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PREFACE

The ability to isolate human genes, insert them into a microorganism which then produces
a human protein, thereby serving as a biological factory, has already revolutionized biomed-
ical research and purports to be the foundation for a new, highly Iucrative industry. Of
course, genetic engineering is not new, the novelty of recombinant DNA technology is the
precision and efficiency with which scientists can manipulate genes. This book reviews
advances made in recombinant DNA technology as it relates to the techniques employed,
and the production and testing of potentially important products such as human interferon,
insulin, and growth hormone.

The pioneering work of Paul Berg, Herbert Boyer, and Stanley Cohen, approximately 12
years ago, set the foundation for the present technology and represents one of the best
testaments to the value of basic research. A prediction then that the analysis of bacterial
restriction-modification would revolutionize cancer research, which at that time was receiving
considerable priority, would have been considered at best a biased optimism on the part of
the individuals working in that area. It is only in retrospect that certain decisions dominate.
In prospect, such decisions are as influenced by temperament as by any scientific logistics.
One obvious lesson to be learned from the development of recombinant DNA technology
is that any attempt to minimize the commitment to basic studies will probably confer an
€normous economic cost on our society.

Arthur P. Bollon, Ph.D.
Dallas, Texas
August 1, 1983
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I. INTRODUCTION

The cloning and expression of foreign genes using recombinant DNA technology has
permitted access to complex biological mechanisms such as eucaryotic RNA splicing, on-
cogene dynamics, and developmental systems such as antibody diversity. In addition, the
technology has been the foundation for a new bio-technology industry. This chapter contains
an analysis of some of the recombinant DNA techniques that have been employed for the
manipulation of foreign genes in microorganisms resulting in protein production as dia-
grammed in Figure 1. Subsequent chapters will address the expression, clinical trials and
production of genetically engineered human interferon, insulin, and growth hormone.

II. ENZYMES

The isolation and cloning of genes involves a series of linked enzymatic steps. Experience
with two-enzyme coupled reactions is enough to sensitize the researcher to the complexity
of linking five or more enzyme reactions, that are characteristic of the steps involved in the
synthesis and cloning of cDNA. Considering that the substrates as well as the catalysts are
biological macromolecules, it is not surprising that there are various opinions as to the most
efficient protocols. The purity and correct storage procedures for the substrate and enzymes
are clearly very critical. Selected restriction enzymes and other enzymes which are commonly
used for cloning procedures will be discussed with emphasis on some of their characteristics
and utility.

A. Restriction Endonucleases

Restriction endonucleases are enzymes which have been identified in prokaryotic orga-
nisms and recognize specific DNA sequences for their endonucleolytic activity. This mech-
anism permits organisms to prevent foreign DNA from integrating into their genome, which
could jeopardize the genetic integrity of the species. Since bacterial sexuality involves direct
movement of DNA between organisms by transformation, conjugation, or transduction, it
is not surprising that some mechanism evolved to protect against undesirable DNA (restric-
tion) as well as to protect native endogenous DNA (modification).

Three types of restriction endonucleases have been characterized as indicated in Table 1.

Type II enzymes have been most useful for DNA cloning due to the separation of the
endonuclease and methylation activities into separate enzymes and the sequence specificity
of the endonucleolytic action. A key feature of many restriction endonucleases is their
asymmetric cleavage generating single-stranded ends. For example, the commonly used
enzyme EcoRI recognizes and cleaves the following sequence at the arrows.



GENE MANTPULATION

ORGANTSM GENETIC ENGINEERING
[)NA&.>
S "fDNA 4
TTT————>Genomic DNA Library
__—__‘—____,, cDNA Library
mRNA ———> CONA v
RT
---Screen---
clone x clone y
l——“EHVS----l
Protein A Protein A

FIGURE 1. cDNA, copy DNA; EHVS, expression host-vector system;
nf DNA, natural fragmented DNA; RE, restriction endonuclease; S, sheared;
V, vector. Protein A is a protein made either naturally by the organism or
by genetic engineering. Clone X is a single clone identified from a cDNA
library containing Protein A ¢cDNA. Clone Y is a single clone identified
from a genomic library containing a Protein A natural gene.

Table 1

RESTRICTION ENZYME TYPES

Restriction Enzyme Characteristics
Enzyme contains both modification (methylase) and endonuclease activity

Enzyme contains only endonuclease activity and a separate enzyme is in-
volved in methylation

Recognize unmethylated sequences for endonuclease cleavage
Sequence specific cleavage

Class most useful for DNA cloning

2 An enzyme type exhibiting the specific characteristic is indicated by a +.

r '
— SGAATTCE

————CTTAAG——
3 )

Restriction Enzyme Classes®

Type 1

+

Type 11 Type 111

- +
+ —
+ +
+ +
+ —

Such a cleavage generates two fragments containing single-stranded ends.
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+

———?CTTAA G—
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Since the enzyme cuts between the GA and the recognition sequence is an inverted repeat,
complementary single-stranded ends are generated. These fragments can either be religated
or new DNA combinations can be generated by mixing DNA fragments containing com-
plementary single-stranded tails. The restriction endonucleases can generate either single-
stranded 5’ ends such as above, 3’ ends, or no single-stranded tails if the cleavage is at the
center of the recognition sequence.

Although most of the restriction enzymes recognize different sequences, there is sequence
overlap for some enzymes. Such enzymes which recognize similar sequences are called
isoschizomers. As can be seen in Table 2, several enzymes such as Xmal and Smal are
isoschizomers, and several enzymes share compatible cohesive ends.

The interplay of enzyme recognition sites and the length of the recognition sequence bear
on the efficiency of cloning and retrieval of specific genes from vectors. For example, Mbol
digested DNA can be cloned into a vector cleaved with BamHI but would not be retrievable
by BamHI digestion. Another example is the useful capability of cloning a BglII digested
DNA fragment into a vector cut with BamHI, such as pBR322. In this case the generated
sequence AGATCC is not cut by either BamHI or BglIl. Hence, the use of different
restriction enzymes for cleavage at homologous sites or for ligation of cleaved fragments
should be tempered with anticipation of the resulting sequences generated.

For restriction enzyme analysis of a cloned DNA fragment, the status of the host bacterial
methylation system is important. E. coli contains the dam and dcm methylase systems which
have different specificities. For cleavage of DNA by Bcll, Mbol, Clal, Xba, Taql, Mboll,
and Hphl, the DNA should be prepared from strains of E. coli which is dam~. For cleavage
of DNA by Hhal, Hpall, Mspl, Sall, and Xhol the DNA should be generated from strains
of E. coli that are dcm~ (Roberts et al., 1980).!

B. Other Enzymes Used in Gene Isolation and Manipulation
1. DNA Polymerase 1

E. coli DNA polymerase I is a 109,000 dalton protein containing three activities: (1)
5'—3’ polymerase activity using a 3'-OH primer and a single-stranded template, (2) 5'—3’
exonuclease activity which degrades double-stranded DNA at free 5' ends, (3) 3'>5' ex-
onuclease activity which degrades ss DNA and ds DNA from 3’-OH ends. The 5'—3’
polymerase activity blocks the 3'—5' exonuclease activity.

One of the major uses of the DNA polymerase I is nick-translation labeling of DNA
fragments. This is possible due to the polymerase and exonuclease activities. The enzyme
can remove bases from the 5’ side of the nick of treated DNA due to its 5'—3’ exonuclease
activity and add labeled bases to the 3’ side due to its polymerase activity (Kelly et al.,
1970).2 DNA probes can be prepared for hybridization with specific activities in excess of
10® cpm/ug (Maniatis et al., 1975).% The high specific activity depends on the specific
activity of the labeled bases and incorporation of about 30% of the [a-**P] dNTPs into the
DNA being nick-translated (Maniatis et al., 1982).4

2. Klenow Fragment of E. coli DNA Polymerase I

The Klenow fragment is a peptide of 76,000 daltons generated by cleavage of DNA
polymerase I with subtilisin (Jacobsen et al., 1974).° Enzymatic activities include the 5'—3’
polymerase activity and the 3'—5’ exonuclease activity of the DNA polymer but not the
5'—3’ exonuclease activity.

This enzyme is used for sequencing DNA using the Sanger dideoxy system (Sanger et
al., 1977),° filling the 3’ recessed termini of restriction enzyme treated DNA, labeling the
termini of DNA fragments and second-strand cDNA synthesis involved in cDNA procedures.
Labeling of DNA termini containing 3’ extensions is more efficient when T4 DNA poly-
merase is utilized (Maniatis et al., 1982).*
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3. T4 DNA Polymerase

The T4 DNA polymerase also contains a 5'—3" polymerase activity and a very active
3'—35’ exonuclease activity. Blunt-ended DNA can be labeled by exchange reaction where
only one dNTP is present in the reaction and the 3'—5" exonuclease activity will degrade
double-stranded DNA from the 3'-OH end until it exposes a base complementary to the
dNTP included in the reaction. Other uses involve the labeling of DNA fragments for use
as hybridization probes, labeling protruding 5’ ends of DNA fragments by treatment with
3’—5' exonuclease and filling in the displaced bases with **P dNTPs. This replacement
protocol can generate more extensive and selective labeling than nick-translation (Maniatis
et al., 1982)."

4. Terminal Deoxynucleotidyl Transferase

The terminal transferase isolated from calf thymus catalyzes the addition of ANTP to the
3'-OH of DNA molecules, (Bollum, 1974).7 The templates are either single-stranded DNA
or double-stranded DNA with single-stranded 3’-OH ends. If Co** is included in the
reaction, blunt-ended ds DNA can be used as template.

One of the primary uses of the terminal transferase is the tailing of vectors and cDNA
with complementary bases thus permitting the cloning of the cDNA fragments. In addition,
the terminal transferase can be used for labeling of 3’ ends of DNA fragments (Tu and
Cohen, 1980).*

5. T4 Polynucleotide Kinase

The T4 polynucleotide kinase is isolated from T4 infected E. coli and catalyzes the transfer
of y-phosphate of ATP to a 5'-OH end in DNA or RNA (Richardson, 1971).° In the presence
of excess ADP the kinase will also catalyze an exchange reaction where P*? is transferred
from ATP to a single- or double-stranded DNA with a 5'-P terminus.

Uses for the kinase involve the labeling of 5’ termini of DNA for Maxam and Gilbert
DNA sequencing (Maxam and Gilbert, 1977)'° and the phosphorylation of DNA lacking 5'-
P termini.

6. Reverse Transcriptase

The RNA dependent DNA polymerase, or reverse transcriptase, utilized for most studies
is an enzyme which is coded for by avian myeloblastosis virus. It contains two peptides,
one of which catalyzes the 5'—3’ polymerase activity using RNA or DNA as template, and
a 5'—3’ riboexonuclease activity using RNA-DNA hybrids as substrate (Verma, 1977)."

Reverse transcriptase is one of the most important enzymes in molecular biology since it
catalyzes the synthesis of cDNA from an RNA template. In addition, the reverse transcriptase
can be used for the labeling of termini of DNA with extended 5’ ends.

The use of reverse transcriptase for cDNA synthesis requires very pure enzyme. Although
several vendors sell the enzyme, different batches should be analyzed for contaminating
RNase activity. Inhibitors of such activity, i.e., vanadyl-ribonucleoside complex, can also
be added to the reaction mixture. Reports of contaminating DNase activity have also em-
phasized the importance of the purity of the enzyme if a reasonable yield of cDNA is to be
generated.

As to the length of the cDNA, longer transcripts are generated with potassium compared
to sodium ions and the enzyme is most efficient at 6 to 10 mM Mg™* * for activity (Maniatis
et al., 1982).°

7. T4 DNA Ligase
The T4 DNA ligase is a peptide of 68,000 daltons and catalyzes the formation of a
phosphodiester bond between 3'-OH and 5'-P ends in DNA using double-stranded DNA



molecules with cohesive ends as substrate. Blunt-end ligation also is possible and is enhanced
by the presence of T4 RNA Ligase (Sugino et al., 1977).2

8. Exonuclease 111

E. coli exonuclease III contains several activities. It has a 3'—>5’ exonuclease activity
using ds DNA containing a 3’-OH end as template, an RNase-H activity and a 3’ phosphatase
activity which uses ds or ss DNA containing 3’-phosphate termini as substrate.

The exonuclease is used for generating linear template DNA for the dideoxy sequencing
technique (Sanger et al., 1977)° and generating staggered ends on ds DNA due to its 3'—5’
exonuclease activity.

9. N Exonuclease

The X exonuclease recognizes the terminal 5’ phosphate of double-stranded DNA for its
exonuclease activity (Little et al., 1967).!* Its primary use is the removal of protruding 5'
terminus from ds DNA which is needed for the terminal transferase tailing of DNA.

III. VECTORS

A plethora of specialized vectors have been created for gene cloning in Escherichia coli,
Saccharomyces cerevisiae and various mammalian cells. The refinement of the vectors is
exemplified by shuttle vectors which permit movement of vectors between bacteria-yeast or
bacteria-animal cells. In fact, proprietary concerns related to specialized vectors are complex
due to the overlap of information contained in the various vectors.

Some of the important properties of vectors which make them useful cloning vehicles are:
(1) origins of replication for autogenous replication in host cells, (2) selective markers, (3)
limited number of useful restriction enzyme sites, (4) high copy number, and (5) strong
promoters if expression is desirable.

A. E. coli Plasmid Cloning Vectors

Useful plasmids for cloning genes in E. coli are pBR322 and pBR325 as can be seen in
Table 3. Both plasmids contain genes which confer resistance to ampicillin (Ap®) and
tetracycline (Tc®). pBR325 also contains a gene which confers resistance to chloramphenicol
(Cam®). Single restriction sites in these resistance genes permit insertion of foreign DNA
and the subsequent selection for inactivation of the resistance gene as indicated in Table 3.
Hence, the plasmid pBR322 when transformed into an E. coli which is Ap®, Tc® will become
Ap®, TcR. If foreign DNA is inserted into the Pst site in the Ap® gene the transformed cells
will be Ap®, TcR. Inactivation selection for plasmids containing inserted DNA can be used
for all three resistance genes using the appropriate plasmid and restriction enzyme.

B. Saccharomyces cerevisiae Cloning Vectors

Following the development of the techniques for transformation of yeast by Hinnen and
Fink, 1978," shuttle vectors for cloning genes in yeast and bacteria have been developed
(Bollon and Silverstein, 1982).2° They have been very useful for analysis of yeast gene
organization and expression and for the production by yeast of foreign proteins such as
human interferon. The key features of these vectors are their ability to replicate in either
yeast or bacteria and the fact that they contain selective markers for both organisms.

As indicated in Table 4, there are basically three types of vectors for S. cerevisiae. YIp
vectors contain markers for both yeast and bacteria and integrate at homologous regions of
the yeast genome (Botstein and Davis, 1982).?! These plasmids are extremely useful for
studying gene organization and regulation in normal chromosomal microenvironments. In
vitro modification of isolated genes and reinsertion back to homologous chromosomal po-
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sitions permit the delineation of various control regions such as promoters. Homologous
recombination of transformed genes is unique to yeast and has not been accomplished for
most animal cell cloning systems. This property of the yeast system represents a major
advantage for studying directed gene control studies.

The YEp vector is another class of yeast vectors that contains part or all of the yeast 2-
um DNA as well as bacterial plasmid replicating origins. The YEp vectors have a higher
copy number (25 to 75 copies) than YIp vectors due to the presence of the 2-pm DNA.
The yeast plasmid 2-iwm DNA exists at about 50 copies per cell. Another advantage of YEp
vectors is their higher yeast transformation efficiency.

As indicated in Table 4, the YRp vectors contain autonomous replicating sequences (ARS),
which permit multiple copies although lower and less stable than the YEp vectors. The ARS
sequences have been isolated from yeast nuclear genes such as Trpl (Stinchcomb et al.,
1979).%* The YRp vector does integrate into the homologous region of the genome like YIp.
Due to their higher copy number than YIp vectors, YRp vectors could be most useful for
generation of gene integrates for analysis. The instability of YRp vectors can be rectified
by incorporating sequences from the yeast centromere (Clarke and Carbon, 1980).%

We have constructed vector pSB226, which is related to the YEp vector class as indicated
in Figure 2. It contains the whole 2-pum DNA and two yeast markers Trpl and Leu2 (Barron
et al., 1983).2* The pSB226 copy number appears to be greater than YEp13 and should be
useful for yeast minichromosome analysis and production of human proteins.

C. Specialized Vectors

Several vectors have been constructed for specialized functions. The series of Charon A
vectors generated by Blattner, 1977,% have been most useful for genomic cloning of complete
or partially restricted DNA fragments. Each charon is unique in that they are capable of
integrating inserts of a specific size range due to the bias of the ADNA packaging process.
One example is A 4A which can be utilized for the construction of libraries of 15 to 20 kb
DNA fragments as indicated in Table 5. The use of these specialized vectors for creating
genomic libraries will be discussed below.

Single-strand viral vectors such as M3 mp, Table 4, have become very useful for DNA
sequencing (Sanger et al., 1977),° DNA probe generation and cloning of either DNA strand
of restriction enzyme fragments (Messing et al., 1982).?® In addition, M13 mp7, which also
contains a beta-galactosidase gene-linker system also present in M13 mp8, has been used
for the production by E. coli of human alpha 2 interferon (Slocombe et al., 1982).%

Cosmids are vectors which are used for cloning large DNA fragments, 30 to 45 kb. Most
bacterial plasmids containing such large inserts would have greatly reduced transformation
efficiencies and the optimal size inserts for lambda vectors are about 20 kb (Hohn and
Hinnen, 1980).%° Cosmid vectors contain the usual plasmid markers and cohesive end sites
(cos) from lambda phage (Collins and Hohn, 1978).7° The cos sequences are recognized by
lambda specific packaging proteins and lambda head-precursors that permit cosmids to be
packaged into lambda-capsids. Large fragments of DNA (30 to 45 kb) can be cloned because
lambda-capsids require DNA of a minimal size for packaging; the lambda genome size is
50 kb. As indicated in Table 5, cosmid pHc79 is only 6.4 kb and therefore would need a
large insert for it to become packaged. Cosmids can be packaged if inserts placed between
the cos sequences result in their separation by about 37 to 52 kb. Therefore, cosmids can
be used to clone large DNA fragments and still retain a reasonable transformation frequency
(10’ transformants/mg DNA). Also indicated in Table 5 is a yeast cosmid, pYcl, which
contains components of yeast plasmid YEp6 that permit the cosmid to replicate in yeast
(Hohn and Hinnen, 1980).%°
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FIGURE 2. HIII is HindIII; RI is EcoRI; Tet is tetra-
cycline resistance loci; AMP is ampicillin resistance loci;
kb is kilobases.

IV. GENE CLONING

A. Synthesis of cDNA

As indicated in Figure 1, cDNA complementary to specific mRNA can be made by reverse
transcriptase, the second DNA strand synthesized and both strands cloned in one of the
vectors described in Tables 3 to 5 (Efstratiadis et al., 1976).32 Most of the initial cDNA
work involved standard vectors such as pBR322, vectors designed specifically for cDNA
cloning will be discussed later. Some properties of the reverse transcriptase, and E. coli
DNA polymerase I or Klenow fragment which can be used to synthesize the second cDNA
strand have been described above. Since the first cDNA strand loops back and acts as a
primer for the second strand, the hairpin loop must be cleaved by the single-strand specific
nuclease S1. The integrity of the double-stranded cDNA following S1 nuclease digestion is
a major determinant in the efficiency of cDNA synthesis and cloning. Since the ds cDNA
termini may not be blunt ended, treatment with the Klenow fragment can repair any staggered
ends due to the S1 nuclease digestion and can result in an improved cloning efficiency
(Seeburg et al., 1977).%

The ds cDNA can be cloned by adding about 20 dG’s to the cDNA with terminal transferase
and the tailed cDNA can be ligated to a vector tailed with 20 dC’s (Villa-Komaroff et al.,
1978 and Peacock et al., 1981).3*% The advantage of dG-dC homopolymer-tail cloning is
that the dG extension of vectors at the Pstl site results in regeneration of the Pstl cleavage
site, permitting recovery of the inserted cDNA fragment.

One alternative method for cloning ¢cDNA involves using synthetic DNA linkers which
contain restriction sites. The double-stranded cDNA can be treated with E. coli DNA poly-
merase I or T4 DNA polymerase described above. The ds cDNA is made blunt ended by
the 3'—5" exonuclease activity which removes the protruding 3’ ends and the polymerase
activity which fills in the recessed 3’ ends. Linkers containing restriction enzyme sites can
be blunt-end ligated to the ds cDNA by T4 DNA ligase. The ds ¢cDNA can then be cloned
into a vector using an appropriate restriction enzyme present in the DNA linker and on the
vector. Use of different linkers at the two ends of the ds cDNA minimizes the danger of ds
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c¢DNA self-circularization (Kurtz and Nicodemus, 1981).%¢ To generate the largest population
of ds ¢cDNA containing two different linkers, one linker can be added before S1 nuclease
treatment. Since the ds cDNA may contain sites for the restriction enzyme which would cut
in the DNA linker sequence, the ds cDNA can be treated with a DNA modifying enzyme
for the appropriate restriction enzyme. For example, if EcoRI was to be used, the cDNA
could be treated with EcoRI methylase before blunt-end ligation with the DNA linker
containing an EcoRI site (Maniatis et al., 1982).*

Another approach to preventing ds cDNA self-ligation when two similar synthetic linkers
are used is to treat the ds cDNA with alkaline phosphatase which removes the 5’ phosphates
from both ends of the linear ds cDNA. The ds ¢cDNA can ligate to the restricted vector
which would have 5'-terminal P resulting in an open circular molecule with two nicks which
will be repaired in the bacteria after transformation (Seeburg et al., 1977 and Ullrich et al.,
1977).32.37

The most recent improvement for cDNA synthesis and cloning involves the use of spec-
ialized plasmids containing several strategically located restriction endonuclease sites which
permit the addition of poly-T’s to the plasmid which serves as a template for the poly-A
containing mRNA (Okayama and Berg, 1982).?® This procedure permits the synthesis of
the cDNA as part of the vector and avoids the use of the S1 nuclease which is a major
nemesis for efficient cDNA synthesis and cloning. As indicated in Figure 3, the Okayama
and Berg system involves the following basic steps. Initially a plasmid primer and an oligo-
dG-tailed linker DNA is prepared. The plasmid primer is digested with Kpnl and oligo-dT
tails are added. Treatment with Hpal removes one of the oligo-dT tails leaving the plasmid
intact with only one oligo-dT tail which is used for mRNA annealing. cDNA is synthesized
by terminal transferase using the T-tail of the plasmid which is annealed to the poly-A of
the mRNA. Upon completion of the cDNA, oligo-dC tails are added to the 3’ end of cDNA
and the vector. The C-tail of the vector is removed by HindIII treatment and the C-tailed
c¢DNA plasmid complex is ligated with a oligo(dG)-tailed linker which is prepared earlier
from a different plasmid. The oligo-G linker also has a HindIIl end which ligates with the
HindIII end of the vector. The mRNA is degraded by RNase H and the second DNA strand
is made by E. coli DNA polymerase I. The DNA ligase then ligates the cDNA creating a
closed vector containing the cDNA.

The Okayama and Berg system results in a high percentage of full-length cDNA negating
the need for cDNA fractionation on gradients if full-length cDNA is desired. In addition,
the efficiency of ¢cDNA synthesis and cloning is | to 3 X 10° transformants per pg starting
mRNA (Okayama and Berg, 1982).3® This efficiency is about 30 times that of standard
procedures.

B. Gene Libraries
1. ¢DNA Libraries

Utilizing the various strategies for cDNA synthesis and cloning, it is possible to make a
cDNA library or population of bacterial clones containing different cDONA made from a
mixture of mRNA. Since most mammalian cells contain between 10,000 to 30,000 different
mRNA species (Davidson, 1976),% it is possible to generate a population of bacterial clones
which should contain cDNA representative of the whole mRNA population. To determine
the number of cDNA clones representative of the whole mRNA population, the following
formula can be utilized (Williams, 1981).4°



16 Recombinant DNA Products: Insulin, Interferon, and Growth Hormone

_ In(1-P)
~ In(1-1/n)
N = number of clones required
P = probability desired (i.e., 0.99)

n = fraction of total mMRNA population
that specific mRNA represents (i.e., 1/30,000)

Enrichment of specific DNA clones can be obtained by size fractionation of poly A-RNA
in sucrose density gradient centrifugation or glyoxal denaturing gel electrophoresis (Mc-
Master and Carmichael, 1977).4' Identification of desired mRNA fractions can be determined
by probe hybridization, which will be discussed later, or by translation in frog oocytes
(Gurdon et al., 1971),*? or by in vitro translation systems. Desired Poly A-RNA fractions
can then be pooled and used for cDNA synthesis. Isolation of clones containing cDNA made
against very low abundance mRNAs depends on the generation of a sufficient number of
clones according to the criteria described above and a strong screening procedure which will
be described later.

2. Genomic Library
Genomic libraries contain cloned DNA isolated from cell genomes in contrast to syn-
thesizing cDNA from mRNA. A major advantage of genomic libraries is that given enough

clones one can generate a library with a 99% chance of containing any gene (Maniatis et
al., 1982).4

In(1-P)
~ In(1-9)
N = number of clones required
P = desired probability (99%)
f = fraction of the genome represented

in a single recombinant (must know
size of genome and average size of
the cloned inserts)

To generate a representative population of DNA-containing clones, the genomic DNA is
usually mechanically sheared to average sizes of 16 to 20 kb and cloned into one of the
appropriate Charon vectors using linkers (Maniatis et al., 1978).4* Alternatively, partially
digested genomic DNA can be cloned using specific restriction endonucleases. DNA frag-
ments of 16 to 20 kb can be enriched by sucrose density gradients.

Uses of genomic libraries include walking along chromosomes since the library contains
overlapping sequences, isolation of large DNA probes for cDNA cloning, screening, and
isolation of genes for analysis or expression. Genomic sequences can be used in expression
systems for production of human proteins if the gene doesn’t contain an intron, isn’t a
pseudogene containing translational termination codons, and if some means are available
for identifying the structural gene regions of the cloned DNA. One of the major tasks in
isolating genes from genomic libraries involves screening, which we have optimized for
cloning low-copy gene sequences.
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V. SCREENING AND ENRICHMENT OF DNA CLONES

A. Enrichment of DNA Clones
1. Chimeric Plasmid Enrichment

Clones of bacteria containing inserted sequences can be identified by insertional inacti-
vation. For example, insertion of foreign DNA into the Pst I site of plasmid pBR322
inactivates the ampicillin resistance gene. Clones containing intact pBR322 would be Tet®,
Amp® whereas clones containing pBR322 with inserts at the Pst site would be Tet®, AmpS.
Differential phenotypes also permit positive selection of clones containing inserted DNA.
Inactivation of the Tet® gene located on pBR322 results in the TetS which can be selected
for by growth in media containing fusaric acid or quinaldic acid (Bochner et al., 1980).%
In rare cases, insertion does not result in inactivation of antibiotic genes. One insertion into
the Pst I site of the Amp® gene of pBR322 resulted in a fused protein containing beta-
lactamase activity (Villa-Komaroff et al., 1978).3* An alternative method for enrichment of
clones containing chimeric plasmid involves treatment of plasmid with alkaline phosphatase
before ligation with DNA to be cloned, as described above (Seeburg et al., 1977 and Ullrich
et al., 1977).3%

2. DNA Size Enrichment

As previously described, sheared, or restricted DNA can be sized on sucrose density
gradients before they are cloned. In addition to size separation on density gradients, DNA
species can be separated by RPC-5 reverse-phase chromatography (Edgell et al., 1979).%
The RPC-5 enrichment system is based on retention by the resin of DNA fragments such
as restriction fragments due to A-T content, size, presence of single-strand ends, and other
factors. Five to twentyfold enrichments of specific fragments are obtained as determined by
assaying specific fractions with labeled probes such as beta-globin sequences. An extension
of the RPC-5 procedure is to subject the DNA fractions containing desired sequences to
preparative gel electrophoresis where a combined enrichment of 320-fold was achieved for
beta-globin (Edgell et al., 1979).4

3. DNA Sequence Enrichment

Enrichment of specific DNA sequences can be achieved in cases where the restriction
enzyme map for the desired gene is already known. This approach would involve the
combination of selective restriction enzyme cleavage of the starting DNA material coupled
with preparative electrophoresis of predicted restriction fragments which are then cloned
with appropriate vectors. Since the purity of DNA fragments isolated from gels is important
for subsequent cloning, low-melting agarose containing hydroxyethyl groups has been uti-
lized to generate good yields of purified DNA fragments (Weislander, 1979).4

In the case of cDNA sequence enrichment, poly-A RNA can be fractionated by either
sucrose density gradients or RNA gel electrophoresis. The gradient fractions or the gel slices
can be assayed for specific mRNA by hybridization to appropriate probes for the desired
gene, or by oocyte or in vitro translation as previously described. The RNA fractions
containing the desired RNA species are then used for cDNA synthesis.

RNA enrichment can be achieved by immunoabsorption of specific polysomes containing
the desired mRNA for cDNA syntheis by immunoaffinity columns (Schutz et al., 1977),*
or protein-A Sepharose® columns (Shapiro and Young, 1981).* The combination of protein-
A Sepharose and monoclonal antibodies has permitted 2 to 3 x 103-fold enrichment of
mRNA species (Korman et al., 1982).%°
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B. Screening

The identification and isolation of the clones containing specific genes ultimately involves
screening genomic or cDNA libraries, even though gene or RNA enrichment procedures are
employed. One of the most powerful techniques is to screen bacterial clones (Grunstein and
Hogness, 1975),%° or phage plaques (Benton and Davis, 1977),>' with labeled probes con-
sisting of either natural DNA fragments or synthetic DNA fragments based on known protein
sequence information. In addition, RNA can be used for screening, utilizing differential
hybridization strategies.

1. Synthetic Probes
a. Protein-Probe Strategy

Analysis of proteins by two-dimension electrophoresis (Anderson et al., 1978)*? permits
identification of rare proteins which are modulated by various biological processes, such as
induction by viruses, mitogens, or hormone action. Even in cases where labeling of proteins
is not convenient we have been able to detect 1 ng of protein by silver staining (Sammons
et al., 1981).%

Following the identification of interesting proteins, their analysis can be extended by
automated microsequencing which requires minute amounts of protein (5 pmol) which may
exist as separated protein spots on two-dimensional gel electrophoresis (Hunkapillar and
Hood, 1983).%* The partial or complete amino acid sequence of the proteins can then be
utilized as the basis for the synthesis of short DNA probes, 17 to 20 bases, which can be
utilized for screening clones.

In choosing the region of the protein to serve as the basis for the probe sequence several
factors are involved. Probes which are 17 to 20 bases and rich in G-C bases can be used
for screening cDNA or genomic libraries. We have found that at least two sets of probes
made against different parts of a gene are best. Due to degeneracy of the genetic code,
protein regions rich in amino acids specified by a single codon (methionine-AUG; trypto-
phane-UGG) or two codons (histidine-CAU, CAS; phenylalamine-UUU, UUC; tyrosine-
UAU, UAC) are preferred. In addition, one can choose codons that are preferentially utilized
for specific amino acids.

The probes can be synthesized by the phosphodiester method (Agarwal et al., 1972)> or
the more efficient and more popular phosphotriester method (Itakura et al., 1975).5¢ The
phosphodiester method required about 3 X 10° minutes of labor per internucleotide band
formed, whereas the phosphotriester method only required 10? min/band, (Kaplan, personal
communication).®> Coupling the phosphotriester method with solid-phase synthesis has re-
sulted in efficient techniques for synthesis of DNA probes. In fact, whole genes such as
alpha interferon have been synthesized (Edge et al., 1981).%7

b. Hybridization Conditions

Synthetic DNA has been utilized as primer in reverse transcription reactions with poly-
A RNA for the synthesis of larger single-stranded probes for subsequent screening of cDNA
libraries (Chan et al., 1979 and Goeddel et al., 1980a).>®>® In addition, synthetic DNA
probes of 14 to 20 bases have been used for successful screening of cDNA libraries (Mont-
gomery et al., 1978, Goeddel et al., 1980a, and Wallace et al., 1981).5°%2 In our laboratory
we have successfully screened a human genomic library with two 17-base probes containing
sequences for alpha interferon and identified three clones containing alpha interferon related
sequences. Fundamental to the effective use of synthetic probes are the proper hybridization
conditions which optimize the positive hybridization signal against nonspecific background.

Optimization of hybridization conditions has been addressed by Wallace et al., (1981),%?
using two 14-base long probes for rabbit beta-globin DNA. One probe was exactly com-
plementary to the beta-globin DNA and another 14-base probe had a one-base mismatch
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(T—C). Using the filter hybridization procedure, conditions were established for hybridi-
zation with only the perfect-match probe. In addition, they used a mixture of 13-base long
oligonucleotides representing eight of the possible coding sequences for the amino acids 15
to 19 encoded by the beta-globin DNA. Although only one of the eight probes was completely
complementary, the mixture did hybridize to the beta-globin/DNA even under conditions
where a one-base mismatch would not. Hence dilution of the exact copy probe by the seven
one-base mismatch probes did not prevent detection of the hybridization signal (Wallace et
al., 1981).%* The stringency of the hybridization conditions was established by determining
the Td, which is defined as the temperature at which half of the probe is dissociated (Wallace
et al., 1979).%3

We have optimized hybridization conditions using probes which are homologous to por-
tions of the rat 18S ribosomal RNA gene (Torczynski, et al., 1983).%* A mixture of probes
primarily consisting of the 1l-mer, 5'CGCAGTTTCAC3’, and the 13-mer,
S'TTCGCAGTTTCAC3’, were synthesized in our laboratory with a Bachem Gene Machine
and were used in Northern, Southern, and dot-blot hybridizations against total human Na-
malwa cell RNA and plasmid DNA containing cloned rat 18S rRNA gene.

As can be seen in Figure 4, the sensitivity of the DNA dot blots was determined by
hybridizing P*2-labeled probes described above with a 2.34 kb fragment of plasmid pDF-
15 which contains part of the 18S rRNA gene including sequences homologous to the probes.
Utilizing the hybridization conditions described in Figure 4 legend, 500 pg of DNA was
detectable in a 16 hr exposure and 50 pg were detectable after 72 hr of exposure. RNA dot-
blot hybridization was done with 18S rRNA isolated by sucrose density centrifugation and
the same P3?-1abeled probe. As can be seen in Figure 5, utilizing the hybridization conditions
described, about 100 pg of 18S RNA was detectable after a 2-day exposure with enhancer
screen at — 80°C. The specificity of the probes is indicated in Figure 6 by lack of hybridization
with 28S rRNA up to 25 ng and retention of strong hybridization between the probes and
18S rRNA even in the presence of excess 285 rRNA and tRNA. Concerning Northern
hybridization of labeled probes with total RNA, the addition of dextran sulfate resulted in
a major reduction in extraneous background resulting in clear 18S rRNA hybridization signals
as indicated in Figure 7.

¢. Screening a Human Genomic Library for Alpha-Interferon Genes Using Two Synthetic
Probes

We have optimized the use of synthetic probes for the screening of human genomic
libraries. Two probes for alpha-interferon were synthesized; one by Biologicals, Inc., and
one in our laboratory using a Bachem Gene Machine. The [7-base sequences of each probe
were based on sequence information of eight cDNA interferon clones (Goeddel et al., 1981).%8
For each of the probes complementary sequences were present in at least four of the eight
described cDNA alpha-interferon genes whereas for three of the other genes there was only
one base mismatch and two base mismatches for the last gene. Alpha-interferon sequences
homologous to the two probes were about 50 bases apart. The sequences of the probes were

A B

5'CAGCCAGGATGGAGTCC3' 5'CCTCCCAGGCACAAGGG3’

About 10,000 phage/80 cm? plate were screened separately with each probe as described
in the legend to Figure 8. The phages were hybridized with each probe separately and
positive clones were recognized as those clones which were positive for both probes.

From about 180,000 phages screened, five appeared to hybridize with both probes although
several hybridized to either one of the two probes or were artifacts. Upon further analysis
of the five phage clones, it was determined that three hybridized to both probes, one
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FIGURE 8. The arrows indicate positive phage screened with alpha-interferon probe 1 (A) and probe 2 (B), The
three lines shown in the figures were used for orientation. The procedure involved screening of charon 4A human
gene library, Lawn et al., 1978,% using E. coli host DP50 sup f. Overnight culture of DP50 was infected with
phage at 37°C for 20'. Cells were plated at a density of 10,000 phage/80 cm?® plate and grown for 5.5 to 6 hr.
The plates were chilled and two copies per plate were made using nitrocellulose filters (Schleicher & Schuell BA8S
SD). Blotted filters were denatured on 3M filter paper saturated with 0.5 N NaOH and 1.5 M NaCl, neutralized
on paper saturated with 1 M Tris 7.5, again neutralized on paper saturated with 0.5 M Tris 7.5 + 1.5 M NaCl.
The filters were baked in vacuo at 80°C for 2 hr. Filters were prehybridized overnight as described in Figure 5,
except 0.1% SDS was used instead of 0.5% SDS. The two 17-mer alpha-interferon probes were end labeled with
gamma ATP-P* to a specific activity of 3-5X 10® cpm/pg, using polynucleotide kinase. The labeled probes were
purified by G-25 gel filtration and filtered through 0.2p Gelman acrodisc filters. The labeled probes were boiled
for three minutes and added for hybridization at a final concentration of 2 ng/m¢€. Each of the probes were individually
hybridized to one of the two copies of each plate screened. The filters were hybridized at 37°C for twenty hours
and were washed four times with 6 X SSC at room temperature, ten minutes per wash, and once with 6 x SSC
+ 0.1% SDS at 37°C for 1 hr. The filters were air-dried, exposed for 64 hours at —70°C with two intensifying
screens and Kodak XAR film.

hybridized to only one of the probes, and the fifth was an artifact. Critical for the success
of this procedure was to maximize the signal to background ratio as indicated in Figure 8.
Several factors were necessary for enhanced signal and reduced background: (1) use of two
different probes, (2) filtration of the labeled probes before addition to the hybridization
mixture, (3) use of a device to rotate filters during prehybridization and hybridization, and
(4) use of 10% dextran sulfate in prehybridization and hybridization solutions.

Analysis of the three putative alpha-interferon clones reinforced the designated identity.
As indicated in Table 6, restriction analysis of the three clones, A77, A85 and A105 with
restriction enzymes BamHI, Ddel and EcoRI, followed by Southern hybridization with alpha-
interferon probes A and B indicate that the same fragments hybridized to both probes. DNA
sequence analysis of two clones by the (Sanger et al., 1977)° dideoxy sequencing system
utilizing the interferon probes as primers for the DNA sequence reactions indicates the
homology between the new clones and with previously described alpha-interferons (Pestka
et al., 1983).7 The homology of two of the clones is indicated in Figure 9 which shows
part of a DNA sequencing gel containing both clones. DNA sequencing data indicates that
one of the three alpha-interferon clones is related to alpha-interferon L, while the other
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Table 6
CHARACTERIZATION OF
CLONED A-INTERFERON GENES*®

BamHI Dde EcoRI

Probe A N 77 >20,000 1080 1820
X 85 >20,000 1020 2070
A105 na na 7000
Probe B N 77 >20,000 1080 1820
A 85 >20,000 1020 2070
A0S na na 7000

» The DNA’s of the three clones, N77, A8S, and
A105 were cleaved with the indicated restric-
tion enzymes and hybridized (Southern,
1975),"** with probes A and B. Represented
are the sizes (base pairs) of the restriction
fragments which hybridize with the P32-la-
beled probes.

alpha-interferon gene appears to be different from alpha-interferon genes previously de-
scribed. The third cloned gene is also being analyzed by DNA sequence analysis.

In conclusion, these results testify to the power of the synthetic probe screening approach
which has enabled us to clone several alpha-interferon genes from a human genomic library
using two 17-mer probes. Further utility of genomic libraries employing synthetic probes
should be fruitful.

2. Differential Hybridization

If a probe is not available for screening, clones can be correlated to biological phenomena
such as induction of specific mRNA species by differential hybridization. One example of
this application is to induce cells for a specific protein and isolate poly-A RNA from the
induced and uninduced cells. The two poly-A RNA populations are then used for cDNA
synthesis. Since most of the cDNA species would be shared by both populations, except
for the cDNA made against the induced mRNA, they can be used to screen a cDNA library
made against induced poly-A RNA. Utilizing this procedure the galactase-inducible genes
of yeast have been cloned (St. John and Davis, 1979).”! Differential hybridization has also
been utilized for cloning developmentally regulated mRNA. The synthesis of cDNA to
specific developmental stages generates a population of developmental stage probes which
can be used for screening cDNA or genomic libraries (Timberlake, 1980).72

Alternatively, induced poly-A RNA assayed in frog oocytes for specific protein can be
used for cDNA synthesis and induced poly-A RNA can be used to screen the induced cDNA
library. Colonies which appear to hybridize to induced RNA can then be plated and their
DNA transferred to filters for hybridization with labeled RNA. The filter is washed, leaving
behind RNA which is preferentially retained by the cDNA. The retained RNA can then be
isolated and injected into frog oocytes for synthesis of the induced protein. This procedure
was utilized for the initial cloning of one of the alpha-interferon genes (Pestka, 1983).7°
Recently, the human interleukin-2 (11-2) gene was cloned starting with induced poly-A RNA
from human leukemic T-cell lines stimulated by concanavalin A (Taniguchi et al., 1983).7
The induced poly-A RNA was fractionated by centrifugation and fractions containing 11-2
activity were identified by frog oocyte assays. The active poly-A RNA was used for cDNA
synthesis and cloned. Colonies containing I1-2 ¢cDNA were identified by hybridization of
¢DNA from various colonies with induced poly-A RNA which was subsequently recovered
and assayed in frog oocytes for I1-2 activity. The frequency of the I1-2 specific colonies in
the cDNA library was 1:2000 (Taniguchi et al., 1983).7
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FIGURE 9. Sequencing gel of alpha-interferon gene demonstrating in-
tergene homology. EcoRI fragments from lambda-phage clones were in-
serted into mp8 and DNA was sequenced using the di-deoxy method of
Sanger et al., 1977.° The alpha-interferon probe A was used as a primer
for the reaction.

3. Biological Activity and Immunological Screening

Although most of the screening techniques focus around the initial gene product, namely
the RNA, systems have been developed which permit screening clones for protein products.
Gene complementation has been employed in the cloning of bacterial, yeast, and Neurospora
genes (Clarke and Carbon, 1976).7* For shotgun cloning of yeast DNA into E. coli about
20% of the bacterial genes tested have been complemented by yeast genes. Obviously several
factors are involved in such cross-species selection, promoter effectiveness, protein ho-
mology, and integrity of the cloned gene. Of course, transformation of yeast auxotrophs
with yeast DNA has resulted in the isolation of several yeast genes (Strathern et al., 1982).7
A variation of gene complementation has been the transformation of animal cells with DNA
ligated to vectors and subsequent selection for altered cell function such as cell transfor-
mation. This technique has been employed by Weinberg and others to isolate human on-
cogenes (Weinberg, 1981 and Taparowsky et al., 1982).777®
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In addition to screening for biological activity, techniques have been established which
permit detection of cross-reacting material (CRM) utilizing gene product-specific antibodies.
This technique is useful in cases where cloned genes are expressed but the gene product is
not active. One method employing radioimmunological screening involves the covalent
attachment of antibody to CNBr-activated paper followed by the incubation of the paper
with lysed colonies containing various chimeric DNA. The Ag-AB complex on the paper
is then detected by incubation with '*I-labeled antibody and autoradiography. The technique
can detect 50 to 100 pg of antigen or gene product. Utilizing this technique (Clarke et al.,
1979)™ were able to detect from 6240 E. coli clones, 15 of which were positive for yeast
hexokinase.

The coupling of biological activity or antibody screening with unique expression vectors
permits an added dimension for screening for specific genes. A system has been developed
by Guarente et al.,” which permits the cloning of foreign DNA between the lac promoter
and 5" end of the Z-gene which codes for beta-galactosidase resulting in fused protein
retaining the enzyme activity. This technique utilizes the fact that a short N-terminal peptide
of beta-galactosidase called the alpha-complementation fragment can be replaced with foreign
protein and still retain beta-galactosidase activity. In this system, the foreign gene product
furnishes the N-terminal end of the fused protein and therefore the AUG translational start
codon. As can be seen in Figure 10, the foreign gene can be inserted in three reading frames
permitting the selection for active beta-galactosidase. The lac promoter is added to the fused
gene product and maximized expression of beta-galactosidase is achieved by a color reaction
of the colonies for lactose fermentation (Guarente et al., 1980).7” Following the identification
of a clone with high lactose fermenting activity, the beta-galactosidase gene is removed and
the rest of the foreign gene is inserted. At this point one can assay for the gene product by
biological or immunological assays. Since the fused protein was highly active, lack of
expression of the intact foreign gene should not reside in ineffective promotion or improper
reading frame. Utilizing this technique, about 10,000 to 15,000 monomers per cell of rabbit
beta-globin was achieved (Guarente et al., 1980).7 This technique has been extended for
analysis of genes cloned and expressed in yeast (Guarente, 1983).%

Expression selection has been extended to mammalian cells by (Okayama and Berg,
1983.)*' They have developed a specialized expression vector which permits cDNA synthesis
using oligo-dT primers attached to the vector as previously described (refer to Figure 3),
but also contains a functional SV-40 promoter which can express foreign genes in animal
cells. The SV-40 DNA component of the pcD vector ensures transcription, splicing and
polyadenylation. Other promoters can be substituted for the SV-40 early region promoter.
Clones isolated from human cDNA libraries made with the pcD vector were active in
expressing hypoxanthine-guanine-phosphoribosyltransferase (Okayama and Berg, 1983).%!

It is therefore possible to produce cDNA from RNA of cells which are induced for some
activity or cells containing some developmental property and screen cDNA clones either by
differential hybridization and/or expression of proteins by a biological or immunological
assay. The ideal vector for such cloning would depend on which host cell would produce
a product most similar to the native protein.

VI. EXPRESSION

The expression of foreign genes in host organisms such as bacteria (Table 7), yeast, or
mammalian cells requires vectors which contain specific control sequences governing tran-
scription and efficient splicing or RNA polyadenylation, in the case of animal host systems.

Transcription in Escherichia coli requires at least two conserved regions based on com-
parisons of several bacterial promoters. One is located about —35 bp from the start site
(Rosenberg and Court, 1979)* and the other, the Pribnow® box, is located about — 10 bp.
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FIGURE 10. Expression selection utilizing the pL.G plasmid con-
taining part of the lac-operon which includes the lac promoter and
part of the Z gene which codes for beta-galactosidase. As indicated,
the inserted gene X is initially fragmented into N- and C-terminal
fragments and sequentially inserted into the plasmid. (From Guar-
ente, L., Roberts, T. M,, and Ptashne, M., Cell, 20, 543, 1980.
With permission.)

Mutation analysis of these two regions indicates their importance in modulating transcription
efficiency. In addition, the distance between the two conserved sequences is important for
maximizing promoter function (de Chrombrugghe et al., 1971 and Stefano and Grolla,
1982).94°% These conserved regions are probably involved in optimizing polymerase binding
at the promoter region, permitting initiation of transcription. Transcription termination also
involves signal regions, such as GC-rich regions followed by AT-rich sequences at the
termination site which are probably recognized by RNA polymerase and rho termination
factor (Rosenberg and Court, 1979).%

In addition to transcriptional control sequences, proper translation initiation in bacteria,
such as E. coli, requires a ribosome binding site (rbs) (Shine and Dalgarno, 1975)*¢ located
about 3 to 12 bases upstream from the AUG translation initiation start site. Post-translational
modification in bacteria involves removal of the formyl groups on the N-terminal methionine
and possible removal of the N-terminal methionine. However, specific glycosylation and
phosphorylation of eukaryotic proteins requires eukaryotic host-vector systems.

Transcription in eukaryotic organisms involves different promoter signal regions which
are recognized by more complex RNA polymerase systems. In eukaryotic systems, one
conserved regulatory region is the TATA control site which appears to be involved in correct
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transcriptional initiation at the promoter site, and enhancer sequences which enhance tran-
scription initiation and can exist some distance from the promoter regions (Breathnach and
Chambon, 1981).”7 As indicated above, expression in mammalian cells using the Okayama
and Berg?®' expression system involves the SV40 promoter sequence as well as sequences
which permit RNA splicing and polyadenylation. Although several promoter systems have
been utilized for expressing foreign genes, some have advantages in terms of their potential
for control and levels of expression achieved.

Components of the Lac operon have been utilized for the expression of several genes in
bacteria as indicated in Table 7. The Lac promoter has been used either alone (Goeddel et
al., 1979)* or in concert with a Trp promoter (Goddel et al., 1979)** employing vectors
such as pBR322 or M13 (see Tables 3 and 5 and Slocombe et al., 19825%), The protein
product synthesized via a lac promoter is generated either as a unique protein (DeMaeyer
et al., 1982)% or as a fusion product with beta-galactosidase which can then be cleaved with
CNBr (Goeddel et al., 1979).82 If methionine is present in the foreign protein, other pro-
teolytic techniques must be employed (Shine et al., 1980).%® The Lac system has the advantage
of being regulated by Lac induction or catabolite repression. In addition, the generation of
beta-gal fusion products permits positive selection of high producers of foreign gene products
due to the activity of beta-galactosidase which renders blue colonies on agar plates containing
Xgal, as described in Figure 10 (Guarente et al., 1980).7° In addition, fusion products can
be protected from proteolytic attack which occurs with some foreign proteins or small peptides
(Itakura et al., 1977).%° High production of human alpha-2 interferon (10® to 10° w/€) has
been achieved employing the M13-Lac system (Slocombe et al., 1982).8

The Trp promoter is an efficient control element which can result in the generation of
high levels of trp enzymes when the operon is present on a plasmid vector. About 25% of
total bacterial protein can be trp enzymes when the operon is induced with 3-indolylacrylic
acid (Yanofsky et al., 1981).'% Initial trp expression vectors contained the trp promoter,
operator, leader and attenuator, the trp E gene, and part of the trp D gene inserted in to
pBR322. Further modifications resulted in the production of the trp E gene product at a
level comprising 30% of total cell protein. The trp D fragment was also made and was
stable, perhaps due to the fact that a trp D-E hybrid protein was generated (Hallelwell and
Emtage, 1980).'%!

As can be seen in Table 7, the trp promoter system has been used for the production of
human alpha-interferon (Goedell et al., 1980 and Shepard et al., 1982)%:8¢ and human beta-
interferon either as a single promoter element or as a set of three tandem promoters. The
three trp promoter system resulted in the production of 20 X 10° molecules/cell of human
beta-interferon, which was ten-fold higher than comparable production with a single Lac
promoter (Goeddel et al.,1980).¢

The lambda PL promoter is a strong control element which controls early leftward tran-
scription of lambda genes N-int (Szybalski and Szybalski, 1979).'92 The PL promoter is
repressed by the CI product and by the CRO product. A gene coding for a temperature-
sensitive CI product ACI ts B57 can be used in the vector or in the host for controlled
expression of foreign genes (Bernard et al., 1979).'% The PL promoter has been employed
either in lambda or plasmid vectors for expression of foreign genes. The small t antigen of
SV40 has been produced via a PL promoter preceded by a ribosome binding site. The t
antigen was produced at a level comprising 42.5% of bacterial total protein which was higher
than levels obtained utilizing a Lac promoter, although truncated t antigen was also produced
(Roberts et al., 1979).'%

The bera-lactamase promoter has been utilized for low-level expression of hybrid proteins
such as rat pregrowth hormone made in bacterial minicells (Seeburg et al., 1978).'% Beta-
lactamase-insulin hybrid protein had been detected in cellular periplasmic spaces utilizing
a solid-phase radioimmunoassay for selection of clones containing fused products (Broome
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and Gilbert, 1978).'% Capitalizing on the beta-lactamase secretion capacity, several plasmids
(pKT) have been developed and utilized for the production of human proinsulin which is
also detectable in the periplasmic space (Talmadge et al., 1980).°7 A requirement for the
secretion of the protein was the presence of a signal sequence which could be recognized
by the bacterial signal peptidase.

In addition to developing more efficient promoter systems, increased expression of gene
products can be achieved by increasing the dosage of the foreign gene. The gene and control
elements such as the promoter, and ribosome-binding site can be transferred to plasmids
that are temperature inducible, ‘‘runaway replication’’ vectors (pKN402).'%® A derivative
of pKN402, the vector pA52, has been coupled with Lac or Trp promoters and foreign
genes, resulting in a 1000-fold increase in vector and foreign gene copy number.'%®

VII. SUMMARY

This chapter contains a concise description of major techniques employed in the cloning
and expression of genes thus permitting the large-scale production of useful proteins as
summarized in Figure 11.

More detailed procedures can be obtained from the cited references, the laboratory manual
on molecular cloning by Maniatis et al.,* and specialized monographs.''%-1!2
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Further treatment of the expression of genes can be found in Maniatis et al.,* and Harris,'**
and subsequent chapters of this book, including chapters on the use of yeast expression
systems and preclinical and clinical trials of recombinant DNA products.

NOTES ADDED IN PROOF

The new human alpha interferon isolated from a genomic library as described in Section
IV.B.1 has been expressed in E. coli using a M13-Lac expression vector. The level of
production achieved was 107 to 10* w/€ as indicated in Table 7.'"°
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I. INTRODUCTION

On October 29, 1982, the United States Food and Drug Administration gave marketing
approval for Humalin®, a human insulin made by bacteria. A month earlier, Humalin had
been approved for sale in the United Kingdom. These approvals represent an important
milestone, because human insulin thereby became the first clinically significant product
resulting directly from the new recombinant DNA technologies. In this review, we will
describe the research done at the City of Hope Research Institute, the University of California
at San Francisco, and Genentech Inc., that demonstrated scientific feasibility and led directly
to the construction of the bacterial strains now being used for insulin production by the Eli
Lilly Company.

A common misconception is that human genes for human insulin were placed in bacteria
and made to function. This was not the case for either our insulin work' or our earlier work
on somatostatin.” Instead, completely artificial genes were designed and synthesized, using
codons preferred by Escherichia coli. Thus, man-made genes, designed to function in a
bactcrium, werc used to direct the production of the desired peptide hormones. When we
began the work, it was not at all certain that we knew enough about genes and the details
of bacterial gene expression to be successful. However, it is now clear that the accumulated
knowledge was adequate, and the time was right for the design and chemical synthesis of
genes for small hormones.

In 1976, Robert Swanson and Herbert Boyer formed a company called Genentech Inc.
Their aim was to raise venture capital and use recombinant DNA and chemical DNA synthesis
techniques to engineer bacterial cells to produce useful products, such as human hormones.
The first contract let by Genentech was to Itakura and Riggs, for the chemical synthesis of
somatostatin, a mammalian hormone containing only 14 amino acids. Somatostatin was
chosen for the pilot study because of its small size and the availability of good radioim-
munoassays for its detection. It is interesting that attempts had been made to obtain grants
for the somatostatin work, but these were not funded because of such criticism as ‘‘It seems
like just an intellectual exercise....somatostatin is not likely to be of great clinical signifi-
cance.”” In retrospect, it is evident that the somatostatin project was one intellectual exercise
that had very significant and rapid practical applications, leading directly to the bacterial
synthesis of human insulin,’ growth hormone,* and interferon,* and catalyzing the growth
of the new biotechnology industry.

1I. CHEMICAL DNA SYNTHESIS

Because of its central importance to the somatostatin and insulin projects, as well as to
many subsequent genetic engineering projects (e.g., growth hormone and interferon), we
will first describe the triester method of chemical DNA synthesis (see Figure 1) as it was
used for the synthesis of the somatostatin and insulin genes.>*

Starting with nucleosides, a library of fully protected triester trimers was made. The
trimers were condensed to yield, for example, dodecamers, still in fully protected triester
form. All protecting groups were then removed by treatment with acetic acid and NH,OH,
generating the desired water-soluble single-stranded DNA fragment. The last step was a
careful purification of the DNA fragments by high performance liquid chromatography. As
we will describe later, the oligonucleotides were assembled enzymatically to form a DNA
duplex, which was then cloned.

Improvements in the DNA synthesis technology have been dramatic over the last few
years and the synthesis of oligodeoxyribonucleotides is now highly automated and rapid; a
heptadecamer can easily be made overnight using solid-phase methodology,® and chemical
DNA synthesis is no longer the rate-limiting step for most projects.
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FIGURE 1. The chemical synthesis of oligodeoxyribonucleotides for somatostatin
and insulin genes. The basic units used to construct polynucleotides are two types of
trimer block, the bifunctional trimer 1 and the 3’-terminus trimer 2. The bifunctional
trimer | was hydrolyzed to the 3'-hydroxylphosphodiester component 3 with pyridine/
triethylamine/water (3:1:1 vol/vol) and also to the 5’-hydroxy! component 4 with 2%
benzenesulfonic acid. The 3'-terminus block 2, protected by an anisoy! group at 3'-
hydroxy, was treated with 2% benzenesulfonic acid to give the 5'hydroxyl block 5.
The coupling reaction of an excess of the 3'-phosphodiester trimer 3 (1.5 M equivalent)
with the 5'-hydroxyl component 4 or 5 (1 M equivalent) in the presence of 2,4,6-
triisopropylbenzenesulfonyl tetrazolide (TPSTe, 3-4 equivalents) went almost to com-
pletion in 3 hr. To remove the excess of the 3'-phosphodiester block 3, the reaction
mixture was passed through a short silica gel column set up on a sintered glass filter.
The column was washed, first with CHCI; to elute some side products and the coupling
reagent, and then with CHCl,/MeOH (95:5 vol/vol) in which almost all of the fuily
protected oligomer was etuted. Under these conditions, the charged compound 3
remained in the column. Similarly, block couplings were repeated until the desired
length was constructed. (From Crea, R., Kraszewski, A., Hirose, T., and Itakura,
K., Proc. Natl. Acad. Sci. U.S.A., 75, 5765, 1978. With permission.)

1. SOMATOSTATIN

In 1977, a chemically synthesized somatostatin gene was made, introduced into bacteria,
and shown to function.? As outlined in Figure 2, DNA fragments for a 57-bp somatostatin
gene were synthesized by the triester method, joined by ligase to form double-stranded DNA,
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FIGURE 2. (A) The chemically synthesized somatostatin gene. Eight oligodeoxy-
nucleotides (fragments A to H) were synthesized by the modified triester method.'* The
codons are underlined and their corresponding amino acids are given. The 8 fragments
were designed to have at least 5 nucleotide complementary overlaps to ensure correct
joining by T4 DNA ligase to give duplex DNA 60 nucleotides long. (B) Schematic
overview of the somatostatin project. The gene for somatostatin was fused to the E.
coli B-galactosidase gene on the plasmid pBR322. After transformation into E. coli,
the plasmid directs the synthesis of a chimeric protein that has somatostatin on a short
tail on the end of 3-galactosidase. Somatostatin is clipped off by treatment with cyanogen
bromide, which cleaves specifically at methionine residues. (Reprinted with permission
from Itakura, K., Hirose, T., Crea, R., Riggs, A. D., Heyneker, H. L., Boliver, F.,
and Boyer, H. W., Science, 198, 1056, 1977. Copyright 1977 by the AAAS.)

and inserted near the end of the bacterial gene for beta-galactosidase. In vivo, somatostatin
was made as a short tail on the end of the beta-galactosidase polypeptide chain. Somatostatin
was cleaved from the fused protein product by treatment in vitro with cyanogen bromide,
which very specifically and efficiently cleaves polypeptide chains at methionine. Because
the gene was made synthetically, it was easy to arrange for a methionine to be at the junction
of beta-galactosidase and somatostatin. After treatment with cyanogen bromide, somatostatin
radioimmune activity was readily detected. The purified hormone product was shown later
to be completely identical to natural mammalian somatostatin.

IV. INSULIN

As soon as the results of the stomatostatin project demonstrated the feasibility of the
approach, work began on two genes for the A and B chains of human insulin.’ It was
necessary to make 29 oligonucleotides, which were assembled and joined by ligation to
make a total of 181 base pairs of duplex DNA (Figure 3). Figures 4 and 5 illustrate how
the insulin A-chain was assembled, cloned, and positioned at the end of beta-galactosidase.
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FIGURE 4. The construction of a plasmid DNA containing a synthetic insulin A-chain gene inserted at the
end of a B-galactosidase gene. The procedures are described in the text, and details are given in Goeddel et
al.! Only an explanation of the symbols is given here. The symbol A represents the synthetic A-chain gene.
pBR322 is a well-characterized plasmid cloning vector containing two antibiotic resistance genes, ampicillin
(Amp) and tetracycline (Ter), and several convenient restriction endonuclase sites including Eco RI (R1) and
Bam HI (Bam). Lambda plac is a lambda transducing phage carrying the entire E. coli operon, which includes
the lac promoter (P), the lac operator (Q), and the entire B-galactosidase structural gene (Z). There is an Eco
RI endonuclease site to the left of the operon and also one near the end of the (3-galactosidase gene; thus, the
lac operon DNA fragment can be readily obtained. The phenotype of the bacterial strains successfully infected
with the desired plasmid is shown. For example, the A-chain-producing strains would be ampicillin resistant
(AmpF), tetracycline sensitive (Tet), and the colonies would be blue on a special indicator agar called Xg.
(From Riggs, A. D. and Itakura, K., Am. J. Hum. Genet., 31, 531, 1979. With permission of The University
of Chicago Press.)

Step 1 (shown in Figure 4) was joining the small oligonucleotides. Because they were
designed to have complementary overlaps, they assembled themselves and were joined to
give duplex DNA by the action of the T4 DNA ligase. The gene was designed to have
restriction enzyme sites at each end (Eco Rl on the left and BamHI on the right). Step 2
was preparation of the plasmid DNA cloning vector pPBR322. Preparation included treatment
with EcoRI and BamHI restriction enzymes, which cut out a small piece of the plasmid and
provided a site for insertion of the synthetic A gene. In step 3, the prepared plasmid and
synthetic DNA were mixed, joined by T4 ligase, and cloned by transformation of E. coli.
A clone was obtained that contained a correct insulin A gene, as verified by direct DNA
sequencing. Next, a DNA fragment containing most of the E. coli lac operon, including the
lac promoter, operator, and the first 1006 amino acid codons of beta-galactosidase, was
inserted (steps 4, 5, and 6). This led to a clone making insulin-beta-galactosidase-fused
protein.'

Approximately 20% of the bacterial protein produced by the insulin strains was beta-
galactosidase-insulin-fused protein (Figure 5). The fused protein is insoluble and was en-
riched to more than 50% purity by low speed centrifugation. The insulin chains then were
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FIGURE 5. Schematic overview of the strains and procedures for the production of
human insulin by bacteria. Two E. coli strains were constructed having chemically
synthesized insulin A- or B-chain genes inserted into the B-galactosidase gene (3-gal)
of a plasmid cloning vector. In vivo, a fused protein is made, mostly B-galactosidase,
but with an insulin tail joined by a methionine. In vitro, the insulin peptide chain is
clipped off by treatment with cyanogen bromide. After separate purification, the insulin
A and B chains are joined by air oxidation. (From Riggs, A. D. and Itakura, K., Am.
J. Hum. Genet., 31, 531, 1979. With permission of The University of Chicago Press.)

cleaved from the fused protein by overnight treatment with cyanogen bromide in 70% formic
acid at room temperature. The free insulin chains were converted to S-sulfonated derivatives
and purified by ion exchange chromatography, gel filtration, and reverse phase high per-
formance chromatography. In our published work,' the B-chain was not purified to homo-
geneity. However, this now has been done. No major problems were encountered.

Sulfonated derivatives of the insulin chains were made before purification to ensure
stability by preventing the premature formation of disulfide bonds. Fortunately, the best
method for joining chains’ starts with the S-sulfonated derivatives. With a fivefold excess
of A-chain, up to 80% correct joining of the B-chain to the A-chain can be obtained. To
detect insulin chains produced in the bacteria, we adapted the Katsoyannis reconstitution
procedure” to the microgram scale. Using the procedure outlined in Figure 6, we had no
difficulty joining chains to produce radioimmune active insulin in control experiments and
with partially purified bacterial insulin chains.' The microreconstitution assay was used to
follow the individual insulin chains during purification. In our laboratory-scale experiments'
we obtained approximately 1 mg of insulin chain per liter of culture. These yields were high
enough to stimulate large-scale commercial development work (not described here), which
has led to higher yields.
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A(SSO;)s + B(SSO,),
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FIGURE 6. Insulin chain joining according to the Kat-
soyannis procedure. S-sulfonated B chain is mixed with
a 4-fold excess of S-sulfonated A chain, and then free
sulfhydryls are produced by reduction with mercapto-
ethanol. After removal of the excess mercaptoethanol
by extraction with ethyl acetate, the pH is adjusted to
10.6 and the chains are joined by air oxidation at room
temperature overnight (O.N.). A standard radioimmu-
noassay (Pharmacia) was used to measure radioimmune
insulin. (From Riggs, A. K., Itakura, K., Crea, R.,
Hirose, T., Kraszewski, A., Goeddel, D., Kleid, D.,
Yansura, D. G., Bolivar, F., and Heyneker, H. L.,
Recent Prog. Horm. Res., 36, 261, 1980. With per-
mission.)

V. LARGE-SCALE PRODUCTION AND CLINICAL TRIALS

The laboratory demonstration of the bacterial production of human insulin was only the
beginning of the difficult process of bringing human insulin to the public. Most of the authors
of this paper were not involved in scale-up and product development, and much credit should
be given to numerous investigators at Genentech and also at Eli Lilly & Co., to whom
Genentech sold manufacturing and marketing rights. No insurmountable technical obstacles
were encountered in the scale-up. In fact, the joining of the two chains, being a bimolecular
process, has proved to be more efficient on a large scale. Eli Lilly & Co. launched a major
effort to bring the human insulin to the public by 1982 and they met their goal. All chemical
tests and clinical trials have been favorable,®'? and sales have begun.
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I. INTRODUCTION

Recombinant DNA technology used for the production of pharmaceutically useful poly-
peptides such as insulin' human growth hormone,? and the interferons*” has thus far mainly
been focused on E. coli expression systems. However, within the last few years alternative
expression systems such as yeast,® tissue culture,’ Bacillus subtilis,'® Pseudomonas,"' and
Streptomyces'® have also attracted the interest of applied scientists. Since these systems are
relatively new and have not been characterized extensively, a great deal of basic research
examining gene expression and regulation is needed before these organisms can be harnessed
for the recombinant DNA industry. The focus of this report will be on one of these alternative
organisms, the yeast Saccharomyces cerevisiae, and the progress that has been made by us
and various investigators in the production of foreign (heterologous) gene products by this
organism.

II. ADVENT OF YEAST MOLECULAR BIOLOGY

Recombinant DNA research in yeast became possible in 1978 when Hinnen et al.'’
demonstrated the first successful introduction (transformation) of foreign DNA into yeast.
This was done by enzymatic removal of the yeast cell wall (generation of spheroplasts) and
incubation of plasmid DNA with the spheroplasts in the presence of calcium ions and
polyethylene glycol. The entry of the plasmid DNA into the cell was detected by comple-
mentation of leu2 ~ yeast with the yeast LEUZ gene, which had previously been isolated by
Ratzkin and Carbon. ' This initial procedure resulted in integration of the plasmid DNA into
the yeast genome; however, similar procedures have also been used by Beggs,'s Struhl et
al.,'¢ and Hsiao and Carbon'’ to obtain transformation with autonomously replicating yeast
plasmids containing yeast 2 wm plasmid'® or chromosomal origins of replication.'s'” This
procedure, along with the ability to reisolate plasmid DNA from yeast extracts by transfor-
mation of E. coli," has resulted in the isolation of many genes from yeast. Among the genes
isolated and characterized by this methodology are the HIS4,'® isocytochrome c¢,'® and the
alcohol dehydrogenase I°° and II*' genes.

III. EXPRESSION OF HETEROLOGOUS GENE PRODUCTS IN YEAST

The first successful attempts to express heterologous (non-yeast) genes in yeast were
performed using E. coli genes. Hollenberg® as well as Chevallier and Aigle*® demonstrated
that the B-lactamase gene of E. coli plasmid pBR322 was expressed in yeast, using tran-
scriptional control regions in the E. coli DNA.** Hollenberg?* and Cohen et al.*> showed
that the chloramphenicol acetyltransferase gene from plasmid pBR325 was functionally
expressed in yeast.?

In addition to E. coli genes, expression of some higher eukaryotic genes has also been
examined. Beggs et al.?® demonstrated that the genomic rabbit B-globin gene in yeast
produced a shortened mRNA of insufficient length to produce B-globin. Whether yeast used
the rabbit promoter, a fortuitous promoter region in the rabbit DNA, or a yeast promoter
was not determined. However, transcription appeared to begin near its normal initiation site
in the rabbit DNA and ended prematurely or was cleaved in the second intron of the gene.
Thus no normal B-globin protein could be made. Later the ADES gene from Drosophila
melanogaster was expressed in yeast by complementing the corresponding yeast mutation
as described by Henikoff et al.”® This gene was probably expressed using fortuitous tran-
scription signals in the Drosophila DNA (B. Hall, personal communication).?!

Fraser and Bruce?” used the cloned cDNA of ovalbumin as a model system in an attempt
to avoid the problems with introns suggested by the experiments of Beggs et al.?® mentioned
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above. They placed the cDNA in a yeast plasmid with pBR322 DNA flanking the ovalbumin
gene. Although the exact nature of the product was not thoroughly characterized, an oval-
bumin product (1500 mol/cell) was detected by a radioimmune assay. They demonstrated
that the transcription start for the mRNA in this system probably originated in the pBR322
DNA instead of in yeast DNA as they had expected.

In order to obtain efficient expression of a heterologous gene in yeast, we decided to use
yeast DNA transcriptional signals adjacent to the gene on a plasmid capable of replication
in yeast. The human leukocyte interferon D (IFN-al or LelFD) gene or cDNA(s) was chosen
for these experiments as previously described.® The promoter (transcription initiation) frag-
ment was obtained from the 5'-flanking sequence of the yeast alcohol dehydrogenase I
(ADH1) gene®*-* and the terminator fragment (transcription termination and/or polyadeny-
lation signals) was obtained from the yeast TRPI gene**-*' 3'-flanking region. Messenger
RNA size analysis demonstrated that the transcript was of the appropriate length to have
initiated immediately before the IFN-al fragment and have ended in the 3'-flanking region
of the TRPI gene. The expression levels of the IFN reached 0.04 to 0.2% of total yeast
protein when a plasmid containing the ars/ origin of replication® was used and about 1%
in a plasmid containing the yeast 2 pm origin of replication. The product also had biological
activity in an antiviral bioassay** and was identical with I[FN-a1 obtained from human cells
except for the amino-terminal methionine.® The amino-terminal methionine had been added
to allow for translation initiation after removal of the secretion signal pre-sequence from the
IFN c¢DNA and replacement by an ATG-translational start as shown in Figure 1 (construction
B converted to A). Unlike some yeast genes that have been expressed in E. coli,® this
efficient yeast expression system produced no detectable IFN-a 1 product in E. coli, showing
that not all yeast transcriptional or translational controls are functional in E. coli.

The 5’-flanking sequence of the ADHI gene was used because of the highly expressed
nature of the gene (single copy per haploid cell produces about 1% of total protein) and the
known DNA sequence.”” Furthermore, Ammerer et al.* had shown that the ADH/I 5'-
flanking sequence was capable of conferring its transcription starting specificity when fused
to the yeast CYC! coding sequence. Several promoter fragments were made from the 5'-
flanking sequence of the ADH I gene by Bal31 digestion from a restriction site in the structural
gene through the ATG-translational start. It was determined that up to 32 bp could be
removed upstream of the ATG without grossly affecting expression of IFN-al, suggesting
that this region is not critical to either translation or transcription. Interestingly, this same
promoter system efficiently transcribed the rat growth hormone ¢cDNA but no translation
product was observed.** This may have been due to junction effects (DNA sequence between
promoter and structural gene) on translation initiation, codon bias effects on translation
efficiency,* or extreme instability of the protein product.

The same ADHI promoter fragment was recently used by Valenzuela et al.” to express
the surface antigen (HBsAg) from hepatitis B virus. Expression was sufficient to produce
about 10 to 25 pg/€ (0.01 to 0.025 percent of cellular protein) of a particle form of HBsAg
very similar to the natural serum-derived 22 nm particle. This similarity was demonstrated
by sucrose gradient sedimentation and equilibrium density centrifugation, as well as by
electron microscopic comparisons. Miyanohara et al.*” demonstrated the formation of a 20
to 22 nm particles in yeast using the 5'-flanking sequence of the yeast repressible acid
phosphatase gene*® and showed derepression of HBsAg synthesis when the yeast were grown
in phosphate-free medium. We have also expressed the HBsAg*® using a promoter fragment
from the yeast 3-phosphoglycerate kinase gene.***! We found a particle form (0.05% of
yeast protein), but after detergent lysis of cells observed 20 to 40 times this amount as a
monomer form (comprising 1 to 2% of the total cellular protein). The large amount of
monomer in comparison with particle suggests that a vaccine may be more efficiently obtained
by first purifying the monomer, followed by reformation of a particle form.?¢3"-*
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FIGURE 1. Heterologous gene expression system.

IV. CONSTRUCTION OF A PORTABLE PROMOTER FRAGMENT

As mentioned above, three different yeast promoter fragments have been utilized in the
expression of heterologous genes in yeast. We now present in more detail the procedures
used to construct one such fragment. Figure 2 illustrates a partial restriction map of a cloned
3.1 kbp Hindlll fragment from chromosome III of yeast, which contains the gene for yeast
3-phosphoglycerate kinase (PGK).* The exact location of the PGK structural gene was
determined by DNA sequencing from the Pvul site to the Hindlll site on the right side of
Figure 2.%' This region has been identified as the start of the structural gene because of the
length of the open reading frame that follows (matching with PGK polypeptide size), the
DNA sequence characteristics 5’ to the ATG (see Reference 34), and 65% homology of
yeast PGK protein sequence (derived from DNA sequence) with human*® and horse** PGK
sequences.

Given the start of the structural gene, we needed a design for the isolation of the 5'-
flanking sequence of the PGK gene on a specific restriction fragment to be used as a portable
promoter fragment for expression of heterologous genes. For the previously mentioned ADH /
gene this was done by Bal31 digestion through the ATG into the 5'-flanking sequence
followed by the addition of EcoRlI linkers.®** Since deletion of up to 32 base pairs of 5'-
flanking sequence adjacent to the ATG had no gross effects on the expression of a heter-
ologous gene (leukocyte interferon D), Bal31 digestions were not thought to be necessary
for construction of the PGK promoter fragment.

Instead, we used the primer repair technique described by Goeddel et al.® An oligonu-
cleotide (12 nucleotides long) was synthesized which was complementary to the — 10 through
—21 positions of the nucleotide sequence shown in the insert of Figure 2. When this
oligonucleotide was hybridized with denatured DNA from this region of the PGK gene in
the presence of Klenow DNA polymerase I and deoxyribonucleotide triphosphates,
polymerization occurred 5'—3’ through the upstream Sau3A site while the 3'>5' exonu-
clease degraded phosphodiester bonds from the 3’ end of the fragment (Hincll site in the
PGK gene) until the double stranded region was reached. By cutting the repair product with
Sau3A, a small region of the PGK promoter fragment was isolated as a Sau3A end to blunt
end DNA (—46 to — 10) fragment. The loss of —9 through — 1 of the 5'-flanking sequence
was thought not to be a problem in view of the ADHI promoter fragment results already
discussed.
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FIGURE 2. Partial restriction and sequence map of the PGK gene. The PGK structural
gene is shown as a bar region in the partial restriction map of a 3.1 HindlII fragment. Note
that distances are not drawn to scale; however, distances of fragments relevant to the discussed
constructions are designated. The inserted 5’ to 3’ sequence (left to right) is from the Sau3A
site through the ATG of coding sequence. A complementary oligonucleotide (12 nucleotides)
for the primer repair reaction (6) was made as shown. Using this primer the modified PGK
5'-flanking sequence was constructed for convenient attachment of gene such as mature IFN-
al as shown.

The fragment which contained a blunt end and a Sau3A end (sequence ‘‘a’” in Figure 2)
was then ligated into a plasmid vector containing a BamHI sticky end and a filled-in Xbal
blunt end. This allowed a portion of the 5'-flanking sequence of the PGK gene to be isolated
from the vector as a Sau3A to Xbal restriction fragment. However, since this fragment was
small and since transcriptional starting efficiency and control of yeast genes is sometimes
affected by yeast DNA far upstream from the ATG-translational start,'**> the plan to make
a promoter fragment required the reconstruction of 5’-flanking sequence upstream from the
Sau3A site to the Hindlll site (thus sequences ‘b’ and ‘‘c’’ in Figure 2 were added back
to sequence ‘‘a’’). During this reconstruction an EcoRI site was added adjacent to the Xbal
site so that the 1600 bp promoter fragment could be isolated as a Hindlll-to-Xbal or as a
Hindlll-to-EcoRI fragment (Figure 2, bottom).

V. CONSTRUCTION OF A HETEROLOGOUS GENE EXPRESSION
PLASMID USING THE PGK PROMOTER

The plasmid YEpIPT in Figure 3 contains the PGK promoter fragment described above
and other expression, selection, and maintenance components for expression of inserted
heterologous genes in a unique EcoRI site. This plasmid includes the large EcoRI to BamHI
fragment of pBR322* containing the ampicillin resistance (Ap®) gene and replication origin
for selection and stable growth in E. coli. YEpIPT also contains the yeast TRP! gene on
an EcoRI to Pst1 DNA fragment originating from yeast chromosome IV.**3' This gene
permits selection for the plasmid in trpl ~ yeast growing in medium lacking tryptophan. The
other origin of replication in YEp!PT is contained on a 2.0 kbp fragment (EcoRI to Pst1)
from the endogenous yeast 2 pm plasmid**® and allows autonomous replication and main-
tenance at high copy number in 90 to 95% of yeast cells grown selectively.



52 Recombinant DNA Products: Insulin, Interferon, and Growth Hormone
gene inserts

transcription ‘ transcription
termination ) EcoRI directian
n

3—-Phosphoglycerate Kinase (PGK)
Promoter Fragment

Yeast 2p Origin
of Replication
Pst I

Hind I
Hind IL

Yeast TRP | Bgl/ L /Bam HI

Gene

EooRT

E.coli
ori

FIGURE 3. Yeast expression plasmid. The partial restriction map of YEpIPT is shown with com-
ponents designated that are required for transcription and translation of a heterologous gene inserted
at the single EcoRI site.

The yeast PGK promoter fragment (HindIll to EcoRI) initiates transcription near the only
EcoRlI restriction site in the plasmid (the other EcoRl site was removed as previously
described by Hitzeman et al.?) which proceeds in the direction indicated (Figure 3). As
shown in Figure 2, the sequence 5'-TCTAGAATTC-3" which contains EcoRI and Xbal
restriction sites for convenient attachment of heterologous genes, has been substituted for
the 10 bp of normal sequence preceding the ATG translation initiation codon of PGK. A
HindlII/BglIl fragment from the yeast TRPI gene region®**' was used as a HindIII to Bglll
converter for ligation with the BamHI site of pBR322. The 2.0 kbp fragment from 2 pum
plasmid DNA also contains the transcription termination and polyadenylation signals which
are normally the signals for the ‘*Able’” (or FLP) gene found in 2 wm plasmid.>® As discussed
below, such a region appears to be essential for heterologous gene expression in yeast. When
heterologous genes such as leukocyte interferons IFN-al, IFN-a2, and hepatitis surface
antigen are inserted at this EcoRlI site in the correct orientation, they are expressed at levels
of 1 to 2% of total yeast protein.

Comparisons have been made of this promoter fragment with the ADHI promoter fragment
(fragment 906,%) already discussed. In plasmids containing either ars!*® or 2 wm*® origins
of replication, both promoter fragments express essentially identical levels of IFN-a1. These
results suggest that the two promoters are comparable in transcription initiation and thus
equally useful for expression of heterologous genes in yeast.

VI. CHROMOSOMAL INTEGRATION OF HETEROLOGOUS GENE
EXPRESSION SYSTEMS

Expression of several foreign genes in yeast has been achieved using autonomously
replicating hybrid plasmids as described above, however, it is also possible to place such
expression systems into the yeast genome. As an example of such a system, we have modified
the initial IFN-a1 expression plasmid pFRS36® by removing the yeast origin of replication,
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arsl,* so that the plasmid must integrate into a yeast chromosome for maintenance and
expression. To remove the ars/ function, DNA sequences distal to the Pst site in the 1.45
kb fragment***' containing the TRP/ gene were removed. The resulting plasmid, pAS1 (not
shown), which contains only 51 nucleotides of yeast DNA following the termination codon
of the TRPI gene, is not capable of replication in yeast although the TRP/ gene is still
functional.

Yeast strain RH218** was transformed with the plasmid, and the Trp* transformants
obtained were assayed for IEN-al activity. Interferon activity in over 100 independent
transformants varied from undetectable levels to about 0.2% of total yeast protein at Abs®®
of 1.0. When several transformants were checked for stability of Trp* phenotype after
growth in both selective and non-selective media, all were completely stable. We have not
determined the chromosomal location of the integration events. However, genetic analysis
of hybrids generated from the integrants has shown that in none of the 4 transformants tested
had the pAS1 plasmid integrated at the TRP/ locus.

We have checked whether the expression levels correspond to the number of integrated
copies of the plasmid. Total DNA, prepared from RH218 and three transformants producing
various levels of interferon D, was digested with Bg/Il, subjected to electrophoresis, trans-
ferred to nitrocellulose, and probed with the IFN-a-1-TRP/ junction fragment. The Bg/II-
Xbal junction fragment spans 360 bp of the IFN-a1 gene and 190 bp from the TRP/ fragment.
As seen in Figure 4, the level of hybridization is in general agreement with the [FN-al
expression levels. No additional hybridizing DNA was detected from transformant 1 (lane
1) which did not produce any detectable interferon. The bands A and B in transformants 2
and 3 apparently resulted from hybridization of the probe with a DNA fragment spanning
the site of integration. It should be noted that the integrative plasmid used contained only
one Bglll site (located in IFN-a1 gene). Band B suggests that multiple copies of the plasmid
have integrated in a tandem array in the transformant 3.

We have also constructed linear integrative expression units which contain the PGK
promoter, HBsAg gene, TRP/ terminator and the LEU2 gene. These transformants produce
varying levels of hepatitis surface antigen as determined by radioimmunoassays. By Southern
analysis we have found that, like the IFN-a1 plasmids, the expression levels correspond to
the number of integrated expression units with up to 10 to 15 direct repeats of this unit.
Such repeats are stable even after growth for many generations without selective pressure.
These results show promise for industrial production of heterologous gene products by yeast,
in that multiple integrations of tandem expression units in combination with high copy
number plasmid expression systems could be used to increase yields of heterologous gene
products.

VII. TRANSCRIPTION INITIATION AND TERMINATION
CHARACTERISTICS OF THE EXPRESSION SYSTEM

We have previously demonstrated that transcription of the PGK gene begins 36 nucleotides
before the translation initiation codon of the gene*' (see Figure 2). Recently, using the
promoter fragment herein described, Derynck et al.>! have expressed the cDNA for human
immune interferon (IFN-v) isolated by Gray et al.” Interestingly, instead of one transcription
start at — 36 when IFN-vy is connected to the PGK promoter fragment, this system initiates
transcription at —40 and at three very minor sites further upstream to the ATG. Thus it is
possible that the inserted restriction sites between the promoter fragment and inserted gene
(see Figure 3), or the loss of natural sequence between —9 to —1 of the promoter (see
Figure 3), or the gene itself may be affecting transcription initiation. It should be noted that
the IFN-y gene is expressed at a much lower level in YEpIPT than the 1 to 2% of yeast
cell protein observed for the IFN-a or hepatitis surface antigen. It remains to be seen whether
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FIGURE 4.  Southern blot of genomic DNA probed with IFN-a1-TRP/
fragment. Total genomic DNA from RH218 and three transformants (lanes
1 to 4) was digested with Bg/II and then electrophoresed on a 1% agarose
gel. DNA was then transferred to nitrocellulose paper by the method of
Southern (72) and hybridized with **P-labeled Xbal-Bg/Il fragment con-
taining sequences from the human [FN-at and the yeast TRP{ genes. The
lower common band results from hybridization with the indigenous TRP/
sequences and the additional bands are due to integration events. The
interferon levels as percent of total yeast protein were: 1, <0.004; 2, 0.06;,
and 3, 0.2. Lane 4 contains DNA from RH218. Genomic DNA was isolated
by standard procedures.”

multiple starts of transcription also occur for the latter genes. Recent data concerning fusions
of amino-terminal coding portions of PGK structural gene to the IFN-al gene strongly
suggest that the insertion of the Xbal/EcoRlI site junction between promoter and gene has
little (=<2 X decrease) or no effect on expression (C.C., F.H., Hermann Oppermann, and
R.H., unpublished results).*
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Transcription termination is not a well-characterized process in yeast. As with other
eukaryotes, the 3'-end of the mRNA in yeast is polyadenylated.>® However, whether this
process is signaled by the DNA or RNA sequence or is possibly an automatic process
associated with mRNA chain termination has not been established. It is also possible that
the polyadenylation site is not the actual termination site or release site for RNA polymerase
II, but that the polymerase continues RNA synthesis through this site followed by processing
or cleavage of the mRNA. Recently Zaret and Sherman®” have compared a list of yeast gene
3'-flanking sequences and suggested two possible consensus sequences, 5'-
TAG ... TAGT ... TIT or TAG ... TATGT . . . TTT-3’, which may have a role in
transcription termination and polyadenylation; however, not all yeast genes have these con-
sensus sequences. Bennetzen and Hall”’ have proposed a consensus sequence, 5'
TAAATAAZ 3', similar to the proposed polyadenylation signal (5" AAUAAA 3’) of higher
eukaryotes.®® A comparison of many yeast 3'-flanking sequences again demonstrates great
variation in this sequence. Due to the relatively unknown nature of yeast transcription
termination in yeast, the following experiments will be discussed using the term as referring
to the termination or processing region suggested by the overall length of the mRNA.

In our early expression system,? containing the ADH] promoter fragment—IFN-al cDNA—
yeast TRPI gene, the transcription began proximal to the IFN-a1 cDNA and ended near the
TRP] termination region.*’ The following experiments demonstrate that such a yeast 3'-
flanking sequence is indeed essential for efficient expression. We constructed yeast expres-
sion systems in which the 3'-flanking DNA following the heterologous gene is either pBR322
DNA or yeast DNA. The rationale for doing this was based on the assumption that the
prokaryotic DNA would probably not have proper termination, processing, or polyadeny-
lation signals. As illustrated in Figure 5, a HindlIlIl fragment containing the PGK promoter
fragment, IFN-a1 gene, and the proximal region of the TRP! gene was inserted into plasmid
YEp13* (plasmid B and C) or into YEp13 containing the distal region of the TRPI gene
where yeast termination and/or processing signals occur®’ (plasmid A).

For plasmid A, transcription through the IFN-a1 gene should terminate in the distal region
of the TRP! gene as previously described.?' Since the plasmid B contains the other orientation
of the Hindlll fragment in YEp13, the transcript should end about 0.5 kbp from the HindlIl
site in 2 wm plasmid®® DNA as shown. In this construction the termination and/or processing
signals that normally function for the ‘*Able’” or FLP gene in 2 um plasmid DNA should
be utilized. Plasmid C (which contains the same orientation of the HindIIl fragment as
plasmid A) lacks a 3’-flanking sequence of a yeast gene. Therefore, any transcription initiated
by the PGK promoter fragment should continue through the pBR322 DNA.

The interferon expression from these three plasmids in yeast is 27 * 10 X 10° (units/¢
of culture at an A, of 1.0) for A, 14 = 3 X 10° for B, and 4 + 2 X 10° for plasmid C.
Due to the large standard deviation of plasmid A activity, the difference between A and B
(2-fold) may not be significant. However, the difference between A and B vs. C is 4- to 7-
fold, suggesting a gross defect in plasmid C expression.

Total RNA was isolated from transformants of the yeast strain GM3C-2'° containing each
of these three plasmids. The mRNA transcript sizes were analyzed by Northern analysis,*
as shown in Figure 6. The **P-labeled DNA probe which results in visualization (by hy-
bridization) of the mRNAs was specific for IFN-al transcripts. Total RNA rather than
polyadenylated mRNA was used for this hybridization analysis since the relative amounts
of mRNA from various strains can be compared more reliably without such isolation. In
Figure 6, lane A shows two different mRNA species originating from plasmid A. The
majority of the mRNA is 1.5 kb in size (determined by comparison with standards) which
is in agreement with the expected size of 1.45 kb. This estimate is based on the assumption
that the TRP/ gene termination region®' was used and that polyadenylation of 50 to 100
bases* occurred. These data are consistent with previous results showing that such a het-
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FIGURE 5. Plasmid constructions for yeast transcription termination study. All three plasmids are based on
YEp13* which contains the yeast LEU2 gene and the 2 pm plasmid origin of replication. The Hindlll fragment
containing the PGK promoter fragment (Hindlll to EcoR1), the IFN-al (or LelF D) cDNA, and the proximal
region of the TRP! gene was obtained from a plasmid similar to pFRS36® which contains the PGK promoter
instead of the ADH/I promoter. The distal portion of the TRPI gene had already been added to YEpl3 in
construction pYeHBs.* Plasmid constructions were done using previously described methods and placed in
yeast strain GM3C-2'® by Leu* complementation using standard transformation procedures.

erologous expression system can use normal yeast transcription termination signals.®** An
additional mRNA species that is about 600 bases longer than the major species is found in
yeast transformants containing plasmid A. It is very likely that this minor transcript terminates
in the Tc® structural gene of the pBR322 about 600 bases from the Bg/Il/BamHI junction
(position 2 in Figure 5). While we have not yet determined whether this species is poly-
adenylated, Hollenberg et al.>* have shown that the mRNA for B-lactamase, made from
pBR322 plasmid DNA, is polyadenylated and functional in yeast. Hence polyadenylation
may use fortuitous E. coli DNA signals (prokaryotes do not polyadenylate mRNAs) or is a
spontaneous process occurring after mRNA chain termination or chain cleavage in yeast.
The inability of the TRPI gene 3'-flanking sequence to terminate all the hybrid mRNA may
be related to the fact that only 70 bp of TRPI 3'-flanking sequence is present in this
construction and thus, the region may be partially defective for its normal functions. How-
ever, when a similar plasmid containing the HBsAg gene instead of the IFN-al gene was
tested, no such additional transcript was found.* This suggests that the gene itself affects
transcription termination and/or processing.

Plasmid B produces only one transcript of 1.7 kb. This approximates the expected size
of 1.75 kb as predicted for mRNA terminating in a region of 2 um plasmid DNA at the
FLP (or ““Able’’) gene termination region.**** We have also utilized the PGK 3'-flanking
sequence for proper termination/polyadenylation of mRNAs (data not shown) and only one
transcript size as with the 2 wm terminator.

As shown in lane C of Figure 6, several mRNA species were observed when transcription
proceeds into pBR322 DNA. Four major transcripts of 1.7, 3.4, 6.0, and 7.0 kb were found.
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FIGURE 6. Size analysis of mRNA species produced by plasmids A, B,
and C in yeast. Yeast GM3C-2'° containing the plasmids in Figure 5 were
grown in YNB-leu (39) selective medium at 30°C to an Ay, of 1.0. Total
RNA was isolated using standard procedures™ and 50 wg of RNA was then
denatured and electrophoresed in each lane of 1% agarose gel containing 6%
formamide and 1 X MOPS buffer (20 mM MOPS, 5 mM NaOAc, | mM
EDTA at pH 7.0).” The gel was stained with ethidium bromide using yeast
ribosomal RNA and Hindlll cut phage y DNA” as size standards. The DNA
in the gel was then transferred to nitrocellulose and hybridized (Northern
procedure®?) with the 0.56 kbp EcoRI fragment containing the [FN-al gene®®
labeled with P using the calf thymus primer method.”

The first transcript (1.7) ends near the Sphl site (position 1 in plasmid C) in the TcR structural
gene about 500 nucleotides from the Hindlll site. This region may also be used by plasmid
A to some extent but definitely in minor amounts as compared to the other two regions.
However, the region used in pBR322 by plasmid A near the Nrul site (position 2) is not
used in plasmid C. The Nrul and Sphl sites are about 400 bp apart and the next termination
region (position 3) of plasmid C is 1.7 kb past the Sphl site or 1.3 kb past the Nrul site.
This unexpected finding suggests that the termination or processing that occurs near the
Nrul site in plasmid A must be influenced by the yeast TRP! 3'-flanking gene signals.
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Determination of the actual polyA addition sites by S1 mapping®->® of these mRNAs in
plasmids A and C would be of great interest and would possibly give further insight into
this difference.

The major transcripts for plasmid C are 6.0 and 7.0 kb and show that RNA polymerase
IT moves along the pBR322 DNA sequence to two stop or cleavage signals in yeast DNA
flanking the LEU2 gene from chromosome III of yeast.' This type of run-on transcription
is reminiscent of that seen by Zaret and Sherman®’ for the yeast cyc/-512 mutant which has
a deletion of the 3’-flanking region encompassing termination or processing signals for the
CYCI gene. They saw transcripts of 630, 850, 1350, 1450, 1650, and 2400 nucleotides for
¢yel-512 instead of only one transcript of 630 nucleotides as observed for the wild-type
CYCI gene. The reasons for several apparent transcription stops or processing sites in their
homologous and our heterologous system are still unclear. Although we have not demon-
strated whether our run-on transcripts are polyadenylated, Zaret and Sherman®” have dem-
onstrated that all transcripts are polyadenylated and suggest that polyadenylation and
transcription termination and/or processing may be coupled or that polyadenylation may be
automatic at 3'-ends of mRNAs.

Finally, the relative steady-state amounts of mRNAs (see Figure 6) produced by plasmids
A, B, and C are consistent with the expression levels of interferon produced by the three
plasmids. As indicated earlier, yeast transformants containing plasmid A or B produce 4-
to 7-fold more interferon than the transformants containing plasmid C. This difference is
reflected by the relative mRNA levels produced from the three plasmids. Zaret and Sherman®’
have previously observed this reduction in expression with the deletion of a termination or
processing region. They suggest that the large untranslated regions of the run-on transcripts
may lead to reduced mRNA stability. They also note that the longest transcripts are present
at relatively higher levels than the shorter transcripts, which seems inconsistent with this
idea. We have two types (yeast or E. coli) of 3'-flanking DNA for our plasmid C system.
In both types of DNA our data are consistent with theirs because there is more 3.4 kb
transcript than the 1.7 kb transcript (ending in E. coli DNA) and more 7.0 kb transcript
than the 6.0 kb transcript (ending in yeast DNA). This might best be explained by smaller
transcripts resulting from a single large transcription unit which is unstable. If such a
processing does occur then the transcript of plasmid A may just be 2.1 kb and may not be
terminating in yeast DNA. A possible model for such a system would be that an efficient
yeast termination region contains an RNase cleavage site as well as an RNA polymerase 11
release site in close proximity. In plasmid C, pBR322 encoded RNA might contain only
fortuitous cleavage sites, while the cleavage sites in yeast RNA may be preferred.

VII. YEAST TRANSCRIPTION TERMINATION OR PROCESSING
SIGNALS IN MAMMALIAN cDNA SEQUENCES

Recently, Derynck et al.’’ have demonstrated a single transcript in yeast using the PGK
promoter fragment system to express the cDNA’ for IFN-y (human immune interferon).
They have shown by S1 analysis that the RNA polyadenylation site occurs at a specific
location within the mammalian cDNA 182 to 184 nucleotides after the translation stop. This
terminator or processing signal on the human cDNA functions as well as the yeast PGK
termination region. Furthermore, they demonstrate that this region contains consensus se-
quences similar to that proposed by Zaret and Sherman® for transcription termination,
processing, and polyadenylation in yeast.

We have also found such a termination or processing signal in the cDNA of the IFN-a2
(approximately 200 bp after the translation stop, data not shown). Such a phenomenon might
therefore be a general occurrence. An investigation of other higher eukaryotic genes may
demonstrate the evolutionary retention of this region in higher eukaryotes. Recently Tuite
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et al.*® found relatively high levels of a PGK-IFN-a2 fusion protein (1 to 2% of cell protein)
using an expression system without a yeast 3'-flanking sequence after the IFN-a2 ¢cDNA.
Since the 3'-flanking sequence was pBR322 DNA, one would have expected low expression
if this cDNA termination or processing signal was not present, in view of our results already
discussed.

IX. FUNCTION OF SPECIFIC MAMMALIAN SECRETION SIGNAL
SEQUENCES IN YEAST

Using the heterologous expression system shown in Figure 3, we have expressed interferon
¢DNAs for either mature or pre-interferons.” As shown at the bottom of Figure 1, con-
struction A contains the gene with the signal coding sequence replaced by an ATG; however,
construction B contains the entire cDNA with the natural ATG preceding the coding sequence
for the secretion signal peptide. Three different interferons were examined for the effect of
pre-sequence vs. the effect of no pre-sequence.” The interferon cDNAs for IFN-al,® IFN-
o?,° and IFN-y’ have been previously isolated and modified for direct expression as con-
struction A types. All of the three interferons expressed from construction A (see Figure 1)
remained inside the cell; while these same interferons from construction type B (secretion
signal present) resulted in interferon production in the media and the periplasmic space as
well as inside the cell. Thus human secretion signals are being utilized by the lower eukaryote
yeast and are resulting in secretion of protein from the yeast cell.

Since secretion from human cells involves cleavage of the signal peptide by a signal
peptidase® during the secretion process,®' the authors® examined the nature of the amino-
terminal processing of two different secreted interferons from yeast. These two interferons
are shown as lines 2 and 3 of Figure 7. Origins of the secretion signals are indicated on the
left side while the right side shows the site recognized by the signal peptidase to give the
mature secreted proteins. The pre D/A signal was made by making a hybrid between signals
pre A and pre D by means of the Ddel restriction site in the DNA as designated. The
interferon of line 3 (pre D/A IFN-a2) was produced as two forms in yeast media. Most of
it (64%) was processed as + | form (see Figure 7) or as processed by human cells; however,
another form (— 3) containing 3 amino acids of pre-sequence was also present (36%). Since
pre D/A IFN-«2 is a hybrid, natural pre D IFN-al was also examined and again gave both
the + 1 form (45%) and the — 3 form (47%) in yeast medium. Thus, although yeast is able
to recognize the human signal sequence, the fidelity of the system is not perfect. Furthermore,
the secretion is limited to about 30% of the interferon made with the rest remaining inside
the cell, even though most of this material is also processed as + 1 and —3 forms.

Recently Wieland et al.®” have also examined the processing of pre-human growth hormone
(pre-HGH®?) by yeast as shown at the bottom of Figure 7. Unike the interferon results, all
of the HGH in the yeast media was properly processed + 1 mature human growth hormone.
However, the HGH protein remaining within the cell was not processed and retained the
pre-sequence. Thus this system shows fidelity in processing of the secreted form but a defect
in entering the secretion pathway.* In a similar fashion, Bektesh et al.®* have expressed the
mammalian secretory protein, «l-antitrypsin in yeast using the ADHI promoter fragment.
With the pre-sequence present they were unable to detect the protein product in the media
or in the cell even though a transcript was made. This is reminiscent of preRGH (pre-rat
growth hormone) results already discussed. Perhaps the pre-sequence leads to instability of
the protein product. When they removed the «l-antitrypsin signal and replaced it with an
ATG (construction B changed to A, Figure 1), the mature a l-antitrypsin protein was detected
at relatively high levels. The rat growth hormone signal and the al-antitrypsin signal may
represent a third type of mammalian signal sequence which is not properly recognized by
the yeast secretory apparatus and therefore leads to.degradation of the protein.
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X. IMPLICATIONS FOR BIOTECHNOLOGY

There are several possible advantages that yeast heterologous expression systems may
have over E. coli systems. The major advantages are the finely developed fermentation
science, the possibility of glycosylation, the absence of inducible or contaminating viruses
which might result in cell lysis during production, and the lack of endotoxins. So far the
possibility for glycosylation looks unpromising, especially after HBsAg, which has sequences
for polysaccharide addition,® does not appear to be glycosylated in yeast.?** Since the
polysaccharide additions in yeast®” are not exactly like that for mammalian cells, such
additions could be more of a disadvantage than an advantage.

A slight disadvantage of yeast, as compared to E. coli or other bacterial host systems, is
the ditficulty of breaking the cells to obtain the product. However, this difficulty may in
fact be the greatest advantage of yeast in light of the secretion results herein discussed.
Yeast is a sturdy microorganism capable of withstanding high hydrostatic pressure and does
not easily lyse after death. There is very little cell lysis in stationary cultures and cultures
grown to extremely high densities. Furthermore, the normal media proteins represent only
0.5% of the total cellular protein and consist of 5 to 8 proteins of greater than 50,000 daltons,
which make up about 90% of the protein content of the media. Hence if 5% of the cellular
protein would be secreted as a desirable protein product, the product would be of 90%
purity. The relatively protein-free medium, combined with the resistance of yeast to external
stresses, may make it an ideal system for secretion. This may be done using some natural
heterologous secretion signals, with homologous yeast signal sequences®® 7' attached to
heterologous genes, or perhaps with hybrid signals. With regard to this, we have demonstrated
that homologous protein signal sequences, such as those for yeast invertase™ and yeast a-
factor,*®-”® attached to heterologous proteins result in secretion of the heterologous proteins
into the culture media and proper processing.**' Such systems not only allow easier pu-
rification but also produce natural products that do not begin with an amino-terminal methionine.

Finally, the future of yeast in the biotechnology industry will require yield improvements.
The greatest opportunity to obtain this goal will be in better understanding the heterologous
expression system shown in Figure | of this report. Thus far this system expresses heter-
ologous gene products less efficiently than homologous genes. For example, the PGK gene
on high copy number yeast plasmids expresses 20 to 35% of total yeast protein as PGK;
however, using the same plasmids, human IFN-a ¢cDNAs are expressed by PGK flanking
sequences as only 1 to 2% of total yeast protein. Recent data demonstrate that this difference
is due to lower steady state levels of mRNA associated with the IFN-o heterologous expres-
sion systems (Chen, C., and Hitzeman, R., unpublished results®'). Whether this is due to
a decreased rate of synthesis, an increased rate of degradation, or a combination of the two
possibilities, is presently under investigation. Furthermore, the factors which cause this
transcriptional or post-transcriptional effect must be identified in order to make yeast an
industrially suitable organism for expression and secretion of heterologous gene products.
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I. RELEVANCE TO THE BIOTECHNOLOGY REVOLUTION

Interferons have special significance to Recombinant DNA technology as prototype mod-
ifers of immune response. In addition, interest in therapeutic potential of interferon against
cancer and virus diseases has given impetus to the emerging Recombinant DNA industry.
The interferon gene was one of the earliest isolated and expressed for production of its gene
product with a goal of therapeutic trials.'> As a result of Recombinant DNA methods, we
have learned that there are multiple alpha interferon genes.? In addition, there are probably
at least two genes for the beta interferons,® and possibly no more than one for gamma
interferon.*

The necessity for so many different interferons is not yet understood. But, if we encounter
such complexity with other active products of the immune system, the field of immunolog-
ically active proteins will be one of the most fruitful for study.

It is probable that many of these other immune system response modifers will also be
targets for gene cloning and then production by Recombinant DNA methods. A therapeutic
goal to manipulate the immune system seems certain to underly many of these efforts as
well.

Other biotechnology developments, such as monoclonal antibodies, will also play a sig-
nificant role in targeting Recombinant DNA efforts. Monoclonal antibodies are enabling
immunologists to identify subpopulations of leukocytes.® Antibodies against specific proteins
of interest can identify the cells which produce selected biological response modifiers.®
Moreover, receptor antibodies can enable studies of target cell interaction, as well as enu-
meration of receptors on different types of target cells.” Such techniques should result in a
more complete understanding of immune mechanisms. More importantly, the outcome of
these studies of immune mechanisms will determine some of the priorities for cloning of
the genes for peptide immune mediators.

In addition to the production of interesting proteins in microorganisms, Recombinant DNA
technology may enable a greater understanding of genetic factors involved in immune me-
diated diseases. The knowledge of immunopathology derived and the immunopharmaceutical
use of human proteins produced by Recombinant DNA technology seems quite likely to be
significant in the therapy of many human diseases.

II. DEVELOPMENT OF INTERFERON AND EARLY CLINICAL TRIALS

Isaacs and Lindenmann discovered interferon in 1956 while pursuing an interest in the
phenomenon of viral interference. Cells infected with one virus were able to resist super-
infection with a second virus. The extracellular material obtained from cultures infected by
the first virus was termed ‘‘the interferon’’ because it could transmit viral resistance to
uninfected cells.® The possibility that interferon, a distinct antiviral protein, might have
pharmaceutical implications was recognized early.® However, years of careful research by
several investigators were necessary before meaningful clinical trials could begin. Gresser
reported in 1961 that human leukocytes could produce interferon in response to Sendai
virus.'® Subsequently, Gresser et al. reported activity of mouse interferon against sponta-
neous, as well as transplanted, malignancy.!' In 1964, Wheelock et al. attempted to use
viruses as interferon inducers in a terminal acute myelogenous leukemia patient.!? Several
different types of viruses were given in sequence by the intravenous route. Although the
patient died, leukemic cells could not be found in the bone marrow at autopsy.

In 1966, low titer leukocyte interferon was administered to patients with acute leukemia
by Falcoff et al.'* However, the amounts of interferon probably did not exceed a few thousand
units per day. This is a dose which we now know would be too low to expect any therapeutic
response.



69

Meaningful clinical trials awaited development of a practical method to produce sufficient
quantities of interferon. This was accomplished by Cantell et al. who developed such a
method after nearly a decade of painstaking research.' Their production of interferon in
Helsinki, Finland led to the first prophylactic study of interferon in osteogenic sarcoma by
Hans Strander et al. of Stockholm, Sweden.! Prior to returning to Stockholm, Strander
spent several years collaborating with Cantell in Helsinki toward the development of the
production process. Initial reports from the Strander study suggested that patients who
received interferon after removal of a solitary primary bone tumor, had less than the expected
instance of tumor metastases to lungs at 6 months. After primary resection of the tumor,
patients received 3 million units of leukocyte interferon intramuscularly for 30 days followed
by 3 million units three times a week for the next 17 months. Fourteen of these patients
were treated from 1972 to 1975 and were compared to thrity-three historical controls. Of
thirteen patients followed more than 6 months, none developed metastases during this 6
month period. In contrast, fifteen of thirty-three historical controls developed metastases
within 6 months. The differences were considered statistically significant. Due to the design
without prospective randomization, the Strander report was cautiously received. Neverthe-
less, the report stimulated wider interest in expanded production of interferon for more
extensive clinical trials. Subsequently, reports of possible antitumor activity from other
sources appeared. In 1975, Habif reported observations on intralesional interferon mediated
effects in skin recurrences of breast cancer.'® In two of four patients treated intralesionally
for skin recurrences of breast cancer, lymphocyte-mediated antitumor cytotoxicity appeared
to increase. There was some suggestion of individual tumor nodule regression. In 1977,
Jereb et al. reported regression of malignancy with local application including injection into
malignant effusions.'” In breast cancer with pleural effusions, intrapleural injection resolved
effusions in four of six patients for periods of 1 month to more than 5 months. They also
suggest that regressions occurred with local application of interferon to cervical carcinoma
by a pessary application.'®

In 1977 and 1978, reports by Strander et al. and Hill et al. indicated objective regression
of established malignancy in the case of multiple myeloma and leukemia respectively.!'®-2!
Preliminary reports by Gutterman et al. and Merigan et al. also indicated objective regressions
in patients with breast cancer, myeloma, and nodular lymphoma.??> As a consequence, the
American Cancer Society decided to announce a 2 million dollar grant for interferon research,
as well as to publicize the reasons for that support. This occurrence in late 1978 considerably
increased interest in funding interferon research, as well as the pace of interferon research.

While interest centered on the possible anti-malignant effects of interferon, observations
in patients with virus diseases were also of interest. Activity against varicella-zoster,? herpes
simplex keratitis,**** cytomegalovirus,? and neonatal rubella were all reported.?” Activity
was also reported against a form of chronic active hepatitis caused by the hepatitis B virus.?®
In this study, Greenberg et al. indicated that interferon therapy could reduce DNA polymerase
activity, as well as result in an improvement of liver function parameters. Chronic active
hepatitis caused by the hepatitis B virus is a problem of worldwide scope. Indeed, in both
number of cases and severity of effects, it rivals many cancers. Taken together, the effects
of interferon in cancer as well as virus diseases has further increased research interest.

III. ALPHA, BETA, AND GAMMA INTERFERONS

Attempts to manufacture interferon on a large scale were undertaken. Interest in additional
types of interferons expanded. The designation of type I (virus-induced) interferon and type
2 (mitogen-induced) interferon was changed to indicate apparent differences in molecular
species. Interferons are now designated as alpha (leukocyte), beta (fibroepithelial), and
gamma (immune) interferons. Sophisticated chemical purifications of the interferons reveal
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multiple species. Indeed, Berg et al. have reported the purification of thirteen alpha interferon
species to homogeneity.® The multiplicity of alpha interferons was also confirmed by the
isolation of multiple alpha genes.? At least two beta genes have also been isolated by
Recombinant DNA techniques.’ So far, only one gamma interferon gene has been identified.*
However, kinetics of interferon production as, for example, reported by Osther et al. indicate
that there is a variety of mitogen-stimulated interferon which appears within the first 12 to
18 hr and a second peak of activity that occurs after 48 hr.*® This may suggest that there is
more than one gamma interferon species.

The multiplicity of interferons has considerably complicated the picture for both basic
science and clinical investigators. Whereas interferon produced from leukocytes may contain
the multiple species of alpha interferon as well as some other biologically active impurities,
Recombinant DNA methods enable the production of just one species at a time. By com-
parison, it should be possible to determine whether a single species of interferon suffices
for treatment or whether, in somme circumstances, a combination is more desirable. In
addition, it should allow some elucidation of the separate function of different alpha inter-
ferons if they, indeed, have separate functions.

Separate exploration of the beta interferons needs to be undertaken in order to determine
if they have a distinctly different spectrum of usefulness from the alpha interferons. Beta
interferon is known to differ pharmacologically. Unlike alpha interferon, intramuscular
administration of modest doses of beta interferon does not lead to consistently detectable
serum levels.?' This may explain why some early intramuscular studies with beta interferon
did not appear to give antitumor effects. In contrast, intravenous administration of beta
interferon has given evidence of tumor regression in nasopharyngeal carcinoma, laryngeal
papilloma, and several other malignancies.**-** In addition, beta interferon has been reported
to have beneficial effects in multiple sclerosis where the interferon is injected into the spinal
fluid.?*

As to gamma interferon, it is produced by a gene distinctly unrelated in sequence to alpha
or beta interferon genes. Gamma interferon is of special clinical interest because it appears
to have greater antitumor effects in mice than either alpha or beta interferon.*® Moreover,
gamma interferon seems to potentiate effects of alpha and beta interferons in the therapy of
mouse tumors.*’

Clinical trials with human gamma interferon produced in leukocyte cultures have recently
gotten underway. From these trials have come preliminary reports of objective tumor regres-
sion with this human protein. Osther et al. reported that gamma interferon was safely tolerated
in doses from 10 thousand to | million units every other day in a Phase I trial.*® Moreover,
they reported short term objective regressions in two of three patients with breast cancer,
one of two with malignant melanoma, and stabilization for at least 5 months in one of two
patients with cancer of the colon. Gutterman et al. also noted objective regressions in at
least one patient with breast cancer, and one with renal carcinoma metastatic to skin when
gamma interferon was given intramuscularly.?® These findings were noted despite the fact
that blood levels of gamma interferon were not significantly detectable after the intramuscular
administration. This may suggest that gamma interferon stimulates secondary immunologic
phenomena.

IV. INTERFERON AND IMMUNOMODULATION

With regard to alpha and beta interferons, many of their antitumor effects take place at
rather nominal doses. These doses would not be expected to challenge many cellular
receptors in body tissues.* For example, the dose of 3 million units per day would be
expected to challenge on the order of three receptors per cell in the body per day assuming
an even distribution throughout all tissues. This would be exceptionally small on the scale
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of receptor interactions. On the other hand, some clinical effects, such as those against acute
lymphatic leukemia, usually require high doses that would be expected to lead to a significant
receptor challenge. These studies carried out at approximately 1 to 2 million units /kg/day,
would challenge on the order of 80 to 160 receptors per cell per day.

These differences suggest that different mechanisms of action may be at play in the
response of different tumors. At low dose one would be more inclined to attribute antitumor
effects to immunomodulating properties of interferon. These may be of great importance if
interferon is able to trigger other antitumor activities of the immune system to greater activity.
However, direct effects on tumor cells may be of importance and may, on occasion, require
high receptor challenge, as in the case of leukemia. With regard to immunomodulation,
studies of the influence of interferon at various doses in vivo and in vitro on antibody-
dependent cell cytotoxicity (ADCC), natural killer cell function, macrophage activation, and
of the influences on suppressor cell function are being actively pursued in a number of
laboratories.*>** The importance of elucidating the beneficial immunologic effects of inter-
feron and learning how to augment them may be of future importance in interferon therapy
as well. Augmentation of effects between alpha or beta interferons and gamma interferon
in mice is an example. The possibility that interferons will be potentiated by other immu-
nologic proteins, such as lymphotoxin, interleuken 2, or macrophage activating factor, must
eventually be explored. Possible antitumor effects of lymphotoxin have already been reported
in preclinical and early clinical trials in humans by Khan et al.*>*® Interleuken 2 (T cell
growth factor) is also entering early clinical trials.*” After the appropriate single agent studies
of these substances, it seems quite likely that they may be given in combination with one
another or with one of the interferons.

Recent examples of the immune potentiation of the effect of interferon against malignant
melanoma are contained in the reports of Borgstrom et al. and Hill et al.***° They have
combined interferon and cimetidine in malignant melanoma, a form of malignancy previously
resistent to interferon. Of a total of 31 patients so far reported from the two studies, 11 have
had objective regression. This includes five complete responses, five with greater than 50%
decrease in tumor size (partial response), and one with 25 to 50% decrease in tumor size
(minor response). The response rate of over 30% suggests improvement over the response
rates of about 20% expected with single agent chemotherapy. Cimetidine, a histamine
antagonist at the H2 receptor site, is known to inhibit histamine activated suppressor cell
function.®® This leads to in vitro improvement in natural killer cell function, as well as
improved lymphocyte response to mitogens.’'>* In addition, cimetidine has been reported
to improve survival of separate groups of mice bearing at least two different tumors.*-%
Clearly, the combination of other immunomodulators with interferon, whether they be other
products of white cells or synthetic drugs, is of interest.

Therapeutically, the number of diseases which can be influenced favorably by interferon
constitutes an impressive list. This includes both virus illnesses and a substantial list of
malignancies. Despite several years of study, however, the ultimate role of interferon is not
yet clear. In malignancy, with a few exceptions, interferon alone is not yet considered to
be a standard treatment for patients, expecially in earlier stages of disease. But, there are
exceptions. These would include metastatic renal carcinoma, a malignancy with a poor
response rate to radiation or chemotherapy. Interferon may be the best single agent for this
disease. Gutterman et al., reporting on a series of 37 patients, found a response rate of
40% .7 This included all patients having greater than 50% decrease in size of all measurable
tumors. In contrast, response rates to single agent chemotherapy are generally below 20%.®
Interferon and cimetidine, as previously mentioned, may now be an optimum treatment
choice for certain forms of recurrent malignant melanoma.*** In addition, the benign tumor,
juvenile laryngeal papilloma, is best treated with interferon. Although relatively rare, this
condition can be fatal due to obstruction of the respiratory tree. Strander and Haglund et
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al. have demonstrated the long-term benefit of interferon treatment for this tumor.”® Some
children in Sweden treated for more than 8 years have been successfully withdrawn from
the therapy with interferon without recurrence of the papillomas.

It seems clear that the ability to pursue the clinical investigation of interferon has been
strengthened through Recombinant DNA technology. Now that substantial quantities of alpha
interferon are available for testing, studies of mechanisms, optimization of dose, and inci-
dence of response of various tumors, can be carried out on a reasonable basis. Similarly,
we can expect an extension of beta interferon trials and the beginning of trials with cloned
gamma interferon.

The potential for combining the alpha interferons or beta interferon with gamma interferon
is suggested by that beneficial combination in the mouse models. Moreover, the potential
for utilizing other biological response modifiers such as interleuken 2, lymphotoxin, or
macrophage activating factors, among others, may hold therapeutic promise for the future.
Central to most of these studies will be the Recombinant DNA technology, both for the
production of the products needed and for the elucidation of the basic genetics and molecular
mechanisms involved in their actions.
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I. INTRODUCTION

The discovery of pharmacologically active agents produced naturally by tissues, such as
insulin, ACTH, growth hormone, and thyroxine, has generally led to their rapid clinical
use. Circulating interferon titers have been found after viral infections in man and animals’-2
indicating that they may naturally limit virus infections. However, clinical use of interferons
has been slow because of difficulties in obtaining large amounts of materials and inadequate
data relating to treatment regimens and target diseases. Use of cell culture assays originally
indicated that interferons are soluble proteins and are mediators of antiviral effects against
many viral infections in target cell cultures. Interferons have now been shown to have
numerous other effects in various cellular assays, particularly relating to immune functions.
Thus, the relation of the antiviral bioassay to antiviral effects in vivo has become less
obvious. Various interferon preparations have already been used clinically and these studies
have been extended primarily to neoplastic diseases. The initial rationale for use of interferons
against neoplasms related to the supposed viral etiology for some of these diseases.? However,
other explanations for antitumor effects are now apparent. The very varied biological prop-
erties of interferons and the recognition of a range of proteins with interferon activity
necessitates reappraisal of the potential clinical uses of interferons. Elucidation of structural
features of interferons now offers the possibility of relating structure to the various biological
properties and consequently the possibility of designing interferon analogs with specific
desired properties. These developments are dependent on experimental investigation of the
role of the various properties of interferons in limiting viral and neoplastic diseases. Ap-
propriate preclinical studies in animals are necessary to achieve better understanding of in
vivo properties of interferons of primary importance for efficacy and should indicate prop-
erties warranting detailed in vitro analysis in relation to in vivo effects.

Despite their discovery over 20 years ago and their remarkable biological potency, knowl-
edge of the primary amino acid sequence and structure of interferons is recent and progressed
dramatically with the application of recombinant DNA techniques.* A wide range of activities
has been ascribed to interferons but definitive assessment of properties has depended on the
recent production of highly purified and homogeneous preparations. Recombinant DNA
techniques have led not only to determination of the structure of human interferons but also
production of individual molecular species of interferon free from other species and other
proteins simultaneously induced in human cell cultures. In this way many of the varied
biological properties of interferons, previously determined with relatively crude preparations,
have been confirmed and extended using defined preparations. Comparison of the properties
of different molecular species of IFN-a and molecular hybrids constructed from various
species, has indicated the extent to which the biological properties of interferons may be
separated. These studies have allowed preliminary investigation of structure/activity rela-
tionships. The production of hybrid interferons from related interferon genes with common
restriction enzyme sites has provided a method for producing unique analogs, thus increasing
the potential for structure/activity studies.

The varied biological activities of interferons and observations showing that antiviral and
antitumor effects are not related to the direct actions of interferons on cells in culture has
raised basic questions regarding selection of interferons for clinical development. Analysis
of in vivo effects clearly requires understanding of the mechanisms involved and the con-
tribution of those properties measured by the various in vitro bioassays. There is a need to
understand the relation between antiviral and antitumor effects and the relation between in
vitro and in vivo activities. Other reviews have considered current clinical studies. Bio-
chemical and other effects of interferons, which seem of less immediate importance for
development of interferons as clinical therapeutic agents have been considered elsewhere
and are not covered in the present review. These reviews, rather than primary references,
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are cited where appropriate. Recent data, particularly those arising from use of recombinant
DNA derived materials, are here reviewed with reference to mechanisms of potential sig-
nificance for clinical development of these interferons.

II. STRUCTURE OF HUMAN INTERFERONS

Interferons are classified in three major groups, IFN-a, -3, and -y, depending on biological
and physicochemical features. IFN-as are produced in leukocytes and lymphoblastoid cells
by various inducers, including virus infections. IFN-f is produced in fibroblast cells by
similar stimuli and, like the IFNas, is stable at pH 2. It is now apparent that IFN-y is
produced primarily by a particular subset of T lymphocytes in response to mitogens and
antigens® and is labile at pH 2. The major groups of interferons are antigenically distinct
because antisera to each class of interferon do not neutralize interferons of the other classes.
A list of recombinant DNA derived human interferons is shown in Table 1.

The amino acid sequences of 13 distinct human leukocyte interferons (IFN-as) have been
determined by molecular cloning and these consist of 165 or 166 amino acid residues.®*®
Hybridization of DNA probes to the human genome indicates the existence of about 16
distinct genetic loci for leukocyte interferons.®'® Each IFN-a subtype differs from other
subtypes in about 8 to 29 amino acid residues and the overall homology between all the
known IFN-a sequences is 52%. A cornsensus sequence for these IFN-a subtypes is shown
in Figure 1. All but one of the IFN-as contain 4 cysteine residues (IFN-aD contains 5) and
the two disulphide bridges shown in Figure 1 are known to exist in IFN-aA, whose structure
has been most extensively studied.!'''> IFN-aA contains 165 residues (residue 44 is taken
as a gap in the comparative data summarized in Figure 1). Molecular heterogeneity in natural
IFN-a preparations from CML or lymphoblastoid cells has also been detected.'*!* In addition
to the distinct subtypes of IFN-a described, variant forms of several subtypes have been
detected which differ in only 1 to 4 amino acid residues, and these differences arise from
one or two differences in the nucleotide sequences. These variants and the known relation-
ships between related IFN-as cloned in different laboratories, are listed in Table 1. The
variants may represent allelic forms of the same interferon subtypes and represent a degree
of natural polymorphism. That these closely related subtypes are allelic forms is supported
by close similarities in the signal peptide regions. For IFN-o,, and -o,, comparison-of the
chromosomal DNA segments shows identity for regions in excess of 3 kb, in both the 3’
and 5' flanking regions.'® These data strongly support the notion that these two related
subtypes are allelic vanants.

Only one IFN-3 (IFN-f8,) has been detected by recombinant DNA methods and only one
gene has been identified by hybridization to the human genome.?® IFN-f3 has been cloned
independently four times and the same structure identified.'®'® The cloned fibroblast inter-
feron contains 166 amino acid residues and shows some homology with the IFN-as: 38/166
amino acid positions are common between IFN-$, and all the known IFN-as. Evidence for
additional IFN-B genes comes from production in mouse/human hybrid cells of oocyte
translatable mRNA which does not hybridize with an IFN-, probe and is translated into
an interferon neutralized only by antibody to human IFN-B.%° There are reports of two size
classes of mRNA coding for fibroblast interferon.?!-*> The smaller species codes for IFN-
3, and the larger species is translatable into proteins with IFN- activity but the two IFN-
B mRNA classes do not cross-hybridize.?' However, clones of the second class of putative
IFN- species have not been sequenced at the DNA level or expressed in bacteria and shown
to be distinct in amino acid sequence.

Human immune interferon (IFN-vy) consists of 146 amino acid residues with no extensive
homology with IFN-as or IFN-3 and there appears to be only a single gene for IFN-y which
contains a 20 amino acid signal sequence.?-** Molecular heterogeneity of natural IFN-y
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Table 1
CLONED FORMS OF HUMAN INTERFERONS
Interferon Molecular Amino acid differences
class designation between variant subtypes Ref.
IFN-a, IFN-aD  Position 114 ala, val 7,8
. IFN-a,, IFN-aA  Position 23 arg, lys 8, 148
2 IFN-a,, IFN-aG  Identical 8, 35
(% IFN-a, IFN-aK  Identical 35
IFN-q,, IFN-a,,, Positions 51 and 114 ala, glu or thr, val 35
IFN-a,, IFN-J Identical 35, 46
= IFN-oC 8
Leukocyte, IFN-a § IFN-aC, Differs from -aC in 10 residues 9
O [FN-al 39
IFN-aLL 46
o IFN-oF 8
;§ IFN-aH, IFN-«,,, Identical (H, differs in 4 residues) 8, 35
E IFN-aB, IFN-aB, Position 98—101 val, leu, cys, asp or 8, 60
2 ser, cys, val, met
= IFN-oq Identical to IFN-aB, 35
Fibroblast, IFN-B IFN-B, 16—19
Immune, IFN-y IFN-v, Position 140 gln or arg 23

Note: Amino acid positions are numbered from the N- to the C-terminus using the scheme shown in
Figure | for IFN-as. For variants of the same form or subtype, the order of amino acid differences
is the same as the order in which the molecular forms are shown. Grouping of the IFN-as is
according to the scheme of Weissmann® discussed in Section II.

preparations indicates that there may be additional forms of this interferon. In part the
observed heterogeneity may be due to various degrees of glycosylation because there are
two potential glycosylation sites, at amino acid residues 28 and 100. However, there is also
evidence for other physicochemical differences between components of natural IFN-y prep-
arations.>?* For this reason it seems prudent to refer to the one cloned form of IFN-vy identified
so far as IFN-v, in conformity with the designation of the cloned fibroblast interferon.

It is apparent that interferons induced in continuous cell cultures by viral infections consist
of a mixture of subtypes with distinct properties. Allen and Fantes'* first raised this possibility
with data indicating a family of human lymphoblastoid interferons. It was evident from
previous work that lymphoblastoid interferon contained predominantly leukocyte interferons
and approximately 15% fibroblast interferon.?¢*” Subsequently, lymphoblastoid interferon
activity has been separated into major peaks by G-75 Sephadex® column chromatography.
The majority of these proteins have molecular weights between 17,500 and 22,000.'4%
Polyacrylamide gel analyses have shown the presence of seven subtypes in this molecular
weight range and an additional band at 26,000 MW. All these fractions have antiviral activity.
However, the second major peak of interferon is more active on the bovine MDBK cells
than the first peak. The generation of a monoclonal antibody (NK-2) to lymphoblastoid
interferon has allowed further separation of these eight subtypes by their differential ability
to bind to an antibody column.? The molecules that do not bind to this column show
significant antiviral acitivity on mouse cells and are more active on bovine cell than human
cells.>® Cloning of cDNA from induced namalva cells confirmed the presence of IFN-B,
and indicated that IFN-aA may be a dominant IFN-a subtype in lymphoblastoid interferon

preparations.>'
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FIGURE 1. Consensus Sequence of Human Leukocyte Interferons. The conventional single-letter code is
used to indicate amino acids. Residues in squares are common to all known IFN-a subtypes. The disulphide
bridges are for IFN-aA.'"" IFN-a, = IFN-aA has only 165 residues and position 44 is therefore omitted for
this interferon in order to optimize homology. The cys at position 99 occurs at position 100 in the case of IFN-
aB.

Interferons induced in CML cells are also a complex mixture of molecules and have both
antiviral and antiproliferative activity in highly purified form.'* These biological properties
co-purify but the ratio of antiviral to antigrowth activity is not consistent among all species.
In addition, the ratio of activity on MDBK and human cells also varies.>> A monoclonal
antibody has been found to separate natural IFN-a into two classes of IFN-a subtypes.® A
different monoclonal antibody to natural [FN-a, used on an affinity column, has been found
to bind more leukocyte interferons than lymphoblastoid interferons and this column appears
to have varying affinity for different IFN-« fractions.** Additional information on the se-
quence of subtypes isolated from natural IFN-a preprations and their biological activity
would add a great deal to understanding their relationship to the multiple subtypes of human
alpha interferons obtained by cloning in E. coli.

Examination of the amino acid sequences of the cloned IFN-as shows a high degree of
positions conserved in all subtypes, as indicated in Figure 1. In some of the variable positions
there are only two alternative amino acids to be found in the known IFN-a subtypes. Thus
postion 16 is either met or ile. Several subtypes with the same amino acid residue at position
16 also have identical residues at other positions, principally positions 14, 71, 78, 79, 83,
154, and 160.?° Based on these similarities the IFN-a subtypes can be classified into groups
as shown in Table 1. Three IFN-a subtypes have features of both groups I and II and are
listed as intermediate in Table 1. Of these IFN-aH and IFN-oF appear to be natural hybrids:
IFN-aH is like group I up to residue 79 and then like group II subtypes. Overall IFN-oF
is like group II subtypes with features of group I around residue 71 and at the carboxyterminus.
The IFN-a; or IFN-aBs are sufficiently distinct that they may represent a third group of
IFN-as. Consideration of similarities at the gene sequence level indicates that the IFN-a
gene family arose at least 33 million years ago with the possibility of an early divergence
into two major groups.®
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Although natural IFN-« preparations are mixtures of various subtypes it seems that dif-
ferent cells and induction procedures result in different ratios of the various subtypes. From
the frequency of bacterial transformants obtained with cDNA from the human myeloblastoid
cell line, KG-1, IFN-aA and -aD appear to be the predominant species, comprising almost
80% of the total species present.® From N-terminal amino acid sequence data the major
species in lymphoblastoid interferon would now appear to correspond to IFN-aB, -aF or
-al.?® The other known IFN-a subtypes are eliminated but it remains possible that the
sequence determined is really the average of the several subtypes present in the lymphob-
lastoid interferon preparation. However, the sequence data show that lymphoblastoid inter-
feron must contain little or none of the group I IFN-a subtypes. In contrast, positions 14
and 16 in the N-terminal sequence data for CML leukocyte interferon®” shows that it consists
predominantly of group I subtypes. The three major species of interferon from CML cells
comprise approximately 50% of the total interferon species.” Although these species lack
the 10 C-terminal residues predicted from the cloned materials, the sequences correspond
to IFN-a A, except for residue 11.% It is not clear whether or not all the genes for the IFN-
o subtypes in any one individual are expressed with different induction procedures.

Analysis of the genetic organization of IFN-a genes indicates that several of the genes
are closely linked and that they lack introns.”?-'* These genes have all been assigned to
human chromosome 9.4°#! IFN-B, also lacks introns**** and is also located on chromosome
9.0 Several of the IFN-a genes are found in the same or overlapping genomic DNA
clones.®- 194546 Human fibroblasts with reciprocal translocations involving chromosome 9
have been used to locate the IFN-a and IFN-B; genes in a cluster on the short arm of
chromosome 9.47 At least 5 pseudogenes, which cannot be translated into functional interferon
products because of the presence of deletions and stop codons have also been detected for
IFN-a.'%4¢ In addition, one transcribed gene, IFN-aE, isolated by reverse transcription of
mRNA, also contains several stop codons.® Although IFN-oE may be referred to as a
pseudogene, it differs from other pseudogenes, such as those of the globin family,* because
c¢DNA cloning demonstrates that it is transcribed. It is possible that IFN-aL (see Table 1)
is not transcribed because the gene contains a stop codon in the leader sequence. Of the
IFN-as listed in Table 1 some have only been identified at the gene level and they may not
be expressed because of genetic features in flanking regions. These IFN-a subtypes are:
IFN-a,,, -a,,, -aC,, -al, -aJ and -aL. Unlike the IFN- and IFN-a genes, IFN-y contains
introns.*

The frequency at which bacteria are transformed by ¢cDNA derived from the mRNA of
induced human cell cultures might be expected to reflect the frequency of the mRNA species
for different subtypes and hence the relative abundance of the various subtypes in natural
preparations, assuming that translation is proportional to mRNA frequency. This may not
be the case. The DNAs coding for different proteins may differ in their transformation ability
in bacteria. This possibility is consistent with the observation that the IFN-aA and -aD
subtypes occur most frequently on cloning cDNA from induced leukocytes® but a monoclonal
antibody (NK-2), against a natural lymphoblastoid interferon preparation, which binds and
neutralizes IFN-aA and -aD does not neutralize natural leukocyte interferon preparations.?'
The difference between frequency of DNA transformation and estimated relative abundance
of interferon subtypes may reflect an unexpected effect of DNA structure on transformation
frequency and this may prove important in cloning particular interferon subtypes and other
human genes. In the case of cloning in mammalian cells, a difference in genotypic trans-
formation frequency has been demonstrated for different genes in different cell lines.>

The human IFN-as do not seem to be glycosylated in their natural form'* and no known
glycosylation sites occur in the human IFN-a species so far identified.®2%*° IFN-3, contains
one known glycosylation site and naturally appears to contain approximately 18% carbo-
hydrate.>' In its natural form IFN-y appears to be glycosylated and there are two known
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glycosylation sites.?* IFN-f3 contains only three cysteines: there is no cysteine near the N-
terminus, as occurs for all the IFN-as. However, it is likely that IFN-3 contains a disulphide
bridge which is essential for antiviral activity. Changing the cysteine at position 141 to
tyrosine destroys antiviral activity.** Whether other biological properties of IFN-3, are thus
lost is unknown. IFN-y contains two cysteines, at positions one and three and these do not
seem to be involved in any intramolecular structure. Despite absence of glycosylation when
expressed in bacteria, cloned human IFN-f, and IFN-y, have biological properties com-
parable to those of the natural interferon preparations in all aspects studied to date.

The homology between IFN-as at the nucleotide level is even greater than at the amino
acid level and common restriction enzyme sites occur in the genes for the various IFN-a
subtypes. A common BglII site occurs in the genes for IFN-aA and -aD at a position
corresponding to amino acid residue 61 and a Pvull site occurs in the genes for several IFN-
a subtypes at a position corresponding to amino acid residue 91. These common restriction
enzyme sites have allowed construction of hybrids such as IFN-a AD(Bg1): the first subtype
indicated alphabetically is the source of the N-terminal fragment and the second, the source
of the C-terminal fragment and the site of recombination is designated by the abbreviation
for the restriction site involved. In addition to the IFN-aA and -aD hybrids a series of

hybrids have been formed involving a common Pvull of other IFN-a genes (see Section
VI). :

III. BIOLOGICAL PROPERTIES OF HUMAN INTERFERONS

A cloned human leukocyte interferon, IFN-a,, derived from E. coli, has been shown to
have a range of biological activities attributed to impure natural preparations including NK-
cell stimulation, enhanced antibody-dependent cell-mediated cytotoxicity, suppression of
leukocyte migration as well as antiviral and antiproliferative effects.5* Although these studies
involved an impure preparation, subsequent studies with various purified cloned interferons
have confirmed that these and other effects ascribed to natural interferon preparations occur
with the cloned materials.>*” These studies involving individual molecular species of in-
terferons free of the other human proteins occurring as contaminants in natural preparations,
clearly demonstrate that the various properties of interferons reside in the same molecular
entities. Although individual molecular subtypes of IFN-« appear to have distinct properties,
overall the properties of purified cloned IFN-a subtypes are comparable to those ascribed
to natural preparations.

In addition to their antiviral and antitumor effects, interferons have also been found to
modulate a number of cellular and humoral immune responses and at the biochemical level
several effects leading to inhibition of protein synthesis have been observed. Direct antiviral
and antiproliferative effects in cell cultures are associated with inhibition of protein synthesis
by stimulation of a kinase known to phosphorylate a 67K protein and initiation factor elF-
2 or stimulation of 2'-5'A production leading to activation of a nuclease which degrades
mRNA . However, the relation, if any, between these direct biochemical mechanisms and
the indirect effects of interferons remains obscure. Without doubt some of the biological
properties of interferons are, in part at least, independent while others are secondary to
primary effects, perhaps on protein synthesis or cell membranes. Although the independent
effects of interferons may not be due entirely to distinct molecular domains it should be
possible to construct derivative proteins which retain some of the biological properties and
lack others. Successful screening of derivative interferons for desired properties will be
facilitated by understanding which properties may be inherently linked and those that may
be independent. Studies with recombinant DNA derived materials have indicated effects
which are independent and some which may be dependent. Identification of cell lines lacking
particular biochemical properties has allowed determination of features which are associated
with or necessary for particular biological effects.
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A. Antiviral and Antiproliferative Effects in Cell Cultures

Individual leukocyte interferon subtypes show distinct antiviral effects against different
viruses in various mammalian cell cultures.?*->*% Hybrid interferons derived from these
subtypes also have distinct antiviral activity and in the case of IFN-aA and -aD, mixtures
have additive effects, whereas the -a AD hybrids have greater activity than the parental
subtypes and the -aDA hybrids generally have much lower activity.* These observations
have been confirmed using highly purified materials and a notable feature of IFN-a AD(Bgl)
is its high activity in mouse cells®® and against infections of mice.®® IFN-aAD(Bgl) also
shows activity against the L1210 leukemia in BDF, mice and these properties have allowed
investigation of antiviral and antitumor effects in rodents.®'-*¢ However, even the individual
IFN-a subtypes, obtained by cloning genes, have properties not apparent from the natural
mixtures of IFN-a.5-% This indicates that the natural subtypes may be modified in some
way or interactions occur between the subtypes. No such interactions modifying activity in
different cell lines or against different viruses have been observed with IFN-aA and IFN-
aD.* However, it is noteworthy that protease treatment of a natural leukocyte IFN-a
preparation can alter species specificity and some active fragments are slightly smaller than
the starting material.®’

Studies of antiproliferative effects of interferons are more recent than antiviral effects and
the data for cell culture studies are more difficult to relate to treatment of disease. However,
many human tumor cell lines are inhibited by interferon in cell cultures as are tumor stem
cells from freshly explanted tumors.®® Various natural subtypes and hybrid human IFN-as,
produced in E. coli, have also shown inhibition of a range of tumor stem cell cultures.®® In
this study IFN-aA inhibited more tumor stem cell cultures than did IFN-aD. Interestingly,
the tumors which were most sensitive to the cloned interferons were also those that were
most sensitive to a range of cytotoxic drugs.® A similar correlation between sensitivity to
IFN-a and chemotherapeutic agents was noted earlier for stem cell cultures from ovarian
carcinomas.” The proliferation of normal cells is also inhibited by interferons but, overall,
transformed cell lines and tumor stem cells appear to be inhibited to a greater extent than
normal cells and hematopoeitic cells appear to be more sensitive to IFN-as whereas most
other cells are more sensitive to IFN-B.% Although there is, overall, a correlation between
antiviral and anticellular effects of interferons, some of the exceptions could provide useful
analytical systems for determining differences in mechanisms. Thus human IFN-as that have
potent antiviral activity against various bovine cell cultures show no antiproliferative effects
against these cells.”! Comparison of various IFN-a subtypes in cervical epithelial cells
indicates that those with highest antiviral activity have lowest antiproliferative activity and
vice versa.®?

Cell culture studies have demonstrated that individual subtypes of IFN-a from E. coli are
as effective as natural preparations in inhibiting growth of transformed cells.>*7* It is apparent
that the predictability of cell culture effects for clinical efficacy is of considerable importance.
Too few studies have been carried out to really test such correlations and studies with IFN-
v are particularly limited. However, the antiproliferative activity of human IFN-y appears
to be greater than that of IFN-a or IFN-B.7* Differentiated or functionally active cells are
generally more sensitive to the antiviral effects of interferons than undifferentiated or func-
tionally inactive cells.”*”* The apparent correlation between antiproliferative effects of IFN-
a and -B with antiproliferative effects of chemotherapeutic agents will also be of clinical
importance. One indication of this observation would seem to be that tumors refactory to
chemotherapeutic agents may not be better candidates for interferon therapy than tumcrs
more susceptible to chemotherapy. However, this may not be a meaningful concern if
interferons are generally utilized in regimens also involving chemotherapeutic agents. It is
important to consider the efficacy of combination therapies which may be more than additive
(see Section 1V).



83

B. Cell Receptors for Interferons

Highly purified and iodinated mouse interferon has been used to determine binding to
mouse cells and these studies demonstrate high affinity with a dissociation constant of the
order of 10~ 1'M.7¢ Studies with human cells and natural human lymphoblastoid interferon
have shown a comparable dissociation constant and use of an iodinated purified recombinant
DNA derived interferon, IFN-aA, has given similar results.””” Competition studies indicate
that other human IFN-as and IFN-8 bind to the same extent as unlabeled IFN-«. Studies
with IFN-aA labelled with **S-methionine gave similar results, indicating that iodination
does not cause modification of the interferon so as to affect binding.” The number of binding
sites per cell was estimated to be 300 for Daudi cells and about 1100 for bovine MDBK
cells which are known to be sensitive to both natural and bacteria derived human IFN-as.

Binding of interferons to cellular receptors is likely to be a critical factor determining all
subsequent biological effects. However, events leading to antiviral or antiproliferative effects
cannot simply be sequelae to receptor binding because different IFN-a subtypes have different
activities against the same viral infection of the same cell types.**-¢>-%* Presumably other
molecular domains result in specific effects leading to the different properties of the different
interferons and receptor binding must be distinct from activation of mechanisms leading to
biological effects. Studies involving interferons from different species competing for recep-
tors on the same cells and differential neutralization of their activity by various antibody
preparations together with consideration of dose response curves gave early indications that
binding and activation are distinct events.®>-#' The nature of sites on interferons involved in
binding and/or activation is not clear. However, studies with molecular hybrids of human
IFN-a subtypes active on mouse cells indicate that both the N- and C-halves of the interferons
are required for receptor binding.*? Various synthetic segments of IFN-a and fragments of
IFN-a, did not show competition for binding.”®

On human Daudi cells and bovine (MDBK) cells, various human IFN-a and -8 preparations
show equal competition for receptor sites.”””® However, on MDBK cells IFN-3 competes
much less effectively than various IFN-as for the receptor identified by the labelled IFN-a
(either mammalian cell lymphoblastoid IFN or IFN-aA).”®”® Thus IFN receptors can dis-
tinguish between different interferon species. In the case of MDBK cells the lower binding
affinity for [FN-B correlated with its lower antiviral activity on MDBK cells, indicating that
receptor affinity may play an important role in overall activity of interferons. On human
cells, IFN-y does not show any competition for the receptors which bind IFN-as and IFN-
B.
In the case of mouse IFN-a, receptors are not found on L1210R cells, which are resistant
to the effects of IFN-a and IFN-{ preparations.’ Thus in this case there is also a correlation
between receptor binding and efficacy. Murine IFN-y has antiproliferative effects on L1210R
cells, indicating that IFN-y binds to independent receptors.”** However, labelled mouse
IFN-« binds with comparable affinity to murine embryonal carcinoma cells which are re-
sistant to the interferon indicating that binding alone is not sufficient for biological effects.”
The murine embryonal carcinoma cells can be induced to differentiate and they are then
susceptible to interferon.”s However, the number and affinity of the interferon receptors are
unaltered on differentiation.”® These studies indicated that resistance of the undifferentiated
carcinoma cells is not due to complete dissociation of binding and activation of interferon
mediated effects because 2'-5’ A synthetase activity is increased on treatment of the resistant
cells with interferon.” Thus, the correlation between interferon binding and biochemical
changes in the cell membrane and cytoplasm remains unclear. Studies using the L1210R
cells demonstrated that these cells lack fatty acid cyclooxygenase activity.®* In addition,
inhibitors of this enzyme activity prevented the induction of the antiviral state by interferon.?’
Clearly, further studies on the number and properties of interferon receptors on normal and
neoplastic human cells could be useful for assessing the clinical potential of various interferon
preparations in particular diseases.
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C. Cell Membrane Effects of Interferons

Evidence for marked changes in cell surface properties after treatment with interferons
has arisen from numerous studies and these effects include changes in membrane composition
and functions such as ion transport, physiological activity of specialized cells and cell
mobility.**7+% The relationship of these cell membrane effects to the antiviral and antipro-
liferative effects of interferons remains unclear.

Because the degree of saturation of fatty acids in phospholipid molecules and cholesterol
content regulate membrane fluidity, interferon-induced changes in fatty acid chains may
explain effects on membrane fluidity.®¢ Such changes in the lipid bilayer of the cell membrane
may be one of the primary reasons for the reported multiple effects of interferons on
membrane structure and function. Certainly major changes in the cytoskeletal structure of
cells occur following IFN treatment®” and the rigidity of the plasma membrane is markedly
increased. Human IFN-B causes an increase in cell volume and surface area and this is
associated with increased numbers of concanavalin A binding sites.®® These changes could
explain the effects of IFN on the redistribution and surface density of cell surface components.

Presumably the effects of interferons on structural integrity of the plasma membrane are
related to the alterations in functional capacities. For example, natural IFN preparations
inhibit transport of *H-thymidine®®*' but enhance the expression of cell surface markers such
as B, microglobulin and HLA antigens.’>** A recent study has shown that purified natural
and recombinant DNA derived IFN-vy have greater effects on induction of HLA synthesis
than IFN-a or IFN-B and that this is associated with increased synthesis of the respective
mRNAs.** Other manifestations of IFN effects on cell surfaces include changes in the net
surface charge and membrane conductivity.®>*¢ If these physiological effects occur in vivo
the clinical consequences could be considerable. Whether these membrane-associated alter-
ations are related to the multiple side effects observed in Phase I clinical trials is unknown.
However, it is tempting to speculate that some of the neurotoxicity observed could be related
to alterations in membrane fluidity and function.

Recent evidence indicates that binding of interferon to cell receptors is species-specific
and that receptors can be detected on erythrocytes and fibroblasts.?” It is also apparent that
IFN receptors are between microvilli of the cells whereas the Diphtheria toxin receptors are
on the surface of the microvilli. The binding of IFN to its receptors alters the binding of
this toxin, thus reducing its biological activity.®” It is possible that other apparent interactions
between interferons and other drugs, considered below, arise from redistribution or inter-
actions between the relevant receptors induced by cell surface changes.

Blalock and co-workers have reported that interferons can have activity corresponding to
specific hormones on the target cells for the hormone under study. Mouse interferon stim-
ulates beat frequency of mouse myocardial cells®® and causes a steroidogenic response in
mouse adrenal tumor cells.® The antiviral activity of human IFN-a preparations has been
shown to be neutralized by antiserum to ACTH.'® This effect did not occur with human
IFN-B and increasing concentrations of ACTH blocked neutralization of IFN-a by the
antiserum. Similar results were obtained for natural human IFN-a using antiserum to -
endorphin.’®" The natural human IFN-«, but not IFN- or IFN-vy, was shown to bind to
opiate receptors and cause potent endorphin-like opioid effects when injected intracerebrally
to mice. '** These effects have been interpreted as indicating structural similarity or association
of the relevant hormones with IFN-a preparations.'® Such studies must be interpreted with
some caution because ACTH activity was demonstrable only after pepsin or acid treatment
of the interferon preparation.'? Subsequently, it has been shown that there are no sequence
homologies between bacteria-derived IFN-aA, ACTH and y-endorphin.'® Biological studies
have demonstrated that these hormones do not induce an antiviral state in cells and that
antisera to ACTH or endorphins do not neutralize the interferons’ activity.
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Additional studies by Wetzel et al.'® have shown that neither IFN-aA nor -aD activity
is affected by large molar excesses of ACTH. In these experiments, antisera raised to ACTH
had no effect on these two interferons and did not cross-react with the proteolytic digests
of the two interferon molecules. IFN-aA, a-D and pepsin digests of these interferons failed
to induce steroidogenesis in cell cultures. Although interferons apparently do not induce
such effects directly, it is possible that they arise from interactions between the receptors
involved after binding of the hormones or interferons and the cell surface effects of interferon
may augment such interactions. Clearly the possibility of such effects in clinical situations

requires careful consideration, particularly in pathological states involving hormones and in
patients receiving hormone treatments.

D. Effects on Functions of the Immune System

Interferons have been shown to have profound effects on a number of different immune
responses as measured both in vitro and in vivo.'%'%7 Earlier studies were clouded by the
fact that impure preparations of interferons containing other lymphokines were employed.
However, with the advent of new purification methods as well as recombinant DNA derived
materials, highly purified materials have been used to investigate immunomodulatory effects
of interferons. Studies designed to compare homogeneous preparations of IFN-a, -8 and
-y will hopefully lead to an indication of which interferons are more potent in altering
specific parameters of immune responses.

1. Natural Killer (NK) Cell Activity

Independent studies by various laboratories have demonstrated that all three major groups
of natural interferons can enhance in vitro NK cell activity. Gamma interferon from induced
human peripheral blood mononuclear cells can augment NK cell activity against K562 human
leukemia cells.!®® Similar results have been obtained using purified natural IFN-'® and
purified natural IFN-« in cell cultures.''® Whether these increased cellutar functions require
stimulation of the synthesis of new polypeptides is unclear. However, the treatment of human
lymphocytes with either highly purified lymphoblastoid or fibroblast interferons results in
the synthesis of specific peptides in the T-cell population.''' This alteration in protein
synthesis can also be achieved by the addition of bacteria-derived IFN-a,.''?

There are now several reports concerning the effects of recombinant DNA derived human
IFN-as on in vitro NK cell activity.>3-*%''* Herberman and his colleagues®® have demonstrated
that IFN-aA is species-specific, having no activity on mouse NK cells. As detected in
antiviral assays, the hybrid IFN-aAD(Bgl) is distinct from the parental subtypes IFN-aA
and -aD in NK cell stimulation and is a more potent stimulator.>* Interestingly, the simul-
taneous addition of the two IFN-a subtypes does not result in additive effects on NK cell
activity, whereas sequential addition does.*® In these studies cloned IFN-3, was also active
and the sequential addition of IFN-§3, followed by IFN-aD resulted in optimal stimulation
of NK cell activity. Whether correlations can be made between clinical investigations and
such cell culture studies appears questionable. Recent evidence indicates that administration
of IFN-« to patients initially causes enhancement of NK cell activity followed by a decreased
activity for the duration of interferon therapy''* and IFN-aA causes decreased NK cell
activity in about '/, of patients.!!'> Stimulation of NK cell activity in vitro and inhibition in
vivo has also been observed with IFN-f3.11¢

There are several problems in interpretation of effects of interferons on NK cell activity
in relation to treatment of disease that arise from the method of assay. Effector cells are
generally treated with interferon and then added to target cells, often the erythroid leukemia
cell line, K562. However, treatment of target cells with interferon decreases their suscep-
tibility to activated NK cells''’-!® and in some diseases unfractionated lymphocyte prepa-
rations are less responsive than purified cell preparations or unfractionated lymphocytes from
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normal individuals.'' Human IFN-vy appears to be significantly more effective than IFN-a
or IFN-B in blocking NK cell mediated lysis of cells when the interferons are added to the
target cells.'?® In this study the effector cells were treated with natural IFN-B. It remains
unclear whether treatment of effector cells with other interferons causes comparable effects
when the target cells are treated with IFN-o, IFN-B or IFN-vy. There is considerable variation
in susceptibility of different target cells to NK cell mediated lysis and the circumstances of
interferon concentrations at effector and target cells in vivo and the nature of the tumor cells
are seen to be factors that could greatly affect NK cell mediated tumor cell lysis. Nevertheless
there is considerable circumstantial evidence that NK cell activity is associated with beneficial
effects of interferon in virus infections and tumors.'?! Furthermore, mouse NK cells cloned
in vitro and transferred to NK-deficient mice have been shown to have a role in rejection
of allogeneic bone marrow grafts and resistance to challenge with tumor cells.'*

2. Other Cellular and Humoral Responses

Interferons can affect many aspects of the immune response and have been shown to alter
both B cell'*® and T cell'?* functions as well as enhance the cytocidal activity of macro-
phages.!*® Addition of lymphoblastoid or natural IFN-a to human cell cultures suppresses
non-specific immunoglobulin synthesis due to pokeweed mitogen, hydrocortisone or EB
virus stimulation.'?*'?” Leukocyte interferon also suppresses Con-A activated human T
cells.'?® In contrast, the presence of natural IFN-a in cell cultures enhances antibody de-
pendent cell-mediated cytotoxicity!'®'* and natural IFN-B enhances cytotoxic T cell
responses. 1%

There are many variables which can determine the outcome of the effects of interferon
on in vitro immune responses such as time of addition of IFN to cultures and IFN concen-
tration. Addition of interferon 24 hr prior to stimulation of human cells with horse red blood
cells caused significant enhancement in antibody production. However, simultaneous ad-
dition resulted in a marked suppression in the number of plaque forming cells.!*® The effect
of natural human leukocyte interferon on B cell differentiation varied with interferon con-
centration.'?* Thus 100 U/m{ caused an enhancement whereas 10,000 U/m¢ suppressed the
response to pokeweed mitogen. Experiments performed with highly purified preparations of
individual species of IFN-« from E. coli have demonstrated that IFN-aA, -aD and -aAD(Bgl)
can significantly alter in vitro immune responses.’” The addition of these IFN-« subtypes
to human peripheral blood mononuclear cells resulted in significant suppression of the
mitogenic response to PHA or PWM. This suppression required the continuous presence of
interferon in the cultures and could be achieved with as little as 10 U/m¢{ of IFN-«AD(Bgl)
but required 300 or 800 U/m¢ of IFN-aA or -aD to achieve the same level of inhibition.
These interferons also caused a substantial reduction in mixed lymphocyte reactions and,
interestingly, pretreatment of stimulator cells alone was sufficient to achieve this decreased
response. In contrast to results obtained with crude natural IFN-a,' all three cloned IFN-
as enhanced the human in vitro primary immune response to red blood cell antigen.*” Clearly,
human interferons can have muitiple and diverse effects on human lymphocyte functions.

Interferons have been shown to activate normal monocytes and macrophages'' as well
as cells isolated from human tumors.'** In the murine system optimal activation seems to
involve priming by other lymphokines prior to triggering high cytotoxic activity.'** Activation
of macrophages has been shown to be associated with production of various enzymes in-
cluding proteases.'** Production of protease activity, measured as plasminogen activator, is
stimulated in murine and human macrophages by treatment with homologous interferons.'*
The human interferon used in these studies was the recombinant DNA derived subtype, IFN-
«A. Higher interferon doses (1000 U/m{) are required for activation of macrophages than
are required for stimulation of NK cells and continuous exposure for over 12 hr is necessary. '3

Studies in murine models have demonstrated that exogenous interferon causes enhancement
in expression of Fc gamma receptors'*® and inhibition of the T suppressor cell population.!3¢
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In these animal studies, the time of administration of interferon critically affects the response
observed. Although such responses have not been monitored closely in human clinical
studies, in vitro studies indicate that such modifications do occur. Incubation of lymphocytes
with human IFN-« inhibits the generation of allospecific suppressor T lymphocytes that
normally develop during in vitro priming against allogeneic cells."*” Fe receptor mediated
activities, such as antibody-dependent cellular cytotoxicity (ADCC) are also influenced by
the presence of interferon in cell cultures and preparations of human IFN-y are potent
stimulators of ADCC activity.'®®

Quantitation of Fc receptors has shown that supernatants from mixed lymphocyte reactions
augment the expression of these receptors.'*® More recently, purified preparations of bacteria-
derived human IFN-«, -B and -y have been compared for their ability to induce the expression
of Fc gamma receptors. Studies by Guyre and co-workers'* have shown that neither IFN-
o, nor IFN-3, derived from E. coli caused a dramatic increase in the number of I[gG molecules
bound to human monocytes. In contrast, the cloned human IFN-y caused a five- to sevenfold
increase in the number of receptors on HL-60 cells, U-937 cells and cultured human peripheral
monocytes.!® Such results suggest that IFN-y may be a more potent modulator of these
immune response than either IFN-a or IFN-B. The relevance of these effects to clinical
responses remains to be determined.

E. Effects on Hepatic Cytochrome P-450 Metabolism

Many toxic agents and drugs are rapidly metabolized and cleared from the body through
oxidation in the liver by pathways with broad substrate specificity. The principal mechanism
depends on the cytochrome P-450 mono-oxygenase system and administration of interferon-
inducing agents to man and experimental animals causes depression of this system.!40-143
Direct demonstration that this effect is due to interferon came with studies involving highly
purified IFN-aAD(Bgl) in mice'** and in this case an interferon preparation inactive as an
antiviral agent in mice (IFN-aA) had no effect on P-450 metabolism. The studies in mice
demonstrating suppression of P-450 with the heterologous human hybrid interferon, IFN-
aAD(Bgl) have been confirmed using partially purified preparations of mouse IFN-a and
IEN-B."** These data indicate that suppression of P-450 metabolism is correlated with antiviral
activity at least against the lytic EMC virus. This may occur simply because of inhibition
of protein synthesis by antiviral interferons and inhibition of protein synthesis will readily
affect a major, rapidly turning over set of proteins such as those of the P-450 system in
hepatocytes.

Suppression of P-450 metabolism in mice by IFN-aAD(Bgl) has been shown to have
predictable effects on the metabolism of drugs known to undergo metabolism via the P-450
system. Thus the sleep-time of mice treated with hexabarbital is increased with prior treat-
ments with IFN-aAD(Bgl) as expected for a delay in conversion to inactive metabolites. '
The toxicity of acetaminophen, which is due to toxic metabolites arising from P-450 me-
tabolism, is decreased after prior treatments with IFN-aAD(Bgl).'** Induction and passive
transfer of murine IFN-y to mice has also been shown to suppress hepatic P-450 activity'*¢
and also to depress the metabolism of drugs.’*” Clearly, effects of interferons on P-450
metabolism should be considered whenever combinations of interferon and chemotherapeutic
agents are being considered. Possible effects on chemotherapeutic agents are considered
below (Section 1V).

F. Efficacy Studies in Animals

The species specificity, particularly of IFN-B and IFN-vy, poses severe limitations on
meaningful preclinical studies with these materials. Sub-human primates have been used to
a limited extent, and IFN-« preparations have been most widely used in these studies. The
activity of human IFN-« preparations in rabbit cells has also led to assessment of the efficacy
of human IFN-« preparations in infections of rabbits, particularly herpes induced keratitis.
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IFN-aA has been shown to reduce viremia and mortality in squirre] monkeys infected
with EMC virus.'* The corresponding subtype, IFN-a,, from Weissmann’s group, has also
been shown to cause reduction in vaccinia virus lesions in the skin of rhesus monkeys.'*
Comparison of highly purified preparations of IFN-aA and -aD against EMC virus infections
of squirrel monkeys at 10° U/kg/treatment showed comparable antiviral effects with sub-
stantial reduction or elimination of viremia and extension of these studies to lower virus
doses showed that IFN-aD was significantly more effective than IFN-aA.'*° These studies
also showed that the hybrid interferon, IFN-aAD(Bgl) was as effective as IFN-aD and that
if treatments are delayed until 24 hr after infection of squirrel monkeys no significant antiviral
effects are observed.'>

EMC virus shows a different course of disease in the Bolivian and Guyanan strains of
squirrel monkey. In both strains equal viremia results from equal infective doses of the virus.
However, only 100 p.f.u. EMC virus is necessary to cause death of the Bolivian strain
whereas even 100,000 p.f.u. causes less than 100% death of the Guyanan strain.'’® The
Bolivian strain shows pronounced symptoms prior to death but at 100 p.f.u. EMC virus
infection of the Guyanan strain is asymptomatic. Thus the comparable antiviral activity
observed against EMC virus of these two strains of squirrel monkeys demonstrates that the
effects of the interferons are primarily on virus replication and not on the sequalae to infection
that lead to death,'™®

In the model involving EMC virus infections of squirrel monkeys both natural IFN-3 and
E. coli derived IFN-$3, have been found to cause comparable reduction in viremia in the
Guyanan and Bolivian strains.*!-'*' These comparisons involved intravenously administered
materials. Intramuscular administration of IFN-B, was found to cause antiviral effects at
least as great as intravenously administered material.'>' Blood concentrations of the intra-
muscularly administered IFN-f, did not exceed 100 U/m¢€, as found also for natural IFN-
B in Cercopithecus monkeys.'*? Intramuscular treatment of rhesus monkeys with 0.5 x 10°
U/kg of IFN-aA or E. coli derived IFN-3, showed that both materials were effective although
IFN-B, showed less pronounced effects.'> In this study no circulating concentrations of
IFN-, were observed. The lower efficacy of IFN-B, compared with IFN-aA may not be
due to absence of detectable circulating IFN-f3,. A comparison of IFN-B; with natural IFN-
B has shown that comparable effects against vaccinia virus lesions in rhesus monkeys are
observed.'** These results, together with comparison of antiviral effects in cell cultures®'
indicate that the carbohydrate moiety present on natural IFN-f does not affect any known
antiviral effects of this interferon. Absence of any differences in antiviral activity in cell
cultures of IFN- has been recently confirmed after deglycosylation of natural human IFN-
B-ISS

Antiviral effects observed in fibroblast cultures may be largely unrelated to antiviral effects
in vivo although any relations may be dependent on the nature of the virus or tumor being
studied. Destruction of macrophages in mice destroys the efficacy of interferons against
EMC virus infection, implying the involvement of mechanisms not operative in cell cul-
tures.'>® This effect is less pronounced for mouse fibroblast interferon in which case the
mechanisms involved in cell culture assays may play a role in vivo.'*® Clear evidence for
the importance of indirect effects in vivo comes from studies with a strain of vaccinia virus
insensitive to interferons in monkey cell cultures but susceptible when inoculated to form
skin lesions.'*” Moreover, the cloned human interferon subtype, IFN-aA, is as effective
against HSV-1 infection of the rabbit eye as highly potent buffy coat interferon preparations's®
although IFN-aA has poor activity in rabbit cell cultures.®® Studies with highly purified
materials have shown that IFN-aD is more effective than IFN-aA against HSV-1 infections
of the rabbit corneum and E. coli derived IFN-f, is without any significant effects.’*® The
greater activity of IFN-aD in this system may be related to its greater antiviral activity in
rabbit cell cultures. However, IFN-$, does show antiviral activity in primary rabbit cell
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cultures.®! Thus, in the case of HSV-1 infections indirect mechanisms appear to be important
for in vivo efficacy in the rabbit system.'*® Curiously, however, efficacy in the rabbit eye
model occurs with topical treatments but no intramuscular treatments.'*® Human cornea cells
have been shown to produce predominantly IFN-B after viral infections but in these cells
IFN-B and IFN-y have little or no activity against HSV-1 although marked resistance is
conferred against VSV.'*° Although studies in cornea cells may indicate the relative im-
portance of direct effects of various interferons against HSV-1 infections, the importance
of indirect effects mediated by different interferons in vivo remains unclear.

In monkeys and mice there appears to be an over all correlation between cell culture and
in vivo efficacy for various interferons.®%-'* Nevertheless, it should be noted that in squirrel
monkeys dose response studies indicate that IFN-aD is more effective against EMC virus
infections than IFN-a A% although IFN-aA has a considerably higher specific activity against
this virus in cell cultures.?%

Antitumor effects in vivo occur against tumors selected for resistance in cell cultures to
antiproliferative effects of interferons. This has been shown using mouse IFN-a and the
hybrid interferon, IFN-a AD(Bgl) with L1210 cells.'®'-'%* It might be supposed that this could
arise because NK-cell mediated tumor cell killing is the primary mechanism involved in
tumor regression in vivo. However, IFN-aAD(Bgl) does not stimulate mouse NK cells
against L1210 as target cells.> Studies demonstrating efficacy of IFN-aAD(Bgl) post-tumor
inoculation indicate an immune mechanism and antibody dependent cell mediated cytotox-
icity may be important for antitumor effects.?®

Natural human IFN-f, IFN-«a, and lymphoblastoid interferons have been shown to have
antiviral effects against the oncogenic herpes viruses, saimiri, and ateles with much lower
antiviral activity against neurotropic herpes viruses.'®® Antiviral effects in cell cultures with
the oncogenic viruses does not require treatment of cells before infection and the continued
presence of interferon is required in order to limit latent infection and transformation.'**'%
Cocultivation of infected cells with normal permissive cells results in infection of the per-
missive cells but this is prevented in the presence of natural human IFN-a.'¢* It is possible
that the mode of action of interferon in this case related to limitation of transfer of the herpes
genome to non-infected cells. In owl monkeys infected with herpes saimiri human interferon
(unspecified) has been shown to limit the virus-induced leukemia with treatments com-
mencing after onset of overt disease.'®® Treatment of marmosets with human leukocyte
interferons appears to have no significant effect on herpes saimiri-induced leukemia with
treatments commencing before inoculation of the virus.'®* These results are not discouraging
when considered in conjunction with the evidence reviewed above that interferon treatment
after development of tumors may not be beneficial. Primate models for assessing antitumor
effects of interferons are likely to prove of importance for assessing the antitumor properties
of a range of human interferons and the oncogenic herpes viruses of primates could be
useful.

Human tumors have been established in nude mice and this system might be considered
to provide a suitable means for assessing in vivo antitumor effects of human interferons.
However, the apparent importance of indirect mechanisms for in vivo efficacy renders
questionable the usefulness of the nude mouse system. Curiously, human tumors have been
found to grow more rapidly in mice treated with anti-serum to mouse interferons and tumors
normally incapable of growing in nude mice have been established after such antiserum
treatments. '®® These observations indicate that mouse interferon affects growth of human
tumors in nude mice. Other studies have indicated that growth of human tumors in nude
mice is inhibited by human IFN-a and -$ preparations but not by treatments with exogenous
mouse interferon.'*”'%> Thus human interferons do appear to have direct antitumor effects
and the antitumor effect of endogenous mouse interferon, if a real effect, is likely to be by
indirect mechanisms. Kaplan and Slimmer'”® have shown that cloned human IFN-as inhibit
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the growth of human astrocytomas in the nude mouse. An IFN-a subtype, IFN-a,, appears
to be comparable in potency to lymphoblastoid interferon against human breast cancers in
nude mice.”" Further investigation of the relative sensitivity of human tumors to mouse and
human interferons, in cell cultures and in nude mice, should help to elucidate the importance
of direct and indirect effects and differences in species specificity of the underlying mechanisms.

G. Pharmacokinetic Studies

Intravenous administration of IFN-« preparations is associated with a two-phase plasma
decay curve.””""'7* In experimental animals and humans natural and bacteria derived
IFN-as have a primary phase t,,, of about 20 min. and a terminal phase t,, of several
hours.!'*'7+177 Similar results have been obtained with human IFN-B given intrave-
nously.'52:'7%1% Intramuscular administration of IFN-B gives almost undetectable levels of
interferon activity in the circulatory system.'”>!781% [t has been suggested that the low levels
following intramuscular injection are due to local breakdown of IFN-B.'7* Alternatively, it
is possible that muscle tissues have high numbers of receptor sites for interferons, especially
IFN-B. Neither IFN-a nor IFN-f show a propensity for binding to particular tissues or
pooling in particular organs.'®' The differences in pharmacokinetics between IFN-as and
IFN-B have raised questions about the role of carbohydrate moieties in determining clearance
rates for interferons. Studies in which carbohydrate was thought to be removed enzymatically
from human interferon demonstrated that the clearance rate in rabbits is unaffected.’®* How-
ever, these observations are now readily explained by evidence that human IFN-as lack
carbohydrate moieties.*'* Later studies with lymphoblastoid interferon showed that asialo-
IFN was cleared more rapidly than untreated interferon but that if 85% or more of the total
carbohydrate was removed, clearance rates were similar.'®* Interpretation of these data not
easy in view of the observation that only the minor IFN- component of lymphoblastoid
interferon is glycosylated.

The kinetics of IFN-« clearance have been substantiated by experiments utilizing E. coli
derived IFN-a, -B and -y preparations in squirrel monkeys.*** Leukocyte interferon from
buffy coat cells is cleared from the circulation of squirrel monkeys at essentially the same
rate as IFN-aA, -aB, -aC, -aD, or -aF following intravenous administration. As reported
for natural IFN-q, intramuscular injection of [IFN-aA gives detectable serum levels, whereas
intramuscular injection of IFN-B, results in little or no biologically active interferon in the
serum. Interestingly, initial studies with bacteria derived IFN-v indicate that the pharma-
cokinetics of this interferon is similar to that of IFN-3,.2%* It is possible that the comparable
efficacy of IFN-B after intravenous or intramuscular treatments (see Section III.F) could
arise coincidentally from very different pharmacokinetics. In Cynomolgus monkeys crude
human IFN-B has been shown to produce circulating concentrations of 80 U/m¢{ during
infusion over 3 hr of 2 X 10° U/kg.'*® A bolus injection of the same dose of IFN-3 caused
a fourfold higher dose which rapidly decreased. Intrathecal administration of 2 X 10° U/
kg of IFN-B resulted in CSF levels of 1000 to 2000 U/m€ with no detectable concentrations
in the blood.'*® Clearly the route and method of administration of IFN-f and other interferons
could have considerable influence on the efficacy in different diseases.

In humans, relatively high and prolonged serum titers of lymphoblastoid interferon can
be achieved by continuous intravenous infusion over a period of 6 hr.'® Significant levels,
of 50 to 100 U/m¢€ of serum, could be detected as long as 24 hr after the infusion period.
Doses of interferon as great as 50 X 10° U/m*day could be tolerated when an infusion
system was employed and could be repeated daily for up to 6 days with no more than the
standard side effects.

IFN-as appear to be metabolized in the kidneys because no detectable interferon activity
occurs in the urine and nephrectomization delays plasma clearance.'” The relation of kidney
metabolism to the pharmacokinetic properties of different interferon preparations is not yet
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clear. The mechanism of catabolism of interferons in the kidney is also unclear but there is
the possibility of high concentrations of bound interferon in kidney tissues. This possibility
is significant in relation to nephrotoxicity observed with interferons (see Section IV) and
also treatment of kidney tumors.

Recently the rat has been examined as a model for pharmacokinetic studies of human
interferons because differences in blood concentrations of two subtypes, IFN-aA and -aD
after intramuscular or intravenous administration were found to be essentially the same as
in squirrel monkeys.'®* This system has been used to examine the effect of nephrectomization.
In rats there is no significant difference in the clearance of IFN-aA, -aD, or the two hybrids,
IFN-aAD(Bgl) and IFN-aAD(Pvu) after intravenous administration and the terminal t,,
values are all essentially the same.'®> As in rabbits treated with a natural human IFN-«
preparation, nephrectomization of rats has a profound effect on clearance of the human IFN-
a subtypes and hybrids. In all cases clearance is greatly decreased compared with sham
operated control rats and there is a particularly pronounced effect on the initial clearance
phase. In contrast, the clearance of IFN-3, is essentially unaffected by nephrectomization
and there is no difference in clearance pattern between the cloned and a natural IFN-B
preparation.'®® The apparent volume of distribution for the IFN-Bs is closer to that of the
[FN-as in nephrectomized rats that in sham operated controls.'®

Consideration of the pharmacokinetics of exogenously administered interferons could be
usefully compared to the localization and tissue distribution of interferons induced by viral
infections. In cases where detailed investigations have been made, remarkably different
tissue distributions have been observed even with the same virus when infection is initiated
by different routes and there is no clear relation between susceptibility of a virus in cell
cultures to interferon and in vivo efficacy.'®® However, time of appearance of interferon in
target organs is related to course of disease, and exogenous interferon is generally effective
when the concentration achieved in the target organ is higher or occurs earlier than during
infection, particularly in the case of central nervous system infections.'®® The concentration
of interferons in cerebrospinal fluid after parenteral administration is generally only a few
percent of that in the circulation and this has been confirmed by studies in primates.'®” The
low partitioning of exogenously administered interferon between the brain and blood and
the relation to circulating concentrations is not without promise for treatment of brain tumors
or infections. Significant brain concentrations of IFN-B are unlikely to be achieved with
intramuscular treatments but slow intravenous administration could be useful. In view of
the involvement of the kidney in elimination of IFN-as factors affecting kidney metabolism
could be used to maintain prolonged circulating concentrations and hence increased and
prolonged concentrations in cerebrospinal fluid.

As we have seen (Section III.F), antiviral activity is not correlated with sustained or even
transient circulating concentrations of interferon because in monkeys intramuscular treat-
ments with IFN-B are at least as effective as intravenous treatments. These observations, in
combination with the existence of high affinity receptors for interferons, indicate that phar-
macokinetic studies are likely to be of significance with regard to implications for interferon
metabolism rather than absolute blood concentrations. Preclinical studies in primates relating
pharmacokinetic parameters and metabolism of interferons to efficacy are very limited but
could be of considerable value in developing interferons, particularly new analogs, for
specific clinical indications. The involvement of the kidney in clearance of IFN-as is of
obvious clinical significance and the consequences of sustained blood concentrations of IFN-
as in cases of abnormal kidney function needs to be considered. That minor structural
differences between interferons can have pronounced effects on pharmacokinetic properties
has been established using hybrid interferons and these results are considered in Section VI.
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H. In Vivo Induction and Modulating Factors

Natural induction of IFN-« and -f3 by virus infections is associated with a transient rise
in interferon titers in various tissues. However, the hyporesponsiveness observed with syn-
thetic interferon inducers such as poly(l). Poly(C) also seems to occur with viral infections.
Various factors limiting interferon induction have been observed in virus infected and tumor
bearing mice.'®*'® These factors may or may not affect the activity of exogenously admin-
istered interferons. However, factors have been identified in human serum that inactivate
interferons.'®® Conditions affecting the production or activation of such factors in various
pathological states are likely to be of importance for clinical use of interferons.

An inhibitor of interferon action has been found in mouse lymphokine preparations induced
by means that also induce interferon.'®! Exogenously administered interferons, derived from
E. coli will lack such factors and the activity of the cloned materials could thus be significantly
different from that of human cell derived interferon preparations and interferons induced in
vivo. An additional factor that may affect the efficacy of exogenously admininstered inter-
ferons relates to other natural mechanisms involved in defense against disease. Thus neu-
tralizing antibodies and induced interferons both play a role in limiting and determining the
course of disease in experimental influenza virus infections of mice.'?? Interferons directly
affect antibody synthesis (Section III1.D.2) and T cells are involved in both interferon and
antibody production. Thus there are many possible interactions between elements of the
immune system that could modulate efficacy of exogenously administered interferons. Thy-
roid cells appear to be particularly sensitive to interferons and interferons markedly stimulate
iodide uptake.”™ Stimulation of iodide uptake appears to be unrelated to antiviral effects
because it is not blocked by actinomycin D, indicating that transcriptional and translational
events are not necessary.” Thus interferons may have direct autoregulatory or stimulatory
effects on thyroid activity which affects overall immune responses.

Whereas production of IFN-a and -B in vivo is associated with viral infections, IFN-y
has not been observed naturally in vivo. IFN-vy has been routinely induced in lymphocyte
cultures by mitogens or antigens causing cell division but the nature of natural inducers is
uncertain. The thymic peptide, thymosin o, has been shown to both augment induction of
IFN-vy with mitogens and alone to induce IFN-vy in the absence of mitogenesis.!*> Thus cell
division per se does not seem to be essential for induction of IFN-y. These effects occur in
peripheral blood lymphocyte cultures at thymosin o, concentrations in the ng/m€ range
which are known to be achieved in human peripheral blood.!** The crude thymic extract,
TP-1, alone does not induce IFN-vy but it does augment IFN-vy induction by mitogens. '’
TP-1 probably contains thymosin o, but other peptides, such as thymosin a,, which have
immunosuppressive effects, may counteract the effects of any thymosin o, present. These
results indicated the possibility that synergistic interactions between thymic peptides and
natural mitogens such as interleukin-2 (IL-2)'°® could regulate IFN-vy production in vivo.

Induction of IFN-v in mixed leukocyte cultures involves several cell types but the re-
quirement for other cells for IFN-vy production by suppressor T cells can be replaced by IL-
2.'7 Furthermore, the neuroendocrine hormones, arginine vasopressin, and oxytocin can
replace the requirement for IL-2 in the production of IFN-v.'%® Mitogens that cause induction
of IFN-vy also induce many other lymphokines and the thymic peptide, thymosin «, also
causes induction of several lymphokines.'®® Thus the production and activity of IFN-y may
be profoundly affected by other lymphokines and neuroendocrine hormones.

Murine and human IL-2, free of detectable interferon activity, have been shown to augment
IFN-a mediated NK cell activation such that the maximal NK cell activity induced by IFN-
a alone is exceeded.?®?°! Moreover, in these studies, the IL-2 preparations alone were
capable of stimulating NK cell activity. Human leukocytic pyrogen or lymphocyte activating
factor alone is unable to stimulate NK cell activity but in the presence of either IL-2 or IFN-
o there is a marked augmentation of human NK cell activity.?®' Our knowledge of the



93

interactive effects between lymphokines is still rudimentary but the possibility of cascade
effects is already apparent®' and their effects on the activity of interferons could be considerable.

Various genetic factors are also known to modulate the efficacy of interferons and some
of these are disease specific. These data, primarily from murine systems, are considered in
Section VII.D.

IV. INTERACTIONS BETWEEN INTERFERONS AND OTHER DRUGS

Relatively few studies have been devoted to investigation of combination treatments using
interferons and other agents. In cell cultures no interaction was observed between metho-
trexate and IFN-a treatment of osteosarcoma or lymphoblastoid cells.?*® Several agents,
including vinblastine, were found to prevent the antiviral and antiproliferative effects of
mouse interferons in mouse cell cultures.** However, cytosine arabinoside and IFN-a showed
additive effects on inhibition of human marrow cells except when interferon preceded cytosine
arabinoside.?”® Chemotherapeutic agents or radiation therapy have been observed to be
beneficial in combination with mouse interferons in mouse tumor models.>’¢-2%

The interaction of interferon with chemotherapeutic agents is of considerable importance
in the clinic. Many patients with neoplastic disease are at risk from a number of serious
viral infections. Herpes viruses, vaccinia, and cytomegalovirus infections all pose serious
problems to either immunosuppressed patients or individuals on standard chemotherapy
regimens. Because treatment with exogenous interferon may be very beneficial in such cases,
it is important to know whether antineoplastic agents or other antiviral agents affect the
antiviral activity of interferon. A positive interaction has been observed for combinations
of human IFN-a and Acyclovir® against human herpes virus.?*” In vitro studies have shown
that therapeutic concentrations of vincristine and hydrocortisone adversely affect the antiviral
activity of either natural IFN-a or IFN-B.2'? Adriamycin and 6-mercaptopurine also reduced
the interferon’s activity but only when cells were pretreated with therapeutic doses of these
compounds. As suggested by Cesario and colleagues,?’ such studies raise the possibility
that virus infections in patient’s receiving chemotherapy may be much worse as a result of
reduced activity of the interferon. If interferons are to be used clinically in combination with
other agents, it may be best to give the interferon at a time when the effects of other agents
are minimal. Cell culture studies show that inhibitors of cyclooxygenase activity decrease
efficacy of interferon.**** However, anti-inflammatory drugs lacking cyclooxygenase in-
hibitory activity did not suppress IFN antiviral effects and in rhesus monkeys comparatively
high doses of acetosalicylic acid have no deleterious effect on the activity of various cloned
and natural human interferons against vaccinia virus infection.'**

Abrogation of the efficacy of cyclophosphamide therapy occurs with concomitant inter-
feron therapy in L1210 tumor-bearing mice using relatively high doses (10° U/mouse/treat-
ment) of the hybrid human interferon, IFN-a AD(Bgl).*® This effect is less pronounced if
the interferon treatments are delayed until after the cyclophosphamide treatments.>*® The
negative interaction does not occur with melphalan in combination with IFN-aAD(Bgl). At
lower doses of IFN-aAD (500 U/mouse/treatment) significantly greater antitumor effects
occur with the combination treatments than with either interferon or cyclophosphamide alone
and this effect also occurs with mouse interferon.?®® There is the possibility that patients on
cyclophosphamide therapy may not obtain benefit from the cyclophosphamide during ad-
ventitious viral infections which induce interferon. Clearly, the possibility of negative in-
teractions between cyclophosphamide or other drugs used with interferons needs to be borne
in mind in monitoring clinical studies, particularly with high interferon doses.

As discussed above, IFN-aAD(Bgl) suppresses hepatic P-450 metabolism in the mouse.
Although cyclophosphamide is converted to the active metabolite by the hepatic cytochrome
P-450 system melphalan is unaffected by P-450 metabolism. Thus, superficially, there is a
correlation between requirements for a drug to be metabolized by P-450, to be effective,
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and the negative interaction with interferon. However, in the rat, modulation of P-450
metabolism has been shown to have no effect on efficacy of cyclophosphamide, probably
because drug dose X time is essentially unaltered.?'" It seems more likely that abrogation
of the efficacy of cyclophosphamide arises from effects of the interferon on immune re-
sponses. The efficacy of IFN-aAD(Bgl) alone against the L.1210 leukemia has been shown
to be primarily by indirect immune mechanisms'®? and mouse interferons®'>?'4 as well as
human leukocyte interferon’?®-"* modulate immune responses. In addition to direct cytotoxic
effects cyclophosphamide is known to stimulate some immune responses by inhibiting sup-
pressor cell activity?'® and indirect effects on host antitumor immunity have been shown to
be important for eradication of tumors by cyclophosphamide.?'®2'” Suppression of tumor
immunity by interferon could therefore account for abrogation of the efficacy of cyclo-
phosphamide in combination therapies.

Other studies in mice, involving combinations of cyclophosphamide and interferons, have
not shown negative interactions. Slater et al.,?'® using comparable doses of crude mouse
interferon (2.8 x 10° U/treatment) against L1210 in a similar regimen to that of Lee et
al.,'®* found no interaction with cyclophosphamide. O’Neill and Stebbing*'* found no in-
teraction between C. parvum and cyclophosphamide and C. parvum is known to induce
leukocyte and immune interferon production.??°-*' However, the interferon concentrations
induced by C. parvum may be low and thus not sufficient to cause the negative interaction
with cyclophosphamide. It is noteworthy that addition of specific antitumor antibodies en-
hanced the efficacy of combined cyclophosphamide and C. parvum therapy?'® as might be
predicted from the studies?!” which indicate that antitumor immunity may be a limiting factor
for cyclophosphamide therapy.

Some unexpected toxic effects of combination treatments are likely to occur. This seems
to occur with combinations of Ara-A and natural IFN-oa preparations in the treatment of
hepatitis B patients.””* Ara-A is not metabolized by the P-450 system and the cause of the
toxic effects and whether they are peculiar to Hepatitis B patients remains obscure.

The effects of interferon on antibody synthesis are complex (see Section II1.D.2) and the
relation of in vitro studies on peripheral blood lymphocytes to in vivo effects is uncertain.
The difference between data for human and mouse preparations has been related to the
greater percentage of T cells in human peripheral blood.'*® Thus the pathological state, in
particular T cell levels, may influence drug interactions in human clinical situations. The
known immunosuppressive effects of interferons, combined with the apparent requirement
for an immune response for effective tumor regression indicate that factors inhibiting sup-
pressor T cells could augment the activity of interferons. Suppressor T cells are known to
carry histamine 2 receptors which are blocked by cimetidine. The recent observation of
dramatic improvement of melanoma patients on interferon therapy after addition of cimetidine??*
is thus encouraging for interventions that specifically modulate immune responses.

V. TOXICITY STUDIES AND SIDE EFFECTS

A number of symptoms observed after administration of interferon to humans have been
considered side effects, including fever, chills, fatigue, joint pain, leukopenia, and anorexia.
A listing of these side effects as reported in several studies involving at least nine patients
is presented in Table 2. It is apparent that these effects occur with both crude and highly
purified preparations of all types of human interferons, whether they are derived from natural
sources, continuous cell lines, or genetically engineered bacteria. Fever, fatigue, and leu-
kopenia are consistently the most commonly reported symptoms responsible for dose re-
duction or discontinuation of interferon therapy. However, all these abnormalities readily
ameliorate within days after interferon administration is halted.
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Table 2
OBSERVED SIDE EFFECTS OF INTERFERONS IN HUMAN CLINICAL TRIALS

Number of Patients Exhibiting

Interferon Evaluated Fever Chills Fatigue Pain Leukopenia Anorexia Ref.

Leukocyte 9 7 6 8 3 9 2 224
(crude)

Leukocyte 11 11 — 11 6 11 8 225
(crude)

Leukocyte 37 28 19 35 — 37 31 226
(crude)

Leukocyte 16 16 8 2 — 13 — 177
(crude)

Leukocyte 23 20 — 17 — 16 17 227
(crude)

Leukocyte 29 18 11 3 11 — — 228
(crude)

Leukocyte 9 6 6 7 5 9 3 229
(pure)

Fibroblast 26 24 22 10 — 5 1 230
(crude)

Fibroblast 12 12 5 — — 5 — 231
(crude)

Bacterial 16 16 12 — — 13 — 115,177
IFN-aA (pure)

Lymphoblastoid 9 9 — 6 — 5 9 232
(pure)

Lymphoblastoid 42 41 28 42 2 42 42 184
(pure)

Early studies showed that decreases in peripheral leukocytes, platelets, and reticulocytes
were observed in chronic hepatitis patients treated with crude interferon preparations at doses
as low as 8.5 x 10* U/kg/day.?* In contrast, patients with varicella-zoster exhibited such
effects only at interferon doses of 5.1 X 10° U/kg/day.?** Polymorphonuclear leukocytes
decreased within a day or two of initiation of treatment with a drop in reticulocytes occurring
one week into therapy. Normal pretreatment levels of platelets, reticulocytes and polymor-
phonuclear leukocytes were reached 2 to 5 days after stopping interferon treatment.?** These
effects may be related to observations that in soft-agar assays growth of granulocyte-mac-
rophage precursors from bone marrow, both of mice?*> and humans®”, are suppressed by
interferon. Natural leukocyte interferon has been shown to arrest maturation of granulocyte
precursors but it should be noted that not all patients showed abnormalities in differentiation
of bone marrow cells grown in soft agar.?*¢

The use of crude material in initial studies led to speculation about the factors responsible
for the side effects.?®” The advent of sophisticated purification techniques and recombinant
DNA technology has laid to rest the old argument of interferon vs. contaminants as the
pyrogenic factor(s) in preparations. Clearly, highly purified homogeneous preparations of
either mixtures of IFN-a subtypes,?® a single [FN-a species,'’>'”” or lymphoblastoid
interferon'®* cause similar side effects. Comparative studies with semi-purified and highly
purified natural IFN-a preparations obtained by monoclonal antibody affinity chromatog-
raphy showed the same side effects as observed with crude material 22422 The first clinical
trials with purified IFN-aA have shown that the symptoms produced by this interferon
include fever, chills, myalgias, headaches, fatigue, and reversible leukopenia.'>'”” Some-
what unexpectedly, eight patients exhibited transient and mild numbness of the hands and/
or feet."”” As with trials utilizing crude natural material,??’ treatments with bacteria-derived
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interferon caused elevation of B,-microglobulin levels.?? Phase I studies with pure lym-
phoblastoid interferon have shown that doses as great as 100 to 200 X 10° U/m? can be
tolerated but distinct neurological side effects accompany such high doses.'®* Several of the
side effects noted for interferons may be acceptable, at least in the treatment of serious
disease. However, the neurological effects seem, from recent unpublished results, to be the
most serious and dose limiting problem associated with IFN-3 and IFN-as.

A potential problem associated with the administration of exogenous proteins for thera-
peutic purposes is the generation of antibodies to a normal human protein. Antibodies to
human alpha interferon have been reported for a patient with systemic lupus erythematosus.?**
However, such a response dose not seem to be limited to individuals with this immunological
disorder. Three of sixteen patients administered bacteria-derived IFN-aA developed anti-
bodies to this interferon. These antibodies are apparently of the IgG class and were unde-
tectable prior to the study and while the patients were receiving interferon.!'* Because in
vitro neutralization of IFN activity occurs with these antibodies, one could speculate that in
vivo neutralization is also possible. High antibody titers have been observed in two patients
treated for many months with natural IFN-f and in one case the possibility of inability to
produce IFN-f in the patient has been investigated.** Fibroblast cultures established from
the patient were shown to be capable of producing IFN-f8 so that the development of
antibodies is unlikely to be due to recognition of a foreign protein.?** The patients’ antibody
titer against natural IFN- was found to be four times greater than the titer against E. coli
derived IFN-3,%®¢ indicating that the carbohydrate moiety of IFN-3 may enhance the potential

for production of auto-antibodies. Because there are several different IFN-a subtypes and
it is unknown whether all individuals produce all subtypes it is possible that development
of antibodies in patients treated with IFN-as arises from recognition of determinants not
present on those IFN-as produced by the patient. However, there are other explanations for
development of antibodies such as minor structural changes eliciting antibody responses due
to lyophilization or the method of delivery. To date, no neutralizing antibody titers have
been detected in patients receiving lymphoblastoid interferon.?®” The ramifications of these
observations in the clinical use of highly purified interferon preparations will have to await
further clinical studies.

The use of animal models to predict the side effects mentioned, particularly elevation of
body temperature and leukopenia, has met with limited success. The administration of IFN-
aA, -aD, and -aAD(Bgl) to squirrel monkeys did not result in a significant drop in white
blood cell counts. However, the injection or these 1IFN-a subtypes or IFN-B, from E. coli
into rhesus monkeys did cause a marked suppression in peripheral leukocyte numbers.*** In
contrast, the administration of bacteria-derived IFN-a, did not result in suppressed leukocyte
numbers or elevated body temperatures in rhesus monkeys, whereas natural material from
buffy coat cells did.'* Recently, Finter and co-workers have reported no significant side
effects when highly purified lymphoblastoid interferon is given to either patas or rhesus
monkeys.?* Although highly purified human interferon is not innocuous in man, it is ap-
parently rather well tolerated by sub-human primates at relatively high doses. However, the
outcome of long-term administrations of interferons to humans could be rather questionable.

Studies performed in murine systems with homologous interferon have revealed some
rather deleterious effects. The administration of interferon to newborn mice can cause death
at high doses**! and causes a marked wasting effect in these animals when given over a
prolonged period of time.*? These effects could be related to the anticellular properties of
the interferon or the cellular toxicity of the material as reported for the hepatic systems.
These animal models have shown that interferon injections also cause glomerulonephritis in
mice®** and inhibit the regeneration of liver following partial hepatectomy.?** Murine inter-
ferons have been shown to affect immune responses both in vivo and in vitro and cause
alterations in lymphoid cell function as well as thymocyte surface markers.?*> Interferons
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may also affect distribution of cells in vivo. For example, lymphoid suppression by cortisone
treatment apparently is due to limitation of release of cells from bone marrow?*¢ and deter-
mination of bone marrow cellularity would appear to be important to quantitate these effects.
Although some of the early studies in murine systems were performed with crude interferon,
the more recent work has involved purified preparations. More importantly, recent experi-
ments employing a homogeneous preparation of the hybrid human leukocyte interferon IFN-
aAD, which has antiviral activity in mice, have shown that inhibition of the hepatic P-450
system occurs.'** It is unknown whether this effect is related to the toxicity observed in
newborn mice. Such studies in animal systems dictate that interferons cannot be used in-
discriminately in man but must be subjected to careful clinical evaluations.

VI. STRUCTURE/ACTIVITY RELATIONS

Although studies reviewed here indicate interferon functions which may be separable there
are as yet no definitive data relating particular activities with particular structural domains
within the interferons. The generation of hybrid IFN-as has allowed initial forays into
interferon structure/function studies but has not provided any real clues to structural domains
involved in specific interferon functions. In addition to the IFN-aA and -aD hybrids, cited
in Sections II, III, and IV, a series of hybrids involving a common Pvull restriction site has
been formed using IFN-aA, -aD and other IFN-a subtypes: IFN-aB, -oF, and -aG.24
The majority of these interferons have no activity on mouse L-929 cells while all have
significant activity on the bovine MDBK cells. Only one interferon, the IFN-aFD hybrid,
appears to have approximately equal activity on human, mouse, bovine, and monkey kidney
cell lines. Interestingly, the only other hybrids having activity on murine cells contain the
C-terminus of IFN-aF (viz. IFN-aAF and -aBF) but these have markedly lower activities
on MDBK cells. Whether the IFN-aFD hybrid interferon is active in vivo as described for
IFN-aAD(Bgl) is presently unknown.

The presence of a Bg/Il or Sau3A restriction site at a position corresponding to residue
150 in IFN-aA, -aD and -al also has allowed construction of other hybrids. These hybrids
contain 165 or 166 amino acid residues, depending on whether or not they contain the N-
terminal portion of IFN-aA, and they allow examination of the effect of modifying the C-
terminal 15 amino acid residues. The IFN-aAD(Bgl/Sau) hybrid which includes only the
15 C-terminal residues of IFN-aD shows antiviral activity comparable to that of IFN-
aAD(Bgl). The IFN-alA(Bgl/Sau) and IFN-aDA(Bgl/Sau) hybrids have low activity. Thus
modifications of the C-terminal 15 amino acids clearly have dramatic effects on the activities
of these interferons. However, limited proteolytic cleavage of IFN-aA, resulting in loss of
the C-terminal 13 residues, results in a material retaining nearly all antiviral, cell binding,
and antibody binding activity.'> Moreover, the human cell derived interferons lacking the
10 C-terminal amino acids found on their cloned counterparts®® have biological activity. The
Bglll/Sau3A site at residue 150 of IFN-aA has also been used to construct a gene which
codes for a derivative interferon (IFN-aA-11) lacking the last 11 amino acid residues.
Curiously, this interferon has greatly reduced antiviral activity.?*® Presumably folding of
IFN-aA-11 during synthesis results in a structure distinct from that obtained by post-trans-
lational cleavage of the C-terminus.

Although the C-terminal 13 residues of IFN-aA appear to be unnecessary for antiviral
activity, at least when removed after synthesis, the majority of the rest of the molecule
seems to be essential. Neither trypsin and cyanogen bromide fragments nor reconstituted
mixtures of fragments have antiviral or cell binding activity.'> The cys 29 to cys 138
disulphide bond of IFN-as appears to be essential for activity because limited oxidation
products are only active if this bond is maintained.'? That the other disulphide, cys 1 to cys
98 is not essential was implied by the activity of fusion proteins lacking cys 1.5 A fusion
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protein containing [IFN-a, with 19 extra N-terminal residues from both the signal sequence
and B-galactosidase is as active as IFN-o,”** indicating that addition of an N-terminal
sequence does not affect antiviral activity. At least one of the two tryptophans in IFN-aA
appears to be important for activity: chemical modification of the tryptophans greatly reduced
antiviral, antigenic, and cell receptor binding activity.'?

The formation of hybrids with the same N- and C-termini but different internal sequences
allows analysis of the functional role of other residues. The various IFN-aAD hybrids
illustrate this approach and most extensive pharmacological data exist for IFN-a AD(Bgl)
and IFN-a AD(Pvu). The only differences between these two materials are in the amino acid
sequences of IFN-aA and -aD between residues 61 and 91 and these are at positions 68,
79, and 85.°' These residues are thr, asp, cys in IFN-aAD(Bgl) and ser, thr, tyr in IFN-
aAD(Pvu).

The specific activities of IFN-aA, -aD, -aAD(Bgl), and -aAD(Pvu) are essentially iden-
tical when determined in bovine MDBK cultures challenged with VS virus. In sharp contrast,
their specific activities vary greatly when measured on other cell types challenged with either
EMC or VS virus. In mouse cells IFN-aAD(Bgl) and -aAD(Pvu) show a difference in
specific activity of about fourfold or tenfold depending on the virus challenge.® In vivo
studies have also revealed significant differences between the biological activities of these
two hybrids. IFN-a AD(Bgl) appears to be much more potent than IFN-aAD(Pvu) against
L1210 leukemia in mice but the dose response curves in this tumor model are quite different.
Above 10* U/treatment IFN-a AD(Bgl) shows decreasing efficacy whereas the efficacy of
IFN-a AD(Pvu) decreases only at doses over 10° U/treatment.®' These results are much
different from those generated in an antiviral mouse model where only IFN-a AD(Bgl) showed
significant protection against lethal doses of EMC virus. Dose response studies have dem-
onstrated that antiviral protection plateaus at high doses but there is no decrease in efficacy.®
In contrast, both hybrid interferons are active in hamsters against lethal doses of EMC virus
and IFN-aAD(Pvu) treated animals had slightly greater survival times.?®® Thus, these two
unique hybrid interferons not only differ in their actions on tumor cells and virus growth in
animals but also in their abilities to cross species lines.

As described above (Section 1I1.E) IFN-aAD(Bgl) causes suppression of mouse P-450
metabolism'** with predictable effect on the activity of hexabarbital and acetaminophen,
both of which are metabolized by P-450.'* However, IFN-aAD(Pvu) does not affect me-
tabolism of hexabarbital or acetaminophen.®’ The pharmacokinetics in rats of these two
hybrid interferons are also different. Although nephrectomization decrcases clearance of
plasma interferon concentration this effect is much more prominent for IFN-aAD(Pvu) than
IFN-a AD(Bgl). All these differences arise from the three amino acid residue differences
between these materials with very similar primary structure.

Studies in squirrel monkeys infected with EMC virus have allowed comparison of IFN-
aA, -aD, and -aAD(Bgl) and have shown that the hybrid interferon is at least as effective
as the parental molecules in this model (See Section II1.F). While IFN-aA causes leukopenia
in rhesus monkeys, this does not occur in squirrel monkeys.?*! However, efficacy against
viral infections has been demonstrated with this interferon subtype in both primate species'**-'>°
indicating that leukopenia is not intrinsically linked with antiviral effects.

VII. CLINICAL IMPLICATIONS

Potential clinical interest in interferons has focused on viral infections and neoplastic
diseases. Antiviral applications were inherently obvious from the assay involved in the
discovery of the interferons and indirect cytostatic and cytotoxic mechanisms have provided
a basis for anticipating antitumor effects. The number of patients who have been treated
clinically with interferons remains relatively small and the most susceptible viral infections
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and tumors are still not apparent. This arises from the observations that, in vivo, indirect
effects not observed in antiviral or antiproliferative cell culture assays may be of primary
importance and the uncertainty as to which assays, if any, are predictive of efficacy. Although
limited, clinical data are unusual for the current stage of development of interferons as drugs
and careful consideration of known effects should greatly assist their application in clinical
medicine. Identification of potential clinical indications is facilitated by current clinical and
preclinical data together with analysis of the mechanisms of action of interferons that appear
to be of importance and the possibilities and properties of novel recombinant DNA derived
interferons.

A. Data from Clinical Trials: Potential Indications

The interpretation of the body of data generated to date in clinical antitumor trials is
somewhat difficult. Interpretation of data is hampered by the fact that most reports describe
nonrandomized pilot studies with material of low purity. The most extensive antitumor trials
conducted to date have been in patients with osteogenic sarcoma. Although the study of
Stander et al.>** was not a truly randomized one, the results after 5 years appear encouraging.
As compared to a contemporary group of untreated individuals, the interferon treated group
had less disease and fewer deaths.”*? Leukocyte interferon has also been used in studies of
multiple myeloma, malignant lymphoma, and various leukemias. However, because of the
small groups of patients entered in studies at a number of different centers, interpretation
of results is difficult but overall the incidence of positive responses is rather low.

Patients with non-Hodgkins lymphoma also have been treated with interferon. In two
separate studies the best responses were seen in individuals with the nodular, poorly dif-
ferentiated lymphocytic form of this disease.?** Regression of lymph node masses occurred
in three patients within 2 weeks of beginning interferon therapy. Following treatment,
remission of disease continued for 6 to 12 months in the absence of additional interferon
treatment. However, only about '/, of the total patient population showed this type of response
to the interferon injections.

One of the few solid tumors to be treated with leukocyte interferon is breast carcinoma.
Most treatment schedules have utilized intramuscular administration of between 3 and 9
million units of interferon daily for a period of 4 weeks. A recent study involving twenty-
three patients and using buffy coat interferon demonstrated partial responses in five pa-
tients.??” The responders were significantly older than the rest of the group and all individuals
presented the side effects normally observed with interferon therapy. Experience with other
solid tumors has included studies with malignant melanoma and non-small cell lung carci-
noma patients. No complete remissions were observed in these studies.?%*2%

The potential for clinical success with interferons would seem to be greatest for diseases
of viral etiology or those where virus infection is implicated. There is now strong evidence
for the involvement of human papilloma viruses in juvenile laryngeal papillomatosis and
this condition has shown a positive response to interferon treatment.**® Virus infections are
quite prevalent in bone marrow transplant patients who routinely suffer from herpes simplex,
herpes zoster, and cytomegalovirus outbreaks. A study with seven of these patients showed
that although leukocyte interferon did not reduce mortality, the mean titer of cytomegalovirus
was reduced in five patients.*’ Perhaps the prophylactic treatment of such individuals would
result in a significant reduction in virus infection without affecting bone marrow cell survival.
Interferon therapy may prove valuable for virus infections as mild as the common cold as
well as in life-threatening situations. Clinical trials conducted with either purified natural*®
or bacteria-derived®® IFN-a have shown a reduction in the incidence and severity of colds.
Mean clinical scores, nasal secretions, and virus secretion were all significantly reduced in
interferon-treated patients.?® In a study of 15 critically ill patients with life-threatening
infections, 12 recovered after the administration of natural leukocyte interferon.?® Other
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viral infections with clinical evidence for efficacy of natural interferon preparations include
hepatitis B,?¢'%* herpes simplex®*® and zoster,?** and adenovirus keratoconjunctivitis.?%

Interferon inducers have been shown to inhibit ocular lesions due to Chlamydia trachomatis
and interferons have been shown to inhibit cell replication of chlamydia.?*” An increase in
interferon titers has been observed in children infected with Plasmodium falciparum and
this was positively correlated with NK cell activity as well as the degree of parasitemia.?*®
However, the NK cell activities were lower than expected for the interferon concentrations
observed and enhanced NK cell activity could not be achieved on incubation of purified
blood lymphocytes with interferon. These effects may be specific to children or the parasite
species because no circulating interferon has been observed in adults infected with Plas-
modium vivax.**® Deficiency in NK cell activity in Chediak-Higashi patients®’° i
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indicates that
such patients may benefit from interferon therapy during the chronic immunosuppressed
phase of the disease or during the terminal lymphoproliferative disorder. Other clinical
situations in which interferons could be useful include leishmaniasis,*’! ulcers, and deep
burns.*”?

Now that many of the problems surrounding purification and availability of interferons
are being overcome, well-designed clinical studies should lead to definitive identification
of the most susceptible diseases. However, taking together all the current preclinical and
clinical data there is no doubt that a range of human viral infections respond very dramatically
to interferon therapy. The data for human tumors are not so promising for IFN-a and IFN-
8, but progress in understanding relevant mechanisms of action and empirical optimization
of treatment regimens could lead to significant clinical progress. It seems regrettable that
so little clinical experience has been obtained for use of interferons in viral infections,
because such data and treatment regimens and doses found to be effective could influence
and benefit applications to other diseases, including neoplasias.

B. Mechanisms of Action of Interferons

Investigations of the mechanisms of action of human interferons are of obvious importance
for clinical development of these materials. Some studies can be readily carried out in human
cell cultures and periperal blood, but the limitations of such studies is becoming obvious.
Use of the hybrid human interferons in mice has allowed investigation of mechanisms of
action and some principles relevant for effective treatment regimens. Although the relevance
to human clinical diseases of murine models, particularly transplantable tumors, may be
questionable, some conclusions drawn from such studies may be applied to human clinical
trials and their relevance thereby tested. The apparently fortuitous activity of the hybrid
interferon IFN-aAD(Bgl) in mice has allowed study of biological effects of relevance to
human clinical use. It is perhaps remarkable that the hybrid interferon IFN-aAD(Bgl) with
pronounced activity in mouse cells has also shown antiviral and antitumor activity in mice
comparable to mouse interferons. Furthermore, effects on P-450 metabolism and in vivo
drug interactions appear to be very similar for IFN-aAD(Bgl) and mouse interferons. It
seems unlikely that this arises from coincidental construction of an interferon whose entire
amino acid sequence is closely similar to a mouse interferon. Studies with human interferons
and their analogs in heterologous systems is a necessity but may also provide information
that could not be readily obtained even in primate studies. This is further illustated by the
effects of IFN-aA on the efficacy of cyclophosphamide against the TBD932 lymphosarcoma
of hamsters, in which species the interferon alone has no significant antiviral or antitumor
activity. The purpose of such studies in heterologous systems should be distinguished from
studies designed to define protocols of direct relevance to clinical use. For the latter purpose
primate studies are likely to remain most significant. Although some useful primate models
exist for viral infections, they have not been widely explored and useful tumor models are
still very limited.
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Understanding the relation of cell culture to in vivo effects of interferons remains a problem
of considerable practical as well as theoretical interest. The primary mechanism of action
of some chemotherapeutic agents may not be due to the direct antiproliferative effects
observed in cell cultures. However, correlations have been observed between cell culture
effects and efficacy and features such as pharmacokinetics have often proved useful in
developing optimum treatment regimens.

Cell culture assays are obviously useful to the extent that they reflect mechanisms of
action that operate in vivo. However, the mechanisms of importance may be different for
different diseases. The issue under consideration is thus central to understanding mechanisms
of action of interferons and the relation of antiviral to antitumor effects. Too often activities
of interferons in cell assays have been assumed to relate to in vivo efficacy. Indeed, iden-
tification of mechanisms of importance for efficacy from appropriate animal studies could
more usefully precede studies of in vitro effects of uncertain significance. The reverse has
generally occurred, resulting in analysis of mechanisms which may have little clinical sig-
nificance. In every case it is also necessary to estimate the quantitative role of any supposed
mechanism of action to overall antiviral and antitumor effects. Although any particular
mechanism, such as NK-cell mediated cell lysis may play a role in interferon therapy of
defined diseases, the mechanisms may be of primary importance for some diseases and of
only minor significance in other diseases. Some proposed mechanisms may be of no quan-
titative significance in certain diseases.

It is now recognized that interferons and other agents which modify indirect mechanisms
affecting disease may require new approaches to preclinical and clinical studies if full clinical
potential is to be realized. At least for antitumor agents, direct antiproliferative effects may
not be as important as inhibitory or other effects on particular cells which then cause tumor
regression. Direct antiviral and antiproliferative effects of interferons in cell cultures did
identify these agents as of potential clinical utility for viral infections and neoplastic diseases.
These and the other biological effects of interferons need to be borne in mind when designing
clinical studies. However, attention to other possible modes of action is likely to prove
critical for successful use of interferons and derivative agents in clinical medicine. Con-
ventional chemotherapeutic agents have generally been developed when the direct mechanism
of action has been understood, or thought to be understood, and such features as blood
concentrations, in particular half-life and the minimal effective dose have been assessed.
However, features such as those related to blood concentration may prove irrelevant for
natural agents for which there are cellular receptors of high affinity but low density on cell
surfaces. More critical, however, are assumptions regarding the mechanism of action based
on the various biological effects observed in bioassays. There is a need to recognize that
early clinical studies should be designed to test whether particular mechanisms of action,
identified in preclinical studies, are of importance.

Current recognition that interferons have a range of different biological effects should
alert us to the fact that natural physiological substances generally show quanitatively different
effects over different dose ranges. This is a feature of peptide hormones in general which,
at pharmacological doses, show effects not observed at physiological doses.?”* Moreover,
the transient high doses achieved after bolus administration may have long lasting effects
that do not occur after regulated administration. These factors are highly pertinent to the
interferons and should be carefully considered. Real progress towards clinical use of inter-
ferons is now likely to occur only by investigating mechanisms of action in relation to the
dose dependency of different effects.

C. Novel Interferons by Recombinant DNA Methods
As reviewed above, the construction of hybrid interferons has provided an initial method
for probing structure activity relationships of interferons. Most current data relate to IFN-
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as because they are a family of related genes with common restriction enzyme cleavage
sites. Additional structurally related genes have not yet been identified and expressed in
microorganisms by recombinant DNA methods for IFN-B, and IFN-v,. However, new
analogs may be most conveniently produced by complete synthesis of genes?™ rather than
elaborate construction of hybrid genes and this approach will be particularly applicable for
constructing analogs of IFN-B, and IFN-v,. It should be noted that the initial analogs may
only indicate amino acid positions or peptide regions associated with particular properties.
For the different IFN-as the distinctive properties of particular subtypes must be associated
with at least some of the residues peculiar to the subtype in question. Thus for IFN-as there
is some guide to sequences which confer subtype specific effects. However, at present these
data are most useful in indicating regions which are unlikely to be involved in specific
effects because these should include the extensive sequences common to all the IFN-a
subtypes (see Figure 1).

Study of the properties of the initial analogs, however they are produced, provides em-
pirical data relating structure to activity. It is apparent that alteration of particular amino
acid residues can have profound effects on the properties of particular interferons. However,
it is not clear how many other amino acid changes could produce the same effect and whether
other changes would affect a different spectrum of biological properties. The empirical phase
of probing structure/activity relationships of interferons has only just begun. This phase
should lead to a deductive phase in which further analogs may be designed with particular
desired properties. Their properties may be a subset of those of the original materials or a
combination of properties considered to be suitable for treatment of particular diseases.
Current data for the hybrid interferons have extended the principles of structure activity
studies to macromolecules, but adequate information for predicting the properties of particular
novel interferon-like sequences has not yet accumulated.

D. Factors Determining Clinical Development

The varied biological effects of IFNs, differences in the properties of molecular species
obtained by cloning individual genes in microorganisms, and differences in the response of
target cells compound the difficulties encountered in designing and interpreting clinical
studies. Various factors contributing to clinical efficacy, determined from preclinical studies
and early clinical results, have been reviewed here. For clinical efficacy these factors may
be considered as one relates primarily to the molecular species of the interferon or the nature
of the disease in the patient.

Although absence of glycosylation of IFN-B and IFN-y produced in E. coli has not yet
been observed to affect any of the biological activities examined, it remains possible that
important differences from the natural materials will be found. Comparison of natural and
microbial materials remains of great importance. Investigation of the properties of mixtures
of purified materials could also be informative, particularly different compositions of the
various IFN-a subtypes. It seems likely that there are interactive effects between interferons
and other lymphokines and also between IFN-y and the other classes of interferons. It is
also important to bear in mind that even highly purified IFNs produced from microorganisms
may contain trace amounts of bacterial contaminants which could affect the biological activity
of the interferons.

There can be no doubt that understanding the primary mechanisms of action elicited by
an interferon are likely to be the most important factors in clinical development of that
interferon or derivative agents for treatment of particular diseases. Detailed studies of in-
terferon doses and their effects on a range of physiological parameters is likely to prove
informative. Although plasma concentrations of interferons may not be directly related to
efficacy, the interferon dose administered can determine the nature and magnitude of effects,
as described above for many in vitro and in vivo effects. Knowledge of which effects are



103

stimulated in vivo at different interferon doses could be particularly useful for development
of clinical regimens and uses. Natural biological agents generally have multiple effects with
different effects occurring at different doses. This is the case even for an agent such as
insulin, whose clinical use is aimed primarily at one effect.””?

In murine systems there are genetic factors which influence the efficacy of interferons.
The Mx locus affects the efficacy of interferons specifically against influenza virus infections
without affecting efficacy against other viruses such as EMC virus.?”> Moreover, balb/c mice
are more sensitive to the effect of interferon against EMC virus that C57B1/6 mice.?’® Analysis
of back-crosses indicates dominance for greater sensitivity to interferon but also the existence
of multifactorial genetic factors. However, fibroblasts derived from the two strains of mice
are equally sensitive to the antiviral effects of the interferon, indicating an indirect mechanism
for antiviral activity.?”® Cells from the hemopoietic system of the two mouse strains are
differentially sensitive to antiproliferative effects of the interferon, whereas embryo fibro-
blasts are not,?’® indicating that not all cells express the differential interferon sensitivity
and the effect may not be manifest in both antiviral and antiproliferative effects. No doubt
comparable genetic factors modulate the efficacy of interferons in the human population.
However, the only known locus is one on chromosome 21 which causes increased sensitivity
to interferon in trisomic cells from patients with Down’s syndrome.?”’

In the case of virus infections that induce interferons there may be modifying host re-
sponses. Comparison of the infectivity of wild-type and an interferon-sensitive strain of
Mengo virus in mice shows that both are equally infectious at low doses but that at high
doses the interferon sensitive strain of virus causes decreased incidence of deaths.?’® Sim-
ilarly, HSV-1 causes a lethal infection of mice at low virus doses but higher doses are not
lethal because they cause induction of interferon.?” The interferon-sensitive strain of Mengo
virus was sensitive to IFN- but not to IFN-a..?’® Because IFN-B is the form of interferon
induced naturally by infection with Mengo virus, it is apparent that selection of altered
sensitivity to this infection may occur naturally. For this virus there is no obvious selection
pressure for altered sensitivity to IFN-a, which also causes more pronounced antiviral effects
than IFN-f even with the sensitive virus strain.?”® Such observations are important insofar
as they indicate whether resistance to interferon therapy may occur and to which interferon
resistance may develop.

A factor of importance, particularly in the treatment of neoplasia, is whether increasing
doses of an interferon can achieve significant clinical efficacy. The involvement of many
mechanisms of action and other factors makes it possible that non-interferon mediated factors
become limiting, at least in some diseases. For mechanisms involving specific antibodies
such as antibody-dependent cell mediated cytotoxicity, antibody concentration or macrophage
Fc receptors could limit efficacy. Antibodies that inhibit tumor growth appear to require Fc
receptors®® and interferons may be beneficial in some cases only insofar as they stimulate
Fc receptor synthesis. Passive serotherapy is also known to augment the antitumor efficacy
of chemotherapeutic and immuno-stimulating factors.?* Understanding the balance of in-
terferon and non-interferon mechanisms and their interaction provides the major challenge
for future development of interferons as useful clinical agents.
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[. INTRODUCTION

Interferon was described by Isaacs and Lindenman in 1957 and given its name because
of its ability to interfere with viral reproduction in tissue culture.' In addition, it was soon
noted that it could inhibit the multiplication of different viruses and some tumor cell lines
both in vitro and in vivo.>®

Clinial studies of interferon in cancer and viral infections were impeded by scarce supplies
and the enormous expense of production. Despite these problems, a few trials were begun
in the 1960s and clinical activity continued at an accelerated pace in the 1970s with buffy
coat derived human leukocyte interferon produced in the laboratory of Dr. Kari Cantell in
Finland. This material was available in only very limited amounts and was a crude preparation
containing less than 1% interferon. Thus, most of the trials performed with Cantell interferon
were limited to very small numbers of patients, utilized low doses of interferon and were
selected largely on the basis of availability of material. Systematic phase I studies to determine
such vital data as maximum tolerated dose, dose related immunologic effects, dose response,
etc. could not be done at that time.

Nevertheless, varying degrees of antitumor activity were observed in several of these
studies. Non-Hodgkins lymphoma, multiple myeloma, and breast cancer were the cancers
most extensively evaluated in which some biologic activity of interferon was seen. Also
various degrees of efficacy in viral diseases have been reported with parenteral administration
of interferon derived from cultures of human leukocytes. Prominent among these demon-
strations of usefulness of interferon were studies run in herpes zoster and in prophylaxis of
cytomegalovirus (CMV) infections in renal transplant recipients.*’ Review of clinical ex-
perience with human cell culture derived interferons can be found elsewhere.® At the same
time, progress in biotechnology made available recombinant DNA techniques capable of
biosynthetically producing large quantities of interferon. Hybridoma-produced monoclonal
antibodies with the ability to purify interferon proteins to homogeneity were developed.®
Availability of an unlimited amount of pure leukocyte interferon obtained through genetic
engineering allowed for the first time systematic evaluation of this protein in a sufficient
number of patients. For the first time, the question of tolerance and effect on immune
parameters, human tumors, and viral infections could be examined using the various doses
and dose schedules.

The development of recombinant interferon introduced however, an additional dimension
to this research. The several species of leukocyte interferons obtained posed the challenge
to scientists to determine whether these subspecies would exhibit a therapeutic specificity
for a particular tumor type or virus.®

In addition, because interferons exhibit various degrees of species specificity, preclinical
models relevant to clinical situations are difficult to identify and interpret. Such fundamental
issues as interferon mechanism of action in producing an antitumor and antiviral effect
remain unresolved. If interferon primarily exerts a direct antiproliferative effect on cancer
cells, the maximum tolerated dose would be expected to produce the optimal effect. This
is the case with cytotoxic chemotherapeutic agents. Interferon may work, however, primarily
through indirect mechanisms via the host immune systems, in which case a dose other than
the maximum tolerated dose (MTD) might be optimal. This so-called maximum immuno-
modulatory dose-MID had to be empirically determined by careful testing of various im-
munologic parameters at various doses and dosage schedules. At the present time, interferon’s
importance and ultimate role in the treatment of cancer and the majority of viral infections
remains to be defined by properly controlled studies using recombinant material in optimal
dose and appropriate therapeutic regimens.
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II. DESCRIPTION OF RECOMBINANT LEUKOCYTE A INTERFERON

An extensive phase I clinical program was initiated by Hoffmann-La Roche in January,
1981 with Recombinant Leukocyte A Interferon, a genetically engineered human leukocyte
interferon. The 165 amino acid polypeptide with a molecular weight of 19,241 daltons is
being referred to as recombinant leukocyte interferon A: rIFN-aA.8

Isolation, expression, and purification of rIFN-aA were done by Hoffmann-La Roche
Inc. and Genentech.®® The plasmid containing an entire leukocyte interferon gene was
identified and engineered in E. coli. Purification was done using a specific monoclonal
antibody column to rIFN-aA. The purified protein was homogeneous by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and was more than 95% pure. Its specific activity
was approximately 2 X 10* units/mg protein when tested on AG 1732-human fibroblast or
MDBK-bovine kidney-cell lines. Cultures of the material for bacteria and mycoplasma were
sterile and a limulus test for endotoxin was negative.

This recombinant interferon showed equivalent in vitro antiviral and antiproliferative
activity compared to crude and purified natural leukocyte interferons.?° In addition, rIFN-
oA stimulated natural killer cell activity in vitro, and inhibited hematopoietic colony for-
mation.'®"" Preclinical in vivo testing showed antiviral activity comparable to human leu-
kocyte interferon and was safely used in rabbits and squirrel monkeys.'> The material for
clinical trials was provided in ampules of 3, 18, and 50 X 10° units. The final lyophilized
preparation contained human serum albumin and was reconstituted immediately prior to use.

I1I. PHASE I CLINICAL STUDIES OF rIFN-aA IN CANCER PATIENTS

Because rIFN-aA was shown to possess an antiproliferative activity, the phase I evaluation
of parenteral route of administration was performed mostly in cancer patients.

To date, two single-dose studies and three multiple-dose phase I studies of rIFN-aA have
been completed and analyzed. All trials utilized a heterogeneous population of patients with
disseminated cancers, either refractory to standard therapy or for which no effective treatment
existed.

The first single-dose study was performed by Gutterman at M.D. Anderson and Merigan
at Stanford. Sixteen patients received an initial intramuscular injection of 3 X 10° U of
interferon. This was followed by escalating doses, with a crossover comparison between
rIFN-oA and partially purified human leukocyte interferon HulFNa prepared by Cantell.'?
The second single dose study was performed by Krown at Memorial Sloan-Kettering Cancer
Center and compared the bioavailability and tolerance of intramuscular and intravenous
injections of rIFN-aA at 3, 9, and 18 X 10° U doses. Three patients were studied at each
dose level. The three multiple dose studies were performed at the National Cancer Institute
and at Memorial Sloan-Kettering Cancer Center.'*'® rIFN-aA was given intramuscularly at
doses ranging from 0.1 to 136 X 10° U per injection on schedules of 3 times weekly, daily,
and twice daily. Dose escalation occurred in sequentially entered paralle]l groups, usually
of five patients per schedule. Duration of treatment was 28 days with provisions for con-
tinuation if an objective tumor response was observed. The objectives of these studies were
to determine the maximum tolerated and optimal immunomodulatory doses of rIFN-aA on
each schedule and to evaluate the pharmacokinetics and preliminary antitumor activity of
this interferon. In all, 184 patients were entered, and 126 completed the 28-day course of
therapy. A total of 58 patients were removed from the study: 20 due to rIFN-aA intolerance,
26 for tumor progression, and 12 due to intercurrent illness or complications of their ma-
lignancy without tumor progression.

A. Clinical Side Effects of rIFN-aA
The clinical side effects observed during the single dose studies were predictive of those
found in the multiple-dose studies described below and will not be separately presented.
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Table 1 depicts the most important clinical side effects of rIFN-aA as a percentage of
evaluable patients experiencing each side effect. Analysis is provided for selected weekly
cumulative doses from 0.3 to 408 x 10° U with the schedule for each dose noted.

Clinical toxicities could be categorized as acute and chronic. Acute side effects included
fever and flu-like symptoms of headache, myalgias, and chills. Partial tolerance or tachy-
phylaxis developed to these side effects after the first few injections. A rough dose rela-
tionship in terms of frequency of side effects existed to about a dose of 18 or 36 x 106 U
per injection above which no clear-cut dose response was noted. Chronic side effects included
fatigue, anorexia, and weight loss. These seemed more related to the weekly cumulative
dose and were persistent as long as rIFN-aA treatment continued. At doses of 50 x 10 U
and greater, most patients were pretreated with acetaminophen to moderate the fever and
tlu-like symptoms following the first few injections. This may have confounded the analysis
of an ongoing dose response relationship between higher doses of rIFN-aA and the severity
of the acute clinical side effects of fever, myalgia, chills, and headache.

Schedule of administration did not dramatically affect the incidence or severity of these
clinical symptoms. There was the impression of slightly better tolerance developing to the
acute side effects on daily and twice daily administration and slightly less fatigue on the 3
x weekly schedule for comparable individual and weekly cumulative doses, respectively.

Fever was almost universal except at the lowest dose, beginning 2 to 4 hr after an injection,
often preceded by a chill and peaking at 6 to 12 hr. It usually resolved spontaneously by
24 hr. At doses of 18 X 10° U and above, a maximum fever of >103°F was common.
*‘Flu-like”” symptoms tended to be associated with fever and follow a similar time course
and dose relationship. Both fever and flu-like symptoms could be partially ameliorated by
pretreatment with acetaminophen.

Fatigue was the most important clinical side effect noted and was potentially dose limiting.
It tended to begin in the first 1 to 2 weeks of treatment and was persistent. Fatigue became
more frequent as dose increased up to 63 X 10° U weekly at which point almost all patients
noted it to some degree. It tended to become increasingly severe as doses and duration of
administration increased, often causing patients to be at bedrest for much of the day at the
top doses. Anorexia accompanied by the development of a 5 to 10 % or greater weight loss
was seen in association with the fatigue. Other gastro-intestinal symptoms such as nausea,
vomiting, and diarrhea were sporadic but did show increased incidences at doses 36 X 106
U and above.

Neurologic side effects included 19 patients with numbness and parasthesias of fingers
and toes. In most patients this was not associated with objective findings on neurologic
examination, although two patients were found to have a decrease in sensory perception of
the fingertips attributed to a mild sensory neuropathy. In several patients these symptoms
were quite transient lasting a few seconds to hours but in others it persisted for several days.
Numbness and parasthesias often resolved despite continued administration of rIFN-a and
invariably resolved with its discontinuation. Nerve conduction studies and electromyograms
were done on several of these patients and were normal in all instances. Eight patients
reported transient confusion or disorientation, and eight patients noted emotional lability.
These manifestations were of uncertain etiology but usually occurred at higher doses.

Twelve patients developed recurrent herpes simplex labialis, usually during the first week
of therapy. Seven of these occurred at doses of 50 x 10° U. No disseminated herpes or
other viral disorders were observed. Local tolerance at the injection site for both I.M. and
[.V. administration was excellent. Minimal local tenderness and induration rarely occurred.

B. Laboratory Changes in rIFN-aA Trials
As with clinical side effects, laboratory changes observed during the single dose studies
were similar in type to those seen in the later studies.
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Table 1
COMMONLY ENCOUNTERED CLINICAL TOXICITIES OF
rIFN-aA?*
Flu-

Weekly GI like® Wt

dose x 10°U Fever  Fatigue disturbances® system loss>5%
0.3(0.13xw) 0 0 0 0 0
3(13xw) 100 0 40 20 0
9(33xw) 100 0 29 0 14
27 (9 3xw) 100 0 50 40 17
54 (18 3xXw) 100 38 50 38 13
63 (9QD,4.5 BID) 100 90 60 40 40
150 (50 3xXw) 100 100 100 100 50
252 (36QD,18 BID) 100 93 67 73 40
258 (86 3xw) 100 90 100 70 33
378 (54QD,27 BID) 100 92 68 72 36
408 (136 3 X w) 100 100 100 100 40

*  Expressed as a percentage of evaluable patients experiencing toxicity.
®  GI disturbances include nausea, vomiting, anorexia, and diarrhea.
¢ Flu-like symptoms include headache, myalgias, and chills.

Table 2 depicts the commonly encountered laboratory changes observed during the mul-
tiple-dose phase I studies of rIFN-aA. In general, schedule was not important. The weekly
cumulative dose correlated roughly with severity. The main laboratory side effects were
reflected by change in hematologic and hepatic parameters.

The frequency of neutropenia was fairly constant at weekly doses of 27 X 10° U and
above. Nadirs below 1000 and 500 were more common with increasing doses. The WBC
decreased within 1 to 2 days following the first injection and nadired at 7 to 10 days plateauing
or slightly increasing thereafter despite continued treatment with rIFN-aA. Leukopenia and
neutropenia were rapidly reversible within days after discontinuation of rIFN-aA. No sepsis
or other serious infections were noted during neutropenic episodes in these patients.

The platelet count was less affected by rIFN-aA. A 50% decrease from baseline was
common at doses of 9 X 10% U and above, but counts under 75,000 were infrequent and
tended to occur mainly in patients with compromised bone marrow reserve. Recovery oc-
curred within 1 week of discontinuation. No hemorrhagic episodes were noted. The most
frequently affected parameter of liver function was transaminase elevation. The increases
were only of significant degree at the very highest doses. Elevations tended to peak during
the third week of treatment and returned to baseline in 10 to 14 days after discontinuation.
No abnormalities of bilirubin, albumin, prothrombin time, or other hepatic synthetic function
were seen.

The signs of involvement of renal functions were minimal and only occasional transient
microscopic hematuria or pyuria were observed. Three patients developed mild azotemia of
uncertain cause but probably related to their underlying disease, and two patients developed
proteinuria of 1 g/day without casts or other signs of glomerulonephritis, which resolved
with discontinuation of therapy. Because these trials were open, nonrandomized, and in-
cluded patients with advanced cancer in whom some renal abnormalities might occur on the
basis of underlying disease, it is difficult to be certain of the role, if any, which interferon
played in these cases.

C. Pharmacokinetics of rIFN-aA
As part of the phase I evaluation of rIFN-aA, a pharmacokinetic profile was generated.
Serum interferon titers were measured in antiviral units/m€ by a bioassay using MDBK cells
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Table 2
COMMONLY ENCOUNTERED LABORATORY TOXICITIES OF
rIFN-aA®*
Neutrophil Count Platelet Count SGOT >250 U
Weekly

Dose x 10° U <50% <1000 <500 <<50% @ <75,000 2x 3Ix Ix
0.3 (0.1 3xw) 0 0 0 0 0 0 0 0
3(13xw) 20 0 0 0 0 0 0 0
9(33xw) 33 0 0 0 0 0 0 0
27 (9 3Xw) 71 0 0 29 0 14 0 0
54 (183 3xw) 63 13 0 38 13 63 0 0
63 (9QD.4.5 BID) 90 30 0 60 20 50 30 0
150 (50 3 X w) 83 17 0 17 0 17 17 0
252 (36QD, 18 BID) 73 40 7 53 7 20 40 13
258 (86 3xw) 89 33 22 78 44 44 33 11
378 (54QD,27 BID) 76 40 16 68 36 20 28 36
408 (136 3 X w) 75 25 0 50 0 25 50 25

*  Expressed as a percentage of evaluable patients experiencing toxicity.

as targets and vesicular stomatitis virus. Interferon titers are expressed as reciprocals, with
the dilutions producing a 50% reduction of virus cytopathic effect. All samples were corrected
to the standard G023-901-527 reagent from the National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Bethesda, Maryland.

An enzyme-linked immunoassay using two monoclonal antibodies to rIFN-aA was also
performed. The assay depends on the stoichiometric binding to interferon by two monoclonal
antibodies, one of which is linked to peroxidase. The peroxidase reacts with o-phenylene-
diamine in the presence of peroxide. The color produced was read in a spectrophotometer
at 492 nm and the serum interferon level expressed in pg/m¢f.

Figure 1 shows the mean serum concentrations of fIFN-aA as measured by the bioassay,
for the 16 patients treated in the escalating single dose study. Figure 2 shows the same data
as measured by the enzyme-linked immunoassay. The pharmacokinetic profile of rIFN-aA
was essentially identical in both assays.

In general, mean maximum observed serum concentration (“MAX) and area under curve
(AUC) values increased with increasing doses. When “MAX and AUC were normalized for
the dose given and represented as pg/m¢£/10° unit dose or units/m€/10° unit dose, there was
dose proportionality. The time of the maximum observed serum concentration t,, tended
to increase slightly with increasing doses when one injection site was used and varied from
46 = 25hrat3 X 10°U to 6.1 = 3.6 hr at 72 X 10° units. This result is consistent
with a depot effect of the intramuscular route at the injection site. The half-life ranged from
6 to 8 hr regardless of dose. rIFN-aA was not detected in the urine as measured by the
enzyme immunoassay after doses ranging from 3 to 72 X 10° units.

Figure 3 shows the arithmetic mean serum concentration of rIFN-aA and HulFNa at
doses of 3 X 10° units and 9 X 10° units respectively, as measured by bioassay. The only
statistically significant difference between the rIFN-aA and HulFNa values is the AUC at
9 X 10° units, where the HulFN-a value is significantly larger than the rIFN-aA value,
p<<0.05. The half-lives of elimination were calculated at the 9 X 10° units doses and were
7.3 and 8.2 hr for HulFNa and rIFN-a A, respectively. Serum interferon levels were closely
monitored during the multiple dose studies as well. The designs for these trials provided for
only 5 patients to be entered at each dose level on each schedule and therefore did not permit
full multiple dose pharmacokinetic analysis to be performed. However, interesting differences
were noted among the different schedules studied.
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numbers of patients measured at 3, 9, 36, 72, 108, and 198
million units are 16, 16, 16, 16, 14, and 5, respectively.

serum levels of 16 patients treated with rIFN-
aA and IFN-C as measured by a modified bioas-
say at 3 and 9 million units.

Figure 4 depicts the mean serum concentrations of rlFN-aA as measured by bioassay for
three patients treated on a twice daily schedule for 28 days with a total daily dose of 54 X
10° U to 27 x 10° U/injection every 12 hr. Within a few days of the initiation of therapy,
a steady state level is reached which is maintained for the remainder of the study. Thirty-
six hr after the final dose, however, serum levels of rIFN-aA are essentially undetectable.

Figure 5 shows the results of 9 patients treated three times weekly at 50 X 10° U/injection.
Although the peak serum levels achieved are somewhat higher than on the twice daily study
at a comparable dose per injection, no steady state serum level is achieved. In the 2- or 3-
day intervals between injections, rIFN-aA levels become undetectable.

Patients treated with daily injections of rIFN-aA showed a tendency to achieve a steady
state level.
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It should be emphasized that the importance of serum levels of interferon in terms of
exerting a given biologic activity remains unknown. Interferon may achieve certain biologic
effects indirectly through modulation of the immune system, in which case it could exert
an effect in a body compartment into which it did not itself directly penetrate. The relationship
of serum interferon levels and anti-tumor or antiviral activity will require a great deal more
study.

D. Antibodies to rIFN-aA
The development of antibodies to rIFN-aA and HulFN« was tested for by using a mod-
ification of the bioassay in which neutralization of the antiviral activity of interferon-con-

taining samples was measured.
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As shown in Table 3, of 201 different patients entered into these studies, 11 were found
to have neutralizing IgG antibody to rIFN-aA. Two of these patients with the highest titers
to rIFN-aA also had antibody to Cantell interferon. Studies at Hoffmann-La Roche with
sera from 76 cancer patients treated solely with HulFN« at M.D. Anderson, Memorial Sloan-
Kettering Cancer Center, and Wadley Institute of Molecular Biology, showed 5 patients
with antibody to rIFN-aA. Three of these developed antibody after treatment and two were
found to have spontaneously occurring antibody at baseline prior to any treatment with
exogenous interferon. In three of these patients, including the two with pre-existing antibody,
neutralizing antibody to Cantell interferon was also detected.

This documents the occurrence of antibodies to naturally occurring endogenous interferons,
at least in cancer patients. Of interest, is the apparent lack of any unusual susceptibility in
these patients to viral infection in terms of frequency and severity. It is also likely that the
occurrence of antibodies to Cantell interferon has been underestimated for a variety of
reasons. In many studies, antibody testing was not performed at all. Further, the assay
commonly used to detect interferon antibodies is a neutralization test of interferon’s antiviral
activity. If the target interferon is a mixture of the various leukocyte species, some of which
are not antigenically cross-reactive, antibody which develops to a specific species may be
missed. It is necessary to test for antibodies to each leukocyte species in addition to the
natural mixture as represented by Cantell interferon in order to accurately assess the incidence
of anti-interferon antibodies. No clinical or laboratory abnormalities were observed in the
antibody positive patients.

E. Antitumor Activity of rIFN-aA

Table 4 illustrates tumor response observed at doses of r[FN-aA somewhat arbitrarily
defined as low, intermediate, and high. The doses listed are per injection, not cumulative
weekly doses. However, the size of the dose per injection per day correlates generally with
the size of cumulative weekly doses on the three evaluated schedules.

rIFN-aA showed substantial activity against non-Hodgkin’s lymphoma, mainly in the
favorable histologies, at both high and low doses. Eight to 12 patients with the syndrome
of Kaposi’s sarcoma and acquired immunodeficiency responded at doses of 36 and 54 X
10° U daily with two complete responses (CR), three partial responses (PR), and three minimal
responses (MR). Activity against multiple myeloma was observed but only at high doses,
and the two partial responses occurred in patients with IgA myeloma and plasmocytoma.
No significant responses in IgG myeloma were noted. Some activity was noted in renal cell
cancer and melanoma. Somewhat surprisingly, only one partial response and two minimal
responses were seen among 28 breast cancer patients treated, a much lower response rate
than might have been anticipated on the basis of reports of HulFNa. Possible explanations
include differences in the biologic activities of various leukocyte interferon species and
differences in patient populations, which in our trials were refractory to chemotherapy.

rIFN-aA showed little activity against colon and non-small cell lung cancer and soft tissue
sarcomas other than Kaposi’s sarcoma. Other malignancies are listed but were treated in
numbers too small to comment upon. Statements about true response rates and dose response
are not possible from these phase I studies because most patients in these studies were heavily
pretreated and refractory, and dosage groups were sequentially entered and not necessarily
comparable. Phase II disease specific pilot studies are now being performed.

F. Immunomodulating Effects of rIFN-aA

Results of the immunologic analysis of 134 patients treated with r[FN-aA on the three
times weekly and twice daily studies were evaluated and included NK activity and monocyte
mediated growth inhibition tests.!” Each patient was evaluated 2 or 3 times prior to receiving
rIFN-aA to establish accurate baselines. Subsequent samples were drawn on days 1, 4, 7,
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Table 3
SERUM NEUTRALIZING ANTIBODY TITERS

rIFN-aA rIFN-aA Cantell

Patient Dose of rIFN-aA Pre Post Post
SwW 3—72 x 10°U <100 600 <100
JK 3—108 X 10°U <100 150 <100
36 x 10°U, QD x 31 days — 204,800 2,400
MJ 3—144 x 10°U <100 400 <100
36 x 10°U, QD X 28 days 500 1,400 <100

(day 15)

280 <100
(day 62) (day 6=)
MO 36 X 10°U, QD x 28 days <100 200 <100
36 X 10°U, 3 X w X 28 days 1,600 265,000 300
Fw 9 X 10°U, QD X 28 days <100 <100
CP 18 X 10°U, QD x 28 days <100 2400 <100
AWC 1.5 X 10°U, BID x 28 days <100 300 <100
GR 9 X 10°U, BID x 28 days <100 100 <100
CF 118 x 10°U, 3xw x 12 wks. <100 260 <100
RC 36 X 10°U, QD X 28 days <100 <100 <100
36 x 10°U, 3xw X 12 weeks <100 300 <100
RA 18 x 10°U, QD x 28 days <100 <100 <100
18 X 10°U, 3xXw x 28 days <100 1000 <100

Note: Eleven of 201 patients developed neutralizing antibody to rIFN-aA. One of these
patients with the highest titer also had antibody to Cantell Interferon.

19, 28, and 36. The NK cytotoxicity assay used K-562 target cells and effector target ratios
of 60:1, 20:1 and 7:1 in triplicate. Monocyte function was assessed by the ability of the
patient’s cells to inhibit the growth of an NK-resistant tumor target cell line MB 12 in a 2-
hr assay. Effector target ratios were 90:1, 30:1, 10:1, and 3:1 and growth inhibition activity
was determined by the reduction in uptake of *H-thymidine by the target cells.

The percentage of post-treatment values of NK activity showing an increase, decrease,
or no change from the limits of variability defined for that individual was evaluated for the
twice daily and three times weekly studies. In the twice daily study, 6% of patients expe-
rienced an increase, 30% a decrease and 64% no change in NK activity. In the study
evaluating 3 times weekly schedule, the results were 5%, 20%, and 75%, respectively. In
the control group of normals not receiving interferon, 13% had an increase, 10% a decrease,
and 77% no change of NK activity when evaluated over the same time span.

These data contrast with the results of in vitro testing of rIFN-aA on these patients’ cells
in which exposure to a wide range of interferon concentrations consistently enhanced NK
activity.

To examine in more detail the depth of depression observed, it was determined whether
the mean of the post-teatment values was significantly different from the pretreatment mean
by a T-test, for low (<60 x 10° U/week) intermediate (90 to 204 X 10° U/week) and high
(>250 x 10° U/week) doses in the twice daily and three times weekly studies. Evidence
of a dose response was present. There was an increase in the percentage of patients from
30% to 40% showing a significant decrease on the twice daily schedule and from 10% to
33% on the three times weekly schedule. The data suggest greater inhibition of NK activity
for the more frequent schedule.
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Table 4
ANTITUMOR ACTIVITY OF rIFN-aA— PHASE I STUDIES
Low Intermediate High
0.1,1,3,9 x 10° U) (18 x 10° U) (=36 x 10° U)

Breast 9 (1 PR, 1 MR) 4 (0) 15 (1 MR)
NHL 11 (3 PR, 3 MR) 3(1 PR, I MR) 11 (3 PR, 3 MR)
Myeloma 2(0) 0 6 (2 PR, 2 MR)
Kaposi's sarcoma 0 0 12 (2 CR. 3 PR, 3 MR)
Melanoma 4 (1 CR) 2 (0) 11 (1 PR)
Renal 3(0) 2 (1 MR) 2 (1 PR)
Colon 9 (0) 5(0) 22 (2 MR)
Lung (NSM) 5(0) 0 4 (0)
Soft tissue sarcoma 6 (1 MR) 1(0) 5 (0)
Hodgkin’s disease 1 (1 MR) 1 (0)
Prostate 1 (0) 1 (0) 2 (1 MR)
Hepatoma 0 1 (1 MR) 3(0)
Ovarian 1(0) 1 (0) 30
Mesothelioma 3 (1 MR) 0 0

a dose response was present. There was an increase in the percentage of patients from 30%
to 40% showing a significant decrease on the twice daily schedule and from 10% to 33%
on the three times weekly schedule. The data suggest greater inhibition of NK activity for
the more frequent schedule.

Monocyte function, however, showed a significant increase after the start of rIFN-aA
therapy in both studies, with approximately 80% increasing, 3% decreasing, and 17%
showing no change. The control group of normals not receiving interferon showed 7%
increase, 9% decrease, and 84% no change. The level of activity in the interferon patients
remained high for the duration of treatment and returned to pretreatment levels after therapy
was stopped on day 28. No dose response was observed.

IV. PHASE I CLINICAL STUDIES OF rIFN-aA IN PATIENTS
WITH VIRAL INFECTIONS

Because the protein content of cell culture derived Cantell interferon was composed mostly
of proteins which were not interferon, it was hoped that the side effects observed with
parenteral administration of that mixture would be due to substances other than interferon.
As we have shown in our review of the tolerance studies run with pure, recombinant DNA
derived interferon, the “‘flu-like’” and other side effects appear to be due to interferon itself.
This finding limits the use of parental interferon in viral infections to mostly severe diseases.

A. Parenteral Administration of rIFN-aA
1. Tolerance in Bone Marrow Transplant Patients

A problem which might be expected in administering interferon parenterally to patients
with severe viral infections is that those who are most in need of the therapy are also at the
most risk from the side effects. Bone marrow transplant recipients are at risk of developing
fatal viral infections most particularly by cytomegalovirus (CMV). A significant concern in
administering interferon parenterally to these patients is the fate of their graft. Studies
evaluating rIFN-aA and conducted at UCLA and the Fred Hutchinson Cancer Center are
reassuring in regard to this concern.'®:'* Bone marrow transplant recipients diagnosed clin-
ically to have life-threatening viral infections were given rIFN-oA intramuscularly daily at
doses of up to 50 x 10° units per day. There was no consistent effect on total white blood
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cell counts or neutrophil counts. The remaining rIFN-aA clinical side effects were similar
to those observed in cancer patients. There were too few patients to make a comment on
efficacy.

2. Tolerance and Antiviral Effects in Chronic Active Hepatitis B Patients

Chronic hepatitis B is a potentially fatal disease. Previous work done at Stanford has
shown that when patients with chronic hepatitis B were given Cantell interferon, they
experienced decreases in their serum concentration of hepatitis B virus (HBV)-dependent
DNA polymerase (DNAP).?° Similar results were found using rIFN-aA.?! The magnitude
of decrease of DNAP, a parameter related to Dane particle concentration, was found to be
related to the magnitude of the dose of rIFN-aA administered. The patients in this study
received doses up to 68 X 10° U/day and all clinical and laboratory side effects noticed
were similar to those observed in cancer patients.

B. Intranasal Administration of rIFN-aA

Except under special circumstances the viral infections which affect the lives of most
people are annoying rather than life-threatening. Although the parenteral use of interferon
in these diseases is probably not indicated, some of these diseases may be responsive to the
topical use of interferon. The common cold is an example of such a disease. A rhinovirus
challenge study using Cantell interferon sprayed into the noses of subjects 3 times in 1 hr,
4 times a day, showed efficacy in preventing colds.?* A study giving rIFN-a2 by the same
schedule also prevented colds from developing.?* A different regimen was utilized in a
rhinovirus and coronovirus challenge study using rIFN-aA in which subjects given two
sprays of rIFN-aA per nostril twice a day, were protected from developing colds.?* Although
no significant adverse experiences occurred in these short-term duration intranasal studies,
the route may not be an entirely benign one for the administration of interferon. Nasal
congestion and epistaxis has been reported with intranasal administration of buffy coat derived
interferon.” In this setting it would be reasonable to delay exposure of large numbers of
volunteers to intranasal interferon until the risk of adverse reactions is better defined by
tightly controlled tolerance studies using small numbers of volunteers.

V. SUMMARY AND CONCLUSIONS

The phase I studies described above represent the most systematic and extensive clinical
evaluation of any interferon to date. It has been clearly shown that purified recombinant
leukocyte interferon-rIFN-aA can be safely given to patients with various malignancies and
viral diseases and that it has potent biologic activities in vivo. The clinical and laboratory
side effects of rIFN-a.A are similar to those observed with partially purified natural leukocyte
interferons, manifest some degree of dose relationship, and strongly suggest that these
toxicities represent intrinsic properties of interferon itself. While interferons appear relatively
safe, even purified recombinant interferon is not well tolerated when administered paren-
terally except at the lowest doses tested. Poor tolerance may limit its utility in certain chronic
and non-life threatening conditions.

Fatigue is the most frequent dose limiting side effect for chronic administration of 1 month
or longer. Partial tolerance to fever and flu-like symptoms- commonly develops and these
symptoms do not generally present an obstacle to long-term treatment. Laboratory abnor-
malities are usually not dose limiting even in patients with disseminated cancer and com-
promised bone marrow reserve and liver function. Antitumor activity in vivo particularly
against favorable non-Hodgkin’s lymphoma and Kaposi’s Sarcoma was observed, as was
antiviral activity against chronic active hepatitis B and prevention of some common cold
viruses following intranasal administration.
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Immunomodulatory effects of rIFN-aA are variable and seem not to be dose- or schedule-
specific. We were not yet able to correlate changes of immune parameters with other biologic
activities or to define the optimal immunomodulatory dose. We need now to define the true
response rates in various cancers and viral diseases with optimal regimens of r[FN-aA. In
the absence of immunomodulatory dose, empirical comparisons of high and low doses and
various schedules of rIFN-aA may be necessary. In addition, several other leukocyte in-
terferon species, hybrids of species, fibroblast, and immune interferons have been cloned.
Extensive preclinical testing should be done to help determine the most promising single
interferon as well as the effects of combinations of them in malignant and viral diseases.
Eventually, evaluation of recombinant interferon in combination with other anticancer and
antiviral agents will likely be indicated. The role of parenterally and topically administered
recombinant interferons in the adjuvant setting for cancer and as prophylaxis for certain viral
disease should be evaluated. This may prove to be the most important clinical use of
interferon. Phase II efficacy trials of rIFN-a A are presently underway in a variety of cancers
and viral diseases to answer some of the many questions which remain.
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I. INTRODUCTION

In considering the production of interferons, we must keep in mind that scale of operation
is relative. The low physiological levels of interferon found in nature suggest that it is
relatively potent at low dose levels and that the amounts needed for clinical use may be
very small compared to other drugs. In recent years, a few milligrams of interferon produced
by classical tissue culture methods were considered a large quantity and optimistic projections
for future commercial production by recombinant technology refer to kilograms. This is in
sharp contrast to antibiotics, for example, where worldwide production is in the order of
thousands of tons. Thus, production of interferon may be considered large to a biochemist,
but may be perceived as not more than pilot plant scale to a chemical engineer involved in
conventional pharmaceutical manufacturing.

Production can be conveniently broken down into two major components: fermentation
and recovery. The scale of operation of both components will depend greatly on the expres-
sion levels of interferon in the bacteria. It has been reported that yields of recombinant
protein in bacteria may be very substantial, as high as 30 to 50% of the soluble protein
synthesized in the cell.' Let us assume for our purposes that only 1% of the total cell protein
is recombinant interferon, that it stays in the cell, and that 10% of the wet weight of the
cell is protein. Every kg of cells would produce 1 g of interferon. If we further assume a
10% recovery during purification, then we would need 10 kg cells to produce 1 g interferon.
To keep the numbers simple, let us assume an annual requirement of 10 kg interferon and
that the fermentor produces 30 g cells/€. We would need to process 100,000 kg of cells per
year or about 400 kg per day. Daily fermentation requirements would be roughly 15,000 €.

In the fermentation industry, this is a relatively small order. On the other hand, there is
little precedent for this scale of protein purification. We face a challenge not only to produce
relatively large quantities of a bioolymer for human therapy, but also to provide it at high
purity. It is expected that improvements in purification techniques as well as improvements
in analytical techniques to monitor purity will drive the requirement for purity ever higher.

This chapter will consider some practical aspects of production in the three areas mentioned
above: fermentation, recovery, and purity analysis.

II. FERMENTATION

As described in previous chapters, interferon can be cloned and expressed in yeast and
mammalian cells as well as bacteria. Thus far, however, all recombinant interferon for
clinical use has been produced in the Gram-Negative bacteria, Escherichia coli (E. coli).
Reasons for selecting E. coli are fairly straightforward. The whole evolution of molecular
biology has been intimately connected with the study of E. coli, its plasmids, and its phages.
The genetics and physiology are relatively simple and well characterized. Fermentation
growth rate is rapid.

An advantage that other organisms such as yeast or bacillus may have is the capability
of secreting the product into the fermentation broth. It has been speculated that this would
make the subsequent purification steps easier.

Prior to the advent of recombinant DNA technology, E. coli had been used in the fer-
mentation industry primarily for the production of amino acids.” The only clinically important
fermentation product from E. coli was L-asparaginase, an enzyme used in the treatment of
cancer." The point here is that industrial scale fermentation of E. coli exists as an established
practice and presents no major technical hurdle per se.

There is, however, a significant feature of the NIH Guidelines for Recombinant DNA
Research which applies to large-scale fermentation. When cells are harvested from fermentors
larger than 10 €, they must be killed before leaving the fermentor or, alternatively, the broth
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may be harvested in 10 € aliquots. In the latter case no live recombinant cells must be
allowed to escape into the environment. Procedures must be followed which provide for the
killing of all cells including cellular debris before disposal.

These requirements while not all that formidable have an important effect on the down-
stream side of the process. In selecting a killing process for the fermentor, one must consider
the effects not only on the biological activity of the interferon but also on the subsequent
purification process itself. A variety of approaches are possible and include heat, phenol,
hypochlorite, acid/base, and peroxide.

What about the pyrogenic lipopolysaccharide or endotoxin from the E. coli cell envelope
ending up in the product? This question is raised by many investigators, especially because
endotoxin elicits a pyrogenic response at very low concentrations, i.e., 0.5 to 1.0 ng/kg of
body weight. On the other hand, lipopolysaccharides would not be expected to co-purify
with interferon. First, lipopolysaccharides are high molecular weight generally of the order
of millions. Second, they are non-protein and non-ionic. In the usual labyrinth of purification
steps these kinds of contaminants would be expected to be removed provided the water is
pyrogen-free to begin with.

Fermentations for production of human leukocyte interferon have been carried out at
Hoffmann-La Roche according to established procedures and killed before harvesting during
late logarithmic growth. The cell pellets collected by centrifugation have been stored at
—20°C until used.

III. RECOVERY

Large-scale recovery of product from fermentation cell mass can be conveniently sub-
divided into two parts: isolation and purification. The isolation steps are usually relatively
large in volume beginning with disruption of the resuspended cells by chemical or mechanical
means. Cell debris removal, typically by centrifugation, is followed by one or more volume
reduction steps. Precipitation with salts such as ammonium sulfate is a common method for
reducing volume and it simultaneously provides a modest degree of purification. From this
point the process can be classified as purification and usually includes several types of
chromatography columns. The classical gel filtration and ion exchange columns used for
the last 20 years in protein purification have been supplemented more recently with newer
adsorption media. These include a variety of affinity adsorbents with a high degree of
specificity. Enzyme inhibitors, substrate analogues, organic dyes, metal chelates, and an-
tibodies are being used as ligands for affinity purifications.

In our goal to approach 100% homogeneity we will be restricted by the yield/purity trade-
off. With each additional chromatography column to achieve greater purity there will be an
unavoidable loss of product. It is, therefore, very attractive to adopt one of the most powerful
types of affinity separations such as immunoadsorbent chromatography. With immobilized
monoclonal antibodies, which are highly selective for single proteins, it is conceptually
possible to approach, if not actually accomplish, the so-called single step purification.
Although the technique for using immobilized monoclonal antibodies for purification of
proteins is relatively simple, the preparation of the antibodies requires a major effort.*

One of the current methods of producing recombinant human leukocyte interferon takes
advantage of the above mentioned developments in protein purification. A report on the use
of monoclonal antibodies indicates an overall recovery of interferon up to 81%.° The promise
of repeated use of monoclonal antibodies in affinity columns makes this approach attractive
for the preparation of large amounts of clinical material.
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[V. PURITY AND IDENTITY

Many readers may not appreciate the variety of regulatory laws which must be complied
with in the manufacture of drugs including recombinant interferon. The laws are formulated
in the Food, Drug, and Cosmetic Act, the Public Health Service Act, and the Radiation
Control for Health and Safety Act. Detailed requirements for compliance can be found
codified in the Code of Federal Regulations. In addition, all manufacturers of drugs must
operate in compliance with current Good Manufacturing Practices. All these regulations
enforced by the Food and Drug Administration are meant to ensure that the public receives
only drugs whose identity, purity, safety, and efficacy have been demonstrated. Those of
us involved in production must be concerned with identity and purity. Others in the organ-
ization may then test for safety and efficacy.

The identity of recombinant interferon can be established not only by the antiviral or
cytopathic effect inhibition assay® but also at the genomic level. For example, the successful
construction of the plasmid used for the transformation of the E. coli can be periodically
verified by DNA sequencing. Other identity tests include total amino acid analysis of the
product and the classic methods of N- and C-terminal amino acid analysis in conjunction
with proteolytic peptide mapping. Recent developments in separating proteins by reverse-
phase high performance liquid chromatography (HPLC) columns now permit analysis of
subnanomole quantities of complex peptide mixtures.” Isoelectric focusing, radio- or enzyme
immunoassays, and ultimately amino acid sequencing are additional methods. Taken together
these methods permit the unambiguous identification of human alpha interferon produced
in bacteria.

Purity on the other hand is a relative term. It is defined by the assay used to monitor
purity and is bound by the technical limits of that assay. For example, the conventional
method for detecting protein impurities is electrophoresis in polyacrylamide gel in presence
of the detergent sodium dodecyl sulfate and the reducing agent mercaptoethanol. Protein
bands separate on the basis of molecular weight and can be detected by staining with
Coomassie Blue which has a detection limit of about 0.1 pg protein or 1% of the 10 pg
load. Newer silver stains have been reported to be up to 100 times more sensitive.®

Reverse-phase or size exclusion HPLC can also be used for monitoring protein impurities.
HPLC has the advantage of being faster than electrophoresis, although sensitivity compar-
isons with electrophoresis are not available.

The high degree of purity of recombinant leukocyte interferon in clinical testing (above
95%) 1s made possible by the use of genetic engineering. From about 12 subtypes of human
leukocyte interferons found in conventional tissue culture preparations, only one is produced
in a recombinant E. coli fermentation. Furthermore, the new developments in affinity pu-
rifications mentioned above have afforded improvements in specific activity up to 100-fold.
For example, the specific activity of human alpha interferon produced by conventional tissue
culture and conventional purification techniques is reported to be 2.5 X 10%to 1.25 x 107
[U/mg.*'° On the other hand, recombinant leukocyte interferon A purified by monoclonal
antibodies has been reported as high as 3 X 10® IU/mg.’

It is important to emphasize that impurities other than protein must also be monitored
depending on the production process and the ultimate use of the drug. Endotoxins or pyr-
ogens, for example, would not be detected in a protein assay but if the interferon is to be
formulated as a parenteral drug, pyrogens must be below a certain standard in the rabbit
injection assay.

A combination of the technologies described above have made it possible for Hoffmann-
La Roche to sustain the clinical trials begun on January 15, 1981 with gram quantities of
highly pure human leukocyte interferon.
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I. SUMMARY

A plasmid for the expression of the human growth hormone (hGH) gene was constructed
using a novel combination of a cloning vector, pKENO24, containing the lipoprotein gene
of Escherichia coli, ptrpED50chGH (containing ¢cDNA to hGH mRNA), and a chemically
synthesized DNA fragment that linked the hGH cDNA to the lipoprotein gene promoter and
ribosome-binding site. The hybrid gene was expressed in E. coli, and its product accounted
for about 10% of the bacterial protein synthesized. This product, methionyl hGH, was
isolated and its biological activity was found to be similar to that of natural hGH obtained
from cadavers. This procedure provides a means to obtain large quantities of biologically
active hGH.

1I. INTRODUCTION

Human growth hormone (hGH) comprises a single polypeptide chain of 191 amino acids
with a molecular weight of 22,000. This hormone is limiting for linear growth in man and
it also has a number of other biological activities.'-> The current use of hGH in therapy is
restricted to the treatment of dwarfism due to growth hormone deficiency.'* However, this
hormone may also be useful for the treatment of certain types of growth retardation not
known to be due to growth hormone deficiency’ and for a variety of conditions that are
unrelated to growth deficiency.* Since non-primate growth hormones have not been found
to have significant biological activity in man, the availability of growth hormone for use in
humans has been restricted to that hGH obtained from cadavers. This has therefore limited
the availability of the hormone, which cannot be synthesized in high quantity by conventional
techniques, for experimental testing of its utility in treating other disorders.

Recent advances in recombinant DNA technology have provided the means to produce
proteins in bacteria that have not been obtainable in large quantity by other techniques.
Thus, to date, sequences coding for several mammalian proteins have been cloned and
expressed in bacteria.®'> In this respect, we earlier cloned in bacteria and sequenced cDNA
to hGH and constructed a plasmid that directed the synthesis of a protein that contained
hGH bound to amino acids of the tryptophan operon gene product.'' Following this, Goeddel
and coworkers, utilizing this cDNA and synthetic DNA fragments, reported the expression
of methionyl hGH under the control of a double promoter for bacterial 3-galactosidase.'
In the current report, we describe methodology for the synthesis of methionyl hGH with the
use of the promoter for the outer-membrane lipoprotein of gram-negative bacteria,'¢?* hGH
cDNA and a synthetic cDNA fragment. The lipoprotein (/pp) gene codes for the most
abundant protein in bacteria and its nucleic acid sequence has been determined.?*-** Inouye
et al.'®? have studied this gene extensively and have constructed both constitutive and
inducible expression-cloning vehicles.?***° In the present study we have used the PIN-I-
type constitutive vehicle. The results show that methionyl hGH can be synthesized in bacteria
with the use of this technique and that this synthesis can comprise 10% of the total bacterial
protein synthesis.

III. MATERIALS AND METHCDS

Restriction endonucleases and DNA polymerase 1 (large fragment) were obtained from
New England Biolabs, bacteriophage T, DNA ligase from Bethesda Research Laboratories,
bacteriophase T, polynucleotide kinase from Collaborative Research, calf intestine alkaline
phosphatase from Boehringer Mannheim, and S1 nuclease from Miles Laboratories.
{y-**P}ATP was purchased from Amersham. All enzymes were used in reaction mixtures
recommended by the vendors.
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Transformation of E.coli K-12 strains JA221 (hsdM*hsdR ~leuB6AtrpES5) and HB101
(Pro leu thi lacY hsdM ~hsdR ~endA rpsL20 aral4 galK2 xy15 mt!1-1 supE44) was performed
by a modification of the method of Wensink et al.?® Plasmids pKENQ024*' and ptrp-
EDS50chGH'" were isolated by the alkaline miniscreen procedure and examined by restriction
enzyme analysis. For sequencing by the Maxam and Gilbert procedure,?” plasmids were
prepared by CsCl-ethidium bromide centrifugation of cleared cell lysates.®

Bacterial cultures containing plasmids were grown to an ODsg, of one in brain heart
infusion broth (Gibco®). Pellets obtained from | m¢€ of these cells were lysed and separated
on a 12.5% SDS polyacrylamide gel. For radioimmunoassays, similar cell pellets were lysed
with lysozyme and 0.1% Triton X-100®. These whole cell preparations were assayed for
the presence of hGH using hormone standards and antibodies obtained from Cambridge
Nuclear.

IV. RESULTS

To construct a plasmid to direct the synthesis of methionyl hGH, we used the lipoprotein
gene promoter and ribosome-binding sites contained within pKENO024 (Figure 1), the pre-
viously cloned hGH ¢DNA in ptrpED50chGH800 (Figure 1), a synthetic DNA fragment
and sequences from pBR322 (Figure 2). Steps in the construction are outlined in Figures 1
to 3.

The structure of the chemically synthesized double-stranded DNA fragment used to join
the 1pp promoter and ribosome-binding site to the hGH coding region is shown in Figure
2. The upper strand has 66 nucleotides which include, on the 5'-end, the 4 nucleotide single-
stranded sequences produced by Xba I cleavage. The lower strand has 62 nucleotides. The
synthetic DNA contains the natural sequence of the lpp gene from the Xba I site in the
ribosome-binding site (16 bp), the translation initiating methionine codon and the first 47
nucleotides (amino acid codons 1 to 15 and part of 16) of hGH cDNA ending with the
unique Fnu DII site previously described.’' In preparing this double-stranded DNA segment,
the 11 deoxyoligonucleotides indicated by arrows (Figure 2) were all synthesized by the
phosphotriester method as described previously with some modifications.**** These oligo-
nucleotide segments were then assembled to form the desired DNA fragment by performing
four separate T, ligase catalyzed reactions as described in Figure 2. The authenticity of this
structure was verified by a subsequent sequence analysis of the cloned fragment.

To prepare an hGH ¢cDNA fragment suitable for connection to the synthetic DNA and to
the plasmid containing the lpp promoter, ptrpED50chGH800 was cleaved at the unique
Sma I site (Figure 1) and Bam HI linkers were added. The resulting fragment was cleaved
at the unique Bam HI site (Figure 1) and the 691 bp fragment gel-isolated. This fragment
was then inserted into the Bam HI site of pBR322. After amplification of this plasmid, the
691-bp fragment was re-isolated and cleaved with Fnu DII 47 nucleotides from the first
amino acid between the codon for amino acid 16 of hGH ¢cDNA, resulting in a 538-bp
fragment with Fnu DIl and Bam HI termini, the codons for amino acids 16 to 191 of hGH,
the UAG stop codon and nine nucleotides of 3’-noncoding DNA.

To form the hGH expression plasmid, the 538-bp fragment described above and the
synthetic DNA fragment were ligated to pKEN024, which had been treated with Bam HI
and Xba I and, subsequently, alkaline phosphatase (Figure 1), forming pNM645. The
Xba I site is located in the ribosome-binding site 16 bp before the initiation codon, whereas
the Bam HI site is located in the coding sequence for the Ipp gene, and cleavage at this
site leaves the codons for the last 35 amino acids of lipoprotein remaining in the fragment
to be cloned. This fragment was also modified as shown in Figure 3 to add the tetracycline-
resistant gene from pBR322. This was achieved by replacing the 1pp 3'-sequence between
the Bam HI and Sal I restriction sites with a DNA fragment derived from pBR322.
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FIGURE 1. Construction of a plasmid (pNM645) for the bacterial expression of human growth hormone.
Ten micrograms of pKEN024 (1), with a 462-bp fragment containing the promoter, 5'-untranslated region and
ribosome binding site of the E. coli 1pp gene* < were digested in 200 wt of Xba I/Bam HI buffer using 10
units of Bam HI for 1 hr at 37°C followed by 10 units of Xba I for 1 hr at 37°C. The DNA was then treated
with 2.5 units of alkaline phosphatase for 1.5 hr at 65°C, phenol/CHCl,-extracted and collected by ethanol
precipitation. This preparation (II) was used as the plasmid cloning vector.

ptrpEDS0chGH (111), described by Martial et al.."' was used as the source of a DNA fragment containing
the coding sequences for amino acids 16 to 191 of hGH. The unique Sma [ restriction site 6 bp downstream
from the translation termination codon of the gene was changed to a Bam HI site by Sma I cleavage and
bacteriophage T, DNA ligase addition of Bam HI linkers. Treatment of the DNA with Bam HI enzyme cleaved
the attached linker sequence as well as a Bam HI site located at the beginning of the cloned cDNA sequence
of hGH. This yielded a 691-bp fragment with cohesive Bam HI termini, which was separated on a 6%
polyacrylamide gel and visualized under long-wave-length UV light after staining in an ethidium bromide
solution at 1 pg/mé. The gel region containing the fragment was excised, and the DNA fragment was recovered
by electroelution followed by ethanol precipitation. The recovered DNA fragment was then ligated with 0.2
pg of pBR322, which had been cleaved at its unique Bam HI site and treated with alkaline phosphatase. After
16 hr at 4°C, the material was used to transform E. coli strain JA221.? Transformed colonies were selected
on agar plates containing 100 pg/m¢€ of ampicillin. Plasmid DNAs were isolated from [6 of the ampicillin-
resistant colonies by the rapid alkaline-denaturation method of Birnboim and Doly* and then analyzed by
restriction enzyme digestion and gel electrophoresis. Eleven of the 16 plasmids examined were found to contain
a Bam HI fragment of approximately 700 bp. One of these plasmids, pNM575 (IV), was amplified. Twenty-
five micrograms of pNM575 were digested with Bam HI. The resulting 691-bp fragment was isolated from a
6% polyacrylamide gel, purified as described above, and digested with Fnu DII to yield a 538-bp DNA fragment
containing the coding sequences for the last 175 amino acids of hGH followed by a translation stop codon.
This fragment was isolated by electrophoresis on a 6% polyacrylamide gel.

The expression plasmid pNM645 was constructed by enzymatically joining 0.1 pmol (0.4 pg) of plasmid
vector (II), 3.2 pmol of the synthetic DNA fragment (VI in Figure 2), and 0.24 pmol (0.08 .g) of the 538-
bp fragment in 14 p€ of ligation buffer using 2 units of bacteriophage T, DNA ligase. After incubation for 16
hr at 4°C, the mixture was used to transform E. coli JA221 as previously described. Transformed colonies
were selected on agar plates containing 100 pg/m¢ ampicillin. Plasmids from 10 colonies were prepared by
the previously described Birnboim screening procedure.? After digestion with Xba I and Bam HI, followed
by acrylamide gel electrophoresis, one plasmid was found to contain the expected 604-bp fragment. This plasmid
was amplified and the DNA sequence from the Xba I site through the Fnu DII site was determined by the
Maxam and Gilbert method?’ and found to be correct.

The following abbreviations are used: Ap’, ampicillin-resistant; Tc', tetracycline-resistant; and Tc*, tetracyc-
line-sensitive; . . . . ., Ipp sequences; | | | || synthetic DNA; \. X\ \\ \ \\ hGH ¢DNA.
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Initial expression of hGH by pNM645 in E. coli JA221, detected initially by a modification
of the solid phase radioimmunnoassay procedure of Broome and Gilbert,**¢ was assessed
with the use of SDS-polyacrylamide gel analysis of total bacterial cell protein performed
according to Laemmli*’ (Figure 4). Analysis of the gels revealed a major protein band of
approximately 22,000 daltons. This band was estimated to be about 10% of the total protein,
and only a much fainter band of somewhat lower molecular weight was present in preparations
of E. coli JA221 containing pKENO024. Expression of methionyl hGH by the bacterium

Recombinant DNA Products: Insulin, Interferon, and Growth Hormone

PNM 645 pBR 322
Vi from Figure 1
‘ Hind 1l
‘ Bam HI
‘ DNA Polymerase ‘ S1Nuclease
dNTP’s ‘ Sall
‘ Sal Ten
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SYNTHETIC
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Sai |
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FIGURE 3. Construction of a plasmid, pNM737, which expresses tetracycline resistance, for the
expression of hGH from pNM645. pNM645 was digested with Bam HI and the protruding termini
of 2 pg of the resulting DNA were converted to blunt-ended DNA by “filling in’” with the use of
the Klenow fragment of E. coli DNA polymerase I and the four nucleoside triphosphates. The
enzyme was then denatured by heating and the mixture was treated with Sal I. The large plasmid
fragment was then isolated after its separation on a 1% agarose gel. To isolate the tetracycline gene
sequences, 5 wg of pBR322 were digested with Hind 1lI, and the cleaved DNA was then treated
with S1 nuclease and then Sal I. The resulting 617-bp fragment was isolated by electrophoresis on
a 6% polyacrylamide gel. The plasmid vector (0.05 pmol, 0.2 wg) was ligated with the 617-bp
fragment (0.5 pmol, 0.2 pg) using the conditions described above and was then used to transform
E. coli JA221. Colonies were selected on agar plates containing 100 wg/m¢ of ampicillin and 15
pg/me of tetracycline. Plasmid (pNM736) DNA was isolated from the fragments and found to
contain the desired sequence by restriction enzyme analysis. Abbreviations are the same as in Figure
1.

harboring pNM736 was found to be as high as that for pPNM645 (data not shown).
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FIGURE 4. Identification of hGH produced in bacteria by SDS-polyacrylamide gel
electrophoresis. a-d — Proteins stained with Coomassie brilliant blue. Slot a contains
protein standards of molecular weights 92,500, 66,200, 45,000, 31,000, 21,500, and
14,400 daltons; slot b contains purified hGH standard (Cambridge Nuclear); slot ¢ contains
a cell lysate of JA221/pNM645; and slot d contains a cell lysate of JAA221/pKENQ24.,
The crude cell lysates were prepared by growing cells in brain heart infusion broth
containing ampicillin at 50 pg/m{ followed by lysis in 2% SDS and 5% beta-mercap-
toethanol. The samples were separated on a 12.5% polyacrylamide slab gel.*” Slot e is
an autoradiogram of a whole cell lysate of JA221/pNMé645, prepared and separated as
in previous samples in which proteins were transferred electrophoretically to a nitrocel-
lulose membrane and incubated with antiserum to hGH (Cambridge Nuclear). After
appropriate washes, the membrane was incubated with '*I-protein A and subsequently
exposed to film. Slot f contains bacterially produced hGH after partial purification as
described in the text and run in parallel with the material in slot e.

The quantity of hGH in extracts of bacteria harboring pNM645 was measured by
radioimmunoassay*® and found to be at least 2 million molecules/cell. The methionyl hGH
was partially purified from 500 gm of E. coli. Cells were first extracted with 8 M urea and
1% Triton X-100. The debris was removed by centrifugation and the supernatant medium
containing the methionyl hGH was fractionated on a Whatman® DE52 column. The peak
fractions, as determined by radioimmunoassay, were pooled and subjected to isoelectric
precipitation. This material was further purified on a Whatman SE53 column. The peak
methionyl hGH-containing fractions were determined by radioimmunoassay and the material
was concentrated by isoelectric precipitation or ultrafiltration. That methionyl hGH, rather
than hGH, was actually made was verified by comparing the properties of the bacterially
synthesized material with that of authentic hGH with the use of high pressure liquid
chromatography.

The biological activity of the recovered methionyl hGH was determined by measurement
of the proximal epiphyseal cartilage width in hypophysectomized female rats according to
the method of Greenspan et al.* This material was found to have activity similar to that of
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hGH obtained from cadavers. Subsequently, this bacterially synthesized material has been
purified to homogeneity at the Lilly Research Laboratories and shown to be at least as active
on a per mole basis as authentic hGH.

V. CONCLUDING REMARKS

The present work demonstrates that the cloning vector containing the 1pp gene machinery
can be used to produce large amounts of hGH in E. coli. Comparative experiments in our
laboratories (unpublished) suggest that the 1pp promoter is approximately equal to the E.
coli trp promoter and is considerably more efficient than the lac promoter for production of
human growth hormone. Although our approach and that of Goeddel et al.'* yield methionyl
hGH instead of hGH, the presence of this extra amino acid does not appear to inhibit the
biological activity of the hormone. Thus, the data confirm that several different approaches
can be used to produce biologically active hGH and that these can be employed to obtain
an unlimited supply of this hormone.
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I. INTRODUCTION

Human growth hormone (hGH) is a 191 amino acid polypeptide hormone which is secreted
by the pituitary gland and has profound effects on skeletal growth in the immature human.
It is clear that hGH also plays a role in the modulation of carbohydrate metabolism. For the
past 25 years human growth hormone has been in use for the treatment of certain causes of
short stature, especially growth hormone deficiency, and for the treatment of some cases of
hypoglycemia.’ However, unlike other peptide hormones used in clinical medicine such as
insulin, the homologous growth hormones from most other species were discovered to be
essentially inactive in humans.” Only the GH derived from the pituitary glands of monkeys
and humans showed significant biological action in the clinical setting. This made the use
of pituitary glands from porcine and bovine sources impossible, and dictated the use of
human pituitary glands obtained at autopsy as the only practical source available for GH to
use therapeutically. This species specificity severely limited the supply of hGH available
for clinical use. In the United States the collection of pituitary glands, purification, and
distribution of hGH for research for use in patients has been centralized in the National
Pituitary Agency. Other countries also have developed national programs for the use of
hGH, and at least two pharmaceutical manufacturers have been able to obtain enough pituitary
glands to be able to market commercial preparations of hGH. None of these efforts were
able to overcome the basic shortage of supply, and for all practical purposes research and
treatment has been limited to hypopituitary dwarfism. Even with this very restricted use of
hGH, there are still a significant number of children who might benefit from hGH treatment
who are not being treated. Furthermore, the dosage of hGH used in treatment of GH
deficiency has frequently been determined more by the supply than by any other consid-
eration. There has been very little research done on the potential uses of hGH in other causes
of short stature, catabolic states, or disorders of metabolism where pharmacologic doses of
hGH may conceivably be of benefit.

Because of the limited supply and potential use for hGH, attempts were made to synthesize
short segments of hGH in hopes that they would be biologically active,® and even to synthesize
hGH totally by solid phase methods.* However, no fragment has yet been found that fully
duplicates hGH action, and the yield of active hGH after total solid phase synthesis was too
low to be a practicable approach. Therefore, hGH was a logical early target for synthesis
by recombinant DNA techniques. The cloning and expression of the hGH gene has been
discussed in the preceding chapter. The approach used at Genentech, Inc. to produce sig-
nificant quantities of synthetic hGH was to isolate the mRNA of hGH and make a compli-
mentary DNA copy of it. An endonuclease cleavage was done, and a synthetic leader
sequence including the appropriate control signals annealed into place. This partially synthetic
hGH gene was then inserted into a plasmid carrier and directly expressed in Escherichia
coli.> The biosynthetic hGH produced by the bacteria has exactly the same amino acid
sequence as pituitary hGH, with the addition of a methionyl residue at the N-terminal end.
This methionyl residue appears to be necessary for efficient direct expression in the E. coli
system. Adequate amounts of the recombinant DNA synthesized hGH have been produced
so that extensive biological testing has been carried out in both animal models and in humans.

Animal testing in rats and rabbits showed that the synthetic hGH was biologically active
in animals, and equipotent to pituitary hGH. Furthermore, the recombinant DNA synthetic
hGH was remarkably free of side effect in the acute animals studies.® Longer term treatment
in animals has led to the development of antibodies and loss of growth stimulation. This
was expected from previous studies on the action of hGH in other species, and there was
again no difference detected between the synthetic hGH and the pituitary hGH controls. In
addition to the animal studies, we were able to show that the synthetic hGH was indistin-
guishable from pituitary hGH in its ability to bind to and down-regulate the human hGH
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receptor site in vitro.” With this background information it was possible to extend the studies
of synthetic hGH to humans. The human studies were planned to occur in three stages:

1. Short-term tests of acute biological action and safety in adult volunteers.
2. Long-term tests of efficacy and safety in immature patients with growth hormone
deficiency.

3. Exploration of the therapeutic value of synthetic hGH in other clinical situations.

The short-term tests in humans have been completed,®® and will be discussed in detail in
this chapter. The long-term tests of efficacy are underway but not yet complete, and will
therefore be described in only a preliminary way. The exploration of other potential uses
for synthetic hGH has not yet begun, but the outlines of the possible future therapuetic uses
of the synthetic hormone will be discussed.

II. SHORT-TERM HUMAN TESTS OF SYNTHETIC METHIONYL hGH

Synthetic methionyl hGH was produced by the previously described techniques.> Human
pituitary hGH for control studies was purchased from Serono Laboratories, Braintree, Mas-
sachusetts. The two hGH preparations were compared for safety and short-term biological
effects in a randomized crossover design. Male volunteers were assigned to treatment groups
in a random fashion, and throughout the study they were kept unaware of which hormone
was being injected. The physicians involved in the assessment of symptoms were also kept
unaware of which hormone the volunteers were receiving. After an initial physical exami-
nation, each volunteer had blood drawn for general laboratory screen (SMAC-20), choles-
terol, triglycerides, and somatomedin-C (SM-C). In addition, a glucose tolerance test with
insulin levels was performed on each volunteer. Following these baseline studies, each
volunteer received an intramuscular injection of 0.125 mg/kg (average dose = 8 mg) of
either pituitary hGH or the synthetic methionyl hGH. The injections of hGH were given
daily for a total of four injections. SM-C was assessed daily, 18 hr after each hGH injection.
After one injection, hGH pharmacokinetics were determined in ten patients by hGH ra-
dioimmunoassay at 0, 1, 2, 4, 8, and 20 hr. In addition, the volunteers completed a symptom
check list and had a physical examination daily. After the initial phase, all subjects had a
medication-free period of 10 days. The treatment groups then received the alternative hGH
preparation according to the same schedule as before.

Twenty-two volunteers were studied. In the initial group of twelve volunteers it became
apparent, when the code was broken, that there was a statistically significant increase of
local pain at the injection site, generalized malaise, an increase in segmented neutrophils
and bands, and a drop in serum iron during the synthetic methionyl hGH treatment. Multiple
in vivo animal tests, both before and after this first human test, failed to reveal any similar
toxic effect of treatment with the synthetic met-hGH. In addition, the standard tests for
endotoxin and pyrogens were consistently negative. However, an endogenous pyrogen con-
tamination of the synthetic preparation was revealed by the assay of Dinarello et al.'® This
endogenous pyrogen disappeared after an additional chromatographic step was introduced
in the purification procedure for the synthetic hGH. Subsequently, the study was repeated
on 10 additional volunteers with the new preparation of synthetic methionyl hGH. The same
protocol for study was used as in the first acute human study. In the repeat study there was
no statistically significant difference found between the response to pituitary hGH and
synthetic methionyl hGH in terms of symptoms, neutrophilia, or serum iron. There were
no differences between the two studies in the hGH related responses measured, and the data
from all twenty-two patients were pooled for analysis.

Figure 1 shows the pharmacokinetics of 0.125 mg/kg of pituitary hGH and synthetic hGH
after intramuscular injection. With both hGH preparations plasma hGH levels rose to supra-



148 Recombinant DNA Products: Insulin, Interferon, and Growth Hormone

GH PHARMACOKINETICS

260 7 A r—r—TT—T T
o PIT - GH
240 | ® MET - GH I 4

200

160

120

GH (ng/ml)

80

40

0
0 025 1 4 20
TIME (hours)

FIGURE 1. Growth hormone pharmacokinetics.

physiological levels and peaked at 3 to 4 hours. The hGH levels remained elevated above
the basal level even in the 20 hour sample. There was a small but statistically significant
difference between the hGH levels achieved in the two treatment groups at the early time
points, with the levels achieved after synthetic hGH being consistently higher. However,
there was no difference between the groups in peak levels, area under the hGH curve, or
apparent dissappearance rate.

It is clear that many of the in vivo effects of growth hormone on cartilage and bone are
not direct effects of hGh itself, but are instead mediated by a group of plasma peptides under
hGH control known collectively as the somatomedins.!' Two of the human somatomedins
have been sequenced and shown to have strong structural homologies to proinsulin.'> They
have been renamed insulin-like growth factor (IGF) I and II. Although the terminology is
still confusing, it appears that IGF-I and SM-C are identical molecules, and that the level
of SM-C in the plasma is closely linked to hGH action. We, therefore, chose to monitor
SM-C levels as the best single reflector of hGH biological action in vivo. The administration
of these supra-physiological amounts of hGH caused a prompt and steady rise in plasma
SM-C in the volunteers (Figure 2). By the fifth day of the study, the levels of SM-C were
clearly in the supra-physiologic range, and comparable to what is seen in acromegaly. There
was no significant difference between pituitary hGH and synthetic methionyl hGH in their
ability to increase the SM-C levels.

One of the most consistent effects of growth hormone in vivo has been the increase in
protein synthesis with concomitant drops in nitrogen excretion and blood urea nitrogen. In
both the pituitary hGH and synthetic hGH treatment groups there was a striking drop in
blood urea nitrogen (P<<0.001) after the four injections, and once again there was no
significant difference between the two treatment groups (Figure 3). This indicates that the
short-term effect on nitrogen retention is just as potent in the synthetic methionyl hGH as
it is in pituitary hGH.

Another classic effect of growth hormone has been the lipolytic effect, both in vitro and
in vivo. Both pituitary hGH and synthetic hGH caused an increase in circulating serum
triglycerides (Figure 4). This difference is significant when the response of each patient is
compared with his own baseline (p<<0.05). In addition, both preparations caused a small
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but significant (p<<0.05) drop in serum cholesterol (Figure 5). There were again equal effects
of the synthetic methionyl hGH and the pituitary hGH.

Growth hormone has long been known to be involved in the modulation of sensitivity to
insulin. Increases in insulin resistance have been associated with increases in growth hormone
both in hypopituitarism treated with hGH," and in acromegaly.'* In our volunteers the
glucose tolerance tests showed a clear deterioration in blood glucose response after 4 days
of treatment (Figure 6). The fasting plasma glucose levels were modestly, but significantly,
elevated after pituitary hGH (105.9 + 3.0 vs. 96.6 * 2.9 mg/d€) and methionyl hGH (105
+ 3.3 vs. 96.2 = 1.5 mg/d{). The elevation 60 minutes after the administration of 100
grams of glucose was much more apparent, with a more than 150% increase in glucose
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levels after growth hormone treatment. Even more striking were the changes seen in the
insulin response to the glucose tolerance tests after 4 days of hGH therapy. The basal insulin
levels were elevated more than threefold after the four days of hGH injection, and the area
under the insulin curve essentially doubled (Figure 7). These changes are good evidence
that marked insulin resistance is developing with the supra-physiologic doses of hGH, very
similar to the changes seen in acromegaly.'* This is not due to changes in the insulin receptor,
since there were no significant changes in the insulin receptor sites during these studies.®
At no time were any differences seen in glucose, insulin, or insulin receptor sites between
the pituitary hGH and the synthetic hGH groups.

Thus, from these short-term studies it appears that the synthetic hGH has full biological
activity judged by its actions on SM-C generation, protein anabolism, and changes in fat
and carbohydrate metabolism. Although no formal dose response comparison was done in
these acute human studies, it appears from the comparison of equal dosages that the synthetic
and pituitary hormones are equipotent. These studies also provide a good example of the
need for caution in testing products of recombinant DNA technology. Chemically minuscule
amount of bacterial contamination that are not apparent on either animal testing or conven-
tional gel electrophoresis may still be of importance clinically. Testing for endogenous
pyrogen activity may be of great help in testing products before clinical studies are under-
taken, but there appears to be no real substitute for carefully done acute human safety studies
before longer term human trials are undertaken.



151

A CHOLESTEROL WITH GH Rx

200

150

CHOLESTEROL (mg percent)

100 ' =
DAY 1 DAY 5 DAY 1 DAY 5

PIT - GH MET - GH

FIGURE 5. Cholesterol before and after 4 days of growth hormone administration.

III. LONG-TERM HUMAN STUDIES

Longer term studies are now underway to determine if the synthetic hGH is efficacious
in the treatment of growth hormone deficiency. This is being conducted as a multicenter
test in children with well-documented hGH deficiency. At the time of this writing, these
studies are still in progress, and therefore they cannot be discussed in detail. However, it
seems clear that all of the hypopituitary patients are showing an increased growth rate to
treatment with synthetic hGH, and no major toxic side effects have occurred. Assuming that
these studies in hypopituitary patients are successfully completed, the synthetic methionyl
hGH will be released for the treatment of short stature due to hypopituitarism, and for further
exploration of other potential therapeutic uses of growth hormone treatment. Preliminary
data has suggested that hGH might have a role in the treatment of such disorders as cachexia,
burns, osteoporosis, and delayed healing of fractures.'> The supply of hGH has so far been
so limited that it has not been possible to organize appropriate clinical trials with adequate
numbers of patients. With the potentially unlimited availability of synthetic hGH, such
studies can now be done. Another area in which it has been proposed that hGH may be of
some potential therapuetic use is in the treatment of short stature in children that is not due
to growth hormone deficiency. The data of one investigator suggest that a significant pro-
portion of these otherwise normal children may respond to hGH with an increase in their
growth rates.'® Only with the availability of synthetic hGH can carefully controlled long-
term studies of these patients be done. The crucial questions that must be answered are
whether there is any way to predict which children might respond to hGH therapy, and
whether any short-term response in growth rate can be sustained so that there is an actual
increase in the final height of these patients.



152 Recombinant DNA Products: Insulin, Interferon, and Growth Hormone

CHANGES IN GTT PITUITARY hGH
¥ T 1 L ¥ ¥
® PRE Rx
200 } xxx O POST Rx 4
* % ¥
* *
_ 150 L * ¥ ¥ -
3
S
£
s
Q ]
=
(&)
50 | -
0 ] ] 1 . | 1 1
0 15 30 60 90 120 180
TIME (min)

FIGURE 6. Plasma glucose levels during GTT before and after 4 days of growth hormone administration.

It is easy to create the picture of an ‘‘Orwellian’”” world in which each child’s height is
tailored to the an arbitrary standard or the parents’ wishes. However, human growth hormone
therapy now involves a considerable amount of inconvenience, expense, and long-term
commitment from the parents and patients, and it seems likely to remain so even after the
availability of hGH is increased by the synthetic preparation. Thus, there are some built in
natural safeguards to prevent widespread abuse of hGH. Nevertheless, it is crucial that good
clinical studies be carried out on the potential expanded clinical uses of hGH so that there
are reasonable guidelines available for its use.
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[. INTRODUCTION

The technique known as recombinant DNA or gene cloning was first developed in the
early 1970s. Using this technique, pieces of DNA from virtually any source — no matter
how unrelated the sources — may be recombined and subsequently introduced into living
cells. The recipient cells would potentially be capable of maintaining and expressing this
information, and passing the information on to their progeny.

The development of this incredibly powerful technique led thoughtful scientists, aware
of the history of use and abuse of similar breakthroughs in chemistry and physics, to raise
questions about possible hazards. These discussions began before the technique had been
used enough to permit the possibilities, complications, and potential hazards of application
of the technique to be evaluated from a strong data base. The initial discussions, however,
raised enough concern that scientists asked, first, for a moratorium on some types of ex-
periments, and secondly, for the development of guidelines for the use of recombinant DNA
technology.

In response, the National Institutes of Health (NIH) developed and implemented Guidelines
for Research Involving Recombinant DNA Molecules. Over the years, the Guidelines have
been modified to reflect changing perceptions on the application of recombinant DNA
technology. The changing perceptions can be seen most readily in the specifications and
uses of various host-vector systems, e.g., the EK1 and EK2 systems and viral vectors. The
history of viral vectors and changing perceptions concerning their use have been covered in
depth in the Appendix (Chapter 10A).

During the period of their existence, the Guidelines have affected the development and
application of the technology. Some examples of products researched and developed under
the Guidelines, human insulin, growth hormone, and interferon, are the subjects of this
book. The evolution of the Guidelines is discussed in this article, with some attempt made
at describing the features of the Guidelines specifically affecting the industrialization of
biotechnology. The article also looks briefly at the commercial development of human
insulin, human interferon, and human growth hormone under the Guidelines.

II. THE FIRST ISSUANCE OF THE GUIDELINES IN THE UNITED STATES

In 1973, the promise of the recombinant DNA technique and questions of conjectural risk
were discussed at a Gordon Conference session. The participants in that discussion voted
that a letter expressing their concerns be sent to the National Academy of Sciences (NAS).
The letter, which appeared in Science in July 1973,' suggested that the National Academy
of Sciences ‘‘consider this problem and recommend specific actions or guidelines.”

In response, the National Academy appointed a distinguished expert panel to evaluate the
issue. After a year of discussion, the committee issued the following recommendations:*

. ‘‘First, and most important, that until the potential hazards of such recombinant DNA
molecules have been better evaluated or until adequate methods are developed for
preventing their spread, scientists throughout the world join with the members of this
committee in voluntary deferring (certain) experiments.’’

® Second, the letter called for the National Institutes of Health to establish an Advisory
Committee for ‘‘devising guidelines to be followed by investigators working with
potentially hazardous recombinant molecules.’’

®  Third, the committee called for an international conference of experts to discuss the
issues.

An international conference was convened in February 1975 at the Asilomar Conference
Center in California. The final report of the conference suggested that recombinant DNA
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experiments may proceed, but biological and physical containment standards should be
assigned to each experimental protocol on the basis of perceived hypothetical risk. During
this time, the NIH had formed the Recombinant DNA Advisory Committee (RAC) in response
to the NAS expert panel recommendation. RAC first met on the day following the Asilomar
meeting and proceeded to develop guidelines for recombinant DNA research. These guide-
lines suggested biological and physical containment standards based on perceived hypo-
thetical risk. The guidelines were presented to Dr. Donald S. Fredrickson, then Director of
the NIH, who called a meeting of his Director’s Advisory Committee to discuss the proposal.
Many distinguished scientific and public representatives were invited to participate and
comment and still other witnesses came voluntarily to testify. Questions, observations, and
comments on the proposed guidelines were then presented to RAC for further evaluation.
After an analysis of the proposed guidelines, and of public comments and observations, Dr.
Fredrickson issued the initial version of the NIH Guidelines for Research Involving Recom-
binant DNA Molecules in July 1976.2

These Guidelines were binding on investigators whose research was supported by the
NIH. Investigators receiving funds from other sources including other federal agencies were
not obliged at this point to adhere to the NIH Guidelines. In July 1976, Senators Jacob
Javits and Edward Kennedy wrote to President Gerald Ford urging that ‘“‘every possible
measure be explored for assuring that the NIH Guidelines are adhered to in all sectors of
the research community.”’ In reply, President Ford described the creation of the Federal
Interagency Committee on Recombinant DNA Research. The Committee is composed of
all the Federal agencies which might either fund or regulate recombinant DNA research
(Table 1) and provides for the communication necessary to coordinate all activities related
to recombinant DNA research. The Committee also is responsible for facilitating compliance
with a uniform set of guidelines for recombinant DNA research in the public and private
sectors and, where warranted, for suggesting administrative or legislative proposals. At the
second meeting of the Committee, all the Federal agencies endorsed the NIH Guidelines,
and Departments which support or conduct recombinant DNA research agreed to abide by
the NIH Guidelines.

III. THE GUIDELINES FROM 1978 TO 1982

Approximately 2/, years elapsed between the issuance of the original Guidelines in 1976
and the first major revision in December 1978. During this period a series of scientific and
public meetings demonstrated a consensus that the guidelines were needlessly restrictive.
To reflect this consensus, the NIH Director’s Advisory Committee was called upon in
December 1977 to review proposed revisions. Containment conditions for experiments cov-
ered by the Guidelines were evaluated at meetings of scientific experts, and a new version
of the Guidelines was published for public comment in July 1978.* A public hearing chaired
by the General Counsel of the Department of Health, Education, and Welfare (then HEW,
now HHS) was held in September 1978 to examine this revised document. The Guidelines,
modified to reflect these 2'/, years of discussion, were reissued on December 22, 1978.4

As recombinant DNA technology evolves and new information is acquired, the guidelines
for research involving recombinant molecules should be responsive to changing information
and perceptions. A mechanism by which to amend and modify their content was incorporated
into the Guidelines in the first major revision: A proposal to modify any section or to
introduce new provisions into the Guidelines must be published for public comment in the
Federal Register at least 30 days prior to a RAC meeting. The proposal and any public
comments are then discussed by the RAC in open public session. A final decision on the
proposal is rendered by the Director, NIH, after consideration of RAC recommendations.
Using these procedures, modifications in the Guidelines have been made following every
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Table 1
DEPARTMENTS AND AGENCIES
COMPOSING THE FEDERAL
INTERAGENCY COMMITTEE ON
RESEARCH INVOLVING
RECOMBINANT DNA ACTIVITIES®

Department of Agriculture
Department of Commerce
Department of Defense
Department of Energy
Environmental Protection Agency
Executive Office of the President
Department of Health and Human Services
Office of the Assistant Secretary for Health
Centers for Disease Control
Food and Drug Administration
National Institutes of Health
Department of the Interior
Department of Justice
Department of Labor
National Aeronautics and Space Administration
National Science Foundation
Nuclear Regulatory Commission
Department of State
Department of Transportation
Arms Control and Disarmament Agency
Veterans Administration

2 As of December 1980

RAC meeting held since December 1978. Several complete republications have been issued
since 1978. All of the republications of the Guidelines are summarized in Table 2. Those
republications which occurred between the 1978 reissuance and the current Guidelines are;
in January 1980 a revision which substantially modified the status of the host-vector systems
used in the majority of recombinant DNA experiments necessitated the reissuance of the
Guidelines.’ In November of 1980, the Guidelines were again reissued when the procedures
by which principal investigators register recombinant DNA experiments were modified.® In
July of 1981 the Guidelines were reissued to reflect a revision exempting from the Guidelines
those host-vector sytems used in approximately 80 to 90% of all recombinant DNA
experiments.’

IV. THE GUIDELINES IN 1982: EVENTS LEADING
TO THE CURRENT GUIDELINES

In April 1981, Drs. Allan Campbell and David Baltimore, RAC members, introduced to
RAC a proposal® to convert the NIH Guidelines into a ‘‘code of standard practice.”” The
proposal would have reduced containment to the Pl level for most recombinant DNA
experiments with the exception of prohibited experiments. The authors coupled the reduction
in containment to the elimination of the punitive aspects of the Guidelines.

Although the RAC did not endorse the Baltimore-Campbell proposal in April 1981, there
appeared to be some agreement that a major overhaul of the Guidelines was overdue. It was
felt that at the minimum a reevaluation and reorganization of the Guidelines should be
undertaken. To this end, RAC urged that a working group be formed to evaluate the status
of the NIH Guidelines for Research Involving Recombinant DNA Molecules. The review
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Table 2
COMPARISION OF SUBSEQUENT REVISIONS OF THE GUIDELINES TO THE
1976 GUIDELINES?

1976 Guidelines (June 1976)

I Prohibited experiments specified.

II. 1. Described in great detail four sets of special practices, equipment and laboratory installations (P1, P2,
P3, P4).
2. Defined the concept of biological containment for E. coli K-12 systems (EK1, EK2, EK3).

1. Specification of physical and biological containment levels for different classes of permitted E. coli K-
12 experiments.

1v. Specifications of roles and responsibilities of the scientists, the institution, its Institutional Biosafety

Committee (IBC), and the NIH.
1978 Guidelines (December 1978)

L. Certain classes of experiments deemed of the lowest potential hazard exempted from Guidelines.

II. Biological containment specifications generalized to include other prokaryotic and eukaryotic host-vector
systems.

III. In general experiments were assigned lower containment levels. Experiments with a larger variety of host-
vector systems permitted.

V. 1. Increased representation mandated for local IBCs and RAC.

2. Modification procedure becomes part of the Guidelines.
3. Penalties specified for non-compliance.
1980 Guidelines (January 1980 and November 1980)
III. 1. Many experiments assigned lower containment.
2. Relaxed containment specifications for most frequently utilized host-vector systems (E. coli K-12 EK1,
Saccharomyces cerevisiae).

Iv. NIH no longer responsible for registration and review of experiments for which containment is clearly
specified in the Guidelines (only IBC review required).

VI. Voluntary compliance provision.

1981 Guidelines (July 1981)

I Exempt class of experiments expanded to include the most frequently utilized host-vector systems (E.

coli K-12 EK1, S. cerevisiae, asporogenic Bacillus subtilis).

1982 Guidelines (April 1982 and August 1982)

L. The term prohibition is no longer used. However three of the prohibitions (drug resistance traits, toxin
genes, and deliberate release to the environment) appear in a new Section III-A and require RAC review
and approval. Two of the prohibitions (formation of recombinant DNAs from pathogenic organisms and
large-scale procedures) are listed in Section III-B and may proceed following IBC review and

approval.
II. 1. Reference to HV3 host vector systems deleted.
2. Section move to Appendices G, H, and I.
III. 1. Greatly simplified. As noted above, new Section III-A contains three of the prohibitions. New Section

1I1-D contains the exemptions. New Section III-B specifies experiments requiring IBC approval
before initiation. They are assigned containment levels P1 to P4. New Section III-C includes all
experiments not included in Sections III-A, III-B or III-D. These experiments require IBC notification
simultaneously with initiation of experiment and can be carried out at P1 containment. Section 11I-
D are those experiments exempt from the Guidelines. Physical contamment requirements for some
classes of experiments are lowered.

2. The CDC Classification of Etiologic Agents on the Basis of Hazard, the original source of Appendix
B, is amended to suit the purposes of the Guidelines.

v. 1. The responsibilities of the IBC need not be restricted to recombinant DNA.

2. Requirement that the 20% of the IBC membership not be affiliated with the IBC deleted. The institution

would still be required to appoint two non-affiliated members to the IBC.

a

Categorized under major section of the Guidelines.

would include but not be limited to: ‘*(a) the present need for the Guidelines in their existing
form and procedures, as opposed to a voluntary standard of practice; (b) continued appl-
icability to recombinant DNA technology; (c) currently recommended levels of containment;

(d) current processes and procedures impeding or facilitating research and/or industrial
application.’”*!
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A Working Group on Revision of the Guidelines was appointed and convened in June
and July 1981. The working group developed a proposal to modify the Guidelines.® The
proposal recommended a general lowering of containment requirements, and suggested that
the mandatory aspects of the Guidelines be maintained. As part of its final report the working
group generated the document ‘‘Evaluation of the Risks Associated with Recombinant DNA
Research’’,'® which evaluated scientific information, risk assessment data, and scientific
perceptions.

The working group proposal was presented to the RAC in September 1981 and provided
a basis for initiating RAC discussion of the status of the Guidelines. During the discussion,
Dr. David Baltimore offered a proposal which amalgamated portions of the Baltimore-
Campbell proposal® with the working group proposal.® By modifying Dr. Baltimore’s pro-
posal, RAC developed its own proposal for publication in the Federal Register; this proposal
was published to elicit comment on the concept of converting the Guidelines to a code of
standard practice. The proposal appeared in the Federal Register in December 4, 1981.!!

In order to offer RAC and the NIH an alternative proposal, Dr. Susan Gottesman, the
chairperson of the Working Group on Revision of the Guidelines, developed a proposal'?
based on the document ‘‘Evaluation of the Risks Associated with Recombinant DNA Re-
search.’’'® The proposal, offered by Dr. Gottesman, appeared in the Federal Register for
December 7, 1981.'2

The two proposals were presented to the RAC for discussion and evaluation in February
1982. Although the proposals differed in several features, the major differences between
the proposals were (1) whether the Guidelines would continue to be mandatory for institutions
receiving NIH funding, and (2) whether the Institutional Biosafety Committees (IBCs)*
would continue their oversight function. At the February 1982 meeting the RAC endorsed
the proposal'? to simplify the Guidelines offered by Dr. Gottesman rather than the proposal'!
to convert the Guidelines to a code of standard practice. The NIH accepted the RAC
recommendation to maintain the mandatory nature of the Guidelines and issued revised
Guidelines in April 1982."3

In August 1982, the Guidelines were reissued to fill the recommendation RAC made in
February 1982; that a working group be formed to simplify further and modify the Guide-
lines.”* A working group, the Working Group on Revision of the Guidelines, was duly
convened and generated a document which was presented to RAC in June 1982. The
document refined the April 21, 1982, version of the Guidelines, while changing few of the
essentials of the April 21, 1982 Guidelines. The RAC endorsed most of the working group
suggestions at the June 25, 1982 meeting. The NIH issued Guidelines based on those
recommendations on August 27, 1982.'* Table 2 compares the salient differences between
the six major revisions of the Guidelines as well as the differences between the April 21,
1982 Guidelines and the Guidelines published on August 27, 1982.

V. VOLUNTARY COMPLIANCE BY INSTITUTIONS NOT SUPPORTED BY
FEDERAL FUNDS

The original 1976 Guidelines? were directed primarily toward investigators located in a
university, utilizing federal research monies. Thus, the 1976 Guidelines were silent con-

* The NIH Guidelines for Research Involving Recombinant DNA Molecules require that each Institution con-
ducting or sponsoring recombinant DNA research covered by the Guidelines ensure that the research is carried
out in full conformity with the provisions of the Guidelines. One specification these institutions must meet is
to establish an Institutional Biosafety Committee (IBC). The IBC shall be constituted to collectively have the
experience and expertise necessary to assess the safety of recombinant DNA experiments and to assess any
potential risk to public health or the environment. At least two members of the committee represent the
surrounding community. The IBC is responsible for reviewing recombinant DNA projects for compliance with
the NIH Guidelines.
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cerning compliance with the Guidelines by industry or other private institutions. Efforts
were made in the 95th Congress to legislate national regulation of recombinant DNA. Such
legislation would have uniformly affected recombinant DNA research in the public and
private sector in the United States. These efforts at national legislation, however, failed. In
the absence of national legislation, the NIH, with the endorsement of the Federal Interagency
Committee, provided a mechanism for voluntary compliance by the private sector. Part VI
of the Guidelines ‘‘Voluntary Compliance’’, which was added in January 1980, formally
encourages voluntary compliance by the private sector and specifies how NIH will protect
proprietary information voluntarily submitted. No penalties are specified in the Guidelines
for those institutions complying voluntarily with the Guidelines.

At this time, 58 companies have registered IBCs with NIH under Part VI of the Guidelines.
Included among these 58 are those companies in the forefront in commercially producing
human insulin, interferon, and growth hormone by using recombinant DNA techniques.
These commercial productions entail the large-scale culturing of recombinant organisms, so
how the Guidelines have evolved regarding large-scale procedures will be examined in greater
detail in the following section.

VI. LARGE-SCALE APPLICATIONS OF RECOMBINANT DNA
TECHNOLOGY UNDER THE GUIDELINES

When the Guidelines were originally formulated in 1975 to 1976, certain categories of
recombinant DNA experiments were not to be performed. Among the experiments not to
be performed were ‘‘large-scale’” experiments. When the Guidelines were revised in 1978,
a specification was incorporated which prohibited experiments involving more than 10 € of
culture in any one volume. The language of the specification, numbered I-D-6, stated that
“‘the following experiments are not to be initiated at this time’” and proceeded to prohibit
*‘large-scale experiments . . . with organisms containing recombinant DNAs, unless the
recombinant DNAs are rigorously characterized and the absence of harmful sequences es-
tablished.’” Exceptions to the prohibition could be obtained if the experiments were expressly
approved by the NIH.

Over the years a number of requests for exception to this prohibition were received by
NIH, most of these requests were submitted by institutions voluntarily complying with the
NIH Guidelines.

VII. PROCEDURES FOR REVIEW OF LARGE-SCALE SUBMISSIONS
(1979 TO 1981)

Under procedures implemented in September 1979, RAC began reviewing submissions
involving recombinant DNA organisms in large volumes of culture. In these earliest reviews
of large-scale experiments, RAC evaluated both the biological properties of the organisms
and the physical containment facilities and procedures (see Table 3). In September 1980
after much discussion and debate, RAC determined that it would continue to evaluate the
biology of recombinant systems, but that it no longer would review detailed information on
large-scale fermentation facilities. Rather, RAC delegated this later responsibility to the
local IBCs.

In September of 1981, RAC considered a proposal to modify the language of prohibition
I-D-6. This proposal would have changed the review process to be followed when certain
host-vector systems were used in large-scale procedures; large-scale procedures utilizing the
well characterized E. coli K-12 EK1, Saccharomyces cerevisiae, and asporogenic Bacillus
subtilis host-vector systems would be reviewed by the local IBC rather than by RAC. The
IBCs would evaluate the biology of experiments utilizing these three host-vector systems,



162 Recombinant DNA Products: Insulin, Interferon, and Growth Hormone

Table 3
PROCEDURES FOR REVIEW OF LARGE SCALE EXPERIMENTS

The following procedures for review of large-scale experiments were adopted by the RAC.

A. For each research project proposing to exceed the 10-liter limit, the applicant shall file a request
with the NIH Office of Recombinant DNA Activities (ORDA). The request should include the
following information:
la. The registration document submitted to the local Institutional Biosafety Committee.

This should include, or have appended to it, a summary paragraph which describes the
proposed project in language that is comprehensible to non-specialists.

2. At statement of the rationate for wishing to exceed the 10-liter limit.

3. A specification of the total volume of the fermentor to be used.

4. Evidence that the recombinant DNAs to be employed in the research have been rig-
orously characterized and are free of harmful sequences.

5. A description of the applicant’s laboratory practices, containment equipment, and fa-
cilities relevant to the containment of large volumes of culture.

6. Evidence of the applicant’s laboratory practices, containment equipment, and facilities
relevant to the containment of large volumes of culture.

7. A description of procedures to be employed for the inactivation and disposal of large
volumes of culture.

8. A description of procedures for containing and inactivating accidental spills, should
they occur.

B. Each request submitted to ORDA shall be referred to a working group of the NIH Recombinant

DNA Advisory Committee for review.

C. Following review and approval by the working group, each request shall be submitted to the
entire Recombinant DNA Advisory Committee for review.

D. Following review and approval by the RAC, each request shall be submitted to the Director,
NIH, for final review.

E. Applications for large-scale experiments which are submitted by institutions not receiving NIH
funds for recombinant DNA research shall be kept confidential (provided the institutions so
desire) in accordance with the provisions of the NIH Guidelines for Research Involving Recom-
binant DNA Molecules and to the extent permitted by law.

F. These procedures may be refined or revised on the basis of discussion and action by the NIH
Recombinant DNA Advisory Committee.

as well as the physical facilities to be employed. Such experiments would continue to be
covered by the Guidelines, and the IBC would review protocols before initiation of the
procedure. Large-scale procedures utilizing other host-vector systems (e.g., Streptomyces
or sporogenic Bacillus subtilis) would continue to be subject to RAC review and NIH
approval. RAC recommended acceptance of this proposal to modify prohibition I-D-6, and
in October 1981,'" the NIH officially modified its policy concerning E. coli K-12, S.
cerevisiae, and asporogenic B. subtilis host-vector systems used in large-scale procedures.
In making this recommendation RAC accepted the argument that potential environmental
problems associated with the use of well-characterized organisms in large-scale recombinant
DNA production processes appear to be similar to those associated with non-recombinant
DNA large-scale fermentations which industry has been performing for many years with an
excellent safety record.

The procedures for overseeing large-scale operations with recombinant DNA containing
organisms were modified, in a major way, in the April 1982 version'® of the Guidelines:
the authority to determine appropriate containment for most-large scale procedures was
delegated to the local IBC. At that time, specification I-D-6, no longer identified as a
prohibition, was renumbered III-B-5.
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The pertinent section of the April 1982 Guidelines reads as follows:

“‘NI-B-5. Experiments Involving More than 10 Liters of Culture. The appropriate containment
will be decided by the IBC. Where appropriate, the large-scale containment recommendations
of the NIH should be used (45 FR 24968).""*

Investigators must submit to their IBC, prior to initiation of the experiments, ** a regis-
tration document that contains a description of: (a) the source(s) of DNA, (b) the nature of
the inserted DNA sequences, (c) the hosts and vectors to be used, (d) whether a deliberate
attempt will be made to obtain expression of a foreign gene, and, if so, what protein will
be produced, and (e) the containment conditions specified in these Guidelines. This regis-
tration document must be dated and signed by the investigator and filed only with the local
IBC. The IBC shall review all such proposals prior to initiation of the experiments.”’*

Table 4 summarizes the changes which have occurred in NIH procedures for evaluating
proposals involving the large-scale culturing of organisms containing recombinant DNA.

<

VIII. CURRENT LARGE-SCALE PROCEDURES UNDER THE GUIDELINES

As of August 27, 1982, procedures involving manipulation and growth of recombinant
DNA organisms in greater than 10 € volumes are covered by the NIH Guidelines. Respon-
sibility for reviewing protocols, evaluating the biology of the host-vector systems, deter-
mining if the DNA to be recombined is well-characterized and free of harmful sequences,
inspecting physical facilities, and setting containment levels, has been delegated to the local
IBC. Experiments which must be reviewed by the NIH, such as those dealing with cloning
of toxin genes, dissemination of recombinant DNA in the environment, and the introduction
of antibiotic resistance genes into microorganisms not known to acquire them naturally must
be reviewed by RAC and approved by the NIH. '

IX. COMMERCIAL DEVELOPMENT OF HUMAN INSULIN, INTERFERON,
AND GROWTH HORMONE UNDER THE GUIDELINES

Companies in voluntary compliance with the NIH Guidelines, developed for commercial
production human insulin, interferon, and growth hormone using recombinant DNA tech-
niques. During the period from June 1979 to April 1982, a total of 31 proposals involving
large-scale operations were reviewed and approved by the RAC and the NIH. Of these
proposals, 21 were commercial projects with the ultimate goal of commercially producing
human interferon, insulin, or human growth hormone.

The first proposal involving large-scale operations received and reviewed by the NIH
dealt with the commercial production of human insulin. This proposal was submitted to the
NIH by Eli Lilly and Company in June 1979. In that first proposal, the gene for the insulin
A chain was to be cloned in one host-vector system, while the gene for the insulin B chain
was to be cloned in a second separate host-vector system. The genes cading for the insulin
subunits were chemically synthesized.'s The molecules produced by the host-vector systems
would be ‘‘fusion’” products of the insulin subunit (either A or B) fused to 3-galactosidase.!”
The products would be purified, treated chemically and mixed together to generate active
insulin.

Several sets of new procedures had to be devised for the review as this submission was
the first requested exception to the prohibition against scale-up, and was submitted under
Part VI of the Guidelines. Prior to receiving this request all other RAC business had been
conducted in sessions open to the public pursuant to Public Law 92:463, however, proposals
involving proprietary information submitted under Part VI had to be reviewed in sessions
closed to the public. In addition, those individuals involved in the review assumed respon-
sibilities under 18 U.S.C. 1905, which makes it a ‘‘crime for an officer or employee of the

*  For explanation to footnote see page 164.
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Table 4
MODIFICATIONS IN LARGE-SCALE PROCEDURES

Year Status of Large-Scale Procedures

1976 Large-scale experiments deferred. Experiments of direct societal benefit may be excepted from the deferral
provided the experiments are expressly approved by the NIH.

1978 Large-scale procedures prohibited unless the recombinant DNAs are rigorously characterized and the absence
of harmful sequences established. Exceptions from the prohibition may be obtained if the experiments are
expressly approved by the NIH.

1981 Responsibility delegated to IBCs to review large-scale procedures involving E. coli K-12 EK1, §. cerevisiae,
and B. subtilis HV1 host-vector systems.

1982 Responsibility delegated to 1BCs to review all large-scale procedures covered by the Guidelines, with the
exception of those experiments specifically requiring RAC review and approval (such as those involving
the cloning of genes encoding toxins, introduction of antibiotic resistance genes into organisms which would
not otherwise acquire this resistance, and dissemination of recombinant DNA containing organisms into
the environment.)

United States . . . to publish, divulge, disclose, or make known . . . information which
concerns or relates to trade secrets >

A second class of procedures, those dealing with the manner in which the review would
be conducted, were also developed (see Table 3). As part of the review procedure, RAC
requested and reviewed information on the physical facilities, in contrast to procedures for
review of experiments involving less than 10 € of culture. Another uncertainty was deter-
mining appropriate containment conditions. A working group had been established in May
1979 to examine physical containment requirements for large-scale procedures. This group
was still evaluating physical containment requirements when the Eli-Lilly proposal was
reviewed. Thus, the RAC could not refer to established accepted standards when setting
containment conditions. In this circumstance, RAC set containment conditions of ‘A P2
facility housing fermentors modified and tested to totally contain the recombinant orga-
nisms.”’ (The working group subsequently developed standards and these standards were
published in the Federal Register in April 1980.)*

Approval of the Eli Lilly proposal was recommended by the RAC and the NIH approved
the submission in October 1979. Approval was contingent upon acceptance of the condition
that ‘‘An observer, designated by the NIH, be permitted to visit the facilities should NIH
choose to inspect the site.”’* This contingency was recommended by the RAC and was
imposed on all subsequent Part VI submissions.

Several subsequent proposals involving the commercial production of insulin were received
from Eli Lilly and Company, Genentech, Inc., and Cetus Corporation. These proposals
involved cloning of a gene coding for proinsulin. NIH review of the earliest proinsulin
proposals, submitted by Eli Lilly and Company and Genentech Inc., occurred before the

* In May 1979, the RAC established a working group to examine physical containment requirements for large-
scale procedures. At the December 1979 meeting, RAC reviewed a draft proposal from the Large-Scale Working
Group on physical containment guidelines for large-scale uses of organisms containing recombinant DNA
molecules. Comments from interested institutions and individuals were solicited. In March 1980, the working
group reported to RAC that the proposed containment standards for large-scale research and production had
been revised in light of comments received on the first draft. The RAC recommended that the revised large-
scale standards be published in the Federal Register as recommended guidelines. The ‘‘Physical Containment
Recommendations for Large-Scale Uses of Organisms Containing Recombinant DNA Molecules,’” which define
large-scale physical containment levels called P1-LS, P2-LS, and P3-LS, appeared in the Federal Register on
April 11, 1980, Federal Register, 45, 24968, 1980.
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NIH had issued its Physical Containment Recommendations for Large-Scale Uses of Or-
ganisms Containing Recombinant DNA Molecules. Containment for the earliest proposals
involving proinsulin was therefore ‘‘a P2 facility housing fermentors modified and tested to
totally contain the recombinant organisms.”” The Physical Containment Recommendations
for Large-Scale Uses of Organisms Containing Recombinant DNA Molecules were published
in April 1980, and containment for proposals submitted after that date was set according to
standards specified in the Recommendations. The proposals submitted to the NIH involving
commercial production of human insulin are summarized in Table 5. As can be seen on the
table, all of the proposals involving insulin products specified use of EK1 host-vector systems.

Proposals dealing with human growth hormone were submitted to the NIH by Genentech,
Inc. The gene to be cloned would be a combination of chemically synthesized DNA and
cDNA. The protein would be directly expressed as active human growth hormone. The
earliest proposal dealing with human growth hormone was submitted in November 1979
and was reviewed under a regime similar to that followed for the first insulin submission.
Containment for subsequent proposals was set in accordance with the standards specified in
the Physical Containment Recommendations for Large-Scale Uses of Organisms Containing
Recombinant DNA Molecules.'® The proposals involving commercial production of human
growth hormone are summarized in Table 6.

Proposals dealing with commercial production of human interferon were submitted by
several companies: Burns-Biotec Laboratories Inc., Schering-Plough Corporation, Genen-
tech, Inc., Hoffman LaRoche, Inc., and Cetus Corporation. The first proposal for large-
scale procedures designed to produce interferon was submitted by Burns-Biotec Laboratories,
Inc., a wholly owned subsidiary of Schering-Plough Corporation, in June 1980. As human
interferon related sequences fall in several distinct classes.'®!? the possibilities as to what
class of interferon was to be cloned were greater. Thus, the proposals submitted for NIH
review were more diverse than those dealing with human insulin or human growth hormone.
No attempt to review that diversity is attempted in this article. It can be noted nonetheless
that of the protocols submitted for NIH review, only proposals involving the production of
interferon specified use of host-vector systems other than E. coli EK1. Containment for
these procedures was set in accord with the Physical Containment Recommendations for
Large-Scale Uses of Organisms Containing Recombinant DNA Molecules. The proposals
involving commercial production of human interferon are summarized in Table 7.
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[. HISTORY

The containment conditions specified by the first NIH Recombinant DNA Guidelines
promulgated in 1976 for experiments with animal viruses were extremely stringent. The
levels of physical containment for cloning of animal virus genes in the E. coli K-12 host-
vector system ranged from P3 to P4. For biological containment the use of the specially
enfeebled strains of E. coli, the EK2 systems, were mandated for many experiments. Further,
the employment of certain animal virus vectors such as the defective papova viruses, SV40
and polyoma, called for either P3 or P4 physical containment conditions for cloning in
mammalian cells. The defective virus vectors lacked substantial sections of their genomes,
generally the late regions involving capsid formation, which rendered them incapable of
self-replication. Non-permissive cell lines which did not permit infectious virus particles to
be produced were required for transfection experiments with the viral recombinants. The
rescue of infectious virus particles from cell cultures with helper virus, especially with SV40,
required P4 physical containment. The basis for these restrictive conditions were questions
raised concerning possible risks developed from the viral recombinants. The major potential
risk envisioned was the possibility that the defective recombinant virus molecule could be
encapsidated and be able to replicate and propagate as a virus with unique properties. Could
the recombinant virus manifest a significant change in its mechanism or mode of pathogen-
icity? Could the recombinant virus possess a selective advantage in the host by virtue of
greater stability and host range specificity or contain cellular or viral oncogene segments?
It was apparent that the stringent physical constraints of the early Guidelines severely inhibited
basic research studies in the development of new transducing vectors for mammalian cells.

Containment conditions for the use of recombinant viral vectors have undergone a drastic
evolution and deregulation over the past years. The rationale for these changes was the
expansion of our knowledge based on conclusions of several workshops of experts in the
field of virology, the results of certain risk assessment experiments involving derivatives of
E. coli K-12 carrying a complete viral genome, the polyoma risk assessment experiments,
and new information about the molecular biology of viral gene expression. The considerations
and recommendations of the participants of the joint U.S. -EMBO Workshop held in Ascot,
England, January 27 to 29, 1978,' provided important guidance and reference for a major
revision in the Guidelines. In addition, the suggestions of a working group on eukaryotic
viral vectors of the Recombinant DNA Advisory Committee on April 13, 1980, at the
American Society for Microbiology meeting in Miami Beach, Florida were also a basis for
a significant change in the Guidelines.

The scientists assembled at the Ascot meeting to assess the risks for recombinant DNA
experiments involving the genomes of animal, plant, and insect viruses were experts in
public health, medical and clinical diagnostic virology, and biochemical virology. The
participants of that meeting discussed extensively the state of the art in safely working with
various animal viruses in the laboratory. Special emphasis was given to those viruses that
could potentially be employed as transducing vectors in mammalian cells. Various animal
viruses were categorized on the basis of their known potential for the severity of human
disease they cause, laboratory infections, and possible effect of spread of the virus to the
community or environment. These experts, after careful discussions of the possible risks
associated with cloning eukaryotic viral DNA sequences in the E. coli K-12 host-vector
system and with the use of various eukaryotic viruses as cloning vectors in animal, plant,
and insect systems, concluded with several recommendations. A recommendation was put
forth that P2 physical containment conditions in conjunction with an EK1 host-vector system
was a minimum level for recombinant DNA experiments involving eukaryotic viral DNA
inserts consisting of genomic or subgenomic fragments. They stressed, however, that if the
wild type virus itself required higher levels of physical containment for handling, then more
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stringent containment conditions should be employed when working with the recombinant
DNA virus particles.

The polyoma cloning experiments of Israel, Chan, Garon, Martin, and Rowe?* were
designed as a model system for evaluating certain postulated biohazards associated with
recombinant DNA technology with viral DNAs. The important questions to be addressed
were whether viral DNA, covalently linked to a vector, could be transferred from within a
bacterial cell, E. coli K-12 or derivatives, to cultured cells, or under in vivo conditions to
initiate viral infection or induce tumors in animals. The results of these risk assessment
experiments demonstrated that recombinant plasmids containing potentially infectious gen-
omic polyoma DNA failed to induce polyoma infection following inoculation or feeding of
large doses to permissive mice. Comparable results employing cell cultures were also reported
by Fried et al.* Recombinant plasmid and phage vectors carrying monomeric polyoma inserts
were found to be non-infectious. Extension of the polyoma virus risk assessment experiments
by Israel, Chan, Martin, and Rowe to test tumor induction of the virus recombinants was
also reported.” When baby hamsters were inoculated with an E. coli K-12, EK2 system,
carrying the complete genome of polyoma virus in a recombinant plasmid, no tumors were
observed. These findings served as a support for major changes which were subsequently
made in the lowering of containment for recombinant experiments with both animal and
plant viruses during the constant evolution of the Guidelines over the past years.

At the American Society for Microbiology meeting in Miami Beach, Florida, April 13,
1980, a working group of distinguished virologists considered the appropriate containment
conditions for the rescue of viral recombinants containing less than %/, of the genome of any
eukaryotic virus. Their recommendations were adopted by the Recombinant DNA Advisory
Committee and subsequently incorporated in the revisions of the Guidelines promulgated
by the NIH on November 21, 1980.

Tables 1 and 2 illustrate the radical changes in the levels of containment requirements for
using eukaryotic virus vectors (Table 1) and for cloning of viral DNA (Table 2) in different
revisions of the NIH Guidelines.

II. CURRENT STATUS OF THE GUIDELINES FOR THE USE OF
RECOMBINANT DNA MOLECULES

Although the Guidelines have undergone further evolution since November 1980, including
major revisions on July 1, 1981, April 21, 1982, and August 27, 1982, the final chapter
has not been written. In the interim, following these radical changes in containment conditions
for cloning viral DNA and use of viral vectors, major advances have been made in the
development of new cloning vehicles for introducing genetic sequences into animal cells
and with it there has been a rapid expansion of our knowledge on the molecular analysis of
oncogenic viruses, possible mechanisms of gene regulation and cell transformation. The
development and application of recombinant DNA technology has indeed opened a new era
of scientific discovery.
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Table 1
COMPARISON OF THE CONTAINMENT LEVELS FOR USE OF CERTAIN
VIRAL VECTORS WITH REVISIONS OF THE GUIDELINES

Physical containment levels in guidelines

December November
Vector DNA Viral DNA inserts June 1976 1978 1980

SV40 (deleted genome) DNA-non-pathogen® P4 P2 PI®
Polyoma (deleted genome) DNA from non-pathogen P4 P2 Pt

or

P3 P2 Pl
Human Adenovirus 2, 5 (defective) Subgenomic — P3/P2 P1
Retroviruses (deleted genome) Subgenomic — CBC¢ P2

* DNA from any non-pathogenic organism or Class 1 virus.

® Recombinant DNA Virus molecules containing no more than ¥, of the genome of any eukaryotic virus [all
viruses from a single Family being considered identical]. The host cells were not to contain helper virus for
the specific Families of defective viruses being used. The DNA inserts could contain less than %, of genomes

of viruses from more than one Family.
¢ CBC denotes review by the NIH on a case-by-case basis.

Table 2
COMPARISON OF THE CONTAINMENT LEVELS FOR
CLONING OF VIRAL DNA IN E. COLI K-12 HOST-VECTOR
SYSTEM WITH REVISIONS OF THE GUIDELINES

Containment Levels in Guidelines

June 1976 December 1978 November 1980

Physical & Physical & Physical &
Virus Class Biological Biological Biological
Animal Viruses
DNA Transforming Viruses P4 + EK2 P2 + EK2 P1 + HVI®
(When clones or subgenomic or
segments—free of harmful P3 + EK2 P2 + EKICV®
regions)
RNA Retroviruses P3 + EKI P2 + EKICV PI + HVI1

2 HVI denotes a certified host-vector system which provides a moderate level of contain-

ment, i.¢., Saccharomyces cerevisiae, B. subtilis.
b EKICV means the use of an EK1 host and a vector certified for use in an EK2 system.
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I. INTRODUCTION

Biotechnology, which uses microorganisms to produce drug products, is certainly not a
revolution in the pharmaceutical industry; for decades, microorganisms have been used in
the manufacture of antibiotics. Over 12 years ago, L-asparaginase, a protein from E. coli,
was approved by the Food and Drug Administration (FDA) for use in patients with acute
lymphatic leukemia.' The revolution in biotechnology is mainly the result of the introduction
of genetically engineered microorganisms into a variety of industrial processes, resulting in
recombinant DNA drug products.

Many exciting scientific discoveries resulting from biotechnology will have ultimate mean-
ing when practical application results in the production of safe and effective drugs. As the
biotechnology revolution gains momentum and these new discoveries follow the arduous
path towards becoming approved drugs, the FDA will play the primary and official role in
establishing the regulatory requirements for these new drugs. There will be continuing
pressure from opposing forces to approve new drugs in shorter periods of time with no
compromise to the public health. The important questions now being asked are, how will
the FDA meet the challenge of regulating recombinant DNA drugs, what new regulations
will be promulgated, and how will existing regulations be applied?

There are numerous indications that the FDA is prepared to meet this challenge by
increasing its scientific capabilities and interacting closely with industry and academia. The
regulatory requirements seem to be evolving in harmony with the biotechnology revolution
and the future for new drug development in the United States looks quite promising.

I1. THE FDA’S CHANGING ROLE

Technological revolutions of the past that relate to drug discoveries and development have
often resulted in a backlash of regulatory activities. In some cases this backlash has resulted
in meaningful revisions or additions to existing laws governing drugs. For instance, the
thalidomide tragedy in the early 1960s precipitated the enactment of regulations applicable
to the testing of investigational drugs.

In other cases, emotional public reaction has overriden scientific rationale. For example,
after the thalidomide tragedy, a new approach was initiated for preclinical animal studies
that required large numbers of animals to be given large amounts of a drug for an extended
period of tirne.? This approach became a routine requirement with little or no scientific
validity, and may have contributed to the demise of some potentially important new drugs.

A more enlightened approach to drug regulation seems to be presently taking place. There
has been a conscious effort by the FDA to closely follow the development of recombinant
DNA technology and begin putting in place a staff of experts who would be able to establish
the scientific base necessary to evaluate, test, and approve the ‘‘new technology’’ drugs.
This began to occur over 5 years ago when somatostatin become the first human peptide to
be synthesized in a bacterial cell.?

The federal government has recognized that the FDA will have to interact with industry
and academia in order to deal effectively with regulatory issues regarding recombinant DNA
drugs. As a result of this awareness, FDA sponsored workshops and seminars have been
held in the past and undoubtedly will be held in the future to discuss issues regarding the
safety and efficacy of recombinant DNA products. Such interactions enforce the concept
that the role of the FDA is not based on scientific constants that do not change. Rather, the
FDA is looking to the responsible biomedical community and the pharmaceutical industry
to help establish requirements for recombinant DNA drugs and drugs in general.

The regulatory process for drug approval has come under increasing scrutiny in the last
several years. The average time that it takes to obtain an approval for a new drug starting
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with an Investigational New Drug (IND) filing was 3'/, years in 1967 compared to approx-
imately 10 years in 1982.> Due to this increased amount of time, the United States has
experienced ‘‘drug lag’’ compared to other technologically advanced countries.

According to the final report issued by the Commission on the Federal Drug Approval
Process dated March 31, 1982, ‘“The numbers of new chemical entities entering clinical
research and those ultimately approved for marketing have declined dramatically in recent
years. Although the reasons for this decline are many and diverse, it is generally perceived
that regulatory demands and delays within the United States drug review system are sig-
nificant factors.”’# It is interesting to note that the former Commissioner of the FDA, Dr.
Arthur Hall Hays, Jr., has acknowledged that there is a drug lag in the United States and
that the FDA is at least partially responsible for it.’

Consistent with the acknowledgement of a drug lag in this country and the liberal attitude
of the present Reagan administration towards regulations in general, major revisions in the
drug approval process have been proposed. If adopted, these revisions could reduce the total
time required for review of a New Drug Application (NDA) by 6 months.® Revisions in the
NDA review process will have a direct effect on approvals for recombinant DNA drugs.
However, the Investigational New Drug (IND) process is the most time consuming and
complex part of drug development and has the most impact on recombinant DNA drugs at
the present time. A proposal to revise the requirements for IND’s is scheduled for late 1982.

The reorganization of the FDA-Bureau of Drugs and the Bureau of Biologics will help
to develop the most efficient and consistent approach towards the regulation of bacteria-
derived drugs such as insulin and growth hormone, and the bacteria-derived biologicals such
as the interferons; alpha, beta, and gamma.

The Bureaus of Drugs and Biologics have been merged to form the National Center for
Drugs and Biologics under the FDA. The new center is organized into three groups under
the director’s office which is staffed by management personnel from the original bureaus:

L Office of New Drug Evaluation — This office consists of 6 divisions to review and
approve new drug applications.

L] Office of Drugs — This office consists of 9 divisions which include compliance
activities, adverse drug reaction program, and the development of standards for Over-
The-Counter (OTC) drugs.

L] Office of Biologics — This office consists of seven divisions which regulate and
conduct research on biological products.

Prior to the aforementioned reorganization, a Recombinant DNA Advisory Committee
was formed within the FDA. The function of the committee is to facilitate an organized
approach to information exchange, determine policies by way of consensus decisions, and
determine jurisdiction among FDA offices for recombinant DNA drugs.

There is no doubt that the FDA is making every effort to meet the challenge of regulating
recombinant DNA drugs and at the same time respond to the diverse and often conflicting
demands of the Federal Government, the medical community, the pharmaceutical industry,
and the public as well as the consumer advocate groups.

III. NEW REGULATIONS FOR RECOMBINANT DNA DRUGS

Recombinant DNA technology used for the manufacture of human proteins and polypep-
tides represents a more sophisitcated and technical approach to the classic fermentation
technology developed to manufacture antibiotics and steroids. Advances in genetics, which
took place in the mid-1940s,? initiated the development of fermentation technology as we
know and use it today. Induced mutations and the concept of exchanging genetic material
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between organisms to amplify certain desired traits has been the basis for developing industrial
scale fermentation processes. Recombinant DNA technology takes this process one step
further by adding the gene for the desired product to a microorganisms rather than being
restricted to only those products that result from an organism’s naturally occurring DNA.

Fermentation technology has genetically manipulated microorganisms to become more
efficient producers of their natural metabolites. However, recombinant DNA technology has
genetically manipulated microorganisms to produce products such as polypeptides and pro-
teins that are totally foreign to them.

Even though the pharmaceutical industry has been using fermentation for years to produce
antibiotics, there has not been much experience with the fermentation of proteins, especially
proteins produced by recombinant DNA microorganisms. Consequently, the challenging
regulatory issues will relate more to the products resulting from the recombinant DNA
technology than the process itself. Good Laboratory Practice regulations'* and current Good
Manufacturing Practice regulations'® provide an existing framework for regulation of the
preclinical testing and production and quality control. These regulations have been in effect
for some time and are followed extensively by the pharmaceutical industry.

It is too soon to know what specific new regulations will be promulgated for recombinant
DNA drugs. However, it can be assumed that some specific concerns relating to safety,
efficacy, purity, and potency will be expressed by the FDA. The FDA has taken the position
that drugs produced by recombinant DNA technology will be considered new drugs since
they have not been generally recognized by qualified scientific experts as safe and effective.
An IND application and an NDA will be required even if the product is identical to an
existing product or a natural human substance. Specific requirements relating to a particular
product class will be regulated on a product-by-product basis by the appropriate office of
the FDA.”

Microorganisms that contain eukaryotic genes may be unstable and vulnerable to mutation
which could result in the production of mutant polypeptides. Therefore, the DNA sequence
in the recombinant microorganism will probably be requested in order to provide added
assurance as to the identity and purity of the final recombinant DNA product. Use of sensitive
analytical procedures such as HPLC tryptic mapping will be encouraged in order to monitor
in-process material as well as the final product, and to validate the stability of the plasmids.

In addition to producing a specific hormone or structural protein, a recombinant microor-
ganism will also produce significant levels of its own bacterial proteins or non-protein
materials. Since recombinant microorganisms currently being used for production do not
secrete the desired product, microbial polypeptides, lipids, carbohydrates, and nucleic acids
are harvested along with the desired product when the microbial cell wall is lysed. Therefore
it will be essential to develop purification processes that are effective and to develop sensitive
analytical techniques for evaluation of purity.

Immunologic potential, pharmacokinetics, and bioactivity of the recombinant DNA drug
product are undoubtedly related to the amino acid sequence and/or the structure of the
molecule. Implications as to safety and efficacy that relate to differences between the native
and recombinant molecules can be most accurately assessed as a result of clinical trials.
Therefore, sensitive assays and scientifically valid protocols must be developed in order to
obtain meaningful results from clinical studies. Even when the amino acid sequence of the
recombinant DNA protein is exactly the same as the native protein, clinical questions
regarding efficacy must be addressed.

Biosynthetic human insulin (BHI) produced in E. coli has an amino acid sequence and
structure identical to that of native human insulin and shows similar biological activities in
animal and human studies when compared to the native material.® However most of the
clinical experience with insulins has resulted from the use of animal derived insulins; the
difference between human and porcine insulin is I amino acid, and the difference between
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human and bovine insulin is 3 amino acids. These differences account for allergic reactions
and antibody response in approximately 5% of the diabetics who must take insulins presently
on the market.’

In a recent double-blind crossover study conducted in Great Britain,® diabetic patients
received 6-week periods of treatment with either porcine or bovine insulin and then received
an additional 6-week treatment period of BHI. The results of the study indicate that BHI is
a potent insulin preparation with no obvious side effects, but that the BHI has slightly
different pharmacokinetic properties which resulted in higher glucose levels in some patients.®
Studies done in non-diabetic subjects showed that BHI is absorbed more rapidly and therefore
probably excreted or inactivated more rapidly than purified porcine insulin.?

The purity of the BHI would suggest that antibody formation to either the insulin or
contaminants will not present a problem. However, additional clinical studies must be done
to assess behavior of pre-existing insulin antibodies in diabetics treated with animal insulin
preparations.®

Standard potency assays for conventional products of human growth hormone and insulins
have been in use for many years and these assays can be applied to recombinant DNA human
growth hormone and insulin. In the case of interferons, no acceptable standard potency assay
exists.'® Numerous types of bioassays are being used to identify and measure interferon
activity. Variables in the bioassay include the cell substrate, endpoint, and the challenge
virus, all of which can independently or cumulatively contribute to varying results. With
Phase I and 11 clinical studies in progress it is essential that a standard bioassay be developed
and designated as such so that the clinical investigators and the FDA can accurately assess
efficacy and dose response.

International interferon reference preparations, with unitage expressed in international
units, have been prepared by the FDA — Office of Biologics and the National Institutes of
Health as a first step towards bioassay standardization. These international reference prep-
arations can be used to calibrate interferon assays and evaluate in-house reference prepa-
rations. Once the in-house reference preparation is calibrated against the international reference,
it can be used routinely and test results can be expressed in international units.

IV. HISTORY OF DRUG REGULATION

While the FDA is making efforts to reevaluate existing drug regulations in order to
ultimately expedite approvals for all new drugs, including the recombinant DNA drugs, the
fact is that most of the existing regulations are here to stay and, in most cases, for good
reason.

The scientific accomplishments in the research lab are taking a fast track towards becoming
new drugs, so more scientists involved with the development of recombinant DNA drugs
are finding it necessary to increase their awareness of existing drug regulations. With a
working knowledge of the regulations, appropriate decisions and choices in the research
phase of drug development can be made which may have major significance when an IND
or an NDA is submitted to the FDA.

Seventy-six years have passed since the enactment of the first Federal Food and Drug
Act.>!" Signed by Theodore Roosevelt on June 30, 1906, this Act was mainly the result
of industrialization and urbanization of food production and distribution. Mass production
and processing of food required new techniques for storage and shipment. Preservatives
such as borax and formaldehyde were widely used with no concern for safety for consumers.
Drugs too, were mass produced and could be purchased directly from a pharmacist without
a doctor’s prescription. Inappropriately labelled drugs containing alcohol and narcotics were
widely distributed.'!
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The new law banned from interstate commerce adulterated or misbranded food or drugs
and made manufacture of such items unlawful, but even though the law required adequate
labelling, 1t did not ban hazardous ingredients as long as the label accurately stated their
presence.

It wasn’t until 1912 that legislation was enacted to regulate therapeutic claims by passing
the Sherley Amendment.!' This amendment didn’t have much enforcement clout, since the
burden was on the government to prove intent to deceive.

The FDA became an official government agency when the Bureau of Chemistry was
shifted to the Food, Drug and Insecticide Administration under the Department of Agriculture
in 1927, and renamed the Food and Drug Administration in 1931.%!

Laws governing food and drugs generally were accepted by the public with no reluctance.
Not until Franklin D. Roosevelt’s administration and the depression did proposals for ad-
ditional regulation come under attack. Revision of the Food and Drug Act, a mandate of
the Roosevelt administration, met with strong opposition from the private sector. Specifically,
industry had concerns about any government control due to the potential economic effects
on an already gravely depressed economy.

The “*Elixir Sulfanilamide’’ disaster on June 25, 1938, turned the tide towards an expanded
role of drug control by the federal government. A drug manufacturer in Tennessee used
diethylene glycol to produce a sulfa drug in suspension,'! but failed to conduct any safety
studies on this product, and it resulted in over 100 known deaths. Federal, state, and local
drug authorities acted quickly when it became apparent that this elixir was the cause of
numerous deaths. Approximately 99% of the lot was seized prior to distribution, circum-
venting possibly thousands of deaths.

After this incident, public pressure supported comprehensive legislation that would expand
the role of government in regulation and approval of drugs. The Food, Drug and Cosmetic
Act of 1938 became the basic federal statute governing the manufacture, testing, approval,
and distribution of drugs as well as foods and cosmetics. Drug manufacturers were required
to show evidence of safety before a drug could be marketed. Non-prescription drugs, referred
to as ‘‘Over-The-Counter’’ (OTC) drugs were required to be marketed with information
indicating the appropriate use as well as warnings regarding misuse. However, the law did
not dictate which drugs were to be sold as prescription or non-prescription drugs; the effect
was that nearly all new drugs were sold by prescription. Since only physicians could prescribe
drugs, they became instrumental in deciding what drugs would be used by the public.!?

It wasn’t until 1962 that drug regulations were revised to the extent that we know them
today. One of the most significant additions to the laws governing new drug approval came
as a result of the thalidomide tragedy. Even though thalidomide was not an approved drug
in the United States, the drug had been used extensively in investigational studies and birth
defects had resulted. As a result of the 1962 Drug Amendments, clinical studies for new
drugs came under the jurisdiction of the FDA. The FDA developed an extensive set of
requirements for conducting clinical studies in support of new drug approvals.

In addition to IND requirements, the 1962 Drug Amendments expanded FDA’s authority
in other areas of drug regulation. Substantial evidence was required to show that new drugs
were effective in addition to being safe. Even labeling indicating efficacy was to be reviewed
by the FDA for false and misleading statements. Manufacturers were required to report
adverse drug reactions to the FDA. Authority to inspect drug manufacturing facilities was
expanded to include the Good Manufacturing Regulations and provisions were developed
to allow the FDA to remove a drug from the market if regulations were not met.

V. OVERVIEW OF EXISTING REGULATIONS

A typical sequence of events occurs when a potential drug product goes from the research
and development laboratory into clinical Phase I testing. In the case of recombinant DNA
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drugs, some of these events may be abbreviated or expanded, and since each new recombinant
DNA Drug must be evaluated on a product-by-product basis, it is difficult to predict a precise
sequence of events.

The Federal Food, Drug and Cosmetic Act authorizes the FDA to regulate the testing of
new drugs, leaving the details up to the FDA. The FDA has promulgated specific regulations
that provide an exemption from the requirement for a New Drug Application (NDA) for
drugs intended only for investigational use. This ‘‘Notice of Claimed Investigational Ex-
emption for a New Drug’” is commonly referred to as an IND. The major components of
an IND are as follows:

1. Detailed description of the planned clinical investigation including an outline of future
phases of the study

2. Description of the drug, including the name, components, composition, and raw ma-
terial sources
3. Route of administration
4. Information resulting from preclinical studies as well as prior clinical studies
S. Description of the manufacturing process
6. Clinical brochure which consists of informational materials to be supplied to each
investigator
7. Description of the training and experience of each investigator
8. Institutional Review Board approval
9. Informed consent form
10. A statement that all preclinical studies were done in compliance with the Good Lab-

oratory Practice Regulations
11. Environmental Impact Analysis Report, if required by the FDA

Prior to filing an IND, it is often beneficial to begin a dialogue with the appropriate office
at the FDA. Often a Pre-IND Meeting will accomplish this and set the stage for preliminary
information exchange. Proposed preclinical animal testing as well as the proposed Clinical
Phase I Study can be discussed. General descriptions of the process and product character-
ization will help to get initial reactions from the FDA personnel who will be instrumental
in the review process.

As the production process becomes more defined, documentation suitable for lab notebooks
is replaced by controlled documents in the form of batch production records and approved
record forms, since the current Good Manufacturing Practice Regulations also apply to drugs
still in investigational stages. These records help to standardize the process because each
step is listed and must be verified by the operator. At key steps in the process, product
characteristics can be evaluated and compared based on accurate and accessible records.

Preliminary animal studies can provide important data required for the development of
preclinical animal studies that will be used to support the IND. The questions to be answered
by doing animal studies depend on the product itself, as well as components introduced as
part of the process or formulation. Chronic studies in animals using human protein products
present difficulties regarding interpretations of results due to the potential reactions of the
animals to foreign proteins. Preliminary animal studies provide a setting whereby compliance
with GLP regulations can be evaluated before embarking on large scale, costly, labor
intensive studies.

As results from animal studies are evaluated, final plans for the clinical studies usually
commence. The investigators who will conduct the clinical studies and the manufacturer of
the investigational drug discuss the clinical protocol study design and arrive at a consensus
regarding details of the study.

Biological and chemical tests are developed for product characterization and, as they
become routine test procedures, are turned over to the quality assurance laboratory. With
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reproducible, sensitive tests, a stability testing program can be initiated. Data resulting from
stability studies can be periodically tabulated for evaluation.

Throughout the development process, it is important to maintain routine contact with the
regulatory agency. Samples of the product can be submitted for testing in order to get
comparative data and detect apparent discrepancies. Early sample submission allows the
agency to begin working with the product to develop specific tests or incorporate the product
into existing test systems. This is particularly true of the Office of Biologics, since they are
often involved in areas of research common to a variety of products that come under their
review.

Once the IND is submitted to the FDA, a period of 30 days must elapse before actually
initiating clinical studies. A waiver may be granted by the FDA to reduce the 30 day waiting
period if extenuating circumstances make it necessary and appropriate. If the FDA takes no
action within the 30 day period, the Phase I clinical study may commence. In most cases,
enough prior communication has taken place between the regulatory agency and the man-
ufacturer so that unanticipated events will not delay the initiation of the clinical study. The
FDA will not disclose the existence of an IND unless prior public disclosure has taken place.

In addition to the requirement for an IND, other requirements must be met for conducting
clinical studies, and the FDA may terminate a study if these are not met:

1. Investigational drugs must have the following statement on the label: ‘‘Limited by
Federal (or US) Law to investigational use.”’

2. Complete and accurate records must be maintained on drug accountability.

A clinical investigation must be monitored by the sponsor of the new drug.

4.  The investigational drug may not be sold or promoted as an approved drug. Under
certain conditions, the investigational drug may be sold to investigators.

5.  Clinical studies must be conducted in a timely manner.

6.  When all clinical studies have been completed and indicate that a drug is safe and
effective, an NDA must be filed or within 60 days of a request by the Commissioner.

7. No test marketing of an investigational drug is allowed prior to approval.

(98]

The purpose for conducting clinical studies is to show that a new drug is safe and effective
and meets FDA requirements for approval. When a New Drug Application (NDA) is sub-
mitted to the FDA, it must include substantial evidence of safety and efficacy. The FDA
defines substantial evidence as adequate and well-controlled investigations conducted by
experts qualified by scientific training and experience.

Efficacy does not necessarily mean that a drug has the capacity to cure an illness or
clinical conditions. Prolonged life, reduced pain, or improved physical condition can all be
used as criteria for judging the efficacy of a new drug.

Safety is judged by the therapeutic benefit compared to the risk of taking the new drug.
Clinical studies provide the basis for making such a judgement. Obviously the assessment
of benefit/risk of a drug in terminally ill patients is different from that used in the general
population to reduce a non-life-threatening condition. Benefit/risk assessments become more
complex when a new drug is compared to an approved drug on the market. Carefully designed
and controlled clinica} studies that address both scientific and ethical questions and concerns
must be conducted in order to provide clinically significant information.

VI. CONCLUSION

The pharmaceutical industry and the FDA seem to be approaching the age of recombinant
DNA drugs with a similar degree of cautious optimism. The adversary relationships of the
past have given way to collaborative interactions which will extend scientific foresight into
the unknowns of the future.
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Once the recombinant DNA drugs are approved by the FDA, post-marketing surveillance
will become an increasingly important means to evaluate their long-term effects. The medical
community, industry, and the FDA will share equally in the responsibility of developing
and/or conducting such post-marketing studies.

The medical community will have the responsibility to see that recombinant DNA drugs
are used with discretion in the most relevant clinical settings. Limited indications for use
of approved drugs can be expanded by clinicians within the definition of the practice of
medicine. Therefore, it is essential that the medical community rely on the results of adequate
and well-controlled clinical studies before extending indications for use.

Cautious optimism may seem too restrained and conservative amidst the flurry and ex-
citement of the biotechnology revolution. There are no short-cuts to replace experience.
Good science must provide the foundation on which to build experience if humanity is to
derive maximum benefits from this ‘‘Cinderella Science’’ called recombinant DNA technology.
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INDEX

A

A chains of human insulin, 40
ACTH, see Adrenocorticotropic hormone
Acyclovir, 93
ADCC, see Antibody-dependent cellular cytotoxicity
Adenosine diphosphate (ADP), 8
ADH' gene, 49, 59
ADP, see Adenosine diphosphate
Adrenocorticotropic hormone (ACTH), 76, 84—85
Alpha A-interferon, 117
antibodies to, 122—123
antitumor activity of, 123, 125
clinical studies of, 117—125
clinical toxicities of, 119
immunomodulating effects of, 123—125
intranasal administration of, 126
parenteral administration of, 125—126
pharmacokinetics of, 119—122
and viruses, 125—126
Alpha-interferon, 19, 20, 23, 69—70, 76, 77, 80,
81
amino acids of, 77
large-scale production of, 129—132
and natural killer cell activity, 86
Amino acids, 19
of alpha-interferon, 77, 79
of gamma-interferon, 77
Ampicillin resistance gene, 18
Antibodies, see also specific types
to alpha A-interferon, 122—123
to alpha-interferon, 96
monoclonal, 18, 68
synthesis of and interferons, 94
Antibody-dependent cellular cytotoxicity (ADCC),
71, 86, 87
Anti-inflammatory drugs, 93
Antiproliferative effects of interferons, 81—82, 93
Antitumor effects of interferons, 69, 70—72, 76,
81, 116, 123, 125
Antiviral effects of interferons, 76, 81—82, 88, 91,
93
Assays, see also specific types
cell culture, 101
microreconstitution, 43
Automated microsequencing, 19
Autonomous replicating sequences {ARS), 12
Avian myeloblastosis virus, 8

B

Bacteria, large-scale production of human « inter-
feron from, 129—132
Bacterial clones, 19
Bacterial production, see also specific bacteria
of human insulin, 38, 44
B cell functions, 86

B chains of human insulin, 40
Beta-2 microglobulin, 84
Beta-galactosidase, 40
Beta-galatosidase-insulin-fused protein, 42
Beta-globin protein, 48
Beta-interferon, 69—70, 77, 80, 81, 92
glycosylation of, 102
and natural killer cell activity, 86
species specificity of, 87
Beta-lactamase, 18
promoters of, 29
Binding
of concanavalin A, 84
of interferons to cellular receptors, 83—84
Biological activity
of DNA, 25
of interferons, 76, 81
Blunt-end ds DNA, 8
Blunt-end ligation, 15
Bonds of phosphodiester, 8
Bone
hGH effects on, 148
tumors of, 69
Bone marrow transplant patients, 125—126
Breast cancer, 69, 99, 116

C

Calf thymus, 8
Cancer, see also specific types, 116
breast, 69, 99, 116
and interferons, 68
Catabolism of interferons in the kidney, 91
c¢DNA libraries, 15—16
cDNA synthesis, 38—39
Cell culture assays, 101
Cell membrane effects of interferons, 84—85
Cell receptors, 83—84
Cells, see also specific types
B, 86
cytoskeletal structure of, 84
lymphoblastoid, 93
mammalian, 15
osteosarcoma, 93
T, 86
Chlamydia trachomatis, 100
Charon vectors, 12, 16
Chemotherapy, 93
Chimeric plasmid enrichment, 18
Cholesterol, 84
Chromosomal integration of heterologous gene
expression systems, 52—353
Chromosomal microenvironments, 9
Cimetidine, 71
Clinical development of interferons, 102—103
Clinical implications of interferons, 98—103
Clinical toxicities of interferons, 119
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Clinical trials of interferons, 68, 70, 99—100
in cancer patients, 117—125
in viral infections, 125—126
Clones, see also specific types
bacterial, 19
enrichment, 6, 18
screening of, 19
CMYV, see Cytomegalovirus
Cobalt ions, 8
Combination treatments with interferons and other
agents, 93
Commercial development
of growth hormone, 163—165
of insulin, 163—165
of interferons, 163—165
Complementary single-stranded tails, 4
Concanavalin A
binding sites of, 84
and T cells, 86
Cortisone, 97
Cosmids, 12
CRM, see Cross-reacting material
Cross-reacting material (CRM), 26
Cyclooxygenase activity, 93
Cyclophosphamide, 93, 94
Cytocidal activity of macrophages, 86
Cytomegalovirus (CMV), 116, 125
Cytosine arabinoside, 93
Cytoskeletal structure of cells, 84
Cytotoxicity, 71, 86
and T cell responses, 86

D

Dam methylase system, 4
Dcm methylase system, 4
Deoxyoligonucleotides, 137
Development
of growth hormone, 163—165
of insulin, 163—165
of interferons, 163—165
Differential hybridization, 24
DNAP, see DNA polymerase
DNA polymerase (DNAP), 126
Drosophila melanogaster, 48
Drugs, see also specific drugs, drug types
anti-inflammatory, 93
chemotherapeutic, 93
history of, regulation of, 181—182
interactions between, 92—94
regulation of, 181—182
Ds ¢cDNA, 13
self-ligation of, 15
Ds DNA, 8,9

EcoRI, 2
Electrophoresis, 19

EMC virus, 88, 89, 103
Endonucleolytic activity, 2
Enrichment, 16, 18
Enzymes, see also specific enzymes, 2—9
endonucleolytic, 2
restriction, 3, 5—7
Type 11, 2
Escherichia coli, 26, 38, 48, 49, 61, 81, 82, 86,
88, 92, 102, 130, 132
expression of human growth in, 135—142
Escherichia coli DNA polymerase, 4, 13
Escherichia coli plasmid cloning vectors, 9, 10
Exonuclease activity, 4, 13
Exonuclease [II, 9
Expression
of genes, 26—30
of heterologous gene products in yeast, 48—49
of human genes in bacteria, 28
of human growth hormone, 135—142
termination characteristics of, 53—58

F

Fatty acids, 84

FDA, see Food and Drug Administration
Fermentation, 130—13t

Fibroepithelial interferon, see Beta-interferon
FLP gene, 55

Fluidity of membranes, 84

Food and Drug Administration (FDA), 177—185
Fractionation of size, 16

Frequency of transformation, 12

G

Gamma-interferon, 69, 70, 77, 81
amino acids of, 77
glycosylation of, 102
and natural killer cell activity, 86
species specificity of, 87
Gamma phosphate of ATP, 8
Genes, see also specific types
cloning of, 13—17, 68
libraries of, 15—17, 20
Glycosylation, 78, 80
of beta-interferon, 102
of gamma-interferon, 102
Growth hormone, see also Human growth hormone,
76
Guidelines for Research Involving Recombinant
DNA Molecules, 156

H

HCH, see Human growth hormone
Hepatic P-450 metabolism, 87, 93
Hepatitis B, 126

Herpes induced keratitis, 87



Heterologous gene expression plasmid, 51—52
Histamine, 71
Histidine, 19
History of drug regulation, 181—182
HLA antigens, 84
Hormones, see also specific hormones, 84
adrenocorticotropic, 76, 84—85
human growth, see Human growth hormone
HPLC, see High performance liquid
chromatography
Humalin, 38
Human growth hormone (hGH), 146, 167
commercial development of, 163—165
in vivo IFN-aA effects of on cartilage and bone,
148
lipolytic effect of, 148
methionyl, 136
Human growth hormone (hGH) expression plasmid,
137
Hybridization conditions, 19—20
Hybrids, 8
differential, 24
interferon, 101—102
Hydrocortisone, 93

Identity of interferons, 132
IFN, see Interferons
Immune interferon, see Gamma-interferon
Immune mediated diseases, 68
Immune system and interferons, 68, 85
Immunologically active proteins, 68
Immunological screening, 25
Immunomodulation and interferons, 70—72, 123—
125
Induction of interferons, 92
Initiation of transcription, 53—58
Insulin, 40—43, 76, 166
A and B chains of, 40
bacterial production of, 38, 44
commercial development of, 163—165
sensitivity to, 149
Interactions between interferons and other drugs,
93—94
Interferons, see also specific types, 167—168
alpha, see Alpha-interferon
amino acids of, 77, 79
and antibody synthesis, 94
antiproliferative effects of, 81—82, 93
antitumor effects of, 69, 70—72, 76, 81, 116
antiviral effects of, 68, 76, 81—82, 88, 91, 93
beta, see Beta-interferon
binding of to cellular receptors, 83—84
biological properties of, 76, 81
and cancer, 8
catabolism of in kidney, 91
cell membrane effects of, 84—85
cell receptors for, 83
clinical development of, 102—103
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clinical implications of, 98—103
clinical trials of, 68, 70, 99—100
commercial development of, 163—165
development of, 68—69, 163—165
fibroepithelial, see Beta-interferon
gamma, see Gamma-interferon
and hepatic cytochrome P-450 metabolism, 87
hybrid, 101-—102
identity of, 132
immune, see Gamma-interferon
and immune system, 85
and immunomodulation, 70—72
large-scale production of, 129—132
leukocyte, see Alpha-interferon
lymphoblastoid, 78
maximum immuno-modulatory dose of, 116
maximum tolerated dose of, 116
mechanisms of, action of, 100—10}
modulating factors of, 92
multiplicity of, 70
pharmacokinetic studies of, 90—91
as prototype modifiers of immune response, 68
purity of, 132
species specificity of, 116
structure of, 76, 77—81
toxicity studies of, 94—97
Type I, 69
Type 11, 69
and viruses, 68, 76, 81—82, 88, 91, 93
Intranasal administration of IFN-a A, 126
In vitro translation, 16, 18
In vivo effects of growth hormone on cartilage and
bone, 148
In vivo induction of beta-interferon, 92
Isoschizomers, 4

J

Juvenile laryngeal papitloma, 71

K
Keratitis, 87
Kidney, 91
Klenow fragment, 4

L

Lac promoters, 30

Lambda exonuclease, 9

Lambda PL promoter, 29

Lambda DNA packaging process, 12

Lesions, 100

Leukemia, 69

Leukocyte A interferon (IFN-a A), see Alpha A-
interferon

Leukocyte interferon, see Alpha interferon

Leukocyte subpopulations, 68
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Libraries of genes, 15—17, 20
Lipolytic effect of growth hormone, 148
Lipoprotein promoter, 135—142
Long-term human studies of synthetic hGH, 151—
152

Lymphoblastoid cells, 93
Lymphoblastoid interferons, 78
Lymphocyte response to mitogens, 71
Lymphoma

modular, 69

non-Hodgkins, 99, 116
Lymphotoxin, 71

M

Macrophages, 86

Magnesium ions, 8

Malignancies, see also specific types, 71

Malignant melanoma, 71

Mammalian cells, 15

Maximum immuno-modulatory dose (MTD) of in-
terferons, 16

Maximum tolerated dose (MTD) of interferons, 116

Mechanisms of action of interferons, 100—101

Melanoma, 71

Membrane fluidity, 84

Metabolism of hepatic cytochrome P-450, 87, 93

Methionyl hGH, 136

Microenvironments, 9

Microglobulin, 84

Microreconstitution assay, 43

Microsequencing, 19

MID, see Maximum immuno-modulatory dose

Minichromosome, 12

Mitogens, 71

Modulating factors of interferons, 92

Monocyte function, 125

Monoclonal antibodies, 18, 68

Monocytes, 86

MTD, see Maximum tolerated dose

Multiple myeloma, 69, 116

Multiplicity of interferons,70

Myeloma, 69, 116

N

National Institutes of Health (NIH), 156—165
Natural killer (NK) cells
activity of, 85—86
function of, 71
Neoplasia, 98, 103
NIH, see National Institutes of Health
Nodular lymphoma, 69
Non-Hodgkins lymphoma, 99, 116
Nuclease, 13
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Ocular lesions, 100

Oligo-dG-tailed linker, 15
Oligonucleotides, 40
Oocyte translation, 18
Osteogenic sarcoma, 69
Osteosarcoma cells, 93
Ovalbumin, 48

Papilloma, 71

Parenteral administration of IFN-a A, 125—126
PGK, see 3-Phosphoglycerate kinase

Phage plaques, 19

Pharmacokinetics of interferons, 90—91, 119—122
Phenylalamine, 19

Phosphodiester, 8, 19

3-Phosphoglycerate kinase (PGK), 50
3-Phosphoglycerate kinase (PGK) gene, 51, 53—54
3-Phosphoglycerate kinase (PGK) promoters, 51—

52, 58
Phosphotriester, 19
Plaques, 19
Plasma decay curve, 90
Plasmid

enrichment of, 18
heterologous gene expression, 51—52
hGH expression, 137
primer of, 15
Plasmid cloning vectors for Saccharomyces cerevis-
iae, 11
Plasminogen activator, 86
Plasmodium falciparum, 100
Poly-A RNA, 16, 18
Polymerase, 8
E. coli, 4
Portable promoter fragment, 50
Pre-human growth hormone (pre-HGH), 59
Probes, 19—24
Promoters, see also specific types
beta-lactamase, 29
fac, 30
lipoprotein gene. 136
PGK, 51—52
portable, 50
Trp, 29, 30
Protease activity, 86
Protein, 19
beta-globulin, 48
immunologically active, 68
synthesis of, 148
Protein-probe strategy, 19
Pseudogene, 16
Purity of interferons, 132

R

Radiation therapy, 93
Recovery of product from fermentation, 131
Regulation of drugs, 181—182



Restriction enzymes, 2—4, 5—7
Reverse transcriptase, 8, 13
Riboexonuclease activity, 8
RNA-DNA hybrids, 8

RPC-5 enrichment system, 18

S

S1 nuclease, 13
Saccharomyces cerevisiae cloning vectors, 9
Sarcoma, 69
Screening
of clones, 19
of human genomic library, 20
immunological, 25
Secretion signal sequences in yeast, 59
Self-circularization of cDNA, 15
Sendai virus, 68
Side effects of interferons, 94—97, 117—118
Single-strand viral vectors, 12
Size fractionation, 16
Somatostatin, 39—40
Specialized vectors, 12, 14
Species specificity of interferons, 87, 116
Structural features of interferons, 76, 77—S81
Structure/activity relations of interferons, 97—98
Subpopulations of leukocytes, 68
Sulfonated derivatives of insulin chains, 43

Synthesis
of cDNA, 13—15, 38—39
protein, 148

Synthetic DNA, 13

Synthetic hGH, 147—150, 151—152
Synthetic probes, 19—24

Systemic lupus erythematosus, 96

T

T4 DNA ligase, 8
T4 DNA polymerase, 8
T cell functions, 86
Templates, 8
Terminal transferase, 8, 13
Termination
of expression system, 53—358
of yeast transcription, 58—359
H-Thymidine, 84
Thymus, 8
Thyroxine, 76
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and the NIH Guidelines, 171—174
Viremia, 88
Viruses, see also Antiviral effects; specific viruses,
69, 72, 76, 98, 103, 116
and alpha A-interferon, 125—126
avian myeloblastosis, 8
cytomegalo-, 116, 125
EMC, 88, 89, 103
and interferons, 68

Sendai, 68
Y
Yeast
expression of heterologous gene products in, 48—
49

molecular biology of, 48
secretion signal sequences in, 59
transcription termination of, 58—59
YEp vectors, 12
YlIp vectors, 12



	Cover
	Title
	Copyright
	Preface
	The Editor
	Contributors
	Table of Contents
	Chapter 1 Recombinant DNA Techniques: Isolation, Cloning, and Expression of Genes 
	Chapter 2 From Somatostatin to Human Insulin  
	Chapter 3 Yeast: An Alternative Organism for Foreign Protein Production  
	Chapter 4 Background to Human Interferon  
	Chapter 5 Preclinical Assessment of Biological Properties of Recombinant DNA Derived Human Interferons
	Chapter 6 Human Clinical Trials of Bacteria-Derived Human α Interferon
	Chapter 7 Large-Scale Production of Human Alpha Interferon from Bacteria  
	Chapter 8 Direct Expression of Human Growth Hormone in Escherichia coli with the Lipoprotein Promoter  
	Chapter 9 Biological Actions in Humans of Recombinant DNA Synthesized Human Growth Hormone  
	Chapter 10 The NIH Guidelines for Research Involving Recombinant DNA Molecules  
	Chapter 10A Appendix: Viral Vectors and the NIH Guidelines  
	Chapter 11 FDA'S Role in Approval and Regulation of Recombinant DNA Drugs  
	Index



