diagnosis or therapy?

W N

wn

2 Blood Groups and Blood Group Precursors — Overview

The ABO(H), MNT, Lewis, Ii and P systems account for five of more than fourteen
major blood group systems which comprise more than one hundred antigens. There
are, in addition, numerous private and public red cell antigens. They are observed
by hemagglutination using operationally monospecific alloagglutinins'®. Recently,
highly specific monoclonal antibodies and affinity purified agglutinins have been
prepared against several of the above antigens'”-®“?_ Such antibodies can be
employed in standard hemagglutination tests'®, hemagglutination inhibition',
immunoelectron microscopy””, specific red cell adherence?”, enzyme linked
immunoassay?, or radioimmunoassay®).

Specific terminal or penultimate sugar moeities account for the specificities dis-
played by these antigens®”. Their attachment to carrier macromolecules is catalyzed
by glycosyltransferase enzymes which transfer sugar from nucleotides*?. The
genes exist on separate chromosomes, but their products can result in sugar addi-
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tions to the same macromolecule, which can be glycoprotein, glycolipid or oligosac-
charide®.

A and B structures are characterized by terminal N-acetylgalactosamine (Gal-
Nac) or galactose (Gal), respectively, which are added to a common precursor
possessing O(L-fucose) specificity. The ABO gene locus possesses two functional
alleles, A and B, and a nonfunctional allele, O(H); the alleles code for specific
glycosyltransferases which catalyze sugar additions to H precursor*®. Groups A
and B are divided into subtypes, the major ones being A, and A,, and A;B and A,B
respectively. The enzymatic basis for these differences relates to qualitative®® and
quantitative?” differences in the gene specified N-acetylgalactosaminyltransferases.
A third independent locus, Se or secretor, codes for an o-2 fucosyltransferase which
catalyzes the addition of terminal 1 — 2 linked 1-fucose to penultimate Gal on a
Gal-GlcNac disaccharide, thereby conferring blood group H specificity*?.

Specificity Type 1 chain Type 2 chain
o AcNH A
- H,0H CH0H o, CHZOM_ o HO o
H PO NN
H3C o H3C: o 7
OH OH N OH

HO

B-Gal(1~-4)8-GlcNAC-R

12
a-Fuc

B-Gal(l~ 3)B-GIcNAC-R
e
a-Fuc

" o OH o,
O ehz0H o, z
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A ACNN 2000, =
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OH OH O
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1,2
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5"20" cn,ou 0.
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1,2 iLe
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Fig. 1. Structures of H, A, and B determinants based on Type 1 and Type 2 carbohydrate chains.
The arrows indicate the position in the terminal sugar ring where there is a difference between A
and B structures. Abbreviations: Gal, galactose; GlcNAc, N-acetyl-D-glucosamine; GalNAc, N-
acetyl-D-galactosamine; Fuc, L-fucose (From Watkins, W.: Adv. Hum. Genet. 10, 1 (1980),
reprinted with permission)
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Specificity Structure
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Fig. 2. Structures of Tpye 1 H, Le®, and Le® determinants. Abbreviations as in Fig. 1 (From Wat-
kins, W.: Adv. Hum. Genet. 10, 1 (1980), reprinted with permission)

Non-secretors (sese), who possess the Lewis gene which codes for o-1 — 4-
fucosyltransferase form Le® substance, L-fucose being attached in the 1 — 4 position
on penultimate N-acetylglucosamine (GlcNac). Lewis positive secretors code for
both of the above enzymes which produce a difucosyl compound on 1 — 3 linked
Gal-GlcNac to form the gene interaction substance Le® 4.

A and B antigens are formed on membrane structures or in secretions. The H
and Le antigens are produced in secretions, including plasma where Lewis substance
has been identified as a glycolipid®®, and can be adsorbed on to red cells®. The
structural relationships of ABH and Lewis antigens are schematized in Fig. 1. The
acceptor requirement for Lewis antigens is more stringent than for H, in that precur-
sor Gal-GlcNac must be 1 — 3 linked, whereas for H, either 1 — 3 or 1 — 4 link-
ages provide a satisfactory substrate (Fig. 1 and 2)¥. Recently, globoside has also
been identified as a substrate for H sugar*?.

Quantitative analysis by radioimmunoassay of A and B antigens in saliva of
ABH secretors and nonsecretors by LePendu et al.”> has indicated that there is
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competition between A or B and Le gene-specified products. One B and two A
specific radioimmunoassays detected A and B antigenic determinants in saliva of
ABH non-secretors. The A or B antigens found in saliva of nonsecretors had lower
efficiency and higher heterogeneity in the inhibition of the A or B assays, as com-
pared to A or B antigens in saliva of ABH secretors. In the three assays, samples of
non-secretor Lewis positive donors had less A or B than samples of non-secretor
Lewis negative donors.

The disaccharides which furnish the penultimate sugars for ABH Le expression
are terminal to linked oligosaccharides or to ceramide or protein linked oligosac-
charides; prevalent chains among these carriers are linear lacto-series compounds,
lacto-N-tetraosyl and lacto N-norhexaosyl>® and branched repeating Gal-GlcNac
compounds, lacto-N-isoctaosyl* ©.

The Ii antigens can be regarded as differentiation products®*? and are not
known to be derived from allelic genes as are the A and B antigens'®. Reactivity for
i requires linear repeating Gal 1 — 4 GlcNac as in the lacto-N-norhexaosyl com-
pound, whereas I requires in addition, branched lactosamine from 3 and 6 positions
on penultimate Gal®. The linear arrangement of i is prevalent on fetal membranes
and on immature blood group substance® *-3? whereas branched I substance char-
acterizes adult blood group macromolecules®, probably the result of an activated
branching enzyme*®.

(A) Fucal — 2Gal81 — 4GIcNAcS1

gGalth —+ 4GIcNAGB1 — 3Galf1 — 4GlcB1 — 1Ceramide

NeuAca2 — 3Gal31 — 4GIcNACB1 w
. ]
From human erythrocytes: Watanabe, Powell, and Hakomori 1978

(8) Gala1 — 3Galf1 — 4GIicNAcS1

gGal[ﬂ — 4GIcNAcB81 — 3GalB1 — 4Gic31 — 1Ceramide

NeuAca2 — 3Gal31 — 4GIcNAcS1
From bovine erythrocytes: Wtanabe et al.¥”

(C) Gal31 — 4GIcNACB1

3Galﬁ1 — 4GIcNAcB1 — 3Gal31 — 4GIc31 — 1Ceramide

NeuAca2 — 3Gal31 — 4GIcNAcS1

From human erythrocytes: Watanabe, Powell, and Hakomori 1979%*

(D) Gala1 — 3Galg1 — 4GIcNAcS1
gGauﬂ — 4GIcNAcB1 — 3GalB1 — 4GicB1 — 1Ceramide

Gala1 — 3Gal31 — 4GIcNAcS 1
From rabbit erythrocytes: Hanfland et al. 1979%°

Fig. 3. Two novel gangliosides with branched carbohydrate chains (A, B) and the I-active human
ganglioside (C) and I-active rabbit erythrocyte glycolipid (D) (From Hakomori, S.: Sem. Hemat.
18, 39 (1981), reprinted with permission)
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As in the case of competition between Se and Le gene products, fucosyl- and
sialyl-transferases can compete for the above substrates as carriers for their respec-
tive sugars>®. The expression on linear chains of i antigen will differ depending
upon the terminal sugar, abrogation in the case of fucose® and partial expression in
the case of sialic acid®3¥. Similar arrangements will affect I expression®.

Structures within the P system that can be built up from a common precursor
include the P* and P antigens. The precursor exists as glucosyl-ceramide (CMH)
which serves as the substrate for lactosyl ceramide (CDH), the structure of p. The P
compound (CTH) requires terminal o-Gal which is the carrier for terminal $-Gal-
Nac, the completed molecule being known as globoside (P antigen). The latter can
function as an acceptor for Forssman antigen® in the presence of an appropriate
galactosaminyltransferase or for H antigen*V when penultimate B-galactose is pres-
ent. The P; compound has been found on lacto-N-tetraosyl structures that are
shared in common with ABH oligosaccharides, for example, paragloboside®).

M and N antigens are unique in that they are specified by sialic acid in non-
covalent linkages with specific amino acids on sialopeptide molecules’->® where the
oligosaccharide chains are comparatively short. Removal of sialic acid and exposure
of penultimate B-galactose reveals T specificity which is normally cryptic®™>?,
Removal of -galactose exposes core N-GalNac with the emergence of Tn specific-
ity*®*), Thus, T and Tn are MN precursors® %),

Tk and Tx are other cryptantigens with serological properties unique from T and
Tn, each representing a product resulting from exposure to specific microbial gly-
cosidases*>*). ABH, Le, Ii and P appear not to be expressed upon these sialogly-
copeptides, although in the case of ABH, there seems to be no a priori reason why
penultimate B-Gal could not serve as an acceptor for H specified L-fucose?.

In contrast to ABH terminal sugars which may appear on highly branched and
complex oligosaccharides, M, N and T sugars exhibit a lesser degree of complexity
and branching”.

Compounds onto which these blood groups and their precursor sugars may inte-
grate themselves include, in the case of ABH, neutral glycosphingolipids (GSLs)
and O-serine/threonine linked or N-asparagine linked glycoproteins®®; Le and Ii,
neutral and acidic GSLs and glycoproteins* ®; P system, neutral GSLs and glycopro-
teins”. All of the above determinants can also be formed as constituents of complex
carbohydrates such as mucins®. MNT antigens are predominantly localized on sialo
glycopeptides or glycophorins”), but their occurrence on lipid has been re-
ported*,

Organ distribution of some of the above blood groups or their precursors has
been studied extensively, both by serological®** and biochemical methods*"*?,
By serological and histological methods, ABH, Le, Ii, P and MN have, apart from
their location on erythrocytes, been localized on squamous, columnar and transi-
tional epithelium, and the vascular endothelial lining of most if not all organs™®>4,
Tissue blood group expression within organs is variable’. Blood cells other than
erythrocytes have exhibited blood group reactivities™ >?, although the adsorption of
soluble blood group substance by lymphocytes and platelets may be proportionately
greater than it is on red cells® ). Neutrophils have been stated by some workers to
lack ABO antigens on their surface*™, and blood group H gene specified o-2-
fucosyltransferase has not been demonstrated on these cells*. Recent studies have
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suggested that lymphocyte subpopulations may be distinguished based upon differ-
ences in membrane glycolipids and blood group Ii antigens® ¥, Tissue distribution
within kidney, pancreas, liver and placenta has been carefully studied for multiple

negative for H, Le and Ii, whereas these antigens were strongly positive in collecting
tubules. In liver, hepatocytes were negative, but biliary cells and Kupffer cells were
positive for combinations of the above antigens®”. Trophoblast tissue was found to
cm;tain small amounts of i antigen, but not other antigens such as ABH, I, Le and
P,

Gastrointestinal mucosa contains large quantities of blood group substances in
relation to other tissues. Of particular interest is the presence of both types 1 and 2
chains in contrast to red cells, which contain only type 2 structures®”. Pancreas was
found to contain only type 1 chains on fucolipid®. Blood group distribution
diminishes distally in the intestine, such that ABH and Le® is expressed in the
proximal colon, but not in the rectosigmoid*’+ %>, In contrast, Le® structures have
been demonstrated throughout the normal adult colon®: %,

ABH and other antigens may be cryptic in many cells and tissues® " due to
masking by sialic acid or sialopeptides and are not demonstratable by conventional
methods. Pretreatment of tissue with trypsin or sialidase followed by agglutination
or staining has at times been successful in revealing these determinants. In certain
tissues such as brain, type 2 Gal-GlcNac chains are common structures but ABH
antigens are not expressed, probably because these substances occur as fucosylated
gangliosides’™, with fucose attached 1-3 to penultimate GlcNac. Brain tissue also
possesses a unique disaccharide, a-Gal 1 - 3 N GalNac™, which is in contrast to
B-Gal 1 — 3 N GalNac MN precursor found in most tissues studied. The factors
accounting for normal blood group variability are probably complex. In this context,
the role of sialic acid as a regulator of fine structure or as a rival for common
substrates deserves further study.

Recently perfected methods of analysis coupled with the use of monoclonal
antibodies against defined structures have quickened research in this area. As an
example, erythrocyte receptors for mycoplasma microorganisms have now been
characterized as sialylated Ii structures”. Monoclonal antibody prepared against a
human epidermoid carcinoma cell line was found to precipitate the glycoprotein
receptor for epidermal growth factor. Inhibition studies using the oligosaccharide
lacto-N-fucopentacose I indicated the presence of type 1 blood group precursor
chains™.

Cell separation methods may assist in the assignment of specific precursor struc-
tures to specific cell types within tissues or organs. Lectin affinity chromatography
may prove particularly useful in this regard. A recent technique makes use of a
single affinity absorbent, hog gastric mucin group A + H substance covalently cou-
pled to Sephadex or Sepharose, to which lectins of various specificities can bind,
thus forming affinity probes™. Other studies have demonstrated that fucose-bind-
ing lectin from Lotus tetragonolobus bound selectively to blood polymorphonuclear
leukocytes, and that binding was prevented by L-fucose’®).
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3 Methods

Cancer associated blood group changes have been studied by three general ap-

proaches:

1. statistically by comparing the normal blood group incidence with that observed in
cancer populations or families; the technique usually employed for such associa-
tions is standard red cell hemagglutination'®7;

2. serologically by mixed agglutination or specific red cell adherence’® ™ or neut-
ralization inhibition in established malignancies in searches for alteration of red
cell or tissue blood group reactivity or for mixed cell populations; and

3. chemically or histologically>***™ by comparison of the structural or enzymatic
status of blood group or their precursors in tumor vs normal adjacent tissue or
tissue from unaffected individuals.

Although, chemical analysis is of profound importance in establishing fundamen-
tal changes of patterns in enzymes or in enzyme structure, its requirements for
quantity impose restrictions on the types and numbers of carcinomas or other can-
cers available for analysis. This obstacle will probably disappear with the continued
development of newer purification techniques, micromethods, and of monoclonal or
affinity purified antibodies for use in isolation and staining by blot tech-
niques'” 888 Recombinant DNA technology has been utilized to clone genes for
bacterial glycosylltransferases and these methods should prove important in future
studies of precursor synthesis utilizing appropriate vectors and cell mutants.

Tissue section analysis may be carried out separately or in parallel with biochem-
ical methods using antibodies as described above which have been appropriately
labelled. Among the most popular labels are fluorescein or rhodamine employing
ultraviolet microscopy, or horseradish peroxidase utilizing light microscopy® . A
variety of bridging techniques are available, which serve to enhance specific tissue
reactions?*?. A method frequently employed in immunodiagnosis is specific red
cell adherence® where specific antibody acts as a bridge between indicator red cells
and surface epithelium. Immunohistological methods are of special value since they
are extremely sensitive, they require only small amounts of tissue, large numbers of
specimens can be examined simultaneously, and antigen distribution can be related
to histopathologic changes®. The use of more than one sugar specific antiserum or
lectin or an examination of adjacent sections by diverse antibody reagents may aid in
simultaneous studies of blood group terminal sugars and their acceptors® ®). Pro-
cessing techniques utilized for histopathology may prove injurious to certain anti-
gens and thereby restrict interpretations of tissue studied retrospectively*:“®,
Alcohol soluble blood group substance associated with lipid may be removed in the
process of paraffin embedding, but water soluble materials of epithelial mucins will
be preserved* ). Thus, prospective studies may benefit from comparisons of
stained tissue which has been frozen with material fixed by conventional methods.
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4 Blood Groups in Cancer — Serologic Studies

A. Blood Group Associations with Cancer

Blood groups are related to disease susceptibility, but the exact mechanism of this
relationship is unclear. It may be that force of natural selection is acting through
disease to affect the various blood group frequences®. For many years, deficiencies
in the techniques or reagents employed in blood grouping made it difficult to evalu-
ate numberous claims which followed Landsteiner’s discovery of ABO antigens. By
the 1950s, most reliable investigator’s were working with standard typing methods,
using high-titered reagent antisera. During this time, and the decade that followed,
several important associations were established between blood groups and disease.
Those associations involving diseases other than cancer will not be mentioned here,
but are summarized by various authors”. The first well-documented claim was
established between erythrocytic blood group A and carcinoma of the stomach'®.
The data were based upon comparisons between individuals with this disease and a
normal population of equivalent size, and indicated that if the risk that a person of
blood group 0 or group B will develop carcinoma of the stomach is taken as 1, then
the risk for a group A individual is 1.2. Observations which now total over 63,000
indicate that this, and that for carcinoma of the ovary, are the most firmly estab-
lished associations®.

Mourant et al.”Y have indicated that nearly all carcinomas are in some degree
associated with blood group A, and that in most cases, the association is statistically
significant. Associations with secretor A also appears to exist, but are based upon
relatively small numbers. In contrast, associations of group B with carcinoma have
usually not been statistically important.

Laboratory support for these findings has been difficult to obtain, but it is inter-
esting that A-like Forssman glycolipids have for many years been thought of as
tumor-associated agents'”"%). Hakomori et al.!® recently prepared Forssman-like
chemical extracts from stomach and colon carcinomas which were similar to A
antigen. Levine (1978) has indicated that correlations exist between carcinomas and
low quantities of circulating anti-Forssman hemolysins which may exist as circulating
immune complexes. Other workers have found no correlation between the latter
and anti-Forssman titers'®. It remains to be determined whether anti-Forssman
antibody could perform tumor surveillance more effectively when A-like tumor cells
arise inappropriately in 0 and B persons, as compared with their occurrence in A
individuals.

Leukemias have occasionally been accompanied by weakening of erythrocytic
blood group antigens (discussed below), whereas in carcinomas, only the tumorous
tissue appears to be altered. The results of conventional blood typing have shown
that blood group distribution among leukemic patients is not significantly different
from normal, although many leukemic patients with altered blood group expression
have been described since 1957. Thus, among 590 patients investigated by Gunz
(personal communication), there were no deviations from the normal pattern in the
ABH, Rh, MNSs, Kell, Lewis, and Lutheran systems.
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There appears to be a strong selective effect of the ABO groups on the develop-
ment of choriocarcinoma. In comparison with women who are of group 0, the risk of
choriocarcinoma for group A women is less if the husband is also of group A, but is
greatly increased when he is of group 0'% ™), The risk does not seem to be related
to the ABO group of the fetus, since choriocarcinoma-associated children born from
A X 0 matings have been equally divided among group 0 and group A. The effects
of blood groups on the development of choriocarcinoma would therefore appear to
be influenced by genetic factors reflected in the ABO group of the husband, but not
in the ABO group of the conceptus, raising the question of whether this effect occurs
at or before fertilization.

In an interesting family study of more than twelve hundred persons, in which
seven cases of Hodgkins disease were documented, there were twice the expected
number of Rh negative individuals''?. This raises the question whether certain Rh
haplotypes predispose to Hodgkins disease via gene linkage, or whether alternative
Rh haplotypes confer disease resistance.

B. Deficient Blood Group Expression in Leukemia

Blood group red cell antigen modifications resulting from a malignancy were first
observed in acute leukemia''*™'¥; all of these studies described weakened expres-
sion of A antigen in the course of myeloblastic leukemia. Additional case reports of
a similar nature established group A as the most frequently affected of the blood
groups. Although most of the published reports concern acute myeloid leukemia
(AML), other cytologic forms of acute leukemia have been associated with the same
red cell defects'. Secretor activity appears to be present in many cases with
weakened erythrocytic antigens''™:114115:118:120) and absent in others!’ 319 byt
in some cases has not actually been determined.

After group A, Group H appears to be the next most frequently involved anti-
gen'”> 1% 12D and a few reports have described loss of B antigen'?'?, I-i altera-
tion'> %) and modifications of Le? I''?, P MN"% and Rh****?_ Abnormalities
of y-globulin groups have occasionally been described'® * indicating the involve-
ment of lymphocytes themselves. In three cases of acute leukemia, multiple antigen
loss was described involving A and Le® antigens, and in two cases i antigen®>. Other
multiple antigen losses have been described'® %), With very few exceptions'® 139,
the reported cases have described a weakening rather than an increase in strength of
the blood group antigens.

Salmon'" " who has studied this subject extensively, has classified weak
(group A) reactors into three classes, according to the quantity of A-reacting cells
detectable in a mixed normal A-weak A, mixed A + non-A or serologically non-
reactive population. Presumably, these findings reflect the presence of one popula-
tion derived from normal precursor cells, and a second population derived from the
erythroid progeny of leukemic cell precursors; in such circumstances, the proportion
of normal to abnormal cells can range from large to small. The leukemic cells
themselves may demonstrate altered expression of blood groups®, although there
is some evidence that such alterations may be the consequence of masking by sialic
acid™®. An additional category described by Salmon and others'® is comprised of
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cases which demonstrate imperfect production of H antigen. Such cases are analog-
ous to the Bombay group, in which an amorphic gene results in a lack of H expres-
sion owing to the absence of an a-2-L-fucosyltransferase'*. The result is an inability
to express A or B, even in the presence of the corresponding transferase enzyme.
Some cases of weakened group A expression could be accounted for on this basis,
i.e., incompleted acceptor molecules on abnormal cells would be incapable of func-
tioning as normal acceptors for A or B sugars. Most acute leukemic patients appear
to be deficient in circulating a-2-L-fucosyltransferase*?, and this may relate in turn
to abnormalities of blood group acceptor molecules, although phenotypic expression
on circulating erythrocytes can be demonstrated in many of these cases.

The possibility exists that in some instances steric modification of cell surface
macromolecules associated with altered morphology may be a cause of blood group
loss, rather than enzyme abnormalities'>*?, such that precursor functionality
could be impaired in the presence of normal enzyme.

An excess of i antigen has been reported in acute leukemia, a finding that could
demonstrate a relationship of this marker to marrow transit time as reported for
thalassemia major and paroxysmal nocturnal hemoglobulinuria (PNH) by Giblett
and Crookston®?, but could also be related to the differentiated status of leukemic
cells or their precursors*),

Kannagi et al."**) studied the differentiation of mouse leukemia cells and
found sequential shifts of glycolipid species from short ganglio-series synthesis and
linear chains to elongated branched lacto-series types which could be determined by
i to I antigen transitions. The major glycolipids in mature human blood cells are
globo- and lacto-series, whereas leukemic cells tend to display i substance relating to
ganglio-series glycolipid®.

The i antigen on lymphocytes, in contrast to its counterpart on mature adult
erythrocytes, is easily detectable in normal adults. However, in chronic lymphocytic
leukemia (CLL) i antigen is markedly decreased compared to the normal, a finding
potentially useful when distinguishing CLL from other forms of lymphocytosis!*®.
Tests with anti-i may also be helpful in identifying the lymphoid or myeloid origin of
blasts in undifferentiated leukemia since lymphoid blast cells possess greater
amounts of i antigen than do myeloid blast cells'®,

Bird et al.'*® studied a patient with acute myelocytic anemia in which a mixed
population of erythrocytes was caused by Tn polyagglutination, a rare erythrocytic
abnormality which may occur in otherwise unaffected persons. The case was charac-
terized by two erythrocyte populations, Tn and non-Tn. The former disappeared
during the course of the patient’s disease, probably due to removal of the corre-
sponding clone of stem cells in association with cytotoxic drug therapy. Fusther
reports have been described associating Tn polyagglutinability with leukemia®®- 147,
The polyclonal nature of leukemia is suggested from observations that the various
markers can occur on cell populations independently of one another''),

In some cases, red cell abnormalities observed at presentation were noted to
revert to normal during remission, but again changed following relapse. In one
exceptional instance'® a modification of a blood group was reversed to normal as
the patient experienced a terminal relapse and the number of abnormal white cells
rapidly increased.

Salmon'” has demonstrated that blood group losses, deficiencies or modifica-
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tions of markers other than ABO are not restricted to the leukemias but appear as
well in refractory anemias and other preleukemic states, and on occasion in elderly
and normal subjects. Such observations may correlate in part with those of Parker et
al.*) who noted abnormalities of glycoprotein domains on erythrocytic extracts
derived from PHN patients, many of whom ultimately develop leukemia. Quantita-
tive agglutination studies of refactory anemia by Salmon et al. indicated modifica-
tions of A, B, H, I, and i antigens in 10 of 11 cases, which suggested a relationship
between this disease and leukemia. Kahn et al.*) studied a case of erythroleukemia
in a patient who was originally blood group A;. In the course of the disease, 50% of
the A antigen was lost from his erythrocytes. Separation of the abnormal cells
showed changes in several enzymes, including adenylate kinase, which interestingly,
is closely linked to the ABO genetic locus™”.

The incidence of blood group abnormalities in leukemia has been evaluated
using quantitative agglutination techniques. In two series of cases, H antigen
deficiencies were reported in 9 of 81 (11%) cases of malignant hemopathies, and
I-antigen modifications in 24 of 105 (23%) cases'?” *7., Ayres et al.'® demonstrated
abnormalities in 9 of 51 leukemic patients (18%), the more common deficits being
related to the H and I antigens. Transfusion in cases of severely anemic leukemia
patients was cited as a potential problem in evaluating the strength of blood group
antigen, and it is obvious that this would dilute any leukemogenic effects.

Transfusion of normal A cells into a leukemic patient with weakened A expres-
sion was utilized by Salmon et al.'* to determine whether an intrinsic factor such as
an A specific glycosidase was capable of modifying normal group A cells. Tests of
separated normal transfused cells indicated that they had retained their original
antigenic strength.

In a study by Majsky'? the percentage of red cells not agglutinated with anti-H
was studied in group 0 patients with acute leukemia. Abnormal values (designated
as more than 5% of unagglutinated erythrocytes) were found in 27% of the cases.
The cases included decreases in agglutinability of all corpuscles, as well as mixed
populations containing cells with normal H antigen and cells with decreased
amounts of H antigen. Salmon and Cartron found that 20% of leukemic patients
had lower than normal anti-H scores using anti-H reagents. Chemotherapy in
leukemia has been cited by one group as the major cause of A-antigen changes or
the appearance of dual populations™®, but the predominating opinion appears to be
that remission, in most instances thought to be initiated by treatment is accompanied
by a reversion toward normal in individuals with previously weakened blood
groups'”> 1%, Presumably, the changes reflect shifts in a mixed normal/leukemic cell
population.

An important aspect of changes in blood group phenotypes or their precursors in
acute leukemia and blastic crisis is that they specify abnormalities in genetic func-
tion. The following evidence is in support:

a) deficiency in the gene specified transferases can be observed?

b) Gm immunoglobulin modifications sometimes correspond to one of the haplo-
types of the stem cell and since allotypes specify different Ig molecules, modifica-
tions of different Ig markers must be produced by stem cells prior to functional
differentiation into cellular progeny™®.

Chromosomal translocation of chromosomes known to carry blood group genes
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occur in leukemia, more in chronic myeloid than acute leukemia, although aberrant
ABO expression seems to occur more frequently in the latter condition™”. Lines of
leukemic cells now available for culture studies raise the future possibility of explor-
ing these relationships in detail*?.

C. Carcinoma Related Blood Group Alterations

The demonstration of blood group activity in normal secretions and on normal
tissues other than erythrocytes?> °®1%9 was followed by studies of secretions and
tissue-associated antigens in a variety of diseases. It was found that carcinomas were
frequently associated with impaired blood group expression at, or in proximity to,
the sites of neoplastic transformation, but not on erythrocytes of these patients.
Early studies of defective expression of A and B antigen losses in glycolipids and
glycoproteins of human adenocarcinomas have been described by Ohuti'®,
Masamune et al.'*¥, Kay and Wallace'®, Kawasaki'*®, Davidsohn et al.'®-169,
Dabelsteen and Fulling'®, and Hakomori et al.!’”. The conclusions were based on
differences from the normal, making use of tissue extracts and immunochemical
methods!6* 1416170 " or ysing techniques of agglutination or mixed hemagglutina-
tion on cell suspensions’®>?*_ and immunofluorescence'™” '*® or specific red cell
adherence in fixed tissue sections'®” 1),

Kay'™ in studies of epithelial cells derived from the normal urinary tract, found
that the cells reacted in a mixed agglutination test, in conformity with the individu-
al’s erythrocytic ABO group. However, abnormal epithelial cells derived from scrap-
ings of 25 carcinomatous bladders, ureters, and a renal pelvis reacted poorly or not
at all in many cases. Five tumor cell suspensions failed to absorb the blood group
antibody that corresponded to the expected blood type, and this was accompanied
by loss of agglutinability of these cells in comparison with their normal counterparts.
An approximate inverse relationship was demonstrated between the degree of
agglutination and the malignancy of the tumors studied as judged by microscopy and
the extent of tumor infiltration or tumor metastasis.

Glynn and Holborow™ utilized specific immunofluorescence to study the dis-
tribution of blood group substances in tissues. They reported specific immuno-
fluorescent staining of blood group substances in cancer cells of the stomach. The
specific reactions were lost after treatment of the sections with ethanol. This was
interpreted to mean that the cancer cells more closely resembled parietal than
superficial cells, because the parietal cells gave a positive fluorescent reaction in
frozen sections. Eklund et al., using a indirect fluorescence technique, observed
staining in 5 of 6 cases of gastric carcinoma with various degrees of differentiation.
These studies were performed on frozen sections in order to preserve alcohol-
soluble blood group substances'™.

Losses of ABO antigens were later reported in urogenital malignancy
Confirmatory studies have shown ABO loss in tumor-transformed bladder tissue
Comparisons made between A and B antigens in normal and carcinomatous cervix
have generally shown tumor-associated antigen reduction or loss'”.

Benign and malignant breast lesions studied for A and B antigens by specific red
cell adherence showed consistent antigen deletion in intraductal carcinoma as well as

168, 173)
174)
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in fibrocystic disease, which suggested to the authors a possible link between these
conditions'™. On the other hand, deletion of MN antigens and exposure of T
appears to distinguish between these conditions since it occurs only in breast car-
cinoma and not in benign breast disease!™”.

Davidsohn et al.’®” utilized immunofluorescent techniques to investigate the
relationship between the dedifferentiation of carcinomas and the presence of water-
soluble blood-group-specific substances. Tissues of the stomach, small intestine,
ascending and transverse colon, and proximal portion of the descending colon in 81
adenomatous polyps and adenocarcinomas were compared with controls, utilizing
the intensity of fluorescence as a criterion. In the absence of cancer, blood group
substances were abundant in the epithelial cells and in secreted mucus. In cancer,
the antigenic substances were absent in secreted mucus, presumably an indicator of
dedifferentiation. Since these were retrospective studies, the secretor status of the
individuals from whom the tissue was derived was unknown.

Davidsohn et al.'™!™ Jater introduced specific red cell adherence, a modifica-
tion of the Coombs mixed agglutination technique, to study a variety of carcinomas
and normal tissues. The test appeared to be sensitive and specific, and unaffected by
the age of the paraffin-embedded tissues and hematoxylin-eosin-stained slides. This
permitted the authors to carry out retrospective studies on embedded tissues which
had been processed as long as 35 years previously. The loss of antigens increased
progressively from carcinoma in situ to anaplastic, invasive, and metastatic car-
cinoma, and was interpreted as evidence of immunologic dedifferentiation with
anaplasia. Three-hundred-and-fifty primary carcinomas of these organs were
studied. With few exceptions, the loss of the isoantigens preceded the formation of
distant metastases. On this basis, the authors believed that the test was valuable in
the diagnosis of early carcinoma in tissues that normally contain ABH antigen, and
in estimating prognosis. Sheahan et al.'” utilized Davidsohn’s technique and found
deletion of epithelial ABH antigen in primary gastric neoplasms and in metastatic
cancer.

Subsequent workers have provided ample confirmation of blood group loss in
gastrointestional carcinoma, as well as carcinoma in other locations® ¥*-8)_ Termi-
nal A or B antigen loss has frequently been accompanied by an accumulation of H
antigen precursor®® 1) Lewis antigen'®, or I antigen'®®. In recent studies, Dabel-
steen et al.¥), who previously reported A and B losses in oral malignancies, used
monoclonal antibodies against H antigen and its precursor N-acetylactosamine and
showed that A, B losses were accompanied by accumulations of precursors.

Cancer-related blood group loss has been but one manifestation of malignancy.
Gains of such antigens and at times their inappropriate expression in carcinoma have
frequently been reported'™ *8)_ This has been particularly true in areas such as
adult distal colon, where A and B antigens are normally not expressed'®*”, Denk
et al.™® have shown a re-expression of serologic activity in many colonic cancers.
Cooper and Haesler'®® found that 8 of 17 adenocarcinomas of the distal colon
possessed blood group substance, all in A patients. However, no colonic blood
group antigen was found in group B patients.

Other cases of cancer have been described in which acquisitions of A antigen
occurred in non-A patients’® %), Paul et al.’® reported in two glycopeptide frac-
tions from an ovarian cystadenocarcinoma and an appendix tumor, from patients
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with blood groups B and 0, respectively. The glycopeptides, in addition to demon-
strating compatible B and H activities, also demonstrated incompatible A activity.
Runge and Pour™ used a chemical carcinogen to induce pancreatic tumors in
hamsters, and found that mucins produced by the tumor possessed A antigenic
activity, although the erythrocytic group of these animals were 0O-like. Yokota et
al.”®V studied a hepatocarcinoma from a group 0 individual and have isolated two
short chain glycolipid fractions, one A-like and the other containing strong Forss-
man antigen activity. Piller et al.® reported on an increase of blood group A and
concomitant loss of Sda activity in mucus derived from a human neoplastic colon.

Studies by Yonezawa et al.®” on the binding of Ulex europeus (UEA 1 or anti-
H) lectin in distal colon sections are of interest. Binding of UEA could be demon-
strated to normal proximal colon but not to normal distal colon. However, colonic
mucosae became UEA 1 positive in adenomas and adenocarcinomas of the distal
colon. In four cases of rectosigmoid polyposis, non tumor mucosa bound UEA 1
lectin®®).

The underlying basis for such discrepancies may be complex. It is comparatively
straightforward to specify absent or deficient glycosyltransferases in cases of blood
group loss™> ¥ although there are alternative explanations*>®?. In cases of A-
antigen gain or inappropriate expression, cross reactions of tissue Forssman antigen
with anti-A must be considered. It is of interest that in 32 cases of gastric cancer
(including 15 group O cases) studied by the immunoperoxidase technique using
monoclonal anti-A or anti-B, there was no evidence of inappropriate red cell antigen
expression'®. In 6 of 17A or AB patients, A antigens were completely lost,
although loss could not be related to degree of tumor differentiation. The authors
inferred that inappropriate A expression could be recognized by conventional poly-
clonal anti-A antisera but not by their monoclonal reagents, and they are investigat-
ing this possibility.

Apart from such reasons, other biochemical causes could result in blood group
gain. Alternate or novel precursors could compete successfully for limited blood
group enzymes and sugars. In the case of A or A-like expression, several forms of
substrate are known which could accept N-GalNac with A-like reactivity?*° 153,
There is also evidence in vitro that A and B-gene specified glycosyltransferases are
less rigid in their donor substrate requirements than was previously supposed. Thus,
conditions can be manipulated so that B-gene specified enzyme catalyzes the trans-
fer of N-GalNac from UDP-GalNac to synthesize A determinants from H active
structures'®. It is not known whether this happens in vivo in cancers or any other
disease process.

Zweibaum et al.”® have reported gains of A and B determinants in cancer of the
distal colon and have suggested that they may be markers for enzymes such as
disaccharides. The latter, which can possess ABH determinants, and are normally
located in small intestinal mucosa'* may occur in ectopic locations in patients with
colon cancer. This interpretation suggests that re-expression of ABH in distal colon
may be associated with the presence of novel substrates associated with tumor
growth.

The frequent variable nature of ABH behavior in gastrointestinal cancers pre-
cludes their use in diagnosis or prognosis. However, their usefulness in urinary
bladder carcinoma has been demonstrated. Decenzo et al.®® originally reported a



Alterations of Blood Groups and Blood Group Precursors in Cancer 65

relationship between ABH and the biological behavior of this tumor. The observa-
tions were later confirmed, and they have indeed provided urologists with a helpful
diagnostic and predictive tool. Studies of bladder tissue by specific red cell adher-
ence'? and by immunohistology show that tumor invasiveness or non-invasiveness is
reciprocally related to ABH blood group expression, thus permitting discrimination
between superficial carcinomas at low risk for invasion from highly invasive tumors
which justify aggressive therapy. Studies of blood groups in upper urinary tract
cancers using similar methods do not appear to possess a similar degree of diagnostic
or prognostic value!?”.

Cell surface ABO antigens have not been demonstrated in prostatic carcinoma
tissues in contrast to normal or hyperplastic prostatic tissue, although there were no
correlations with histologic grade™. Since the need to distinguish hyperplasia from
carcinoma may at times prove useful on clinical grounds, the presence or absence of
blood group phenotypes may serve as an important indicatorV,

The blood and tissue occurrence of Lewis-related phenotypes has been studied
by monoclonal antibodies in patients with gastric, pancreatic and colon car-
cinomas'® ). The antibodies react with gastrointestinal cancer antigens (GICA)
which depending upon the individuals Lewis phenotype, forms a sialylated mono-
fucosyl or difucosyl ceramide linked structure®> 22D Sera of 64% of patients with
colorectal cancer, 92% of patients with pancreatic cancer, and 72% of patients with
gastric cancer inhibited binding of antibody to GICA-containing cancer cells. In
contrast, sera from malignancies other than gastrointestinal or from normal subjects
inhibited in only 8% and 2% of cases, respectively. In instances where GICA exists,
Le antigen is masked by sialic acid and is presumably undetectable using anti-Lewis
reagents. Our experiences with Lewis antigens in colon cancers have shown that Le?
normally present in proximal and distal colon is frequently deleted, whereas Le®
with normal distribution resembling ABH, may be gained or lost depending upon
localization, and is thus similar to ABH in this respect®,

Further studies relating cancer to the Lewis system have been reported by
Hakomori et al.®®. The author isolated glycolipids from adenocarcinomas which
possessed unique terminal sugar linkages characterized by fucose attachment in the
1 — 3 position to penultimate N-GlcNac of type II chains (Le* determinant). This
structural unit resembled the stage specific embryonic antigen found in fetal tissue
but not found in normal adult tissue*®. A difucosylated structure (possessing an
added fucose attached 1 — 2 to penultimate galactose) termed Le? was also found as
a unique concomitant of adenocarcinoma tissue. A monoclonal antibody (AH-6)
prepared against a gastric cancer cell line was found to react with a series of gly-
colipids with the determinant and found in tumors and 0 erythrocytes?®. Presum-
ably the genes which specify glycosyltransferases catalyzing additions of such sugars
to acceptors may be activated by certain transforming agents.

The possible role of the P system in cancer was raised by Levine et al. who
studied the gastric cancer of a patient with the rare blood group phenotype pp (Tj*
or P;P,P* negative)?®2%), The lyophilized tumor was found to absorb anti P,P,P*
antibodies, thus indicating that the tumor tissue was P positive in contrast to the
patients erythrocytic group. Normal stomach from the patient was not available to
confirm the absence of the antigen, but other specimens of normal gastric mucosa
and three additional gastric carcinomas tested absorbed anti-Tja. Breiner et al.?””
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since then have studied normal gastric tissue from pp individuals and have demon-
strated P-like antigens. This suggests that normal/tumor tissue distinctions may be
quantitative rather than qualitative in nature. It is becoming apparent that the tissue
distribution of the different P system antigens are normally variable, a circumstance
requiring appropriate controls when analyzing cancer tissue. One aspect of the study
by Kannagi et al., namely, the findings of P activity in tissue from this pp patient is
difficult to reconcile with earlier work by Fellous et al.”®® who detected no evidence
of P gene in pp fibroblasts.

The long term post-operative survival in Levine’s patient raised the possibility
that her longevity was due to a brisk immune response to a small transfusion of Tja
positive red cells. It was postulated that any remaining tumor cells could have been
eliminated by cytotoxic anti-Tja antibodies?™. Kabat et al.”'”) have reported a simi-
lar interesting case of an inoperable carcinoma of the lung with good survival in
which the patient formed monoclonal antibody against an unusual, apparently
tumor related blood group precursor with the determinant structure D-Galf 1 — 3
D-GlcNacB 1 — 3 p-Gal*'V,

T antigen masked as cryptantigen is part of most normal human cell surfaces
where it is generally shielded by sialic acid®”-*%%%), In contast, unmasked T struc-
tures can be demonstrated in many carcinomas®® and in melanoma®¥). Springer et
al.?» have found that approximately 90% of 127 human adeno-small cell and
squamous cell carcinoma membranes readily absorbed anti-T antibodies. Of those
which did not, greater than 90% possessed Tn specificity, and usually were less
differentiated than T containing tumors. Metastases were clonal in nature, since
they had Tn and T if the primary lesions were also Tn and T positive. Anaplastic
carcinomas usually possessed Tn or Tn in excess of T*'9. Similar results were
obtained with lesions of the breast, lung, pancreas, gastrointestional and urinary
tracts, larynx and orpharynx, neck and salivary gland. Healthy or non-carcinoma
tissue only rarely possessed reactive T or Tn antigen.

In addition to their demonstration by absorption, these antigens have been
revealed by a variety of serological and chemical methods, more recently employing
monoclonal antibodies?”. Peanut lectin, an anti-T-like reagent which cross reacts
with T antigen was studied in 33 rectosigmoid cancers and 15 controls*®). Formalin
fixed sections stained by immunofluorescence demonstrated increased synthesis of T
antigen in cancers as compared with controls. The behavior of this MN precursor
therefore resembled that of A and B precursors (described above).

Results similar to these have been obtained by other investigators®'®. The results
of immunohistochemistry in urinary bladder cancers have established important
correlations between T antigen or cryptic T antigen and tumor invasiveness™”.
Similar studies have been carried out in benign and malignant breast tumors?,

There has been a recent study of cancers using erythrocyte T antigen as a
marker??. The rat monoclonal antibody for this agglutination test was prepared
against desialated human red cells. It yielded positive results on red cells from
patients with a variety of cancers, including leukemias, but mostly negative results
on cells from healthy or non-cancerous individuals. Since microbial sialidases are
capable of rendering erythrocytes polyagglutinable®, further studies are required to
rule out alternate possibilities.
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D. Other Malignancies

Normal or neoplastic tissues in which blood group antigens have not been demon-
strated include muscle, connective tissue, central nervous system parenchyma, tes-
tis, liver parenchyma and adipose tissue'> 1644475 Blood group precursor-like
material in human neuroblastoma cells was demonstrated by Samter and Glick*?.
Membrane glycopeptides were found to possess fucosyl residues on their oligosac-
charide antennae. By specific fucosidase digestion or by nuclear magnetic resonance
the fucose linkages were located on 1 — 3 and 1 — 4 positions on penultimate
GlcNac and therefore resembled the composition of blood group substance. Non-
tumor brain glycopeptides have been shown to contain relatively high amounts of
terminal non-substituted galactose and N-acetylglucosamine, suggesting that the
peripheral branches are often incomplete and therefore similar to blood group pre-
cursor substance??.

Blood group antigens ABH have been evaluated in vascular tumors using the
immunoperoxidase technique”. No differences were noted between benign
hemangioendotheliomas from children or aduits; neither tumor exhibited antigen in
intercapillary cells. Cases of Kaposi’s sarcoma did not show antigens in spindle cells
or capillaries, but in medium sized vessels, variable preservation or loss of blood
group isoantigens was found. Odontogenic tumors or ameloblastomas have been
examined for ABH antigens by immunofluorescence. There was a lack of A and Bin
fifteen patients in contrast to normal oral mucosa in which these antigens were
present. All but one of these patients demonstrated H antigen in normal and tumor
mucosa. Weakening of A and I antigens has been described in Hodgkin’s disease,
but this could possibly be related to the sequelae of radiochemotherapy?. T and Tn
have not so far been found in sarcomas, benign tumors or malignant tumors of the

central nervous system??.

S Immunological Changes Resulting from Altered Blood Groups in
Cancer

Cancer-induced changes in antigens may enable some of them to behave as auto-
immunogens. If inmune responsiveness is not depressed, as is sometimes the case in
malignancy”?®, antigen changes induced by malignant transformation may be
followed by humoral antibody formation and circulating immune complexes, or the
occurrence of cell mediated immunity?®. The antibodies in our area of interest may
be polyclonal or monoclonal®” and related to specific blood group structures®! 22
or they may possess other dominant specificities, but cross react with the latter®.

A. Humoral Antibodies

Alterations in the ability to form blood group antibodies in malignancy have been
reported; hypogammaglobulinemia with reduced levels of anti-A and anti-B may be
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associated with malignant blood disorders”. Hamilton-Fairly and Akers®*? demon-
strated marked reductions in anti-A and anti-B isoagglutinin titers in all forms of
reticulosis, and in malignant diseases of lymphocytes and plasma cells. In chronic
lymphatic leukemia (CLL) there was a definite relationship between gamma globu-
lin level and the anti-B titer, and in group 0 patients between the anti-A and anti-B
titers. In the other reticuloses, the anti-A titers were similar to the controls, but anti-

B titers appeared to be slightly but significantly reduced.

Immunization with blood group A and B substances showed that the ability to
form both anti-A and anti-B hemolysins was grossly impaired in malignant diseases
in lymphocytes and plasma cells, in contrast to the other reticuloses, in which this
ability was normal. Patients with Hodgkin’s disease did not form hemolysins as well
as those with myeloproliferative syndromes, but the difference was not significant.

Untreated CLL patients with hypogammaglobulinemia have been studied and
were shown to be markedly defective in the generation of immunoglobulin secreting
cells. Normal or increased T-cell helper activity was found without excessive sup-
pressor activity, suggesting that B cells possessed an intrinsic defect®®. However, in
acute T-lymphoblastic leukemia with hypogammaglobulinemia, cells possessed a
unique surface phenotype and were capable of suppressing Ig production of normal
cells in co-culture experiments®®.

The results suggest the existence of two immunologic categories in patients with
reticuloses;

1. those with malignant diseases of lymphocytes and plasma cells, in whom antibody
production is greatly impaired in both primary immunization and reimmuniza-
tion, and who frequently have low isoagglutinin levels and hypogamma-
globulinemia?*>*),

2. those with other reticuloses, who show impaired antibody formation on primary
immunization, but not on reimmunization, and who rarely have low isoagglutinin
titers or hypogammaglobulinemia. This finding may be symptomatic of immune
deficiency in the tumors of lymphoreticular origin, possibly as a caustive factor,
since elimination of cancer-inducing agents may be reduced when antibody
responses are impaired.

Deficiencies or loss of AB0 isoagglutinins in leukemia are uncommon. However,
these isoagglutinins are found to be low in many chronic leukemia cases”®, perhaps
because they have a lymphoreticular origin''. Qualitative changes of anti-B have
been found in the course of AML. The techniques were based on the observations of
Filitti-Wurmser et al.?*??_ who carried out studies on the relationship of ABO
blood groups to the thermodynamic properties of anti-A and anti-B isohemaggluti-
nins. This data was used to study the effects of antigen modification in leukemia on
the properties of anti-B*®. Measurements carried out for 2 years in a 5-year old
nonleukemic group A; child with erthroblastopenia who received alternating trans-
fusions of washed group A, or 0 cells, showed reversible changes of anti-B affinities,
i.e., increases following A, cell infusions, and decreases subsequent to group 0
infusions. Alternating anti-B affinities in leukemic patients with modified A groups
were thus explained as the consequence of chemical changes of A antigen caused by
the leukemic process. Presumably, A-bearing molecules which possess structures
closely related to the B antigen, and which differ by only one terminal nonreducing
sugar, can affect the affinities of anti-B, but abnormal changes in these anti-B
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properties are observed when patients’ antigens become 0-like. A decrease of H
antigen in chronic myelocytic leukemia (CML) with undetectable anti-A,B was
believed to be caused by a similar mechanism?*.

Springer and Desai*® have found that naturally occurring anti-T agglutinins
were frequently depressed in patients with adenocarcinoma, as compared with non-
carcinomatous persons, and others?*® have reported similar results. Bray et al.*")
confirmed decreased levels of humoral lytic anti-T by cytotoxicity assay in patients
with metastatic gastrointestinal cancer, and were able to correlate the extent of
depressed anti-T with the extent of tumor progression. It is noteworthy that follow-
ing surgical resection of primary tumors, many patients developed high anti-T
titers®!, 249,

The significant fall in the amount of anti-T antibodies pre-operatively appears to
be secondary to the absorption of these antibodies on the surface of tumor
cells'”- 21:248.29)  The possibility of fluctuating anti-T levels by non tumor related
factors has been noted”.

Dube et al.”" have reported that B lymphocyte cytotoxins in breast cancer sera
were related to red blood cell cold agglutinins (presumably including anti-I) which
the authors believed constituted a portion of the cytotoxic immunoglobulins.

Levine'™ reported that a naturally occurring hemolysin reactive against a Forss-

" man-like mucosal tissue globoside was present in 70% of random normal human
sera. In contrast, only 30% of cancer sera contained the antibody. Other workers
have found that Forssman-like antibody levels were decreased in gastrointestinal,
biliary and lung tumor patients in comparison with age matched non-cancer sub-
jects® 259,

Deegan et al.” studied a man with chronic lymphocytic leukemia whose
peripheral blood and splenic lymphocytes contained monoclonal surface Ig, Ia-like
antigen and receptors for unsensitized sheep red blood cells. The receptor was not
blocked by monoclonal antibodies that bind to the classic T-lymphocytic rosette
receptor, but was blocked by anti-human IgM and Kappa antisera and by Forssman
antigen. Thus, Forssman-like Ig appeared to be uniquely expressed in this lympho-
proliferative disorder. Since this antibody will cross-react with A determinant, its
ubiquitous nature in normal individuals and in some cancer patients'® % may
provide an immune mechanism for cancer cell elimination.

Naturally occurring antibodies, some with anti-A specificity, were found by
Knuth et al.®¥ to be directed against blood group determinants on colon cancer
cells. The antibodies, present in normals and families of high risk cancer patients,
differed in two high risk individuals in that they were directed against A and B
antigens on tumor cells but not on red cells.

Exposure to embryonic proteins or precursors of blood group substances was
believed by Pompecki et al.*® to account for unusually high elevations of anti-Le
antibodies in patients with cancers of breast, lung and colon. In their studies the
authors utilized a radioimmunoassay in which labelled immune complexes were
precipitated by polyethylene glycol. The authors believed that such antibodies may
possess a functional role by blocking T cell killing of tumor cells or by causing lysis
via complement action.

Erythrocyte autoagglutinins may occur in malignancy and may occasionally
cause active hemolysis®”. Diseases in which this problem has occurred include
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chronic lymphocytic leukemia (CLL), and Hodgkin’s disease and other lym-
phomas®™; in CLL, anti-Rh IgG antibodies and anti-I IgM have been described.
Autoagglutinins have also been described in thymoma®?, and Kaposi’s sarcoma®®.
Anti-i and anti-A,; autoagglutinins have been associated with reticulosarcoma"- 22
and an IgG anti-I" was described in Hodgkin’s disease®?.

Boughton®? reported on several patients with choriocarcinoma who developed
anti-i. One patient with disseminated disease developed very high anti-i in titers
which caused an auto-agglutination of her red cells and caused minor blood grouping
and crossmatching difficulties but no apparent clinical problems. Anti-N autoan-
tibodies were reported in one case of urinary bladder transitional cell carcinoma®?.
Ovarian tumors in several instances have been associated with red cell autoaggluti-
nins®*3". In one case, removal of the tumor resulted in a loss of agglutinins, and
lyophilized powder from the tumor was capable of absorbing these atypical aggluti-
nins from serum®”.

Castella et al.” described an autoantibody on red cells of a patient with meta-
static adenocarcinoma. The patient, previously untransfused was blood group A;;
his serum and red cell eluate contained an IgM immunoglobulin which agglutinated
A cells, but not A,, B or 0 red cells or the patients tumor cells. It was not associated
with hemolytic anemia.

The reasons for autoagglutinin formation are not clear, but may be the result of
(1) tumor cell modified red cells which become foreign to the host and induce an
immune response (2) cross reactions between tumor antigens and naturally occur-
ring antibodies.

B. Cell-Mediated Immunity

The above findings represent manifestations of humoral immunity in cancers. Cell
mediated immunity is likewise affected as indicated by the development of delayed
type hypersensitivity (DTH) to T-related antigens'’”?'*%", Springer et al. have
studied an impressive list of cancers, and non-cancer patients and healthy individuals
by measuring the skin responses to a preparation of healthy red cell derived T
antigen injected into the arm (a negative reading using an extract derived from MN
red cells is an important requirement for the interpretation of this test). They
observed positive DTH in most but not all adeno small cell and squamous cell
carcinomas, and other cancers including melanoma. The organs involved were lung,
pancreas, breast, skin, and urinary bladder. Responses to T antigens appear to be
made by cancers in all stages, including early disease. Interestingly, operative inter-
vention in tumors which were resectable resulted in a reversion of positive DTH to
negative, in contrast to humoral anti-T antibodies which tended to increase in titer
postoperatively? 249,
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6 Blood Group Structure and Biosynthesis in Malignancy
A. Abnormalities of Blood Group Precursors — Novel Substrates

The effects of transformation are:

1. to produce simplified glycolipid or glycopeptide patterns in comparison with
untransformed controls®®2); and

2. to synthesize new or unusual forms of glycoconjugate.

There is increasing evidence for the presence of unusual membrane changes and
of novel substrates in malignancy?™. This creates the possibility during tumor devel-
opment of increased competition between rival receptors, some normal and some
tumor-associated. If acceptor specificities of limiting blood group transferases or
other intermediates are not strict, terminal sugars may be divided between conven-
tional carriers and those which arise following transformation.

A shifting of glycolipid synthesis from one series to another can be seen upon
oncogenic transformation?. Thus, decreases in globosides and increases in lacto-
neotetraosyl ceramides have accompanied the transformation of NIL cells”™. Such
alterations may favor corresponding shifts in P*?™ or AB0 and Ii*?™ antigenic
specificities.

Synthesis of the above macromolecules along with their terminal sugars is pro-
foundly affected by alterations in glycolipid organization which accompany tumor-
promoted changes in growth or the cell cycle?. For example, ganglioside abnor-
malities are known to characterize many tumor cell types®*?”™. Since some gang-
liosides have been shown to modulate the expression of glycoproteins””, and a role
for ceramide in defining membrane glycolipid has been postulated”®, changes in
their amphipathic nature induced by tumor could result in changes in membrane
glycoconjugates.

The methods in use for structural analysis include methylation, mass spec-
trometry, nuclear magnetic resonance®””, stepwise degradation with exoglycosi-
dases”, examination of oligosaccharides liberated by endoglycosidases?™, and
immunostaining of glycolipids separated by thin layer chromotography®?. Mono-
clonal antibodies prepared against defined oligosaccharides have been of use in the
isolation of a number of naturally occurring novel blood group substances or their
precursors> 2%, A combination of the above methods has yielded the following
structures:

A-like antigen (GalNacf 1— 3 Galp 1 — 4 Hex) without fucose in tumors of
group 0 patients®”,

P-like antigen (GalNacf 1 — 3 Galf 1 — 4 GlcNacf 1 — 3 Galp 1 — 4 Glc) in a
tumor of a pp patient®? and

polyfucosylated type 2 chain (Galp 1 — 4 Fuca 1 — 3 GlcNacf 1 — 3 Galf1 — 4
Fuco. 1 — 3 GlcNacf 1 — 3 Galp 1 — R) in a human colon cancer®?,

mono- and disialyl-Lewis structures (gastrointestinal cancer antigens or GICA)*?
fucosylated 1 — 3 and 1 — 4 GlcNac in neuroblastoma polypeptides®?, and the
unique lung tumor related oligosaccharide described by Kabat et al.>'V (see above).

Hybridoma antibodies have recently been prepared by Hakomori et al.* 4
against glycolipid purified from human adenocarcinoma tissue. It was possible to
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select antibodies which differentially recognized mono, di and tri-fucosylated type of
chains. The latter two structures were prevalent in colonic and liver adenocar-
cinoma, but virtually absent in normal colon and liver tissue. Solid-phase radioim-
munoassay and a chromatogram binding assay were used by Hanson et al.’® to
characterize the binding specificities of five monoclonal antibodies generated from
mice immunized with human tumor cell lines when tested against various gly-
colipids. Four antibodies derived from mice immunized with pancreatic carcinoma
cells detected specifically the human blood group B determinant Gala 1 — 3 Gal
(2 « 1 aFuc). These antibodies preferred type 2 glycolipids (Galf 1 — 4 GlcNac).
An antibody derived following immunization with a human rectal carcinoma cell line
possessed binding properties identical to the antibody which reacts with the stage-
specific embryonic mouse antigen (SSEA-1) bearing the determinant Galf 1 — 4
GlcNac (3 « 1 aFuc)*®.

In studies of cancer-related Forssman structures, Hakomori et al.'® prepared
extracts from gastrointestinal cancers in 21 patients. In 16 Forssman negative
patients, some of them blood group 0 or B, the tumor tissue was found to possess
Forssman A-like properties, whereas in 5 Forssman positive cases, tumor tissue
extracts lacked this property.

Within the P system, P* antigen which contains an abnormally large quantity of
ceramide trihexoside and no detectable globoside, was found to occur more regu-
larly on B lymphocytes from normal and leukemic donors, than on T lymphocytes
which tested as P* negative?™. Lectin binding studies have shown decreases in
receptor sites on leukemic lymphocytes in comparison with normal cells®?.

The occurrence of T asialoganglioside, as well as glycopeptide®®, has been
reported in human and guinea pig carcinomas using antisera specific for Galp 1 — 3
GalNac linkages. Sialylated M positive tissue from normal sources reacted poorly in
absorption studies with these sera in contrast with tumor extracts.

B. Abnormalities of Glycosyltransferases

In cases of blocked or incomplete synthesis, the deleted blood group expression has
frequently been matched by reductions in the corresponding gene-specified glycosyl-
transferases’®. Thus, Stellner et al.* demonstrated marked differences in the
conversion rate of H; to A®* glycolipid when normal versus adenocarcinomatous
gastrointestinal epithelia were compared as sources of blood group glycosyltransfer-
ase enzymes in a biosynthetic assay. Kim et al.’®” found that in a comparison of
normal with carcinomatous colon, losses of A and Le® antigens, as well as the
terminal galactose precursor of H substance, occurred in cancer tissue as, inferred
from reduced reactivities of tumor in the presence of Ricinus communis lectin. Their
data suggested that the absence of A antigen was not only due to lack of terminal
GalNac glycoconjugates, but possibly also to failure of tumor tissue to form proper
amounts of H determinant, which is a prerequisite to formation of the A structure.
The deficiencies in A and H antigens could be related to deficiencies of the corre-
sponding specific transferase enzymes. Similar correlations were reported by us in
23 carcinomas, 14 of which were tissues derived from colon®®.
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Although findings by other investigators in colonic and stomach tumors vary
from the above in some respects® a frequently cited result in tumor transformation
is a reduction of specific sugars on glycolipids, owing to blockades in the synthesis of
glycosyltransferases®2®). The acceptors that are exposed following transformation
could themselves possess serologic activity, i.e., T antigen, or they could be novel,
but functional as blood group acceptors (see above).

Changes in hepatic fucogangliosides with novel fucosyltransferase have been
produced experimentally following tumor induction in the rat by Holmes and
Hakomori®”. In addition to enhanced a-galactosyltransferase activity in Golgi
membranes causing accumulation of a B active a-galactosyl a-fucosyl Gm; gang-
lioside, there was produced a unique a-fucosyltransferase which provided the sub-
strate for the agents described above. The fucosyltransferase possessed physico-
chemical properties which differed from other tissue transferases, including that
responsible for H antigen biosynthesis. The authors suggested that this unique
enzyme might serve as a marker in premalignant and malignant states. Several
unique tumor related structures mentioned earlier i.e., A-like antigen on a fucose-
less substrate, and Forssman A-like antigen await the characterization of specific
glycosyltransferases.

In addition to their membrane localization, glycosyltransferase enzymes may
also be found in the serum in a number of species, including man* 2% In the case
of the human ABO groups, the glycosyltransferase(s) corresponding to the individu-
al’s erythrocytic group are present, i.e., the group A enzyme is N-acetylgalac-
tosaminyl transferase, and the H enzyme is a-2-L-fucosyltransferase. Presumably,
these enzymes are released from secretory cells and from disintegrating cells of
various types, but little or nothing is known of their exact origin or turnover. The
interesting suggestion has been made that they may mediate the repair of altered
glycolipids of red cell or other hematopoietic cell surfaces, and thus maintain the
function and antigenicity of these cell structures during their lifetime in the circula-
tion®. In any event, the relative ease of measurement of serum enzymes has
created much interest in their use as moniters or predictive aids®>.

In our studies of serum glycosyltransferase enzymes, serial determinants for
ABH enzymes by low-molecular-weight acceptor assay were carried out in speci-
mens from patients with AML and ALL*"*9. The samples for study were derived
at the time of presentation, during clinical remission, and during the period of
relapse. Particularly striking changes during the serial course of the disease were
noted in the case of o-L-fucosyltransferase (H enzyme). In practically all presenta-
tion sera from untreated patients, abnormally low values (expressed as percentages
of radioactive sugar incorporated from nucleotide into product) were demonstrated
(Fig. 4), but reverted to normal levels at the time of clinical remission when patients
were on combined regimens of chemotherapy; with the development of drug resis-
tance and clinical relapse, enzyme values became low once again (Fig. 5). Negligible
changes were observed in the case of A enzymes.

It is not yet known whether these alterations represent decreased enzyme synthe-
sis or increased degradation in untreated and relapsed patients. It is more likely that
the alterations represent the former situation. The ubiquity of occurrence makes it
appear unlikely that such a change plays a primary role in blood group loss in
leukemia, discussed in an earlier section, although such enzyme deficiencies might
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Fig. 4. Serum o-2-L-fucosyltransferase enzyme (H enzyme) in acute leukemia patients of blood
groups 0 and A. Serum for H enzyme assays was separated from freshly drawn blood and frozen
immediately. Enzyme assays were carried out on freshly thawed samples as follows: 20 pl serum,
5 ul GDP-[*Clfucose (70,000 cpm), 10 ul 5% aqueous phenyl-B-D-galactoside, 5 ul 0.1 M neutral
ATP, 5 ul 1% sodium azide, and 30 i 0.1 M Tris-HCI buffer, pH 7.2, were mixed and incubated
for 16 hr at 37°C. Radioactive products were chromatographed on Whatman 40 paper ina 10:4:3
mixture of ethyl acetate, pyridine, pyridine and water. With the concentration of acceptor used in
the incubation mixture, incorporation of L-[**C]fucose into phenyl-B-D-galactoside is linear up to
16 hr®. Horizontal lines, low, mean, and high H enzyme values in normal donors. Group 0 donors,
——; group A donors, ——- (From Kuhns et al.: Cancer Res. 40, 268 (1980), reprinted with permis-
sion)

well contribute to antigen loss. H enzyme is felt to be derived mainly from
hematopoietic cells, on the basis of the observation that persons of the para-Bombay
phenotype, who lack erythrocytic H antigen but contain secretor substance in their
saliva, do not appear to have H enzyme in their sera® or at least, low levels of

enzyme®”), Thus, variations in the quantity of serum enzyme may properly be
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Fig. 5. Serum a-2-L-fucosyltransferase enzyme (H enzyme) compared in normal individuals and in
leukemic patients prior to treatment and at the time of remission. Assays were performed as
described under Fig. 4. The low molecular weight acceptor assay involves ethanol precipitation of
the incubation mixture and detection of sugar-exogenous acceptor product in the supernatant. In
this experiment, the low levels of radioactivity in the precipitates indicated that the precipitable
portion of the incubation mixture possessed little or no endogenous acceptor. Note that H enzyme
values in leukemia patients at presentation were abnormally low but reverted to normal levels at
remission. @ *C product using exogenous acceptor; O C present in ethanolic precipitates; x C
product, exogenous acceptor omitted (From Kuhns et al.: Cancer Res. 40, 268 (1980), reprinted
with permission)

related to hematopoietic tissue, and for this reason such variations may be useful as
a predictive aid in leukemic therapy. Salmon™® has indicated that red cells which
demonstrate ABH losses are themselves deficient in the corresponding transferases.
A high-molecular-weight assay for o-2-L-fucosyltransferase was studied in
leukemic sera by Khilanani et al.”’”. The authors measured the levels of a transfer-
ase in the plasma of 18 patients with acute adult leukemia at various clinical stages,
in conjunction with simultaneous bone marrow aspirations and biopsies. Desialy-
lized fetuin, a high-molecular-weight (HMW) acceptor, was utilized in these enzyme
assays, and, on the basis of previous studies involving the use of this acceptor, it was
assumed that the enzyme assayed was the H gene-specified o-2-L-fucosyltransferase.
Patients in remission, however, had significantly lower levels of this enzyme than did
nonresponding or relapsing patients, and elevated plasma enzyme levels in presenta-
tion samples could be correlated with the percentage of marrow blast cells. These
results are completely at variance with our findings using the low-molecular-weight
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Fig. 6. Comparisons of o-2-fucosyltransferase derived from mucosal extracts of tumor and normal
adjacent tissue. Enzyme assays were carried out as described under Fig. 4. H enzyme results in the
presence of exogenous acceptor, @; H enzyme results in the presence of acceptor, O. Mucosal
adjacent and tumor mucosa from sigmoid and rectum both derived from other sources. With one
exception (stomach), normal adjacent mucosal from other sources demonstrated high enzyme val-
ues relative to the tumor transformed counterpart

acceptor phenyl-f-D-galactoside. It was suggested that competition between
endogenous (high-molecular-weight) acceptor and the exogenous (low-molecular-
weight) acceptor might account for the discrepancy. Experiments designed to test
this hypothesis have, however, failed to reveal competitive endogenous acceptors in
sera from leukemic patients when these are assayed with the low-molecular-weight
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Fig. 7. a-2-L-fucosyltransferase in tumor versus normal adjacent cell extracts. Comparisons of free
“_C]fucose and acceptor-sugar product in chromatographically separated incubation mixtures. C-
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labeled product (fucosylphenyl-galactoside) in normal tissue, [J; product in tumor tissue, N. Free
p ylphenyl-g p
“C]fucose is represented in black as a proportion of the total bar area. Each determination carried
Y prop

out on 3 samples. Abscissa, locations of tumor which are enumerated in the table below

Case Location Blood Case Location of carcinoma Blood
of carcinoma group group
1 Mouth 0 13 Transverse colon A
2 Mouth A 14 Transverse colon 0
3 Tongue A 15 Descending colon 0
4 Larynx B 16 Descending colon A
5 Larynx 0 17 Sigmoid B
6 Esophagus B 18 Rectosigmoid A
7 Lung 0 19 Rectosigmoid A
8 Stomach 0 20 Rectum 0
9 Cervix 0 21 Rectum 0
10 Cecum 0 22 Rectum A
11 Cecum 0 23 Rectum A
12 Ascending colon A
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acceptor. The possibility of increased glycosidase activity, which could result either
in cleavage of L-fucose from the product of enzyme transfer, or in a lowering of the
acceptor substrate concentration by hydrolysis of phenyl-B-D-galactoside, has been
ruled out in our experiments. High-molecular-weight and low-molecular-weight
acceptors were later found to be measuring different forms of fucosyltransferase?®.

When serum glycosyltransferase enzyme assays were carried out in patients with
carcinomas, using the low-molecular-weight acceptor assay, the findings were in the
low normal range. When comparisons were made between carcinomatous and nor-
mal adjacent tissue extracts, however, generally lower than normal tissue blood
group enzymes could be demonstrated and were found to accompany deficiencies in
tissue ABO expression (Figs. 6, 7).

C. Excessive Glycosidases

Increased activitiy of glycosidases have been reported for a number of tumors and
transformed cell lines*®319, However, to our knowledge, there are no studies that
relate losses of blood group determinants to increases in specific glycosidase activity.

D. Masking of Antigens by Excessive Sialic Acid

Sialyltransferase enzymes have been measured in a number of transformed cell lines
and appear to be considerably altered in relation to their normal cellular counter-
parts. This finding bears a direct relationship to levels of sialic acid which are
elevated in many transformed cell lines. Increased sialic acid has likewise been
observed in certain carcinomas and on leukemic cells?®*>%),

Blood group expression is related to the expression of terminal sialic acid in the
case of the MN-related antigens and the En groups'®*. The observation of
Springer indicating that in tumor transformation, sialic acid immunodeterminants
for M and N were removed to reveal T antigen, has been demonstrated as well in
vitro when M or N erythrocytes or purified glycopeptide derivatives were treated
with sialidase®.

There is evidence that excessive sialic acid may be one mechanism accounting for
decreased antigen expression on acute leukemic cells. Kassulke et al.”*® reported
that erythrocytic groups A and H, which were detectable on normal leukocytes,
were decreased in strength on leukemic leukocytes [3 of 6 group A, 1 of 5 group
O(H)]. The studies were carried out on mixed leukocyte populations. Sialidase treat-
ment was found to cause re-expression of such diminished activity, thus raising the
important point that masking of otherwise competent antigen sites by excessive sialic
acid could account for diminished A or H reactivity. Sialidase treated leukemic
leukocytes from six of our group 0 patients have confirmed these findings, but have
also indicated that leukemic solubilized membranes possess low quantities of o-2-
fucosyltransferase in comparison with normal leukocyte extracts*®. The observa-
tions on neuraminidase-treated cells are supported by the findings of other inves-
tigators that tumor transformation is frequently accompanied by increases in sialyl-
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transferase and by increased production of sialic acid. Sialic acid might be capable of
steric hindrance of blood group expression by its presence in excess on neighboring
molecules.

In the context of Kassulke’s findings, it was interesting that MN expression (the
result of terminally placed sialic acid) was enhanced on leukemic leukocytes in
comparison to normals, but was abrogated following sialidase treatment.

It is possible that masking of blood group receptors may also be accompanied by
defective antigen sites; on the basis of our studies of sialidase-treated leukemic
leukocytes derived from group 0(H) patients, this appears to be likely. In contrast to
normal group 0 leukocytes which were capable of being enzymatically converted to
group A or B when incubated with the appropriate transferase and nucleotide sugar,
leukemic cells exhibited no or small amounts of activity, which suggested a defi-
ciency or impairment of A and B carrier molecules®®. Recent studies of normal
leukocytes separated into mononuclear cells and granulocytes have shown signifi-
cant enzymatic differences between these cell types*®. The authors stress the need
for establishing conditions of cell purity when designing comparative studies.

Conversion of precursor blood group oligosaccharides to full ABO blood group
expression may be affected by the content or distribution of cellular sialic acid.
Thus, in vitro attempts to enzymatically modify untreated Bombay erythrocytes in
the presence of group H enzyme (o-2-L-fucosyltransferase) and its specific nu-
cleotide sugar (guanosine diphosphate L-fucose or GDPF) were unsuccessful. How-
ever, when such cells were first treated with sialidase, conversion of the cells to
group H could be accomplished*™.

E. Relationships of Blood Groups to Carcinoembryonic Antigen
and Other Tumor Markers

Carcinoembryonic antigen (CEA) is a glycoprotein of approximately 200,000
molecular size. It is expressed in the embryo, particularly in the large intestines, and
postnatally from carcinomas of the colon and their metastases, as well as other
cancer types. It can be emitted from primary and metastatic cancer cells, from
whence it gains access to the circulation®%), It is also a surface membrane compo-
nent of these cells’*37). Circulating CEA can be detected in blood sample in
nanogram quantities by radioimmunoassay>™®. This technique as well as immunohis-
tochemical studies of large bowel have shown that small amounts of CEA are
present in healthy adult subjects®'® >, This observation, coupled with findings that
proved malignancies occasionally possess CEA in the normal range, somewhat limit
the applicability of circulating CEA levels due to reasons of sensitivity and specific-
ity. Its primary current area of application is in the post-operative monitoring of
patients to flag possible tumor recurrences or metastases®'s>®. More recently,
labelled anti-CEA antibodies have been utilized for diagnostic imaging and tumor
therapy>™.

The question of whether blood groups exist as parts of the CEA structure is
controversial. Simmons and Perlmann®®” found that the CEA fraction was identical
to the fraction of blood group substances by gel filtration and electrophoresis and by
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carbohydrate and amino acid composition. Based upon their analytical and per-
iodate oxidation studies, and upon serological tests, they suggested that CEA may
be incomplete blood group substances lacking end groups that determine ABO
specificity. This conclusion would be consistent with recent structural studies of
Chandrasekaran et al.*?". Their CEA preparation, as well as those of Simmons and
Perlmann were derived from liver metastases. They placed emphasis on the mi-
croheterogeneity of oligosaccharide chains which, in tumor derived CEA, exhibited
branching predominantly of the tetra-antennary type. The sugar termini consisted of
type 2 chains (1 — 4 linkages) similar to the preparations of Simmons and Perl-
mann. Although many chains were sialylated, none possessed terminal blood group
sugars despite the accessibility of apparently specific acceptors. Our own
immunohistochemical studies of liver metastases as well as some cases described by
Wiley et al.*®? also demonstrate deletion of ABO in metastases derived from anti-
gen-positive tumors. All of these findings appear to agree with those of Gold and
Gold®® whose CEA preparation lacked GalNac the group A immunodeterminant
sugar. Paradoxically, the preparations of Simmons and Perlmann did possess Gal-
Nac in contrast to those studied by Chandrasekaran et al.

The weight of evidence would support a tenative conclusion that CEA could
function as an acceptor for ABO sugars. However, tumor-derived CEA appears to
possess terminal type 2 chains or 1 — 4 linkages, and thus could not accept Lewis
specific sugars, to produce Le?® or Le® reactivities. A significant gap in our knowl-
edge is the difficulty of interpreting the significance of the above in relation to
normal colonic mucosa whose penultimate linkages are predominantly type 1.
Hakomori has noted that normal blood group glycolipids of glandular tissue contain
type 1 carbohydrate chains whereas adenocarcinomata contain type 2 chains for the
backbone structure in the majority of glycolipids®”. The functionality of type 2
linkages as ABH acceptors on CEA has been demonstrated in enzymatic modifica-
tion studies®".

The positioning of fucose upon the GlcNac of type 2 chains raises the question
whether a unique structure such as stage specific antigen®” may be of importance in
tumor CEA expression, although the latter was in fact improved by defucosylation
according to the findings of Simmons and Perlmann. On the other hand, experi-
ments by Ormerod®® and Pompecki™ support a possible role for fucose in CEA
reactivity.

The CEA molecule as well as its blood group relationship has been defined in
recent studies utilizing plant lectins™ %), Pompecki et al.”® studied six CEA
preparations derived from liver metastases using a panel of lectins and antisera in a
polyethylene glycol precipitation assay as a means of defining specific blood group
activity. All preparations studied exhibited blood group determinants, although
CEA derived from group A patients expressed A well in only one instance similar to
findings of Holburn®Y in earlier studies. Lewis activity was a common finding; the
common presence of Le? in CEA derived from liver metastases is inconsistent with
our immunohistologic studies of this antigen on metastatic tissue. Perhaps this
reflects the relatively undifferentiated status of these cells. We have demonstrated
that when this antigen is present in primary tumors, it can also be demonstrated in
metastases almost without exception®”. These results together with the biochemical
findings indicate type 1 and 2 chain heterogeneity of carbohydrates within many
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primary colonic adenocarcinomas and their metastases. It remains to be demon-
strated whether and to what extent CEA molecules themselves bear blood group
determinants in vivo.

7 Structure Function Relationships Derived from Studies
of Cultured Cells

Blood group erythrocytic antigens have been used as classic markers in studying
human population genetics. Somatic cell antigens have been studied by techniques
of mixed agglutination®®, immunofluorescence®™”; ferritin-EM®?  and
immunoperoxidase?. The finding of ABO(H) and other blood group antigens on
the surfaces of cultured somatic cells has made it possible to apply tissue culture
methodology to these observations and to utilize these markers for genetic and
metabolic studies®™.

Kelus et al.?? first demonstrated the presence of O(H) antigen on HeLa cells by
mixed agglutination, estimating rosettes formed in the presence of anti-H ulex rea-
gent and group 0 erythrocytes. Hogman®? used the same technique and the approp-
riate specific reagents to define ABH blood group antigens on primary cell cultures.
An established line (FL) was found by Hagiwara®® to possess blood group B.
Chessin et al.® confirmed the findings of Kelus et al. and Coombs. They also
attempted to maintain or enhance in vitro blood group activity by addition of con-
stituent blood group sugars or amino sugars to culture media but were not consis-
tently successful in this regard. The earlier literature on blood group detection on
cultured somatic cells has been reviewed*?.

It was noted that O(H) antigenicity was maintained best by cells in culture, and
that A, Tj®, and I-i antigens, if present at the time of initial culture, tended to
diminish in strength following successive cell passages*". Contamination with other
cell types can complicate this problem, and mixed agglutination has in fact been
useful in identifying components of mixed cell populations, on the basis of unique
surface markers*?. However, in carefully studied primary cells it did appear that in
relation to O(H) antigens, A and B surface blood group markers were relatively
labile, and may have been lost from cell membranes as a result of the altered cell
growth customarily encountered during attempts to maintain primary cultures*®.
The transformed cell cultures tested by us have demonstrated O(H) activity, but
none of the other antigens of this system®?. Changes in cell organization may cause
blood group alterations even when a blood group can be maintained in continuous
culture. Forssman antigen was alternatively induced and repressed, depending upon
whether separated cell were grown in vitro, or reaggregated and grown by an organ
culture technique®. :

Fellous et al.”®® have utilized a complement-fixation technique to demonstrate
blood group antigens on fibroblasts and, confirming other authors, noted long-term
instability following multiple cell passages. The specificities detected by these work-
ers on cells as far as the 13th passage included H, I, penumococcus XIV, and Le®
however, A antigen was lost as early as the second or third passage.
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On the other hand, Jones et al. reported that A antigen, as well as CEA and a
colon specific mucin were retained in colon carcinoma line HT-29 assayed over more
than 170 generations®?. It would be of interest to determine whether the A precur-
sor possessed H antigen or some other unique fucoseless structure. Trypsin and
other proteolytic enzymes have been shown to enhance 0(H) antigen expression,
presumably by removing surface macromolecules which hinder glycolipid expression
of this immunodeterminant®®; this method was used by Katoh et al.**” to enhance
ABH reactions on brouchial epithelial cells.

Momota et al.**® used Epstein-Barr virus to transform and establish lymphoid
cell lines from persons with different P blood group phenotypes. Thin layer
chromatography was used to examine the glycolipid composition of these lines.
P and P% phenotypes were found to lack globoside (P antigen), the p phenotype
was deficient in both globoside and ceramide trihexoside (P¥), whereas both glycos-
phingolipids were present in cell lines which possessed the usual P; or P, phenoty-
pes. CTH synthetase was detected at decreased levels in p cell lines. Genetic com-
plementation studies have been carried out using hybrids prepared from p and P¥
fibroblasts®®,

Some epithelial cells in culture appear to spontaneously shed M, N, T, and Tn
antigens, which can be detected in culture supernatant fluid. Thus BOT-2, a human
mammary tumor-cell line, was capable of forming serologically reactive glycopro-
teins**. An N-like glycoprotein has also been found in the serum and ascites fluid of
mice bearing the H, subline of TA; murine mammary adenocarcinoma®® 3. A
blood group H glycolipid obtained from rat ascites hepatoma cell line HH 7974F has
been reported®*?. Other non-human sources of H glycolipids include the dog®* %%,
pig®”, and cow®®.

H-Celis H* Cells
Gal B-1-3 GlcNacp-1-R Gal B-1-3 GlcNac -1-R
GDP-fuc
fucosyltransferase
GDP

Gal B-1-3 GlcNacB-1-R
2

Fucal

Fig. 8. A suggested molecular model for the expression of blood group H on Hela cells. When
group H is expressed, a fucosyltransferase enzyme is activated and thus enables a sugar nucleotide
(GDP-fucose) to attach the corresponding sugar to the preexisting macromolecule (From Kuhns et
al.: Am. J. Path. 69, 389 (1972), reprinted with permission)
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The ability to define H antigen on HeLa cells cultured under various conditions
suggested the use of these cells for studying basic processes concerned with pheno-
typic expression of a blood group®”. HeLa cells were derived originally from an
adenocarcinoma of the cervix, and since their transformation in 1952 have been
successfully passaged in cultures for numerous generations*®. A number of strains
have been established as the result of cloning, and enzyme or marker characteristics
vary somewhat depending upon the strain used®®. Thus far, all HeLa cell strains
tested by us have yielded positive results for H antigen by mixed agglutination,
immunofluorescence, or ferritin EM.

The findings of mixed H+/H-cell populations prompted us to carry out cloning
and population studies which demonstrated that H-cells could function as stem cells
for the production of mixed H+/H-progeny®®. Chemical synchrony using thymidine
showed that interphase populations possessed high proportions of H-cells, whereas
mitotic cells were primarily H+3%%9_ Tests for H-gene specified o-2-L-fucosyl-
transferase showed primary production or activation during the phase of synthesis
and early G2V, Fucosyltransferase enzymes have been isolated from HeLa cells by
other investigators®?. The presence of H gene product, in addition to its phenotype
expression (Fig. 7) as well as serologic demonstrations of P system components
provide a unique opportunity to study translation patterns of membrane receptors in
relation to their growth and cell cycle relationships. Isotope labelling studies using
fucose or glucose incorporation in cultured cells may be helpful in this regard®®3%.

Fucolipid and fucoprotein alterations in tumor transformation have been demon-
strated®®>%), Possible relationships between tumorigenecity and glycosphinglolipid
glycosyltransferases in cultured transformed cells have been explored and the litera-
ture discussed by Basu and Basu®™”. Among the alterations cited are novel acceptors
for blood group sugars accompanied by abnormal levels of transferases’’, as well as
unusual expression of such enzymes in Forssman glycolipid biosynthesis*?.

8 Discussion and Conclusions

Present knowledge of the biochemical genetics of the major blood group system
permit reasonable interpretations of how derangements in these metabolic pathways
could be related to cancer if somatic mutation is presumed as a primary event.
Bacterial somatic mutation has provided an ideal model for studying the role of the
bacterial nucleus in controlling the synthesis of cell surface antigens through a coor-
dinated sequence of regulating enzyme systems. Moreover, these studies have also
shown how the genetic changes that occur in spontaneous mutations or lysogenic
conversion modify normal biosynthetic pathways to produce precisely characterized
changes in the chemical structure and hence in the serologic specificity of bacterial
surface 0 antigen®™. Analogous biochemical and serologic conversion appear to
occur as a concomitant of mammalian cell tumor transformation, but most likely the
translation patterns are far more complicated than tose found in bacterial systems.

Blood group antigens, especially those of the ABO(H), Lewis, Ii, MN, T, and P
groups consist of sugars with representation on mucins and on membrane lipids.
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Since marked changes in the latter can be induced by cancer, it is not surprising to
observe frequent alterations in blood group determinants. The fidelity of expression
of the gene-determined glycosyltransferases, and therefore of the individual sugars
which they specify on oligosaccharide chains, is normally variable’¥, and can
account for the microheterogeneity which is characteristic of glycolipids and glyco-
proteins®®. However, loss or change in regulation of only one gene coding for a
glycosyltransferase enzyme can produce marked alterations in an oligosaccharide
sequence, depending upon the position of such sugars in the sequence of expression,
whether terminal or proximal. Loss of a blood group in cancer could thus be
accounted for if its specific transferase were no longer being coded for, if a similar
block occurred early in the sequence of sugars bearing a terminal blood group
antigen®™, or if major shifts occurred in a cell population whose membranes did not
possess such a marker or its enzyme. It may also be of importance that glycolipid
alterations in cancer cell membrane may possess a modulating influence upon pro-
tein domains or the glycosylation of proteins®®.

Apart from marker functions, there is no way of telling how uniquely important
blood group changes are in cancer development, or what they signify. The question
has been raised whether certain Lewis phenotypes can place individuals at risk for
gastrointestinal cancers'®.

Stomach and colon carcinomas are unique in their apparent tendency to produce
two patterns:

1. antigen loss; and
2. gain of A-like Forssman antigen.

The latter has been termed nongenetic by some investigators'®®, but Levine
views both as components of a phenotypic system. The changing blood group com-
position of normal colon from embryo to adult should also call attention to the
possibility that reexpression of embryonic blood group antigens may occur in car-
cinoma in the adult*> ). Changes in bacterial flora, which are known to occur in
gastrointestinal cancer, for example, could play an etiologic role in blood group
antigen change®”-*®. Some gastrointestinal bacteria possess Forssman-like proper-
ties®, as well as other blood group like antigens®” and presumably have the
corresponding transferase enzymes responsible for catalyzing specific sugar addi-
tions to mammolian membrane. Whether such enzymes could catalyze sugar addi-
tions to human tissue acceptors would need to be determined. Similarily, the possi-
ble role of specific microbial glycosidases in blood group loss requires further study.

In the case of hematopietic cells, cultured leukemic cell lines have been helpful in
studies of relationships of blood group expression to cellular maturation*> 1417,
Loss of a blood group phenotype on erythrocytes in leukemia appears to occur less
regularly than does blood group alteration in carcinoma tissue. However, loss or
reduction of H enzyme seems to occur in most presentation cases of acute
leukemia’!: 3, It is possible that this could be related to the finding referred to
earlier, that proportions of leukemic cells are arrested in the G, or G; stage of the
cell cycle®®?, and in such cases a direct relationship of cell cycle to blood group
nonexpression could be postulated. Presumably, the degree of gene expression
would depend upon mechanisms which place such cells in cycle, and on the extent of
the cell mass involved. The type of cell mass involved might also be of importance in
this regard. The lowered serum transferase in acute leukemia may reflect a specific

105)
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cellular deficiency in the leukemic cell population, but not necessarily in erythrocyte
precursors or their differentiated progeny. Altered phenotypic expression of AB0
antigens might be variably influenced by abberrant transferase enzyme synthesis, as
well as by physical events which occur in cytokinesis. Chromosomal alterations
involving chromosome 9 which carries the ABO genes have been reported in
leukemias®®).

Membrane lipid and cholesterol alterations have been described in leukemia®®?,
and require evaluation as possible influences upon changed antigen expression.
Masking of antigens has been suggested as being due to abnormal sialomu-
cins'®>3%) but the importance of this factor in relation to other cancer-induced cell
changes requires further accurate definition.

The likelihood that blood group antigens that are normally masked or unex-
pressed become revealed raises the question of whether antigens or vaccines pre-
pared from tissues containing such determinants will provide a future mode of
immunotherapy. Bird has suggested that blood-group-specific lectins, such as anti-T
derived from the peanut, may be useful as specific cytotoxic agents?”). The potential
of radiolabelled peanut agglutinin as a tumor localizing agent has been investigated
by Zabel et al.**> using a mouse lymphoma known to bind fluorescein labelled PNA
in vitro. The radioiodinated lectin showed good tumor localization and rapid blood
clearance. Clear images of tumor were obtained in serial scintigraphic imaging by 24
and 48 h. No blood background subtraction was necessary.

The stage specific embryonic antigen-1 (SSEA-1) which expresses an Le isomer
is an effective target for tumor localization when using radiolabeled monoclonal
anti-SSEA-1 IgM antibody. Specificity for tumors appears to be unnecessary for
localization and perhaps drug targeting with this antibody which also reacts in vitro
with normal tissues®®. Additional studies will be required, i.e., such as differences
in antibody metabolism, to determine causes for increased retention in tumors
rather than in similarly antigenic normal tissues®®.

Immunologic surveillance is altered following tumor transformation; alterna-
tively, a predisposition to the latter may be induced by primary changes in immune
surveillance®®®. This frequently is reflected by immunoglobulin changes, as indi-
cated earlier, and also by specific alterations in certain naturally occurring blood
group antibodies. At times, autoimmune responses which affect red cells appear to
be characterized by antibodies with blood group specificities. Some of these can be
considered as potential diagnostic or predictive aids if firm relationships can be
established with clinical and morphologic alterations in cancer.

Additional precise studies are required for unique correlations of blood groups
with cancer;

1. the sequence of normal cellular morphologic maturation must be closely corre-
lated with blood group development as a basis for evaluating abnormal findings;

2. the importance of masking by sialic acid must be correctly assessed in relation to
blood group nonexpression both in tumor transformation and in normal cell
differentiation;

3. precise forms of chemical definition and quantitation must be developed so thata
serologic determinant can be expressed in terms of its biochemical equivalent;

4. in vitro cell separation technology must be applied so that the blood group
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patterns of tumor cells and their variants, and those of their normal undifferenti-
ated and mature counterparts, can be separately distinguished;

. the possible role of infectious agents in cancer cell surface alteration requires

study

. further serial patient studies are needed to determine the diagnostic or prognostic

usefulness of cancer-induced blood group or blood group enzyme changes, or the
usefulness of alterations in naturally occurring antibodies; and

. blood group-like tumor antigens require further evaluation as potential aids in

diagnosis and treatment.

9 Abbreviations

Gal Galactose GDP-Fuc Guanosine diphosphate fucose
GalNAc N-acetyl galactosamine GICA Gastrointestinal cancer antigen
GlcNAc N-acetylglucosamine CEA Carcinoembryonic antigen
Fuc Fucose ALL Acute lymphocytic leukemia
NeuAC N-acetylneuraminic acid CLL Chronic lymphocytic leukemia
(Sialic acid) AML Acute myelocytic leukemia
GSL Glycophospholipid CML Chronic myelocytic leukemia
Gal-GIcNAc  N-acetyllactosamine CDH Ceramide dihexoside
UDP-Gal Uridine diphosphate galactose =~ CTH Ceramide trihexoside
UDP-GIcNAc Uridine diphosphate
N-acetylglucosamine
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Copper belongs to the biochemically active and essential transition metals. At present more than
twenty different copper proteins are known. Their molecular properties and functional side is well
characterized. In each of these proteins the copper is coordinated to the respective polypeptide side
chains and is, in fact, the active centre. Copper exerts several distinct properties including the
positive redox potential, the pronounced chelating activity and the extraordinary kinetic properties.
Attributable to these properties this transition metal is preferentially active in electron transport
reactions. Oxygen belongs to the preferred substrates. Very little is known on the biochemical
reactivity of copper in inflammation. One of the major causes of inflammation is assigned to the
action of excited oxygen species. Quite frequently, a rise of the copper concentration in serum up to
a factor of four is observed in the course of inflammatory diseases. Extraneously administered
copper has an antiinflammatory effect. We do not know whether or not the reactivity of copper must
be exclusively seen in the biochemistry of oxygen. It is attempted to summarize the present thoughts
and facts on the general biochemistry of both copper and inflammation. It will be attempted to
correlate the biochemical properties of this most prominent transition metal with the biological
aspects of inflammation.
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1 Introduction

In contrast to the present age of antibiotics and synthetically prepared pharmaceuti-
cals, copper-containing drugs enjoyed wide application for treatment of many dis-
eases in the past. Throughout the written history of mankind there have been many
recipes dealing with copper, not only as a trace element. A medical encyclopaedia
originating from the Middle Kingdom of Ancient Egypt (approximately 1550 B.C.)
known as the “Papyros Ebers”? (Fig. 1) is a promiment example. Suspensions or
ointments containing copper hammering flakes or malachite, together with other
components, were used for treatment of pain in the joints. More than twenty differ-
ent recipes using copper minerals, slag derived from copper mining, verdigris as well
as elemental copper are known. They were applied both internally and externally. In
his encyclopaedia “Naturalis Historia”® they are summarized by C. P. Plinius the
Elder (23-79). These remedies were reported to heal a great number of diseases of
the skin as well as of the eyes. They were also beneficial toward healing ulcers,
wounds of the skin and inflamed mucous membranes. At the beginning of the 19%
century, Rademacher reexamined the studies of Paracelsus (1493-1541). He
deduced, after a 25-year clinical trial, that the body has a strange predisposition to a
great number of diseases which disappeared, or could be healed, in the presence of
copper. Healthy subjects did not show any responses to copper”. At the end of the
19" century, copper was administered internally and found effective against intesti-
nal complaints, diseases of the skin, infections (tuberculosis, syphilis). Certain
recovery from neurological disorders, including chorea and neuralgia, was also seen
following the administration of copper”. At the beginning of this century, many
non-copper drugs were developed which were thought to be more effective than
previous ones. Thus, the use of copper in general medicine was progressively di-
minished.

However, the significance of copper in general biological sciences was unbroken.
In 1928 it was discovered that copper belongs to the essential trace elements in
animals”. Furthermore, many physiological functions proved to be dependent on
the presence of copper. A striking phenomenon was the dramatically increased
concentration of serum copper concomitant with inflammation. This observation has
to stand up to rigorous questioning. What is the advantage of the organism when
mobilizing copper? It is attractive to conlcude that copper plays an important role in
the biological defence and repair mechanisms that together comprise the phenome-
non of inflammation. This proposal is supported by the inhibitory activity of
administered copper on the development of an inflammatory process. Ironically,
this correlation of an increased serum copper level and the intensity of an inflamma-
tion was initially seen the other way round. High copper levels were thought to be
the actual cause of the inflammatory process.

What is the significance of copper in the general course of an inflammation?
What is the mechanism of the copper-dependent inhibition? It will be attempted to
summarize both the biochemistry and pharmacology of copper in the mammalian
organism. Emphasis will be placed on the biochemical aspects of inflammation. Our
limited knowledge in these three large sections should be focused on trying to reveal
the possible mechanism of the anti-inflammatory activity of copper.



100 U. Deuschle and U. Weser

4“4

12231/ 5T18.0 2218 MaP 12293102
D03 S223845.753% BAIS 223
Sl 8322 2 DS IAN LTS St
TZM2R20si132Me B, = =
ZiGa 3303 8. 74633454, =3301o
223 n | 813510 SIZ AT {134
Baunzsd2algiVisa 22X 2822075
=352 8 AZZ712,213572.235)
a2t axize 2335 <=2y
2ab=f = léafa‘.mjgz%fi =13
AT 225K 23 NZHE hiﬁilf?k?:‘za
23142793 8wl 28 i 38N w235 05239
SR A1 23388 T2 o itaL L= 2L =
8% A= = a2 672 M3
CyatsIfss3 StAZNA22a 1=
LG ar=ad S8 7 m w2sirt sZe
nue = =g tam 2 pAatiaat
31152230328 =032 134210224t
[NV BP9 =g co || 2P 7= 2
JL14 2577 |25 HE, 25 AT
Lé%‘?t\i&ﬂ \e.tri»‘m@a Z =8 Va5 Aé

Fig. 1. Papyros of Ebers in hieratic script. Two examples of recipes which contain copper: LXXIX:
Another to expel pain (?) in all limbs of a man: ammi, styrax, honey, precious (?) malachite, dog’s
skin are applied to his face, thou shalt not lay hands on him. Another to soften the member of the
knee: northern salt, gum ammoniac, grease of ibex, honey, frankincense, celery, snj-t 3, calamine

(?), onion, hammering-flakes from copper, grease of sheep, cumin, oil, natron are ground and (it) is
bandaged therewith
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Table 1. Exchange rate of coordinated water in the axial position of metal
aquo complexes® [M(H,0)¢] + H,0*® — [M(H,0)s(H,0")] + H,0

aquo complex k (s79)
cr** 5% 1077
A13+ 100
Fe** 3 x 10°
Mg?* > 10"
Ni%* 3 x 10
COZ+ 106
Fe? 3 x 10°
Mo’ 3 x 10°
Cu™* 8 x 10°

2 The Biochemistry of Copper

Copper belongs to the biochemically active and essential elements. It is certainly not
a fortunate happenstance that copper plays a key role in biochemical systems. There
are many distinct criteria which support its chemical reactivity. Copper is an
extremely good chelating cation and the redox potential is on the positive side.
Copper(II) is a most prominent example for the well-known Jahn-Teller phenome-
non. Cu 3d’ is unstable in highly symmetric tetrahedral and octahedral ligand fields.
Thus, it is usually found in distorted tetragonal environments. Quite frequently the
axial ligand is further apart which results in a kinetically rather unstable situation.
By way of contrast, the chromium(III)-aquo complex belongs to the kinetically most
stable complexes. In fact, the exchange rate of the bivalent copper-aquo complex,
compared to the chromium-aquo complex, proceeds by 17 orders of magnitude
faster (Table 1). The positive redox potential explains the active participation in
biological electron transport reactions (see Table 2). The electron-accepting oxygen
is very loosely bound. For example, the electron transport of four electrons on to
molecular oxygen proceeds with utmost velocity in the case of cytochrome oxidase.
Due to this fast reaction, possible intermediary products such as superoxide or
peroxide are only hypothesized. Unfortunately, there is no experimental technique
available to allow the measurement of this fast reduction of oxygen. At the same
time, the structure and function correlation of Cu,Zn,superoxide dismutase should
be emphasized (Fig. 2). This binuclear Cu-Zn-protein reacts with superoxide radi-
cals at a rate which belongs to the fastest reactions ever measured in biochemical
systems. The pseudo first-order rate constant is approximately 2 - 10° M~ ! s~ ! and
is practically diffusion-limited.

The dominant role of copper in the biochemistry of oxygen should also be seen
under the above-mentioned criteria. There is an important evolutionary aspect in
that oxygen accumulated in the primordial atmosphere and anaerobic life had to
adapt to the aerobic environment. In the course of this process, specific transition
metals (i.e. copper, iron) proved particularly suitable to form the active centres of
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Table 2. Functional aspects of some copper proteins

Copper protein Activity Function Lit.
haemocyanin reversible oxygenation respiratory protein in molluscs 7
Cu,Znjsuperoxide  catalytical dismutation of copper transport protein and/or re- 8-11
dismutase superoxide moval of superoxide (intracellular)

lysyl oxidase oxidative linkage of the e-amino cross linkage (maturation) of pro- 12, 13

monoamine oxidase

diamine oxidase

groups of lysyl residues in colla- collagen and proelastin
gen and elastin

oxidative desamination of catabolism of biogenic amines (i.e. 14
amines adrenergic neurotransmitters)
oxidative desamination of catabolism of diamines (also hist- 15
diamines amine)

peptidyl-a-amidating formation of an amide -XNH, biosynthesis of peptide neurotrans- 16

activity

tyrosine hydroxylase
dopamine-f-mono-

oxygenase

cytochrome oxidase

coeruloplasmin

ascorbate oxidase
laccase
metallothionein
azurin

plastocyanin
stellacyanin

from a peptide sequence mitters and hypophysis factors with
—X~Gly-Y- (cosubstrate ascor- amidated function
bate); Gly reacts to glyoxylate

o-hydroxylation of tyrosine, biosynthesis of dopaminergic neuro- 17
oxidation to the o-quinone transmitters, melamin formation

B-hydroxylation of dopamine  biosynthesis of adrenergic neuro- 17, 18
transmitters

electron transport from cyto-  energetic coupling of the oxidative 19, 20
chrome c to O, in the respiratory phosphorylation to the electron
chain transport in the respiratory chain,
vectorial H* transport in the inner
mitochondrial membrane

stoichiometric scavenging of iron metabolism, copper transport, 21-23
superoxide and hydroxylradi-  antioxidative in serum, acute phase

cals, oxidase (Fe**, bifunctional protein (o,-globulin)

aromatic amines and phenols, as-

corbate); blue oxidase

blue oxidase, reduction of terminal oxidase in plants 24
0,(0) to 2 O(-1I)

blue oxidase, reduction of oxidation of mono- and diphenols 24
0,(0) to 2 O(-1I) in plants

unknown copper storage, possibly copper 25-27

donator for the biosynthesis of cop-
per proteins

electron transport (blue copper electron transport in the respiratory 24
proteins) chain of bacteria and plants

many essential metalloproteins. By looking at the different copper proteins of Table
2, it is not surprising that molecular oxygen, superoxide, peroxide and even water
are metabolized by many of these proteins. Throughout, the copper remains more
or less the same; however, the protein ligand dictates the respective specific
biochemical reactivity of the chelated copper.
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His 118

Fig. 2. Active site of bovine Cu,Zn,superoxide dismutase. Bovine Cu,Zn,superoxide dismutase
(M, approx. 32000) consists of two identical subunits. Their active sites contain one Cu(II) and
Zn(1I), respectively, which are linked by a common ligand (His 61). Copper is essential for the
activity of the enzyme and is known to catalyze the disproportionation of superoxide by cyclic
reduction and oxidation, zinc can be absent; in this case the enzymic activity is slightly reduced. The
role of zinc is not fully understood; it might be responsible for structural stabilization of the protein
conformation. The structure of the active site of Cu,Zn,superoxide dismutase has been drawn using
the atomic coordinates published by Trainer et al.”®

Unlike the haemoproteins where the iron is bound to a specific porphyrin
residue, copper is always chelated to specific sites of the polypeptide chain of the
protein. According to Malkin and Malmstrém?), there are three different types of
chelated copper. They are characterized by their distinct differences of physico-
chemical properties.

Type 1 Cu’*: This chelated Cu?* exhibits an intensive electron absorption
(gcu ~ 5000) near 600 nm and intriguing magnetic properties. In the EPR spectrum
an unusually small hyperfine coupling constant (A ~ 0.006 cm™?) is detected. In
addition, a relatively high reduction potential in the 300-500 mV range vs. 150 mV
for Cu(II) is seen® 23D, Usually two histidine ligands, one thiolate sulphur and a

N e N
His/\_-*e- His/\_
N S S

/=N
N@ Cys f\@) Cys
Exgr™ 5x10% cm' M

Fig. 3. Oxidation-reduction of the type I or “blue”-copper chromophore
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second sulphur ligand (for example, disulphide, methionine or RC=S), contribute
to these spectroscopic properties. In the case of the second sulphur ligand, however,
non-sulphur ligands cannot be fully excluded (Fig. 3).

There is a general agreement™ that the strong electronic absorption in the
600 nm region is associated with 7tS and/or 6 S— Cu (d,. - y2) charge transfer transi-
tion. The cysteine ligand is presumed to be the potent electron donor. This was
supported by model studies of low energy S (thiolate) — Cu(II) charge transfer
transitions using the tetrahedrally constrained environment of 3d° copper bound in
3,5-dimethyl-1-pyrazole borate®>.

Type II Ci?*: This copper is characterized by a weak electronic absorption
(gcu ~ 50-150). Occasionally it is also termed “non-blue” copper. The EPR proper-
ties are similar to those exhibited in distorted tetragonal environments. Unlikely the
many low molecular weight Cu(II)-chelates or other “non-blue” copper-proteins
including Cu,Zn,superoxide dismutase, galactose oxidase and benzylamine oxidase,
this type II copper has very unique chemical properties associated with the simul-
taneous presence of type I and type III copper binding centres found in multi-copper
oxidases. Thus, this type II definition should be reserved for the “non-blue” copper
binding sites in the blue multi-copper oxidases.

Type III Ci?*: The type III copper binding centre is a binuclear copper complex.
It is found in haemocyanin, phenoloxidases and in all multi-copper oxidases. Elec-
tronic absorption is measured at 330 nm, no EPR spectrum is detectable with the
consequence of non-paramagnetism over a wide range of temperature. The single
3d’ electrons are spin-coupled, which explains the observed diamagnetism. The best
guess as deduced from many spectroscopic data including EXAFS measurements
includes a bridging ligand, probably tyrosine*® (Fig. 4).

As stated above, the protein portion of a copper protein dictates the respective
biochemical specificity. The binuclear copper binding centre of haemocyanin is well
able to act as a respiratory system in molluscs. Dioxygen is bound to two coppers in
the oxy-haemocyanin. The monovalently charged superoxide radical reacts with the
“non-blue” copper binding site in the Cu,Zn,superoxide dismutase. Changes in the
polypeptide chain can cause copper to react with the peroxide anion. The rather
sophisticated cytochrome c oxidase is capable of transferring four electrons onto
molecular oxygen to produce water in the respiratory chain. Apart from the well
characterized copper proteins, there are low molecular weight copper chelates of

~O ~0
0—o0
N \| _N
\Cu/ cu

N Fig. 4. Binuclear or type III copper binding centre
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peptides and amino acids. Attributable to their superoxide dismutase activity, their
possible role in scavenging excited oxygen species is discussed. They might also be
quite good carriers in copper transport systems, especially in the serum.

3 Copper Metabolism

3.1 Serum Copper

Some aspects of copper metabolism will be discussed below. Mammalian serum
contains approximately 15 pM copper (1 pg/ml). Roughly 93% are found coordi-
nated in coeruloplasmin®. The residual portion is bound to albumin and - to a
lesser extent — coordinated in low molecular weight copper chelates. The two major
complexes are copper-albumin and a ternary histidine copper serum albumin com-
plex®). 0.2-0.4% (2-4 nM) of the non-coeruloplasmin bound copper passed mem-
brane filtration* in low molecular weight form (Fig. 5). Likely candidates of these

Serum

Coeruloplasmin

~15uM
Tissue Liver
Copper serum Biosynthesis of

Biosynthesis of ‘;‘I)bumin coeruloplasmin
copper proteins ~1uM Regulation of
Catabolism Qf serum copper level
copper proteins Storage of copper

L5 (metallothionein)

e — g‘é _____
ws
|

Low molecuiar
weight copper
complexes
=2nM

Supply of low molecular
weight copper compounds

(Absorption in the small intestine,
parenteral application)

Fig. 5. Copper in the mammalian organism. The concentrations of copper complexes in serum of
normal individuals are given. The copper content of the liver depends on both nutrition and state of
health. The liver could be assigned to act as a “copper buffer”; it affects the availability of copper in
other organs by regulating the serum copper level
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copper complexes were copper-histidine and ternary complexes employing histidine
and another amino acid (preferentially threonine, cystine*>*). In comparing the
binding constants of copper serum albumin and copper-histidine (Table 3), the
expected concentration of low molecular weight copper chelates in serum would be
approximately 1 pM. At present, we do not know whether this discrepancy may be
attributed to erroneous experiments, or whether there is an unknown low molecular
weight copper chelating ligand (for example peptide) available.

Under normal physiological conditions, the copper of coeruloplasmin does not
exchange with the copper found in the other fractions® % ). As a possible link
between the coeruloplasmin and albumin compartments of copper, the catabolism
of coeruloplasmin may be seen. By way of contrast, the copper serum albumin
complex is kinetically labile. There is a fast equilibrium with the low molecular
weight serum copper*“) and with the tissue copper’”. Furthermore, there is
expected to be a fixed ratio between copper serum albumin and low molecular
weight copper chelates® in the serum. This is explained by a high excess of the
ligands over the metal (serum albumin approx. 700 uM, histidine 130 uM, all amino
acids totally 40 mM>?),

A well known phenomenon of the systemic inflammation is the intriguing rise of
the serum copper concentration (see also 5.2). All three copper binding systems
including coeruloplasmin, albumin and the low molecular weight chelates are sub-
stantially higher® **9, Furthermore, the hepatic biosynthesis of coeruloplasmin is
stimulated®®. We do not know the origin of the copper incorporated into the other
fractions. Accelerated turnover of coeruloplasmin, as usually observed in inflam-
matory diseases, could be the source™.

The molecular basis of Cu-transport deserves special attention. The high binding
capacity to proteins, its ability to create reactive oxygen species™ 2" and its essential
biochemical role in many oxidases, demand a well-balanced regulation of the cellu-
lar copper. As free Cu(II)-ions can undergo many uncontrolled reactions, Cu has to
be kept in the stable Cu(I)-thiolate state. Different reaction mechanisms should be
discussed in the metabolism of Cu. Firstly, there is a direct transfer of Cu(I) which is
facilitated by the hydrophobic nature of the Cu(I)-thiolate chromophore®®*?. Sec-

Table 3. Thermodynamic stability of some copper complexes

Ligand ' log K; log K, Lit.
Formate 1.57 0.65 44
Acetate 1.67 0.98 45
Salicylate 10.45 18.47 46
Histidine* 10.2 18.5 47
Serum albumin 16.2 -~ 48
[CuL] [CuL,] .
K, = —— K =— L = L d
NI * T CulLp e

* Data are given for [CuHis]** and [CuHis,]**, respectively; at pH 7.4 the latter species comprises
95% of all possible complexes
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ondly, thionein-Cu can provide the organism with essential Cu(II) through a
catabolic mechanism, i.e., an enzymically-controlled oxidative breakdown of the
Cu(I)-thiolate chromophore by a specific Cu-thionein oxidase.

On the search for an oxidative pathway of Cu(II)-formation, it was attempted to
use xanthine oxidase as a possible “Cu(I)-thionein-oxidase”®. The Cu(I)-thiolate
chromophores of Cu-thionein were oxidized in the presence of this flavoenzyme, as
deduced from spectrometrical measurements using EPR and circular dichroism.
Unlike Cu,Zn,superoxide dismutase, catalase inhibited the oxidative cleavage, sug-
gesting peroxide as the actual oxidizing agent. It might be assumed that there is an
enzymically-controlled oxidative pathway for the generation of biologically impor-
tant Cu(II).

Cu(D) (SR), —> Cu(ll) + RS-SR
—3e

As a spontaneous oxidation of the Cu-thiolate chromophore in vivo does not
occur, this “catabolic” metal metabolism would explain the need for a specific Cu-
thionein oxidase.

Although there is no proof of a proteolytic cleavage of native copper-thionein,
this possible mechanism of Cu(II) formation should also be considered.

It might be attractive to see a regulatory mechanism of generated Cu(II) which is
not immediately bound by apo-copper-proteins. This Cu(II) would inhibit xanthine
oxidase and bring the further oxidation of Cu(I)-thionein to a halt. Furthermore, the
well known iron/copper relationship should be seen in this context. High amounts of
liver catalase would be able to scavenge the flavoprotein-dependent generation of
H,0,, leading again to the inhibition of Cu(II) release from Cu(I)-thionein. Further
experiments in vivo will be awaited with great interest.

3.2 Copper Transport Into the Tissue

In serum, the half life of the copper serum albumin complex is roughly 10 min. The
decrease of copper in the blood parallels an increase in the liver®?. In the presence
of serum albumin, amino acids are able to stimulate copper transport into liver slices
or erythrocytes®®). Likewise, the copper-chelating tripeptide Gly-His-Lys in-
creases copper absorption in hepatoma cells®. This effect is not seen when histidine
is added to isolated liver cells in the absence of serum albumin®. In the presence of
serum albumin, low molecular weight ligands are able to sequester only a small part
of the copper bound to albumin, which might, however, be sufficient to facilitate
copper transport®.

There is no doubt that coeruloplasmin has a copper transport function®->®),
Coeruloplasmin copper is incorporated into cytochrome oxidase quite rapidly when
copper-deficient rats are used®. Lysyloxidase activity in the aorta of copper-defi-
cient chicks is only detectable after the level of coeruloplasmin in the serum has
risen’?. The angiogenesis (formation of blood vessels) in rabbit cornea is stimulated
by coeruloplasmin and other copper complexes™. The half life of coeruloplasmin in
the serum of rats is 13 hours®. It is interesting to note that under physiological pH
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conditions coeruloplasmin copper is only exchangeable when there is an enzymic
activity of coeruloplasmin, in other words when there is a substrate present, for

example, p-phenylene-diamine™.

4 Pharmacology of Copper

In the middle of this century, synthetically-prepared copper chelates were success-
fully used to treat inflammatory diseases, especially those of rheumatism and
rheumatoid arthritis™ 7). In the last twenty years, attempts were made to elucidate
their mode of action. The anti-inflammatory activity of many different copper com-
pounds, including inorganic copper salts, amino acid chelates, copper salicylates and
acetates, were compared and studied in animal systems (see also 5.3)76°%.

When the copper complexes were given parenterally, no significant difference in
their anti-inflammatory activity was seen. Copper complexes of established anti-
inflammatorily active ligands, for example, glucocorticoids and non-steroidal anti-
inflammatory drugs, have been shown to be more potent compared to the free
ligand. It was hypothesized that these copper chelates were the actual reactive
species’®. Upon oral administration of these copper chelates this anti-inflammatory
activity was diminished”” %%, It must be assumed that these copper complexes
dissociate in the intestinal tract®” with the consequence of a reduced copper absorp-
tion. An anti-inflammatory activity was detected when copper chelates were applied
onto the skin®'®). Proof of a penetration was successful using *copper chelates®>.
Likewise, implanted elemental copper was also anti-inflammatory®. In the pres-
ence of oxygen a detectable portion of elemental copper is dissolved:

2Cu’+ 0, + 4HL — 2 Cul, + 2H,0

L = ligand (for example amino acid or hydroxy carbonic acid)

Copper intrauterine devices (IUDs)® are known to release copper. In addition
to the inhibition of embryogenesis including impaired implantation and blastocyst
development copper IUDs might have an anti-inflammatory effect which is, how-
ever, not yet established®. At the same time, a possible spermicidal activity cannot
be excluded. Arthritic patients carrying copper bracelets were reported to experi-
ence subjective improvement. In the course of the trial a weight loss of the copper
bracelets was measured. Milligrams of copper are dissolved daily in sweat®. Copper
complexes with amino acids (preferentially glycine) are formed and transported
through the skin®?.

The copper proteins Cu,Zn,superoxide dismutase®** and coeruloplasmin® are
reported to be anti-inflammatorily active. The general conclusion seems to be war-
ranted that copper which bypasses the regulation of copper absorption controlled by
the intestinal mucosa or liver has anti-inflammatory activity. On the other hand,
copper deficiency aggravates inflammation® ®”. The pharmacological experiments
are rather unsatisfactory in that they do not reveal the possible mode of action of
copper in inflammation. The animal used in the experiments is considered as a
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“black box”. The compound to be tested is administered and the effect on experi-
mentally induced inflammation is detected. Unfortunately, the molecular action of
copper in inflammation remains in the dark.

5 Inflammatory Process

5.1 Local Reaction

There are many different causes which can induce tissue damage resulting in inflam-
mation. Injuries, microbial infections and (auto)-immunoreactions have to be listed
under the possible causes. Cells adjacent to the damaged site are activated (Fig. 6):
mast cells secrete histamin which is stored in granules
thrombocytes are stimulated by free collagen and secrete serotonin
kininogenases of serum are activitated in a similar manner
leukocytes are synthesizing prostaglandins and leukotrienes
- phagocytes (polymorphonuclear granulocates, monocytes, tissue macrophages)
produce reactive oxygen species'® 1% (Fig. 7); in addition lysosomal enzymes are
liberated'®.

98-102)

Tissue damage caused by

— Immune reaction etc.

Activation of: \

Mast Blood Kinino- Leuko- Comple-
cells plate- genases cytes ment
lets in the
serum
Formation of:
Hista- Sero- Kinins Prosta- Leukocyte | | Lysoso- Reactive Leuko- Comple-
mine tonin glandins endoge- mal oxygen trienes ment
nous enzymes | | species tactors
mediator
Effects: \ / \
Vasodilatation and Fever, . Destruction and Chemotaxis of
increase of per- systemic catabolism of leukocytes
meability of blood reaction germs and damaged
vessels tissue
Increased blood Increased Leukocyte
flow rate, pain infiltration
edema sensiti-
vity

Fig. 6. The local inflammatory reaction. The classical symptoms of inflammation (dolor, rubor,
calor, tumor = pain, reddening, warmth, swelling) are essentially explained by vascular effects and
leukocyte infiltration
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Fig. 7a,b. Possible excited oxygen species generated in the course of inflammation and subsequent
secondary reactions. b Partially reduced oxygen species can be formed during electron transport
from a substrate X onto molecular oxygen'®). a Phagocytes contain NADPH oxidase producing
+O; and H,0, on activation'®®_ !Q,, «OH or ferryl species could be subsequently formed.
Attributable to their high reactivity biological macromolecules are assumed to be unspecifically
attacked. Reactive oxygen species are known to eliminate microbial germs. However, they are also
claimed to account for secondary damages induced by the inflammatory process itself

In experimental inflammation induced in animals (i.e. carrageenan paw edema
in rats), two phases are distinguishable in the acute reaction''?:
— In the first phase histamin, serotonin and kinin induce dilatation and increased
permeability of blood vessels. Exudate formation (edema) is the consequence.
— In a later phase these effects are taken over by metabolites of the arachidonic
cascade (prostaglandins'®'?, leukotrienes'™?). At the same time, reactive oxy-
gen species are discussed to play a vital role'™. There is a possible link between
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the metabolism of superoxide and the prostaglandin biosynthesis: superoxide is
known to stimulate the formation of prostaglandins® ™. More phagocytes are
attracted by chemokinetical and chemotactical factors (leukotrienes, complement
factors'™, as well as superoxide-induced factors'>117).

The local inflammatory reaction effects a modulation of the properties of the
blood vessels. Thus, the damaged region is perfectly supplied with the many defen-
sive proteins of the serum, including immunoglobulins, complement factors, acute
phase proteins and nutrients. For defence and repair, an intensive metabolism can
be maintained. Phagocytes remove damaged cells, microorganisms, complexes
between antigens and antibodies and many other irritants. It is likely that the
increased levels of anti-inflammatory substances in serum, such as coeruloplasmin
and copper amino acid complexes, may play a decisive role to control the inflamma-
tion.

The many different excited oxygen species produced by the activated phago-
cytes, for example, superoxide, peroxide, hydroxyl radical, alkoxyl radicals and
singlet oxygen, are able to attack biologically important macromolecules, such as
hyaluronic acid, proteins, DNA polynucleotides and lipid membranes'*'?”, The
function of these biopolymers is expected to be considerably diminished. On the
other hand, antigens may be formed which induce consecutive auto-immune reac-
tions. Eventually, an aggravation of the inflammation may be observed (— chronical
inflammation)®”). Peroxidation of membrane lipids proceeds in the same way, lead-
ing to severe damages of the cell'??”), Mutations can be induced by this process'?".

5.2 Systemic Reaction

When the damage has been sufficiently severe, the local inflammatory reaction is

followed by metabolic changes affecting the entire organism'? 2

— increase of leukocyte number (caused by stimulating the bone marrow),

— amino acid flux from the muscles to the liver (for energy formation and protein
synthesis),

— drop of the albumin and transferrin levels in the serum,

- (increased) synthesis of the acute phase proteins in the liver (C-reactive protein,
coeruloplasmin, oy-antitrypsin, haptoglobin, fibrinogen) (for limitation of tissue
damages, support of wound healing, modulation of immune functions™?),

- rise of the serum copper level (up to 60 uM); the concentration of all copper
fractions including coeruloplasmin, copper serum albumin and low molecular
weight copper complexes is increased (see 3.1),

— a drop of the iron and zinc levels in the serum (absorption by the liver).

The systemic reaction aims to limit the damaging process by supporting the local
reaction™®. The supply of phagocytes is ascertained to facilitate resorption of dam-
aged tissue and the scavenging of microorganisms; at the same time perished leuko-
cytes are replaced. The amino acid metabolism is diverted to synthesize the acute
phase proteins which are known to fulfil important functions in defence and repair
mechanisms. The reduced serum iron concentration is hypothesized to inhibit the
growth of iron-dependent microorganisms. In general, the levels of both zinc and
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copper in the serum are antagonistic. The anti-inflammatory activity of coeruloplas-
min and copper complexes has already been discussed (see 4).

When a systemic reaction is triggered, the leukocyte endogenous mediator
(LEM)™® — which is produced by leukocytes — plays an essential function. In addi-
tion to LEM, other products of the arachidonic acid and/or superoxide metabolism
are discussed to act as further mediators in the systemic reaction.

5.3 Inhibition of the Inflammation

There are several experimental approaches to examine the anti-inflammatory activ-
ity of a drug in animal model systems. The inflammatory process is induced using
different means of irritation, for example, injections in the paw (paw edema) using
carrageenan (an extract of algae), kaolin, dextran or urate''®*). When a sterile
cotton pad is implanted in a wound, the inflammation is accompanied by granuloma
formation™. A model for the chronical inflammation is polyarthritis in rats. It is
induced by injection of Freund’s adjuvant, an emulsion containing denatured tuber-
culosis bacteria, paraffin and mannitol-monooleate'®. The above tests were used to
examine the many anti-inflammatorily active substances of biological and synthetical
origin. Apart from the copper compounds (see 4), two pharmacologically important
groups will be discussed in more detail: steroidal and non-steroidal anti-inflamma-
tory drugs (NSAIDs). Both kinds of drugs affect the biosynthesis of prostaglandins.
Unlike the glucocorticoids which inhibit the generation of arachidonic acid from
membrane phospholipids (induction of the inhibitor of the phospholipase A;)* ),
many non-steroidal drugs, including indomethacin and aspirin, inhibit the cyclooxy-
genase'® which is known to convert arachidonic acid via the endoperoxide prosta-
glandin G (PGG) into the endoperoxide prostaglandin H (PGH). Other NSAIDs
(for example benzoxaprofen'®”) inhibit the lipoxygenase pathway where leukotri-
enes are formed from arachidonic acid. Prostaglandins and leukotrienes are medi-
ators of inflammation. The inhibition of their biosynthesis in the presence of steroi-
dal and non-steroidal anti-inflammatory drugs explains their influence on the inflam-
matory process. Indomethacin, for example, inhibits vasodilatation, increase of the
permeability of the blood vessels as well as leukocyte infiltration following an
inflammatory stimulus'**). In addition to the known inhibition of the prostaglan-
din biosynthesis, other mechanisms cannot be excluded. The possible participation
of copper in the inhibition of cyclooxygenase awaits further examinations (see
6.1.3).

6 Mechanism of the Anti-Inflammatory Activity of Copper

6.1 Effects on the Initiation Phase of Inflammations

Following the tissue damage by an inflammatory impact (injury, microbial infection,
immune reaction), the organism attempts to minimize those damages or bring them
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to a halt by infiltrating phagocytes, which are able to catabolize the foreign material
(bacteria, destroyed cells). However, the secretion of lysosomal enzymes and reac-
tive oxygen species may cause a secondary damage.

At the beginning of an inflammatory reaction, the so-called initiation phase, the
anti-inflammatory activity of copper might be assigned to several possible actions:
removal of superoxide by catalytically active low molecular weight copper chelates,
the possible induction of anti-inflammatory copper proteins, influence of the pros-
taglandin biosynthesis or the immune reaction and microbicidal activity of copper.

6.1.1 Superoxide Dismutase Activity of Copper Complexes

The catalytical superoxide dismutase activity of differently chelated copper(I)/cop-
per(I) complexes has been successfully shown. Formate!*?, amino acids*: 143-14),
salicylates or derivatives thereof'¥'*), indomethacin and lonazolac and other deri-
vatives of acetate!® >0, and penicillamine" *? are listed among the many potent
copper-chelating ligands (Table 4). In the first step, copper(Il) is reduced by
superoxide to yield copper(I) which is reoxidized by another superoxide anion; thus
the catalytical cycle is closed.

Cu(Il) + <05 — Cu(l) + O,
Cu(I) + ’02_ —> Cu(II) + H202

Table 4. Superoxide dismutase activity of some copper complexes'? 5 146.1%9) Superoxide dismut-
ase activity was determined by pulse radiolysis employing a Febetron unit. A xenon lamp, Osram
XBO 450 W 4, served as light source. In some of the experiments the optical detection system was
composed of a Zeiss M4 QIII monochromator, an EMI 9659 QB photomultiplier and a Textronix
7704 oscilloscope. Oscilloscope traces showing the decay of « O3 at 250 nm were photographed with
a Polaroid camera. In another set of experiments the oscilloscope and the camera were replaced by
transient recorder DATALAB 905. 40 ns pulses of high-energy electrons (1.81 MeV) were
employed in oxygen saturated solutions of triply distilled and pyrolyzed water containing the copper
complexes and 1072 M formate at pH 7.5. The G-value of +O7; was raised thus to 6.1. Superoxide
concentrations were estimated employing thiocyanate dosimetry'™. All rate constants represent the
constants of second order reactions (k,). In the cases of spontaneous superoxide dismutation,
evaluation of the decay kinetics of superoxide radicals resulted in second order type reaction
directly. When copper-penicillamine was present, the reactions showed pseudo-first order type
kinetics, from which, depending on the concentration of the complex, the second order rate con-
stants were calculated using a Wang 2200 computer. For further experimental details see Refs. 144,
145 and 148

Cu-complex k, X 107" M 157!
Cu,Zn,superoxide dismutase 1.30
Cu(Lys), 0.56
Cu(Tyr), 1.00
Cu (Gly-His), 0.29
Cu (Gly-His-Leu), 0.21
Cu (formate), 2.70
Cu (salicylate), 1.64
Cu (acetylsalicylate), 0.96
Cu (diisopropylsalicylate), 2.40
Cuy(indomethacin), 3.00

Cu-penicillamine 0.40
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As an example for a possible structure-activity relationship, the copper-
indomethacin complex is presented in greater detail. X-ray diffraction studies
revealed a unique structure of the copper-indomethacin complex (Figs. 8 and 9).
Two centrosymmetrical dimers, [Cu(indomethacin),], - L,, are seen. The dimerisa-
tion occurs in a bridging manner via four indomethacinate ions. Two coordination
sites in the copper-copper axis are occupied by the solvent which can be readily
replaced by superoxide. In the case of the Cu,(indomethacin),(Me,SO),, a third
molecule is loosely bound in the unit cell. Either of the 3d’ coppers is located in a
Jahn-Teller distorted octahedral surroundings. Four-square planar carboxyl oxygen
atoms are 1.96 A apart. The solvent oxygen (in the case of Me,SO) is separated by
2.16 A and the distance to the second copper atom is 2.63 A. The copper-copper
distance of 2.63 A comes very close to that reported for metallic copper (2.56 A).
This supports very nicely the results obtained from the magnetic measurements
where it was deduced that copper was antiferromagnetically coupled. It should be
pointed out that the carboxylate bridges force a close contact of the two copper
atoms. This is deduced from the narrow distance of only 2.23 A (average) by look-
ing at O(1)-0O(2) and O(3)-O(4) (Fig. 9). Unlike the copper-copper distance, these
binding lengths are much closer. Thus, each copper sticks 0.2 A out of the square
plane. The distance between the copper and the carboxylate oxygen are in agree-
ment with the sum of the covalent radii of Cu and O (2.02 A, see Pauling'®).
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Fig. 8. Crystal structure of Cu,(indomethacin), - L,. (With permission from Biochimica et Biophy-
sica Acta 631, 232-245 (1980))
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Fig. 9. Formula of Cu,(indomethacin), - L,. (With permission from Biochimica et Biophysica Acta
631, 232-245 (1980))

The molecular architecture of Cu,(indomethacin), reaches back to a fairly widely
distributed coordination of copper with oxygen, known as the dimeric copper ace-
tate. Cuy(acetate), - H,0¥ is also antiferromagnetic, with a Néel point at
—18°C™). This dimeric form of Cu(II)acetate is also present in Cu,(indometha-
cin),. Furthermore, a dimeric Cu,(salicylate), of the same structural properties has
been reported. The latter structure was deduced from electron paramagnetic mea-
surements’®. In addition, the same structure is known for Cu(II)formate - urea'”.
Throughout, two coordination sites in the copper-copper axis are occupied by some
exchangeable ligand. Similarly, lonazolac, another substituted acetate derivative,
was shown to form an antiferromagnetically coupled copper complex of possibly the
same binuclear structure'™.

Electron transport between the two copper atoms should therefore be similar to
that known for metallic copper. As pointed out earlier, this might explain the
extraordinarily fast reaction with superoxide observed in all these copper complexes
of acetate-like ligands. In the native Cu,Zn,superoxide dismutase, the copper-bind-
ing centres are separated by 34 A and no direct electron transport is possible. In this
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case, electron transfer from one copper to the second, if any, must take place via the
protein backbone, involving the histidine residues.

A predominant excited oxygen species generated by activated phagocytes is
superoxide. This oxygen species is considered to be a mediator and trigger of many
pathogenic events. Thus, it is very attractive to assign the anti-inflammatory activity
of copper to its superoxide dismutase-mimicking activity. In the first place, the
mediator effect of superoxide will be reduced. Formation of vasoactive and
chemotactic factors and stimulation of the arachidonic acid metabolism will be
decreased. On the other hand, a substantial reduction of damages induced by
excited oxygen species derived from superoxide, including lipid peroxidation,
catabolism of hyaluronic acid, unspecific reactions with proteins, formation of auto-
antigens and mutagenicity (see 5.1), should be seen. The inflammatory process
would proceed more mildly. An aggravation would be avoided.

Very little is known on the effect of copper compounds on these superoxide-
dependent reactions in the organism. Some in vivo experiments support the
superoxide-scavenging theory by copper complexes. For example, administered
copper tyrosine inhibits the paracetamol-induced lipidperoxidation®. It is pre-
sumed that the superoxide dismutase activity of copper tyrosine inhibits the mi-
crosomal hydroxylation which is known to proceed via this oxygen radical. Conse-
quently paracetamol is metabolized at a slower rate. The lipid peroxidation is attrib-
uted to the activity of free radicals which are generated during the metabolism of
paracetamol.

6.1.2 Survival of Superoxide Dismutase Mimics in Biological Systems

It should be emphasized that the concentration of most of the low molecular weight
copper complexes is extremely low in biological systems™”. A detailed study on the
reactivity of Cu,(lonazolac),, a lipophilic copper acetate derivative, was performed
to examine both the superoxide dismutase activity and survival in the presence of
whole serum or serum albumin. Superoxide dismutase activity of the Cu-complex in
micromolar concentrations was detectable in the presence of up to 900 uM per ml of
serum albumin or whole serum protein. At 700 pM albumin concentration, a ternary
complex between Cu,(lonazolac), and the protein was formed. The original acetate-
copper coordination changed to a biuret-type copper bonding as seen from EPR and
electron absorption spectrometry. Lonazolac did not induce a detectable conforma-
tional change of the protein near or at the copper binding site. Equilibrium dialysis
and optical titration experiments revealed that essentially all copper of the
Cu,(lonazolac), complex was bound in the specific binding site of serum albumin.
The copper complex proved to be an effective inhibitor of lipid peroxidation.
According to the present results obtained from the reaction of serum albumin
with copper chelates, not very much can be said about the actual concentration of
superoxide dismutase-mimetic complexes in indirect assays for superoxide dismut-
ase activity (for instance, inhibition of superoxide-driven nitro blue tetrazolium
reduction). They contain many different metal chelators. For example, copper bind-
ing to xanthine oxidase protein (an enzyme used to generate superoxide in vitro) —
similar to that observed for serum albumin - is possible. Numerous other chelators
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including nitro blue tetrazolium (NBT), gelatine and xanthine may react with the
added copper complex. Thus, the actual concentration of the superoxide dismutase-
mimicking complex is probably much lower.

It may come close to that of the 10 nM Cu,Zn,superoxide dismutase necessary to
achieve 50% inhibition of NBT reduction. The assignment of the superoxide dismut-
ase activity to “free Cu®*” ions can be discarded. It has been shown that the free
divalent copper ion concentration in complexes with amino acids or peptides lies
between 10712 — 10718 M*"+ 159,

At present, the following facts can be summarized. The acetate-like copper
complexes are perfect mimics of superoxide dismutase activity in the absence of high
concentrations of competitive chelating agents. In the presence of these ligands the
concentration of intact complexes is very low. However, the absence of any superox-
ide dismutase activity at all cannot be ascertained. Some residual activity exerted by
traces of undissociated copper complexes beyound the detection limit has to be
considered. These traces may be sufficient to explain the anti-inflammatory action of
many copper complexes observed in vivo™.

Taking into account the 700 fold excess of serum albumin over the kinetically
labile copper in serum, it is rather unlikely to expect an increase of superoxide
dismutase activity following the external application of copper; essentially, all the
copper is complexed by albumin in a form that has no superoxide dismutase activity.
The extremely low superoxide dismutase activity in the extracellular compartments
of the organism should be emphasized in this context. Respective values are: serum
0.6 U/ml, lymph 1.7 U/ml and are contrasted by the enormous activities in liver
(1570 U/g wet weight) and erythrocytes (500 U/g wet weight)'$0.

The anti-inflammatory response of known anti-inflammatory drugs, including
salicylates, indomethacin, and lonazolac, may be assigned to the action of their
copper-acetate-like clusters rather than the action of the free ligands’® 6%,
Indeed, the catalysis of the spontaneous superoxide dismutation has been shown in
water. In addition, the catalysis of these copper chelates dissolved in aqueous
Me,SO or acetonitrile proceeded in the same manner as in homogeneous aqueous
systems. In contrast, the diminished reactivity of Cu,Znjsuperoxide dismutase in
aprotic solvents could probably be attributed to conformational changes of the
protein moiety. For example, it is known that Me,SO affects the protein portion of
ferredoxin and Cu,Zn,superoxide dismutase!s> 169,

The power of the acetate-like superoxide dismutase mimics might be attributed
to the lipophilicity of these complexes. Some copper complexes (especially those
with lipophilic acetate derivatives) are soluble in lipid systems. Both the aromatic
residues and the charge compensation following the reaction with divalent copper
facilitate transport of the complex into and through lipophilic systems (Fig. 10).
They could act as superoxide scavengers in lipophilic regions where Cu,Zn,superox-
ide dismutase is excluded.

6.1.3 Superoxide Dismutase-Active Complexes of High Stability
To improve possible applications of low molecular weight copper chelates provided

with superoxide dismutase activity for analytical and/or therapeutical purposes, we
were searching for a copper complex of higher resistance to strong chelators. With
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Fig. 10. Antiferromagnetically coupled and EPR-silent acetate-like Cu(II) complexes with increas-
ing lipophilicity of the ligands. The antiferromagnetic coupling is also maintained in buffer-free
aqueous solution. With increasing lipophilicity of the carboxylate ligand, the thermodynamic stabil-
ity of the complex rises (see Table 3)

the exception of Cu-penicillamine and the native binuclear Cu,Zn,superoxide dis-
mutase, all acetate-like copper complexes with NSAIDs did not survive EDTA
treatment. EDTA was used to mimic the albumin fraction in the serum. Thus, the
only low molecular weight copper complex having superoxide dismutase activity and
known to be stable enough to survive treatment with serum albumin is the copper
penicillamine complex. Penicillamine is generally used as a copper chelator in the
case of copper poisoning and metabolic disorders of copper metabolism (Morbus
Wilson). The copper is chelated and the complex is renally excreted.

In a pulse radiolysis study on the superoxide dismutase activity of Cu-penicill-
amine, the pH dependence and resistance to EDTA was examined in more detail.
The second order rate constant of the spontaneous decay of +O; was 2.3 = 0.3 -
10° M~!s71, In the presence of variable concentrations of Cu-penicillamine, mark-
edly higher second order rate constants were determined. k, was highest
(6 - 10° M~'s™!) using 10~® M Cu-penicillamine and dropped to a constant value of

4.5+ 0.5- 10* M!s™! in the presence of micromolar or higher concentrations
(Fig. 11).
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Fig. 11. The second order rate constant (k,) of the reaction between Cu-penicillamine and - O; at
different concentrations of the copper chelate. Experimental details as in legend to Table 4. (With
permission from Biochimica et Biophysica Acta 567, 492-502 (1979))

It should be pointed out that the Cu-penicillamine-catalyzed superoxide dismuta-
tion proceeds with essentially the same velocity as observed with many known
superoxide dismutases (k, = 2.4 - 10° to 5.5 - 108 M~1s71)!%1)  The significant
rise of k, at 1077 — 10~ M concentrations of Cu-penicillamine could be attributed
to the dissociation of extraneous Cu(Il) from the outer sphere of the cluster. The
disturbing reactivity should be countered by the addition of EDTA. This strong
chelator is usually added to the different native superoxide dismutases to avoid
uncontrolled side reactions of unspecifically bound transition metals (Fig. 12).

The chelator alone affected the » O; decay. From 1077 M on to higher concentra-
tions of ethylene diamine tetraacetic acid suppressed the spontaneous « O; dismuta-
tion. However, in the presence of 108 — 107® M Cu-penicillamine the catalysis of
superoxide dismutation remained constant at 2 £ 0.2 - 10 M~'s™". The apparent
discrepancy between the data of Figs. 11 and 12 is due to an overlapping of the
reaction of superoxide with the complex and the direct reaction of EDTA with - O;.
This favours the assumption that dissociated spurious Cu(II) from the complex has
been trapped by the chelator. The diminished rate constant caused by 10 ° M or
higher EDTA concentrations must be assigned to the reactivity of free chelator and
is not connected to the chelation of metal impurities.

The pH dependence of the Cu-penicillamine-catalyzed superoxide dismutation
reveals no dramatic changes of k,. Unlike the strong pH-dependent spontaneous
reactions form 3 - 10’ M~'s™! (pH 3) to 5 - 10° M~!s™! (pH 9), the same pH varia-
tions of Cu-penicillamine in the presence of EDTA solutions resulted in rate con-
stants still being in the range of the usual enzymic catalyzed superoxide dismutation

(Fig. 13).
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Fig. 12. Effect of different concentrations of EDTA on the rate constant of the reaction between
Cu—genicillamine and +O;. 1, EDTA alone; 2-6 + Cu-penicillamine in the concentrations: 2, 9.1 -
107 M; 3,4.8- 107 M;4,9.1-107M; 5,4.8-10°°M and 6, 9.1 - 10~° M. Higher inhibitor
concentrations were not examined due to both the uncontrolled reactivity of the ligand with « O; and
the increase in viscosity of the solutions leading to erroneous rate constants. (With permission from
Biochimica et Biophysica Acta 567, 492-502 (1979))

6.1.4 The Superoxide Dismutase Activity in Vivo

Although the copper penicillamine complex exerts superoxide dismutase activity
even in the presence of strong chelators, its reactivity in the organism must be seen
in a different way. Penicillamine — when administered as an anti-rheumatoid drug —
exerts its therapeutic effect only after several weeks of treatment. Thus, the assign-
ment of the superoxide dismutase activity to the anti-rheumatoid activity is not easy
to understand.

An important property of the superoxide dismutase-mimicking copper com-
plexes is the need of at least one vacant coordination site to allow the reaction with
superoxide radical. Thus, no superoxide dismutase activity is seen when EDTA,
diethylene triaminopentaacetate, triethylene tetramine or the tripeptide Gly-Gly-
His are chelated to Cu(II), forming complexes that are at least as stable as copper
serum albumin.

The naturally occurring binuclear Cu,Zn,superoxide dismutase is an extraordi-
narily strong copper complex which has superoxide dismutase activity (Fig. 2). Its
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Fig. 13. pH-dependence of the rate constant of the reaction between superoxide and Cu-penicill-
amine on the presence of 107 M EDTA. Cu-penicillamine was present in the concentrations: 1, 0;
2,4.8-1077M;3,9.1-1077 M; 4, 4.8 - 10~ ® M. (With permission from Biochimica et Biophysica
Acta 567, 492-502 (1979))

physiological role is debated whether or not this enzyme controls superoxide-depen-
dent mechanisms in the organism. Quite frequently it is used to demonstrate the
occurrence of superoxide by inhibiting such a reaction in the presence of this copper-
zinc-protein. Cu,Zn,superoxide dismutase is metabolized quite rapidly. The half life
in blood is several minutes. Surprisingly, the reported anti-inflammatory activity is
maintained much longer than the actual superoxide dismutase activity®. Consider-
able doubts are raised against the hypothesis that the scavenging of superoxide is the
most important mechanism of the anti-inflammatory reactivity of copper. Immune
reactions of the protein portion or superoxide dismutase-active low molecular
weight catabolic fragments of the native enzyme are discussed as the possible cause.

At present, we do not know whether or not the anti-inflammatory activity of
copper is assigned to the superoxide dismutase activity or from copper chelates
formed in vivo. The direct proof of superoxide dismutase activity under in vivo
conditions is still awaited with great interest. Taking into account the extraordinarily
low concentration of the low molecular weight copper chelates in aqueous biological
systems, there is a fairly high probability that the superoxide dismutase activity of
these complexes plays a minor role. However, in lipophilic sections of the organ-
isms, including membranes and other lipophilic systems, the resulting copper com-
plexes would have a better chance to survive and would be able to protect the
membranes from the attack of excited oxygen species.

6.1.5 Induction of Cu,Znysuperoxide Dismutase

It would be attractive to conclude that an increased copper supplement parallels an
increase of the biosynthesis of Cu,Zn,superoxide dismutase'? with the consequence
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of a diminished superoxide liberation from phagocytes. Rats and chickens which
were maintained on a copper-deficient diet displayed a diminished superoxide dis-
mutase activity in erythrocytes'’:1"?. By way of contrast, excessive copper adminis-
tration caused only an insignificant rise in the enzymic activities (0~10%) compared
to the animals maintained on a normal diet'”:". These observations allow the
conclusion that an induction of Cu,Zn,superoxide dismutase is only seen in copper-
deficient animals following the repletion with copper.

During the copper repletion, the activity of Cu,Znysuperoxide dismutase rose
within 36 h to 94% and remained at least 12 days at this level. Additional
intraperitoneal copper doses to rats maintained on a full diet were unable to stimu-
late the Cu,Zn,superoxide dismutase activity in the blood significantly (11% above
control) (Fig. 14).

6.1.6 Modulation of Prostaglandin Synthesis

Prostaglandins belong to the mediators of inflammation. The major portion is synth-
esized by activated macrophages and released in the environment. In an inflamma-
tory event, the prostaglandins of the E-type (PGE) are of great importance. How-
ever, in the course of an inflammation they act contradictorily. Proinflammatory

°lo

1004

804

40+

204

T 1 T T | 1
10 20 30 40 50 60days

Fig. 14. Cu,Zn,superoxide dismutase activity in blood cells of copper-deficient rats in percent of the
control. The single point at the 39" day represents the Cu,Zn,superoxide dismutase activity in the
blood cells of rats (same age as the control), but after a 4-week treatment with seven intraperitoneal
injections of 0.13 mg CuSO, in saline solution per kg weight. The significance on the 15% day
between control and copper-deficient rats is better than P < 0.001. The dotted line indicates the
Cu,Znysuperoxide dismutase activity in blood cells of rats having a dietary copper repletion via
drinking water. (With permission from Biochimica et Biophysica Acta 444, 396-406 (1976))
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effects are vasodilatation, increased vasopermeability and aggravation of pain
induced by other mediators like kinins, histamine. On the other hand, the suppres-
sion of both metabolism and function of leukocytes, especially lymphocytes, results
in diminished inflammation (inhibition of chemotaxis and phagocytosis, abolishment
of the activation of macrophages by lymphocytes)'™. In other words, formation of
edema and pain response are increased while the cellular defence mechanisms are
inhibited. The discrepancy between either mode of action could be minimized in
that pro- and anti-inflammatory effects occur in different target cells and at different
times. The increased inflammatory response proceeds rather quickly and is espe-
cially seen in non-leukocyte cells (for example the cells of the vessel wall). The
inhibitory action is seen at a later time and deals with leukocytes. There is a break of
the positive feed back between macrophage and lymphocytes with the consequence
of the regulation of the inflammatory process'™. In contrast to the prostaglandins of
the E series, PGF,, is vasoconstrictive and, thus, anti-inflammatorily active. As for
the rest, PGF,, behaves alsmost neutral in relation to the inflammatory process.

In vitro, the prostaglandin biosynthesis is influenced by copper salts and other
copper compounds'’*¥”, On the whole, the formation of prostaglandins is reduced.
At the same time, the production of PGF,, is stimulated relative to PGE. It may be
deduced that copper shifts the equilibrium between different prostaglandins to
favour the anti-inflammatorily active PGF,,. The mechanism of this phenomenon is
unknown.

6.1.7 Modulation of Immunobiological Functions

A biologically active immune system is an important condition for the successful
defence against infectious microorganisms. Copper appears to be essential for the
normal functioning of the immune system. In copper-deficient animals the number
of antibody-forming cells is substantially reduced’® ¥2, Lymphocytes react more
weakly on the stimulation of cell proliferation’®. Lymphocytes treated with diethyl-
dithiocarbamate synthesize less DNA compared to the control. This phenomenon
can be reversed following the addition of inorganic copper salts'®. The reaction of
T-lymphocytes on mitogens (— DNA-synthesis) is affected by D-penicillamine in
the presence of copper salts’®”. The reactivity of copper penicillamine on lympho-
cytes is not known. At present, it may not be deduced whether or not copper is able
to modulate the function of the immune cells in a way other than via its biochemical
action in the many known copper proteins.

6.1.8 Antimycoplasmic Activity

Bacteria of the mycoplasmic group may be important in the etiology of rheumatic
diseases'®®. Copper complexes of substituted phenantrolines and isoquinolines show
a strong antimycoplasmic activity in vitro'®?,

However, these complexes are very toxic. Perhaps there are endogenous copper
complexes of similar reactivity. It should be noticed that copper sulphate and some
copper complexes have a mycoplasmicidic effect in vitro'®.
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6.2 Response in the Repair Phase

In an inflammatory event, the initiation phase overlaps with the repair phase, i.e.
immediately after the occurrence of tissue damages the repair is started. In the case
that the repair mechanisms are out of order, an aggravation of the inflammation
might be the cause, as the initial damages are not removed. This results in a pro-
gressive increase of the total damages (secretion of lysosomal enzymes and reactive
oxygen species).

Granulomas obtained following the insertion of cotton wad in an incision are of
considerably superior quality than controls provided the animals have been treated
with anti-inflammatory copper complexes. The new tissue was well formed and less
edematous’ ¥, Following the addition of copper an inflammation appears to be
much milder. Not only edema formation and leukocyte infiltration are reduced, but
also formation of granulation tissue is much more ordered. In this context, the
biosynthesis of the extracellular substance of the connective tissues plays a decisive
role.

There are two important processes of the repair phase which depend on copper:
collagen maturation (lysyloxidase) and formation of new blood vessels in the
inflamed region (angiogenesis).

6.2.1 Induction of Lysyloxidase

Fully matured collagen, a major portion of the extracellular component of the
connective tissues, requires the enzyme lysyloxidase. This enzyme crosslinks differ-
ent polypeptide chains of procollagen by an oxidative link between two lysyl side
chains (e-NH,-groups):

R"'CH2"NH2 + NHz"'CHz"R + 02 g R—CH=N—CH2—R + NH3 + H202

A diminished activity of lysyloxidase, therefore parallels an insufficient repair of the
tissue damage. The lysyloxidase activity was diminished in copper-deficient
chicks™., It is not known whether copper supplementation to normally fed animals
induces the activity of lysyloxidase.

6.2.2 Angiogenesis

Owing to the formation of new blood vessels (especially capillaries), there is a
positive influence on the supply of the damaged region and its repair. Copper
promises to actively induce angiogenesis. For example, copper-deficient rabbits are
unable to respond to an angiogenetic reaction using adequate stimuli such as PGE,
or neoplasmic cells'”. Employing rabbit cornea preparations, added copper is cap-
able of triggering angiogenesis. Low molecular weight copper chelates from heparin,
Gly-His-Lys as well as coeruloplasmin or copper-containing fragments thereof, have
been successfully used’”. The accumulation of copper in the cornea following the
PGE, induced angiogenesis should be mentioned. Copper-heparin is able to
mobilize endothelial cells'" . A possible beneficial role of copper to maintain the
capillary network in good shape is discussed.
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7 Conclusion

The remarkable rise of mammalian serum copper is the most intriguing phenome-
non in an inflammatory event induced either mechanically, microbially or immuno-
logically. Externally applied copper supports this rise of serum copper. The copper-
storage proteins of the organism do not need to release copper. Provided the rise in
serum copper can be considered an endogenous anti-inflammatory reaction for limi-
tation of potentially damaging mechanisms, the anti-inflammatory activity of many
copper compounds may be seen in the support of the above-mentioned endogenous
response. This conclusion is supported by an observed aggravation of inflammation
in copper-deficient rats; they are unable to raise their serum copper levels signifi-
cantly”” %9,

Copper administration might also overcome a latent nutritional copper defi-
ciency caused by insufficient nutritional copper supply. While in the healthy organ-
ism usually no symptoms are manifest, inflammatory and/or other diseases where
copper is mobilized may be aggravated when copper stores are almost empty. This is
even more pronounced when the excretion of copper and other trace elements is
elevated in chronic inflammatory diseases. Investigations carried out in the United
States showed that a lot of people consume less than the recommended 2 mg Cu/
day™ necessary to replace excreted copper. Reports from other industrial countries
led to similar results.

The nutritional copper intake deserves more attention. The possible relationship
between dietary copper and the severity of the inflammatory process, especially in
the light of copper deficiency, is unknown. Nevertheless, copper supplementation
can be recommended for treatment of inflammatory diseases as it will facilitate to
maintain the optimal serum copper level. The use of copper complexes should not
be over-estimated to be of dramatic value, although there might be a beneficial
therapeutic effect.

The elucidation of the mode of action of the anti-inflammatory activity of copper
complexes awaits further studies. The earlier exclusive assignment of the anti-
inflammatory activity of these complexes to their superoxide dismutase-like activity
has to stand up to rigorous questioning. At present, no direct proof of the scaveng-
ing of excited oxygen species in vivo is available. Only in vitro studies on the effect
of copper on the biosynthesis of prostaglandins and the metabolism of other hor-
mone mediators have been performed. There may be other metabolic pathways
which are dependent on copper. The recently discovered beneficial effect of copper
on angiogenesis is a promising start in this direction.
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Human insulin has recently become available for therapeutic use in diabetic patients. In this article,
structure and preparation techniques, including isolation, total synthesis, semisynthesis as well as
DNA-recombinant methods are discussed. Furthermore the biological properties in vitro and in vivo
of human insulin are described. Finally, results from clinical studies in humans are reported and

possible therapeutic advantages in comparison to animal insulins are discussed.
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Introduction

The importance of insulin in the treatment of diabetes mellitus can be expressed in
figures. Approximately 2 tonnes of insulin are used to treat diabetic patients
throughout the world per year. This enormous figure gains in significance when
expressed in terms of the daily average requirement per diabetic patient of 1.5 mg.

Porcine and bovine pancreases weigh about 40-80 and 250 g respectively. Using
processes which have become more and more refined over the last 65 years, up to
140 mg insulin can be isolated from one kilogram of animal glands. A costly process
of transporting the pancreases from the slaughterhouse to the insulin manufacturer
in a deep frozen condition ensures that the tiny amounts of insulin in the pancreases
are not cleaved and destroyed prematurely by the more than hundredfold surplus
(by weight) of proteolytic enzymes which coexist in the pancreas.

Moreover, when one considers that up to 100,000 pancreases must be processed
in order to obtain one kilogram of porcine insulin, it becomes clear why only animals
intended for slaughter from large-scale livestock farming, i.e. pigs and cattle, can be
used as a source.

Even under bovine or porcine insulin treatment, diabetes mellitus can be associ-
ated with a series of complications, such as nephropathy and retinopathy, cardiovas-
cular damage and damage to peripheral blood vessels. It is generally believed today
that the principle reason for these side effects is the unphysiological way in which the
insulin is administered. This leads to unnatural fluctuations in blood sugar levels and
the resulting peripheral lesions, although heterogeneity of animal insulins and differ-
ences in the amino composition, as compared to human insulin? (Fig. 1) also have
an effect, albeit limited, on the biological properties of the insulin. Naturally, it was
thought that human insulin, as an endogenous hormone would fulfil the justified
hopes and wishes of patients and doctors alike.

Structures of Various Insulins
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A. Chemistry: Structure, Manufacture, Purification, Analysis

1. Structure and Characteristics

Human insulin - in the same way as insulins from other species — is secreted by the
pB-cells of the pancreas. Active insulin consists of two chains of peptides, A and B,
which are connected by two disulfide bridges, an intra-chain disulfide bridge also
being present in the A chain linking positions A6 and 11. The A chain is composed
of 21 amino acids residues and the B chain of 30. During biosynthesis a linear
precursor molecule, proinsulin, is first of all formed' 2, the C-terminus of its B
chain linked to the amino terminus of the A chain by the C-peptide, which consists
of 35 amino acid residues.

Human proinsulin is derived from preproinsulin, which is an even larger
molecule. This precursor results as the first translation product in protein biosyn-
thesis from the “insulin genes”?™®. The presequence of human preproinsulin is
composed of a peptide consisting of 24 amino acids residues bound to the amino
terminus of the B chain?.

Contrary to proinsulin, preproinsulin is not obtained from pancreas tissue for
analysis. The primary structures of the known insulin presequences have only been
able to be determined using in vitro translation products of mRNA from pancreatic
B-cells or by DNA sequencing combined with molecular biological cloning tech-
niques.

The reason for this is the enzymatic cleaving of the presequence during transport
of the total protein through the membrane of the endoplasmic reticulum into the
free cell lumen. The signal peptide plays a decisive role in this transport
mechanism' ',

The further enzymatic conversion of proinsulin into free insulin and C-peptide
occurs in the Golgi apparatus. Here the insulin is stored in thombohedric granules
until exocytosis takes place'> '© to protect it from further enzymatic degradation.

It must be mentioned here that the most prominent variations in the primary
structure of the different species of insulin lie in the C-peptide section'”. Although,
for example, human and porcine insulin differ only in that threonine at position B30
is replaced by alanine in the latter, there are 17 positions in the C-peptides which
differ, and additionally 2 deletions in porcine C-peptide'®.

The sequences of the A and B chains in primates, i.e. man and monkey, are
identical. Human insulin has, however, a leucyl residue at position C7 in the
C-peptide chain, whilst monkey proinsulin has a prolyl residue in this position'* 2.

The amino acid sequences of the therapeutically important human and porcine
insulins differ only slightly, the single variation being the threonine/alanine differ-
ence at position B30 (Fig. 1). As can be assumed from their completely identical
biological activity, the tertiary protein structure of these insulins is also identical.

Human insulin, like porcine insulin, crystallises into rhombohedric 2 Zn (4 Zn)
crystals, in which the insulin is present as three identical dimers forming a hexamer
aggregate®V.

Three-dimensional X-ray structural analysis of 2 Zn crystals of human and por-
cine insulin at a resolution of 1.9 A revealed marginal differences in conformation at
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position B30 and transposition of the crystal water molecules. Slight differences in
the interaction between the amino acid side-chains were also established. These can
be explained by the differences between threonine and alanine as far as extensibility
and capability of forming hydrogen bridges are concerned. These small differences
exert little or no influence on the structural elements responsible for receptor bind-
ing, aggregation and the way in which the insulins behave immunologically and
chemically.

This only applies because no sequences are affected which have developed as
invariant domains during the evolution of animal insulins®. Recently, abnormal
human insulins have been identified in serum and pancreas samples from diabetic
patients. When secreted in an hyperinsulinaemic state, these insulins have led to
typical hyperglycaemia of diabetes mellitus®®~%). The patients, however, react nor-
mally to exogenous insulin. So far, by means of HPLC, radioimmunoassay,
immunoaffinity investigations, molecular cloning and DNA sequencing?” %), 2
natural variants of human insulin have been found and elucidated. In one variant,
human insulin B25 (Phe — Leu), leucine has replaced phenylalanine at B25* 2. A
further variant is human insulin B24 (Phe — Ser)®. The structures were confirmed
by comparing them with corresponding semisynthetically obtained analogues™ V.
When investigating the variant insulins B24 (Phe — Leu) and B25 (Phe — Ser) it
was found that the insulins manipulated at position B24 still posessed approx. 15%
of the potency of normal human insulin, as did insulin B24 (Phe — Leu). The
biological potency of the B25 variant amounted, however, to only 2% of the natural
activity®,

Interesting knowledge on conformative influences of these domains on biological
activity was gained from these findings. The conformation of the B24 analogues is
different, for example, this being shown by a reduction in the ability to dimer-
ise®> 33, B25 analogues retain the known insulin conformation. Losses in activity in
both cases can be explained by the topography of the insulin molecule. The aromatic
residue of B25 is on the surface of the insulin molecule and is directly involved in the
receptor binding, whilst the aromatic ring B24 is directed into the molecule and
stabilises the C-terminus of the B chain by van der Waals’ interaction. As with B24
substitution, replacement of the aromatic substances with Leu or Ser indirectly or
directly inhibits the hormone-receptor interaction.

First abnormal products of the insulin gene have also been found at the proinsu-
lin level.

In some cases of hyperproinsulinaemia, a two-chain intermediate product of
proinsulin has been identified in which C-peptide has already been cleaved from the
B chain but is still bound to the N-terminus of the A chain* *>, The C-peptide in
this intermediate product is linked by a Lys*-Arg® to the A chain®®. It is cleaved
into insulin and C-peptide during the biosynthetic processing of normal proinsu-
1in*®. Analytical investigation showed that in the abnormal intermediate product the
second basic amino acid, Arg®, necessary for enzymatic recognition of the conver-
sion point, is either missing or has been replaced by an amino acid residue yet to be
determined.

The cases of natural mutants of human insulin and proinsulin found so far lead
one to assume that in the future further natural variants will enable the discovery of
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structure and function relationships, which until now has been impossible because of
the inaccessibility of the compounds.

With the exception of these few cases where the structure varies and which play a
very small — if tragic — role in the enormous field of diabetes mellitus, the structural,
chemical, physical and biological properties of human insulin are the same as those
of bovine and porcine insulin in almost every respect’”*. The most important
common feature is their biological activity i.e. the blood sugar lowering effect, which
amounts to at least 26 U/mg"” and to 28 U/mg for highly-purified human insulin,
compared to the international insulin standard.

I1. Production of Human Insulin

1. Natural Human Insulin

Human insulin can, of course, only be obtained from human pancreases for analyti-
cal purposes. Special processing procedures for small amounts of pancreas were
developed for this purpose?: “1~*), Methods of isolating extremely small amounts of
insulin were used for the elucidation of the structure of human insulin variants®.

2. Chemical Synthesis

From the beginning of the 60s, much time and effort was put into the total synthesis
of insulin. The oxidative recombination of reduced A and B chains* *® paved the
way to the first successful attempts at synthesising insulin~>%. Crystallisable,
biologically fully-active bovine insulin was produced in this way in 1965°", Human
insulin was obtained for the first time in 1967 from separately constructed chains®?.
This method of synthesis consisted of more than 200 individual steps, but the yield of
only a few per cent on recombination of the separate chains was so low that it was
inconceivable to produce human insulin in this way.

An interesting method of totally synthesising human insulin had been discovered
by 1974%®). This was a very valuable step indeed, as this method was specifically
concerned with the synthesis of the disulfide bridges and, was the first to demon-
strate the structure of insulin. Only 2 different S-protective groups were required for
synthesis, since the starting material was an asymmetrical cystine-peptide,
A(20-21)-B(17-20), which had already been prepared in 1973%9:

H-Cys-Asn-OBu' (Bu' = tert.-butyl)
Trt-Leu-Val-Cys-Gly-OH

Successive addition of the fragments Bpoc-A(14-19)-OH and H-B(21-30)-
OBu' resulted in an intermediate product which already possessed 22 of the 51
amino acids of insulin.

The asymmetric disulfide is apparently stable enough in this large molecule. All
third functions of the amino acids involved are blocked by protective groups on a
tertiary butyl basis. They can later be cleaved off acidolytically with trifluoroacetic
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acid. The Bpoc residue is an N-protective group®®, which can also be cleaved off
acidolytically. This process is, however, so mild that tertiary butyl residues remain
intact.

Further synthesis placed great demands on the selectivity of the protective
groups. In order to continue at all, new conditions for synthesis had to be found,
under which it would be possible to differentiate further between the already
extremely acid-labile protective groups Bpoc (2-(4-biphenylyl)-propyl-(2)-oxicar-
bonyl-) and Trt (trityl-). A way was finally found by using pH-controlled acidolysis
of the N-trityl and N-Bpoc groups with trifluoroethanol as solvent. A further obsta-
cle was still present, however, in the shape of the synthesis of the A(1~13)-OH
segment.

The cyclic disulfide Cys®~Cys'! was attained by iodine-oxidation of the corre-
sponding S-trityl cysteine residue. In doing so it was necessary to create conditions
under which the S-acetamidomethyl group (S-Acm), also sensitive to iodine, would
not yet react. This obstacle was also overcome and permitted construction of the
entire protected sequence, still containing the cysteine pair A7-B7, protected by
S-Acm: Cleaving off the tertiary butyl protective groups and iodine oxidation led the
way to human insulin which was extensively purified by countercurrent distribution.

Although this method of synthesis first made gram amounts of human insulin
available, as a production method it also proved to be much too expensive. Further
methods of obtaining synthetic human insulin were based on findings made by
Steiner*® who, after reduction of the disulfide bridges and oxidative recombination,
observed a recombination yield of approx. 70% with proinsulin. Laborious trials in
which trypsin and carboxypeptidase B®) were used to cleave human insulin enzy-
matically from synthetic proinsulin also showed that such a pathway was not suitable
for production.

Recombination trials were also carried out in which instead of C-peptide the A
and B chains of the insulin between the amino groups N,A1 and N,B29 were linked
by dicarbonic acid. Since the distance between the two amino groups in the spatial
structure amounts to only 8-10 A, the fixation of these amino groups with a dicar-
bonic acid residue actually increased the recombination yield up to 70-75% of the
theoretical value® ),

The introduction of cleavable bridging reagents such as «,a’-diamino-suberic
acid® %, showed that it was possible to synthesise the correct disulfide bridges with
linked A and B chains. Subsequent Edman degradation of the diamino suberic acid
residue resulted in insulin®.

All these attempts at chemical synthesis were, however, overtaken by develop-
ments in the fields of semisynthesis and genetic engineering, which were taking place
at the same time. Nevertheless, these attempts were worthwhile, as they brought
numerous new insulin analogues to light which were able to be investigated for
structure and function® %659,

3. Semisynthesis

Since the only difference between human and porcine insulin is the presence of
alanine instead of threonine at position B30 in the former, it seemed obvious to use
semisynthetic procedures to convert porcine insulin into human insulin.
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An experiment of this sort had already been published as early as 1972%9. The six
free carboxyl groups of porcine insulin had been converted into the corresponding
methyl esters with diazomethane. The porcine insulin-hexamethyl ester was then
converted by enzymatic cleavage with trypsin at Arg B22 and Lys B29 into desocta-
peptide-B23-30-insulin-pentamethylester.

After protecting the N,A1 and N,B1 amino groups, which were still free, with
the tert-butyloxicarbonyl residue, a molecule resulted which, in accordance with
classic peptide chemistry, contained all carboxyl and amino groups in blocked form,
with the exception of the carboxyl group at Arg B22, which was necessary for
coupling with a synthetic octapeptide of the human insulin sequence B23-30.

After chemical peptide coupling, the protective groups should have been cleav-
able by acidolysis and basic conditions. Investigations carried out by other work-
ers” ) revealed that the original yield of 75% human insulin was not reproducible.
The reason for this was an almost quantitative imide formation at Asn A21 during
the saponification of the methyl ester’ V. Another chemical process for the con-
version® of porcine insulin took these findings one step further by circumventing
the protection of the carboxyl groups.

N,A!N,B 1-Bis-tert-butyloxicarbonyl-desoctapeptide-(B23-30)-insulin was
transformed by means of dicyclohexylcarbodiimide/N-hydroxybenzotriazol’” and
the N-terminal free, partially-protected human octapeptide. Despite the 6 free car-
boxyl groups, the -COOH residue of Arg B22 reacted preferentially. After cleavage
of the protective groups, the actual problem was the chromatographic separation of
so-called “isoinsulin”® from active human insulin. The small amounts of human
insulin finally obtained were identical with the natural hormone.

The breakthrough for semisynthesis, was, however, when enzyme-catalyzed pep-
tide-bonding procedures were applied which had been known for quite some
time™ 7.

As most insulins contain only one Arg B22 and one Lys B29, the C-terminal
region of the B chain can be split off selectively by trypsin, which cleaves the peptide
bonds specifically at the carboxyl site of basic amino acids. During the past few years
a highly specific lysyl-endopeptidase® has been made commercially available,
which even allows selective cuts between only Lys B29—-Ala B30. The resulting des-
Ala-B30 insulin (DAI) can be prepared alternatively by a very critical digest with
carboxypeptidase A®), Degradation of the C-terminal Asn-A21 occurs, however, to
some extent. After all desoctapeptide-B23-30-insulin (DOI) or DAI, two readily
available starting materials, can be used for the semisynthetic exchange of the
C-terminal sequence of the porcine insulin B chain. Starting with DOI, chemical
coupling methods as mentioned result in poor yields and therefore extensive purifi-
cation procedures. Substitution of the chemical coupling reagents with trypsin, how-
ever, raised yields to 60-80%"). Enzymatic coupling of DAI with threonine esters””
was an interesting simplification, based on the observation that under certain condi-
tions the cleavage of the Arg B22-Gly B23 bond by trypsin is suppressed. When
lysyl-endopeptidase® became available, even this potential side reaction was able to
be excluded™.

Very recently, various groups” *? have independently found an essential
improvement in the enzymatic semisynthesis of insulin. Under slightly variable con-
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ditions, single-step trypsin-catalyzed transamidation can be performed at the Lys
B29-Ala B30 peptide bond.

The enzymatic conversion of porcine insulin into human insulin has been
expanded in the last few years into production methods®® #), which differ only in the
conditions of the reaction, such as pH values and application of alternative organic
solvents or different threonine esters. Conversion rates of 80-90% are achieved.
After splitting off the protective groups and purification, a total yield of 55-60%
human insulin is achieved.

Ion exchangers or silica gel filtration or a combination of both are used for
purification (see Sect. A. IIL.). These chromatographic procedures, and particularly
purification on silica gel, ensure that unconverted porcine insulin and other pancrea-
tic impurities such as proinsulin, somatostatin, pancreatic polypeptide, VIP,
neurotensin, GIP and gastrin are eliminated®. The procedures are carried out at
the level of the lipophilic human insulin ester, which too is favourable for purifica-
tion using ion-exchange chromatography, since the negative charge is reduced by the
ester function, compared to the unreacted porcine insulin.

Human insulin preparations manufactured using semisynthetic procedures are
very pure. Practically no impurities are detected with modern, highly-sensitive
methods such as HPLC and radioimmunoassay, even though their limits of detection
are partly lower than 1 ppm. In addition to the production of therapeutically rele-
vant amounts of human insulin, these semisynthetic methods have been used to
prepare a series of insulin analogues with amino acid exchanges in the C-terminal
region B23-30. By doing so, mutants of natural insulin® have been made accessible
for assessment of structure and function (see Sect. A. 1.). Unnatural B30 analogues
have also been gained® ®” and some used for immunological investigations®”: %),
These investigations showed that analogues of this type have the same degree of
immunogenicity as human insulin, but that some differ considerably in their anti-
genicity towards preformed anti-insulin antibodies. Their behaviour is therefore
similar to that of des-Phe B1 porcine insulin, which was investigated at an earlier
date®.

Consistent findings have yet to be reported on the mechanism of the single-step,
enzymatically catalysed transamidation. Final conclusions cannot be drawn on the
positive®® and negative®® findings. Clarification of this question will have to be the
subject of future studies.

4. Biosynthesis of Human Insulin by Means of Genetic Engineering

As with the development of peptide and protein chemistry, the quest for human
insulin was the driving force behind the development of genetic engineering techni-
ques in this field.

Two ways are known of obtaining human insulin from modified E. coli by fer-
mentation. They both adhere strictly to the historical development of insulin synthe-
sis. The first method developed was preparation via separately biosynthesised A and
B chains, this was followed by the biosynthesis of human proinsulin, from which
human insulin can be derived by enzymatic cleavage®”, as mentioned earlier.

In both cases the insulin sequences first of all occur bound to an E. coli specific
protein and are isolated in this form.
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In the case of the separate chains, chemically synthesised genes®® are inserted
into a plasmid, pBr322%9, which contains E. coli sequences of the lac-operon and in
this way control the expression of the inserted DNA. Protein synthesis, therefore,
results in a chimeric protein which consists of a B-galactosidase-insulin chain®®. The
fusion proteins are isolated, purified and further processed into human insulin using
known protein-chemical methods. For this purpose, the fusion proteins were con-
structed in such a way that a methionine residue cleavable by cyanogenbromide was
inserted between the f-galactosidase and the insulin chain. After purification, sul-
fitolysis was performed following cleavage with cyanogenbromide and the resulting
S-sulfonates of the insulin chains formed the classic starting material for the recom-
bination of the disulfide bridges into insulin as described at A. II. By varying the
latter method in decades of research, scientists finally managed to increase the yield
of the S-S-bond to such an extent® that it was possible to develop a productive
manufacturing process for human insulin.

It has been possible to improve the fermentative production of human insulin by
changing to proinsulin instead of using separate chains, the very important improve-
ment being, however, the replacement of the lac-operon with the trp system. The
chimeric B-gal-protein consists of 1,004 amino acid residues, but the trp system uses
only 191°9. This means that the content of insulin in the trp-fusion-protein described
is five times higher (86 amino acid residues for proinsulin) than with B-gal-fusion®.
In addition a manyfold higher expression rate has been observed for the trp-
fusion®?. The most significant characteristic of both expressed polypeptides is that
they are very poorly soluble, occurring in the form of insoluble aggregates in the
E. coli cell. These granules, which electron microscopy revealed to be strikingly
large, protect the product from immediate enzymatic degradation by the E. coli
proteases™, of which at least two have been made responsible for efficient proteoly-
sis. Direct expression of human insulin is, however, still impossible because of
proteolytic degradation. Molecular biological investigations in the future will there-
fore definitely be concerned with overcoming the problem of proteolytic degrada-
tion by studying other microorganisms such as yeasts or Bacillus subtilis or modified
intracellular transport mechanisms. Important for the present is, however, that the
aim of producing insulin for therapeutic purposes has been reached by this break-
through using pioneering genetic engineering methods.

So-called biosynthetic human insulin has been commercially available since 1982,
as has the semisynthetic form.

III. Purification and Analytics

1. Methods of Purification

As far as the purification of human insulin is concerned, much of the experience
made with insulins extracted from animal glands was able to be used®” 1. Ion-
exchange chromatography with anion exchangers has been used here very success-
fully for the latter. The method using medium pressure liquid chromatography on
silica gel with a mixture of organic eluents, mentioned in Sect. A. II. 3. was specially
developed for the fractionation of insulin and insulin esters. The high separation
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performance described is a result of differences in lipophilic character between both
compounds. The insulin esters carrying t-butyl groups are highly lipophilic which
leads to baseline fractionation. The method is rapid, works with large loads and has
the advantage that if the silica gel becomes contaminated it can be replaced cheaply.
Method-immanent losses, such as protein adsorption amount to only a few per cent
and are therefore negligible. The system has proved its worth as a large-scale pro-
duction method.

2. Analytical Methods

The introduction of semisynthetic and biosynthetic insulins for therapeutic use
raised both the sensitivity and range of methods of analysis to higher standards than
ever before. Protein-chemical work on the insulin molecule necessitated demonstra-
tion of the structural identity and the absence of reaction by-products for both
human insulin preparations. The research into the by-products meant that in
extreme cases the analytical methods had to be sensitive enough to detect individual
molecules (see Ref. 80, p. 42). In addition to the classic methods of amino acid
analysis, DISC-electrophoresis, determination of biological activity, UV spectros-
copy and radioimmunological and radioreceptor measurements, reverse-phase high
pressure liquid chromatography has proved to be an extremely sensitive method of
determination” > 112 The outstanding performance of RP-HPLC is demon-
strated by the way in which it clearly fractionates bovine, human, porcine and
mouse'® insulins out of mixed samples. Insulin esters, proinsulin, hydrolytic and
enzymatic products of degradation and chemical derivatives of insulin®® can be
demonstrated equally as distinctly. This means that a method of determining the
byproducts of human insulin production is available which will detect amounts as
small as 100 ppm. With regard to the demonstration of the correct disulfide linkage
when recombining separate insulin or pro-insulin chains, reliable and quantifiable
results have recently been reported using HPLC fingerprinting of S. aureus protease
V 8 fragments of the various insulins'® ', Thanks to its wide spectrum of applica-
tions, sensitivity and reliability, HPL.C has become the work-horse of insulin quality
control investigations®.

A range of highly specific analytical methods is therefore available today, com-
plemented, in the case of biosynthetic human insulin, by radioimmunoassay*® for
the detection of E. coli fragments, and the limulus-amoebocyte lysate assay'®® for
the determination of the endotoxin content.

B. Biological Characteristics and Clinical Use in Man

1. Introduction

On 30th July 1921 in Toronto, Banting and Best injected a dog with an active
pancreas extract for the first time. This was the end of a long era in which the
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diagnosis “diabetes mellitus” was almost synonymous with a death sentence for
those affected. But this was also the beginning of a new era in which man would
learn how to use insulin as a therapeutic tool.

Today, more than 60 years later, man is still learning. In the early days of insulin
treatment the most important objective was to purify the raw extracts — then full of
impurities — to such an extent that the most severe (mostly allergic) side effects no
longer occured. Later, the emphasis shifted to the development of longer-acting
insulin preparations. Several injections were needed per day, and the aim was to
reduce this number considerably. Recently, advances have been made in both the
areas of purification and product development.

It was not until man had been treated for many years with insulins of animal
origin that close attention was paid to the structure of the insulin molecule. The
amino acid sequence of insulin was elucidated by F. Sanger in the fifties. Subsequent
research revealed that the insulin molecules of various species are made up of a
number of amino acids which vary (29 positions) and a number of amino acids which
are fixed (22 positions)®. Human insulin differs from known animal insulins in a
number of different amino acids. The blood-sugar-lowering effects of the different
insulins are, however, identical in most cases.

Human insulin has come to be used for treatment only recently, a not unimpor-
tant factor in encouraging its use being the explosive developments in the area of
genetic engineering.

The following important questions emerged during its development:

1. Are the effects of human insulin in vitro and in animal models comparable with
the effects of animal insulin?

2. Are the biological effects of single doses of human insulin in healthy subjects
comparable with those of animal insulins?

3. Do the effects of human insulin differ from those of animal insulin after single
dose and long term treatment in diabetic patients?

4. Does human insulin have therapeutic advantages and what are its indications?

These questions are discussed in the following.

Differentiating between the insulins by manufacturing process seemed inapprop-
riate, particularly since all investigations, including X-ray structural analysis'™”,
brought no structural differences between semisynthetic and biosynthetic insulin to
light. Only differences in the purity of the insulins might be present, and these are
theoretical. Although impurities may be responsible for side effects, modern,
highly-developed purification techniques mean that this is of no practical impor-
tance.

I1. Biological Characteristics

1. In Vitro Effects on Cells and Organs

Binding to specific receptors on the surfaces of cells is the first step in the mode of
action of insulin. This includes binding to cells which have a non-insulin-dependent
metabolism. The red blood cells (erythrocytes) are an example of these. Despite
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this, the binding of insulins with different structures to cells of this type and others
has been compared, since this constitutes a simple experimental model.

Investigations have been carried out on the binding affinity of human insulin -
where appropriate compared with animal insulins — to erythrocytes, monocytes,
adipocytes, hepatocytes, lymphocytes and round cells of different origin. Changes in
binding affinity and the number of receptors per cell have also been investigated
after switching patients to human insulin.

a) Blood Cells

The binding of the different insulins to the cells circulating in the blood is usually
investigated with radiolabelled insulin. In addition to the insulin structure, the posi-
tion of the iodine label is important (the label can be attached to positions A-14 (tyr)
or A-19 (tyr) or both).

Binding of human insulin to human erythrocytes has been investigated in healthy
subjects and diabetic patients and compared with porcine insulin. The results dif-
fered in both healthy subjects and diabetic patients. In three studies'®"% no differ-
ences emerged between human and porcine insulin. In a fourth, however, the bind-
ing affinity of the porcine insulin was markedly lower than that of the human insulin
at low insulin concentrations''V.

Binding to human monocytes has also been investigated in healthy subjects and
diabetic patients. No differences emerged between human and porcine insulin in
healthy subjects'® 1 1% Binding of human insulin was found to be stronger than
of human proinsulin™. As with healthy subjects there was no difference in the
binding of human insulin and porcine insulin to monocytes in diabetic patients'?.
Finally, no differences emerged between the binding of human and porcine insulin
to human lymphocytes (IM-9) in vitro!!® 115-118),

The picture was slightly different for the degree to which human and porcine
insulin bind to the blood cells of diabetic patients during long term treatment.
Raised receptor affinity (erythrocytes) was discovered after changing to human
insulin in newly-diagnosed Type I and Type II diabetic patients'' and children!?®.
However, the concentration of receptors in the children then decreased”. The
binding of insulin to monocytes did not appear to differ when newly-diagnosed
diabetic patients were treated with human insulin or porcine insulin'®. Investiga-
tions of rheological variables revealed that the effects of human insulin on blood and
plasma viscosity, haematocrit, erythrocyte sedimentation rate and deformability
were not different from those of animal insulin'?.

b) Other Cells and Organs

Binding studies on rat adipocytes showed no differences between
insulins from different species. There were also no differences as far as glucose
transport'?* 127 lipogenesis'®, lipolysis''” and ATP depletion''” were concerned.
Binding to rat hepatocytes, their isolated membranes'?® and pig hepatocytes'® was
not different for human and animal insulins, nor was the influx of aminobutyric acid.
Rat epididymal fatty tissue!’”, the soleus muscle of the mouse® and rat islet
cells® did not react differently to human and porcine insulin. The same effects on
the rat diaphragm were observed with human insulin and porcine insulin'? *D, The

110, 117, 118, 123-126)
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rat fatty cell assay revealed higher activity for porcine insulin®V. No differences

emerged for human round cells'*?. Human insulin and sperm whale insulin were

compared on rat adipocytes and chicken embryo fibroblasts””. The sperm whale

insulin was more active as far as glucose transport into the cell was concerned.
No further differences were observed.

2. In Vivo Effects in Animals

a) Kinetics

The decrease in radioactivity from the circulation was investigated in rats afteri.v.
injection of radiolabelled insulin'*?. Products of degradation were chromatographi-
cally separated before determination. The elimination kinetics of human and por-
cine insulin proved to be similar. The respective metabolic clearance rates (MCR)
did, however, differ: at 24.6 ml/min - kg the value for human insulin was higher than
that for porcine insulin at 20.8 ml/min - kg.

b) Effects on the Blood Sugar

Single dose toxicity and general pharmacological properties were the same for
human and porcine insulin'®* *, Establishing whether human insulin differs from
animal insulin in its effects in animals is of little relevance to the treatment of
diabetic patients. Such investigations are, however, unavoidable as part of a prelimi-
nary testing and safety programme (special pharmacology). The rabbit test resulted
in a value of 27 U/mg for the blood-sugar-lowering effects of human insulin''>. This
was the same as the value for porcine insulin. No differences emerged in the mouse
convulsion test'?®. The rat i. v. test showed that human insulin was more potent than
porcine insulin’?. This test is, however, less reliable than the others.

II1. Clinical Use in Man

1. Healthy Subjects

a) Kinetics

Many of the kinetic findings reported below can only be subject to limited compari-
son. The comments are often based on historic comparisons i. e. results from differ-
ent studies and in other cases the insulin dose and mode of application (s. c., i.v. or
other) were different.

Of interest were the course of insulin levels after injection of different insulins
and in particular the maximum insulin level, the time it occurred and the total
amount of insulin absorbed, which is indicated by the area under the insulin/time
curve (AUC). -

Insulin levels after subcutaneous injection of different doses of human insulin
have been compared with those after other insulins. The insulins have also been
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tested in different preparations such as short and long-acting. Fast and short-acting
regular insulins were compared at the following doses after subcutaneous injection:
0.05 U/kg137, 138); 0.075 U/kg139, 140, 144); 0.1 U/kg137, 142—145); 0.15 U/kg132, 144);
0.3 U/kgh*e 14D, 10 UM% 19); 4.8 U and 9.6 U™ were given regardless of body-
weight.

On occasions, human insulins from different manufacturers have been com-
pared. However, little can be concluded from these investigations as they fall into
the category of the above mentioned historical comparisons. Identical or similar
porcine insulin preparations were usually compared with human insulin. Although
when viewed as a whole, the results are contradictory, a marked trend towards
higher serum levels with human insulin emerged.

Higher maximum concentrations with human insulin emerged after administra-
tion of the highest dose of 0.3 U/kg'® ¥D. The AUC value was greater for human
insulin than for porcine insulin after 0.05 U/kg'”- *®; the same applied to 0.01
U/kg'®). At the same dose, however, exactly the opposite was found by other
investigators*** 1 and although a third found higher levels after human insulin with
0.05 U/kg, he found no difference after 0,1 U/kg!>”. With somatostatin administra-
tion to suppress endogenous insulin secretion, no difference emerged for 0.075
U/kg' 9, After 0.15 U/kg both identical insulin levels"*? and higher levels with
human insulin were observed'*?.

After injection of fixed doses per subject, higher levels were observed for 10 U
and 9.6 U of human insulin’® ™, but not after 4.8 U™?. Adding a protease
inhibitor (Trasylol) did not affect insulin levels'*?. This means that possibly more
slight proteolytic degradation is not responsible for the occasionally higher levels
after human insulin. Differences in the courses of insulin levels after subcutaneous
injections of fast and short-acting human and porcine insulin were observed only
after 10 U: peak concentrations of human insulin were reached after 110 min as
compared to 68 min after porcine insulin. In the same study, however, the t,,
values for a human and a porcine insulin from two other manufacturers were the
same. Here the values were 120 min (human insulin) and 118 min (porcine insulin)
and 70 and 84 min respectively™.

Similar investigations were carried out with subcutaneously injected long-acting
insulin preparations. No differences between AUCs were observed after 20 U and
0.25 U/kg zinc suspensions of human and porcine insulin'* ¢ ¥ There were also
no differences worth mentioning with preparations with different delayed release
mechanisms such as the NPH form!** 5D, In some studies, however, higher
levels with human insulin were again observed!> 153,

Insulin levels after intravenous injection of regular insulins (human insulin
and comparative preparations) were also investigated after different doses:
0.025 Ukg™® 1®;  0.03 U/kg®?;  0.05 U/kg® 138159, 0.075 U/kg'® 9,
0.1 U/kg132, 144, 154—158); 0.15 U/kg144, 159)'

Differences in kinetics between human and porcine insulin were found only for
AUC values after intravenous injection of 0.1 U/kg!’> ). The area for human
insulin was greater. The readings and calculated variables did not differ at all other
doses. _

In addition to intravenous injections, insulin was also given by infusion. This
method enables the metabolic clearance rate (MCR) to be calculated. The infusion
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rates differed: 25-196 mU/min'® 'Y; 16.7 mU/min and 28.3 mU/min®?; 20 mU/
kg - hr'®1%9; 32 mU/kg - hr'®; 50 mU/kg - hr'®1%9; 20 mU/m? - min'®,

In some cases the so-called glucose clamp procedure was used™ 1271 With
this method the blood sugar is kept almost constant by using the Biostator, a blood-
glucose-controlled infusion system for continous insulin and glucose infusion. The
metabolic clearance rate, terminal half-life and volume of distribution were the same
for human and porcine insulin'® 16 162 164, 16 There were no differences between
the insulin levels reached after infusions of human and porcine insulin!** 163,

b) Effects on Blood Sugar and Other Variables
o) Blood Sugar

Although findings made on the effects of insulin preparations in healthy subjects
cannot be applied directly to diabetic patients, they nevertheless provide important
information comparing different insulin preparations. As for the kinetic data, histor-
ical comparisons between different studies are of only limited value.

A large number of studies have been carried out on the efficacy of various human
insulins. The aim of these was to establish whether the slight structural differences
from other species of insulin bring about different hormonal effects.

As with the determination of insulin kinetics, the different routes of administra-
tion (s. c. injection, i.v. injection and i.v. infusion), different doses and different
galenic preparations must be taken into account. Regular insulin (short and fast-
acting) was investigated at the following doses: 0.05 U/kg™” 19; 0.075 U/kg!>® 14D,
0.1 U/kg137, 138, 142, 143, 145, 168, 169); 0.15 U/kg132, 169); 03 U/kgl47); 4.8 U/sub-
ject™ 17017 9 6 U/subject™™ 7% ") and 10 U/subject™®: 14 172,

In most cases porcine insulin used for comparison was either galenically identical
or presented in a similar form.

Few differences in effect emerged:
The blood sugar lowering effect of human insulin was more marked after 10 U/
subject!*®. This was also the case after 0.1 U/kg'* and 0.05 U/kg"®®. With Biostator
counterregulation at the higher dose of 0.3 U/kg, the amount of glucose required to
compensate for the effects of the insulin was higher with human insulin. The onset of
effect was also more rapid'*”. When two doses were compared, at the lower dose
the human insulin was found to be slightly more effective. At the higher dose,
however, the human insulin was found to be less effective or equally effective®® 179,
The majority of investigators found no differences between human insulin and
the comparative insulins as far as the blood sugar lowering effect in healthy subjects
was concerned’® 3% 140, 145, 149, 150, 168, 170, 172) "¢ jg jnteresting to note that occasion-
ally higher insulin levels were obviously not necessarily connected with lower blood
sugar levels.
The addition of a protease inhibitor to the injection solution did not result in any
difference in pharmacodynamic effects*?.
The situation is different with intravenous injections:
In this case the rate of diffusion from the site of injection is hardly affected by the
physico-chemical properties of the insulin molecule. Differences occurring after i. v.
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injection should, therefore, be attributable to intrinsic differences in effect between
human and comparative insulins.

The following doses were given: 0.01 U/kg"; 0.025 U/kg'® 19; 0.03 U/kg!®);
005 U/kg137, 138, 154); 0075 U/kgld,l, 155, 174-—176); 0.1 U/kg132, 154158, 168, 169, 174, 177, 178);
0.15 U/kg'» 1% 18) A5 after subcutaneous injection, differences between human
and animal insulin were found only rarely.

In two studies, the effects of human insulin were found to be more marked than
those of porcine insulin after 0.1 U/kg™®® ¥, In a further study, however, the
reverse was the case: the blood sugar lowering effects of porcine insulin were more
marked after 0.05 U/kg™®. Most investigations revealed no differences, regardless
of the dose!® 137, 138,143, 130, 154-159, 168-170, 174-178) The well established, more rapid
and more marked effects of shorter duration after intramuscular as opposed to
subcutaneous injection were also observed with human insulin?.

Glucose-clamp trials with infusion of various insulins were performed to investi-
gate the biological activity of the test preparations. Different infusion speeds were
used: 25 mU/min, 49 mU/min and 196 mU/min’®”; 20 mU/kg - hr'®?~1%9; 32 mUy/
kg . hr163); 50 mU/kg . hr162-164); 1 U/hIISO, 170, 171); 1.7 U/hr150, 170, 171); 2.4 U/hr,
7.4 U/hr'®) and 20 mU/m? - min'®?.

The euglycaemic clamp was used in most of these investigations (blood sugar
held as far as possible within the normal range). This eliminates the influence of
the decreasing blood sugar levels caused by the infusion of insulin. This model
revealed no definitive differences between human and porcine in-
SulinlSO, 160, 162—166, 170, 171, 181).

The same technique was used to establish whether the action of human insulin is
different in various groups of healthy subjects and patients (such as obese and
acr?otgegalic patients). The effects were the same as those known with animal insu-
lins™.

The nature of extended release and long-acting human insulin suspensions is
such that they were only given subcutaneously. Most of these were NPH formula-
tions!6: 151-153, 168, 169) anq zinc suspensions™® 189,

Using the counter-regulatory biostator model NPH human insulin proved to be
more effective than identically prepared porcine insulin (0.3 U/kg)'*®. The same
applied to mixtures of regular and NPH insulin (0.4 U/kg)™?. Finally, in one study,
the effects of NPH human insulin were stronger only over a limited period after
injection (5-11 h) at doses of 0.15 U/kg"P.

All other investigations™ 5% 168 19) with NPH formulations and zinc suspen-
sions revealed no differences'*® or only very short-term differences'® in the effects
of delayed action insulins on blood sugar levels in healthy subjects.

B) Other Variables

In addition to lowering the blood sugar level, insulin brings about changes in a
number of other biochemical variables, some resulting from the lower blood sugar
level and others being a direct response to the effects of the insulin.

The effects of human insulin on the following have been investigated in healthy
subjects: metabolic variables: lactate, pyruvate, free fatty acids, $-hydroxy-buty-
rate, and other ketones, glycerol, amino acids (single-chain and branched); counter-
regulatory hormones: dopamine, adrenaline, noradrenaline, cortisone, growth hor-
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mone, glucagon, gastrin and prolactin; and variables of the electrolytes: potassium,
phosphate. The suppression of endogenous insulin secretion by the administration
of exogenous insulin has also been tested using C-peptide levels.

Very soon after testing with human insulin began, the symptoms of hypogly-
caemia associated with low blood sugar levels appeared to be less marked than with
porcine insulin. Catecholamines and glucagon are responsible for the rapid counter-
regulation when hypoglycaemia occurs™®. Comparative studies were therefore
carried out to determine the amounts of counter-regulatory hormones released.
Insulin was injected intravenously in most trials. The following doses were given:
0.01 U/kg'™; 0.025 U/kg™?; 0.03 U/kg'®; 0.05 U/kg™” 19; 0.075 U/kg!™ 17 176);
0.1 U/kg!>*~1% 176,177 and (.15 Ulkg!™.

The same effects after subcutaneous injection were investigated in two
studies'™” 149,

After 0.075 U/kg and 0.1 U/kg adrenaline levels were slightly lower under human
insulin!® 156 174 176, 1%8) ' The symptoms were also less marked after human insu-
1in' ), The same authors were, however, unable to reproduce these
results'”> 1, No or only minimal differences in the adrenaline response were found
after 0.025 U/kg, 0.05 U/kg and 0.15 U/kg™®” ). Noradrenaline and dopamine
showed either no change in the hypoglycaemia test (dopamine:™> 7+ 17®) or the
response to human insulin and porcine insulin was the same (norad-
renaline: > 15 1% 18)) Tn three studies the glucagon response was identical after
human and porcine insulin**”> ** ) and in a further two was slightly less marked
under human insulin**> 9, In a second counter-regulatory phase, cortisone is
released later than the catecholamines and glucagon®®. Here also, some workers
found no differences between human and porcine insulin'¥ * % 7 some found
that less cortisone was released with human insulin'> %*-%® and others that cor-
tisone release was higher with human insulin’*¥.

Similarily, the findings for growth hormone were also contradictory: decreased
release after human insulin as opposed to porcine insulin**® compared with
identical amounts released’™ 4315 1%.17) and even increased release in one
study'’®.

One worker reported that prolactin levels rose with porcine but not with human
insulin'’® and identical increases were reported by another’. Gastrin appeared to
behave the same after both'>?.

Findings on the counter-regulatory systems in healthy subjects may not be
applied to diabetic patients, since it is known that these complex systems are often
disturbed in the latter'™.

The antilipolytic effects of human insulin were compared with those of porcine
insulin by determining lipids in the blood. These proved to be more
marked' 17> 170) or the same!®3~1%% 1), One worker reported no change in trigly-
cerides after intravenous, subcutaneous and intramuscular injections of 0.075 U/kg
human insulin**”. With measurement of ketones in the blood (3-hydroxy-butyrate
and others), the antiketogenic effects of human insulin were found to be more
marked!” 79 or the same!® 16 164,

Human and porcine insulin affected intermediate products of the glucose
metabolism and the amino acid metabolism in the same way'®~16% 179,
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As far as the electrolytes are concerned, changes in potassium levels during
insulin-induced hypoglycaemia are of interest since decreases in these levels clearly
depend not only on the blood sugar levels, but are also affected by adrenalin'®* 18,
A number of investigations showed a more marked decrease in serum potassium
after porcine insulin'™ '™ whilst others showed no difference'” 179,

Finally, a number of workers investigated possible differences between the vari-
ous exogenous insulins in the degree to which they suppress the secretion of
endogenous insulin. This can be demonstrated by determining C-peptide, a cleavage
product in the biosynthesis of insulin. No differences were found after intravenous
infusion and subcutaneous injection of different amounts of in-
Sulin138, 140, 143, 150, 152, 153, 155, 158, 159, 163, 165).

After injection of 0.05 U/kg of human and porcine insulin, again no differences
between C-peptide levels were observed!*> . In the same study, however, the
doses were doubled and the human insulin was found to have a greater suppressive
effect. Finally in two studies, weaker suppressive effects of human insulin were
found after 0.1 U/kg i. v."> 7 which contradicts the findings of'**.

There must be many reasons for the contradictions in the results. For example, it
was demonstrated that although human insulin inhibits the secretion of endogenous
insulin in persons of normal weight, this is not the case with the overweight!®.
Other discrepancies may have been caused by different methods of investigation and
analysis.

2. Diabetic Patients

a) Kinetics

Special techniques must be used to investigate the pharmacokinetics of insulin prep-
arations in insulin-treated diabetic patients.

The insulin concentrations in the blood and their determination are affected by
the following factors:

— circulating antibodies to insulin (IgG)
— residual endogenous insulin secretion (especially in Typ II diabetics)

Circulating antibodies to insulin may bind part of the exogenous insulin and in
doing so decrease the amount of “free” insulin available. In addition to this, anti-
bodies compete with the antibodies used in radioimmunological methods of determi-
nation and distort the results. In general, therefore, when carrying out phar-
macokinetic investigations in diabetic patients, the insulin antibodies — sometimes
with the insulin they have bound — are separated off and only the “free” insulin
concentration is determined®”. Residual endogenous insulin secretion is usually
negligible or is eliminated mathematically.

The trend to higher insulin levels after human insulin observed in healthy sub-
jects was practically never seen in diabetic patients. No differences in the concentra-
tion of free insulin and the course of insulin levels emerged when human and animal
insulin were compared in subcutaneous injections of 0.2 U/kg!® and 0.1 U/kg'®
and individual or fixed doses of 6 U and 24 U per patient!®~1°D, This applied to
short and fast acting regular insulins and insulin preparations of gradual onset with
intermediate and long durations of effect. The insulin curves after infusion of the
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human and animal insulins did not differ’™ ", A kinetic metabolism model for
human insulin was postulated as early as 19736V,

Human insulin resulted in higher serum insulin levels in only one investiga-
tion'®, after 0.15 U/kg subcutaneously. The comparative insulin in this case was,
however, des-phe-insulin which leads to lower values because of the way its lower
antigenicity affects the RIA,

Conversely, NPH porcine insulin resulted in higher levels than NPH human
insulin'%®,

b) Effects on Blood Sugar and Other Variables
a) Blood Sugar

The quantitative measurement of the most obvious and analytically easy to demon-
strate metabolic effect of the insulin — the effects on the blood sugar — is difficult in
the diabetic patient. In addition to the obvious effects of the dose given, other
factors must always be considered in healthy subjects and are of particular impor-
tance in diabetic patients. The sensitivity to insulin of the latter is also affected by
antibodies to insulin which may be present or by an altered receptor state (caused by
obesity, for example). Baseline blood sugar levels are also important in clinical
comparisons. Any conclusion drawn on the comparative efficacy of human and
animal insulins in such cases will therefore always carry an element of uncertainty.

As in healthy subjects, a very large number of investigations on this subject have
already been carried out. Different routes of administration, galenic formulations
and of course different trial designs were used. A basic difference between single-
dose studies and long term treatment studies must be made.

The biological activity of totally synthetic human insulin in diabetic patients was
confirmed in 1979%29, Single-dose studies were carried out with subcutaneous injec-
tions of regular insulin. Control of the counter-regulatory glucose requirement with
the Biostator revealed no differences between human, bovine and porcine insu-
1in'%?. With simultaneous infusion of arginine, the effects of human insulin appeared
to be more marked than those of porcine insulin for 30 min after subcutaneous
injection of 0.2 U/kg. The reverse, however, was the case between 60 and 90 min
after injection'*”. Intravenous infusion — particularly when combined with the Bio-
stator — offers good controlled conditions for the comparison of regular insulins.
Occasionally, the blood sugar is held in a particular range using the glucose clamp.
This enables conclusions to be drawn on the biological activity of the insulin in
question, based on the consumption of glucose. However, even with such studies,
comparability is impaired because not always the same blood sugar range is chosen.

There was no difference in activity between human and bovine insulin (glucose
clamp at 120 mg/100 ml, 2 infusion rates)®?. No differences also emerged when
human and porcine insulin were compared using the euglycaemic clamp and 4 infu-
sion rates of insulin®” > 1), The same was found in Biostator trials without the
glucose clamp!>* 19-203),

Regular insulin is not often used alone for therapy. It is, however, indicated in
diabetic coma and for short term use when first stabilising patients on insulin. It is
very difficult to carry out comparative studies in these indications and they can only
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be performed interindividually. Human insulin proved to be effective in these condi-
tions and no differences from animal insulin were observed®=2%),

Recently, regular insulin has been used for the treatment of diabetes in portable
infusion devices (pumps). There were also no differences between human and por-
cine insulin when given this way*® 12 When used in pumps the insulin is
subject to abnormal thermomechanical strain, which may lead to denaturation.
Specially stabilised human pump insulins have been developed to avoid this, and
used for therapy?'® 219,

Long-acting insulins are presented as suspensions and are therefore only suitable
for subcutaneous administration. Single dose studies showed no great differences
from porcine'® ?'? and bovine insulins?’®). Porcine insulin even emerged as more
effective in a glucose-clamp study'*®.

Most studies are therapeutic studies of different duration. Human insulin in
different preparations was compared with different preparations of animal insulin,
in some case interindividually, in others intraindividually. In doing so, a distinction
had to be made between newly-diagnosed patients and those being switched from
other insulins. The main conclusion which can be drawn on these studies is the
demonstration of efficacy and tolerance of human insulin in long-term treat-
ment!!% 120 168, 180, 190, 193, 213-2322) " This was also demonstrated for diabetic chil-
dren® %329 Human insulin suppresses hepatic production of glucose in the same
way as porcine insulin’*?.

Occasional slight differences occurring under study conditions cannot always be
fully explained. In some cases they can be attributed to the way in which the study
was conducted, rather than the insulin preparation in question. Higher mean blood
glucose (MBG) levels under therapy with human insulin than with porcine and
bovine insulin were observed””, just as higher levels were also observed during the
night'® and fasting in children®. The authors concluded that the delayed-action
human insulins used had shorter durations of effect™* %7,

Human insulin sometimes had to be given in higher doses than porcine insulin,
but not bovine insulin®”. However, lower doses of human insulin were also some-
times required®. Some workers reported that HbA,, (glycosylated hemoglobin)
levels were lower after human insulin® 2429 and other the blood sugar
levels!®: 200, 212, 219, 2. 26) In some of these cases, however, only single readings
from frequent and regular sampling schedules were compared and in others the
previous treatment was used a reference.

The onset of the remission phase was reportedly also earlier and its intensity
better under human insulin®®.

However, in most cases, no differences between human insulin and animal insu-
lins were observed in diabetic patients.

It is interesting to note here that human insulin was used to treat a vegetarian
diabetic successfully. He had previously refused treatment with animal insulins®®,

B) Other Variables

As in the healthy subjects, the effects of human insulin on metabolic variables other
than glucose were also determined in diabetic patients.
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The question of counter-regulation in hypoglycaemia caused by human insulin
has already been discussed for the healthy subjects. The difficulty in applying such
findings to the diabetic patients was also mentioned. The counter-regulatory hor-
mones were also measured in diabetic patients. Glucagon levels under human insu-
lin were the same as under bovine® and porcine insulin®® ?”, Under arginine
infusion, glucagon levels were lower after human than after porcine insulin*>. No
differences between human and bovine insulin were established as far as cortisone
levels were concerned®. The secretion of growth hormone under human insulin
was investigated, but not compared with other insulins. It is interesting to note that
it had already been secreted before the blood sugar level was really low”™”. Vari-
ables of the antilipolytic and antiketogenic effects of human and animal insulins
were identical'6® 18, 192. 194, 213, 221) 55 were HDL-cholesterol levels®V. There were
also no differences in the effects on the amino acid metabolism!¢? 9,

¢) Undesired Effects
o) Immunogenicity

One of the great hopes during the development of human insulin was concerned that
the level of immunogenicity would be lower, i. e. that fewer specific antibodies to
human insulin would form under therapy with exogenous human insulin. It was even
hoped that treatment with homologous insulins might not lead to the formation of
any antibodies. It has, however, become apparent that this hope has not been
fulfilled. The immunogenicity of insulin is determined only in part by its structure.
Although it is known that bovine insulin, with three different amino acids as com-
pared to human insulin (A-8, A-10 and B-30), has a higher degree of immunogenic-
ity than porcine insulin, with only one position different from human insulin (B-30),
it must be kept in mind that immunogenicity of insulin is also determined by other
factors such as the mode of preparation, the route of administration, the dose and
the time it is given. In addition the formation of antibodies is subject to genetic
control. HLA-DR 4 indicates a “high-responder” rating?®.

Human insulin proved to be less immunogenic in mice than porcine and bovine
insulin®. The relevance of this finding to man must remain open.

Human insulin was found to be immunogenic when used to treat diabetic
patients. Only very few controlled studies have been carried out with regard to this.
The nature of the subject matter is such that only interindividual investigations can
be carried out. As far as new insulin patients are concerned, the percentage of
patients developing IgG antibodies after human insulin within a certain period of
time was smaller than under porcine and bovine insulin: after 6 months, 14% as
opposed to 29%'* %9 and 35% as opposed to 61%2*?. In other studies IgG anti-
bodies had formed in all patients after 3 months’ treatment with human and porcine
insulin®®. After 12 months in another study, 55% of the patients on human insulin
and only 40% on porcine insulin were clear of insulin-specific IgG**. Similar find-
ings were made in new paediatric insulin patients**> %9, Antibody titres also proved
to be lower under treatment with human insulin?* 2" 22°2%)  The low
immunogenicity of human insulin was confirmed in an uncontrolled study: only very
low IgG levels were measured in new insulin patients treated with human insulin®?.
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The situation is different when insulin-dependent diabetic patients are trans-
ferred to human insulin. Most of these patients already have high or low levels of
insulin antibodies. The trend was for these levels to decrease after the patients had
been treated for long enough periods with human insulin'®® 2% 2% or to remain
constant** 2 20 The anti-insulin IgG levels were usually, however, too low to
affect treatment — e. g. to necessitate changing the dose. Similar findings were made
for IgE type antibodies?*> %2,

When manufacturing insulin by genetic engineering, there is in theory the possi-
bility of contamination with peptides from E. coli, the organism used to produce the
insulin. Serum samples from patients treated with this type of insulin were therefore
investigated for antibodies to E. coli peptides. None were found”®. This was,
however, a surprising finding, since 85% of all persons have suffered an E. coli
infection at some time and show an immediate reaction when tested intracutane-
ously with E. coli peptides'® >0,

B) Antigenicity

In addition to the concentration of circulating antibodies, the affinity of these anti-
bodies to insulin also determines the total amount of insulin bound. The antibodies
are composed of a variety of different molecular structures, the specificity of which
may be directed at different areas of the insulin molecule. It is therefore clear that
although the antibodies to one species during treatment are specific to the molecule
involved, they also have a degree of crossreactivity with insulin molecules of other
species. The intensity of the cross-reaction usually varies from individual to indi-
vidual. If it is assumed that antibodies are formed to the ,,specifically human“ areas
of the human insulin molecule, A-8—A-10 and B-30, less binding of human insulin to
antibodies formed against animal insulin can be expected. In the light of the above,
however, it will be no surprise that consistent findings were not made. For example,
there were groups of patients treated with porcine and bovine insulin with insulin
allergy, who reacted differently to intracutaneous testing with different insulins.
Some reacted to porcine, bovine and human insulin, the reaction to human insulin
being weaker than to bovine insulin in most cases, but similar to or weaker than the
reaction to porcine insulin®”. Some patients reacted only to bovine insulin, some
only to bovine and porcine insulin'3l> 24 243, 250, 252-255)

The binding of bovine, porcine and human insulin to IgE antibodies in allergic
patients decreased progressively in this order™®. Serum binding to IgG with human
insulin was similar to that of porcine insulin!'® 113 126 143, 232, 241243, 250, 255, 257) apqd
usually lower than that of bovine insulin®®. Only in rare cases was there no binding
of bovine insulin, but binding of porcine and human insulin®”. Binding was often
lower with human insulin than with bovine and porcine insulin in patients with high
antibody levels (IgG) coupled with resistance®* %),

The leucocyte migration inhibition test revealed no inhibition by various insu-
lins®* 2?, High affinity and low affinity binding constants (IgG) decreased in
patients changed from bovine to human insulin®®. The binding of insulins from
different species to IgE antibodies was identical in patients previously treated with
only human insulin®*?. Radioimmunoassay revealed no differences between various
human insulins'*® and porcine insulins'*.
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Human insulin therefore tends to bind less to IgG and IgE, which suggests that it
would be of therapeutic advantage to change problem cases on animal insulins to
human insulin.

v) General Tolerance

This section covers some of the ground dealt with in the two previous chapters, since
externally visible intolerance to insulin preparations is often connected with
immunological processes.

Most of the reports on side effects include only small numbers of patients, since
most of the cases under review were actually receiving the insulin preparations as
treatment, and not within the framework of a clinical study.

As may be expected from previous sections, a uniform picture also did not
emerge here.

On the one hand some patients who were allergic to animal insulins were free
from symptoms after being changed to human insulin®® °-2%) or at least the symp-
toms improved"* '*), Densensitisation with human insulin was possible, even in
cases where a generalised allergy to human insulin was present?!: 265 2662, 2665)

Skin tests are not necessarily an absolute indicator of the response of patients to
particular insulins. It was possible to give successful subcutaneous treatment, even if
the results of the intracutaneous testing — which is very sensitive — were positive®”.
One interesting case was reported in which treatment with NPH insulin was toler-
ated without problems, even though the patient had a positive reaction to regular
human insulin in the skin test?®).

There were, however, also patients in whom skin testing with or changing treat-
ment to human insulin was unsuccessful, producing the same results as with animal
insulins?? 256 260, 263, 266-268)

It is no surprise that there are patients who initially tolerate human insulin well,
but show a positive reaction in the skin test after some time”. Human insulin was
also given to patients with antibody-induced resistance to animal insulins. Dose
reductions were possible in these cases after transferring the patients to human
insulin® 3% 270 A very rare case with insulin resistance, even to human insulin, in
the absence of high insulin-binding antibody levels, was managed with intravenous
insulin and des-phe insulin®>.

Where antibodies to insulin receptors were present, changing to subcutaneous
injections of human insulin brought no improvement, as expected”’". The blood
sugar levels were, however, able to be brought down with intravenous insulin'”.

3. Indications and Outlook for the Future

In accordance with clinical findings made so far, the principal indication for human
insulin is intolerance to animal insulins??~?">, Where efficacy and tolerance to
animal insulins are satisfactory, substitution with human insulin appears to be inap-
propriate”®,

New insulin patients, however, responded well to human insulin®* 2> 2’ and it
is recommended to treat those patients with human insulin from the very beginning.
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Human insulin will also be useful for short-term treatment when (re)stabilising
patients.

Human insulin will not revolutionise the treatment of insulin-dependent diabetes
mellitus sufferers, but it is one further step along the road to better and more
tolerable methods of treatment!®: 18 277. 278, 279)
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