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Fig, 3.6 Northern analysis of human
PBLs for IL-3 transcripts. Northein blot
containing poty (A} RNA isolated from activated
human PBLs was hybridized with a hiL-3 cDNA
probe. The RNA sample used for northern analysis
was the same to that used for cDNA synthesis. A
single 11.-3 transcript of approximately 1.1 kb was
identified. Molecular sizes arc indicated on the right
{in kilobases).
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Fig. 3.7 Translation of the human IL-3 ¢cDNA (D11) in three possible open
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reading frames. Translation initiation and termination codons are indicated. Dashed box
shows the largest and actual open reading frame.

Analysis of expression of mRNA in human peripheral blood Iymphocytes
(PBLs) following stimulation with ConA and TPA by standard RNA blotting
analysis (Northern blots) using the insert of clone D11 revealed that the
naturally occurring human IL-3 transcript is approximately 1.1 kb in length
(Fig. 3.6). Assuming that the isolated cDNA clone D11 is a full-length cDNA
comprising all the coding regions, the natural transcript in PBLs is apparently
polyadenylated with approximately 200 A residues, which is in the expected
range. Furthermore, it was estimated from these Northern blots as well as from
the incidence of the IL-2 transcripts in the constructed phage cDNA library that
the amount of IL-3 transcripts is at least 10-fold lower than that of IL-2.
Furthermore, it was estimated that the content of IL-3 mRNA present in the
total amount of mRNA in stimulated PBLs ranged from 0.01% - 0.001%.

The isolated hIL-3 ¢cDNA contains an open reading frame (Fig. 3.7; dashed
box) from the putative start codon at position 39-41 up to the termination codon
TGA at position 495-497 (Fig 3.5). The ATG uriplet at position 39-41, resulting
in the largest open reading frame, was postulated as the start codon. Utilization
of this first ATG as the actual start codon is further supported by the presence
of an A residue at position -3 relative to this ATG triplet which was shown to
have a dominant effect on the efficiency of the start codon (Kozak, 1986). The
putative encoded protein is probably processed at the amino terminus by
cleaving the precursor polypeptide between the glycine and the alanine residues
as could be predicted from a recent method to identify signal sequence cleavage
sites (Von Heijne, 1986). The predicted precursor polypeptide, comprising 152
amino acids (aa), consists of a hydrophobic leader peptide of 19 residues and a
mature protein of 133 aa (M, 15,001).

3.5  Sequence comparison between human and murine IL-3 ¢DNA

Computer-assisted alignment (Fig, 3.8) of the hIL-3 ¢cDNA (clone D11) and the
mlL-3 ¢cDNA (Fung et al., 1984; Miyatake et al., 1985) revealed significant
DNA homeology in the first 100 bp and between nt 598-803 (68%, and 73%,
respectively). In particular, the 3'-terminal region between nt 706 and 763 is
highly conserved and displays a homology of 93%. This significant homology in
the 3'-untranslated region is clearly visible on the computer-assisted matrix
construction of the human and murine IL-3 ¢cDNA (Fig. 3.9). Analysis of this
highly conserved domain in the 3'-terminal non-coding region, reveals the
presence of eight ATTTA repeat units in the murine sequence and six in the
human sequence.
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Fig. 3.8 Comparison of nucleotide and amino acid sequences of human IL-3 (H)
and mouse IL-3 (M). The human IL-3 protein and nucleotide sequence (clone D11, top lines)
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were aligned with those for the mIL-3 DNA (Fung et al., 1984; Miyatake et al., 1983) and
protein (Clark-Lewis et al,, 1986, Numbers at the left refer to the first rucleotide in the
corresponding line. Amino acid numbers are presented above or below the appropriate amino
acid residue. Identical nucleotides are connected by vertical lines, identical amino acids are
enclosed in horizontal brackets. Black dots in the bottom lines indicate polyadenylation signai
sequences and horizontal bars marks ATTTA repeat units. Sequence alignments were performed
using various computer programs (Staden, 1982; Devercux et al., 1984; Queen and Kom, 1984;
Lipman and Pearson, 1985} and by visual inspection,
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Fig. 3.9 Computer-assisted matrix plot of homology between human IL-3 and
mouse I1.-3. The matrix plot was constructed using the Diagon program in the Staden package.
The complete human IL-3 cDNA (x axis) was plotied against the complete mouse IL-3 ¢cDNA (y
axis), The dotted boxes represent the IL-3 coding regions, whereas the 5° and 3’ noncoding
regions of the IL-3 cDNA are indicated as solid lines. Each point in the plot represents 12
identities in a stretch of 15 nucleotides.

91




~19 1 10 { 20 30

HUMAN ¢ ....... MSRLPVLLLLOLLVRPGLQAPMT ,QTTPLEKTSWVNCSNMIDEIITHLKQP
| (11 HL [ 1 1T R
MOUSE : MVLASSTTSIHTMLLLLLMLFHLGLOASISGRDTHRLTRTLNCSSIVKEI IGKLPEP
~26 1 } 31

40 50 60 70 80
HUMAN PLPLLDFNNLNGEPQDILMENNLRRPNLEAF , . NRAVKSLONASAIESILKNLLPCL
I | A IR
MOUSE : ELKTDD. ...\ EGPSLRNKSFRRVNLS KFVESQGEVDPEDRYVIKSNLOKLNCCL
81

90 100 110 120 130

HUMAN : PLATAAPTRHPIHIKDGDWNEFRRKLTFYLKTLENAQAQQTTLSLAIF#

bl ] i1 !
MOUSE : P, .TSANDSALPGVFIRDLDDFRKKLRFYMVHLNDLETVLTSRPPQPASGSVSPNRGTVECH
140

Fig. 3.10 Alignment of the protein sequences of human and mouse IL-3. For
details on the alignment and numbering see Fig. 3.8. The protein sequences are shown in the
single-letter code and aa identities between human and mouse IL-3 protein are connecled by
vertical lines. Numbering is relative to the first aa of the mature 1L-3 protein. Gaps introduced to
maximize the homology are represented by dots. Cysteine residues are indicated by arrows and
potential glycosylation sites are marked as well (bold).

With respect to their position in the ¢cDNA, five repeat units present in the
human sequence appeared to be preserved in the murine sequence as well (Fig
3.8). The low homology in the 5'-terminal 600 bp of the human cDNA (52%)
precludes detection by hybridization with the Hindlll-Xbal fragment of mIL-3
under the stringent conditions used, The coding region of hIL-3 shares only
45% homology with the corresponding murine sequence.

The alignment of the predicted aa sequence encoded by the D11 ¢cDNA clone
and mouse IL-3 (Fig. 3.10) reveals a homology of 50% for the leader peptide
(aa -19 to +1) and only 28% for the mature protein (aa 1 to 133). The region
which encloses the processing site (residues -3 to +1) as well as the region from
residue -13 to -10, both present in the leader peptide, have been compietely
conserved in these species. The mature protein has four reasonably conserved
domains (aa 15-36, 54-61, 74-91 and 107-118) and contains two potential N-
linked glycosylation sites (pos. 15-17 and 70-72). The two cysteine residues
present in the mature protein at position 16 and 84 are conserved and may play
an essential role in protein folding by disulfide bridge formation.
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Table 3.1 Segregation of hIL-3 with human chromosomes in human-rodent
somatic hybridss

Number of hybrids with indicated chromosome/hiL-3 fragment patiern

concordant hybrids discordant hybrids total discordant
Human hybrids
chromosome (+/+) (-/-} -/+) +/-) (% discordance)

1 7 4 2 7 9 (45)

2 4 9 5 2 7 (35)

3 3 5 5 5 10 (56)b

4 4 g 5 3 8 (40)

5 9 10 0 1 1 (5} |
6 [ 2 3 ] | PG

7 6 4 3 7 11 (55)

8 6 1 3 10 13 (65)

9 3 7 6 4 10 (50)

10 3 3 6 8 14 (70)

i1 3 7 2 3 5 (33t
12 4 5 5 6 11 (55}

13 5 5 4 6 10 (50}

14 5 7 4 4 8 40y

15 5 7 4 4 8 (40)

i6 6 8 3 3 6 (30)

17 3 3 6 7 13 (68)b
18 5 8 4 3 7(35)

19 3 5 6 6 12 (60}

20 8 3 1 8 9 (45)

21 4 4 5 7 12 (60)

22 6 2 3 6 9 {(53)b
X 5 1 3 10 13 (68)t

a DNA of 20 somatic cell hybrids of human and rodent cells were examined for the presence of
hil.-3 sequences by Southern blot analysis as described in chapler 2, Data are presented per
chromosome, whereby +/, and -/, indicate the number of hybrids with that particular human
chromosome present or absent, respectively. The presence or absence of specific hlL-3
hybridization is referred to as /+ and ./-, respectively. For example, 14 hybrids have retained
chromosome 1 of which only 7 show hIL-3 specific hybridization (+/+) and 7 do not (+/-).
Hybrids without chromosome 1 {n=6) contain hiL-3 specific DNA sequences in only two
cases (-/+). The number of discordant hybrids and the corresponding percent discordance are
shown. The low percent discordance (e.g. 0% indicates a matched segregation of the probe
with a chromosome) of the hIL-3 probe with the underlined and bold marked somatic hybrid
was the basis for the assignment of IL-3 to human chromosome 5

b Cell hybrids containing specific chromosome fragments or containing chromosome
rearrangements were omitted from the analysis of that particular chromosome.
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3.6 Chromosomal mapping of human IL-3

The chromosomal localization of the gene encoding hIL-3 was established by
southern blot analysis of a panel of somatic cell hybrids between human and
rodent cells (Geurts van Kessel et al., 1983). DNA isolated from the somatic cell
hybrids and control DNA of human leukocytes and rodent cells was digested
with BamHI or EcoRl, size-fractionated by agarose gel electrophoresis,
transferred onto nylon membranes and hybridized to a radiolabeled hIL-3
¢DNA fragment (nt 1-541). Since this human probe does not hybridize to rodent
DNA under the stringency conditions used, the hybridizing restriction
fragments were exclusively indicative for the presence of the human gene. Table
3.1 shows the correlation between human chromosomes and restriction
fragments hybridizing to the hIL-3 cDNA probe, The data clearly indicate that
hIL-3 homologous sequences segregated with human chromosome 5 in the cell
hybrids studied. The single observed discordance may be due to a
cytogenetically undetected small deletion in chromosome 5, which may have
occurred in this particular cell line after cell fusion. Discordances with other
chromosomes were significantly higher, indicating that the hIL-3 gene is located
on chromosome 5.

3.7 Expression of human IL-3 in COS cells

Expression of genes in COS cells is generally faster and less complicated than in
other expression systems. In order to verify whether the isolated human ¢cDNA
encodes a functional protein that biologically resembles mlIL-3, the D11 cDNA
was inserted in an eukaryotic expression vector pL.O (for detailed description
see chapter 2), containing a SV40 transcription unit. The resulting pL.LB4 (Fig,
3.11) plasmid was isolated following propagation in E. celi. and closed circular
plasmid DNA was purified by centrifugation to equilibrium in cesium chloride-
ethidium bromide gradients as described in chapter 2. Highly purified pL.B4
plasmid DNA was transfected to COS-1 cells to express the encoded protein of
the inserted cDNA.

COS cell supernatant was harvested 48-72 hours after transfection and
subsequently screened for the presence of biologically active hIL-3 by testing
for its capacity to stimulate colony formation of normal human bone marrow as
well as its capacity to induce proliferation of human acute myelogenous
leukemia (AML) blasts. The biological data presented in chapter 5 demonstrate
that the isolated D11 ¢cDNA clone contains the genetic information for a
biologically active protein which is transiently expressed and excreted into the
culture medium by COS-1 cells. Furthermore, conditioned medium of hIL-3
transfected COS cells appeared to contain approximately 10 to 100 unifs per ml
of supernatant (see also chapter 5 for biological activity and section 2.2.2 for
IL-3 unit definition), which corresponds with 0.01 pg to 0.1 ug per ml. The
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high consumption of purified plasmid DNA due to the transient expression of
the transfected gene and the relatively low expression level are the major
disadvantages of the COS expression system., Therefore, we set out for other
systems, including both eukaryotic and prokaryotic systems, to express the
isolated h1l.-3 cDNA.

G A-site/smal) t
o \1\\0 o
S

human IL-3 cDNA

Fig. 3.11 Eukaryotic expression vector containing hiL-3 cDNA. The pLB4 plasmid
was constructed by inserting hiL-3 cDNA, isolated from clone D11 by partial EcoRI digestion,
into the unique EcoRI site of pLO (see chapter 2 section 2.1.1). Plasmid pLB4 contains an
compliete SV4( transcription unit, i.e,, both SV40 origins of replication (early and late promoter)
and two small t-antigen splice and polyadenylation sequences. The bacterial origin of replication
{ori pBR 329) and the ampicillin resistance gene (AmpR pBR 322) and the E. coli XGPRT gene
are indicated as well. The human TL-3 cDNA was inserted downsiream of the SV40 late
promaoter.
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3.8 Production and purification of E. coli synthesized lacZ/hIL-3
fusion proteins and production of antibodies directed against
human IL-3

The preliminary characterization of recombinant hIL-3 was achieved by
expression of the isolated D11 cDNA in COS-1 cells. However, the production
of hIL-3 following transfection of an eukaryotic expression vector to COS-1
cells is generally rather low. Various bacterial expression vectors for the
production of fusion proteins between hIL-3 and a part of the lacZ protein were
constructed (see chapter 2). The plasmids, i.e., pUC/hMulti, pUC/bMultiA]l and
pUC/hMultiA2 contain the hIL-3 coding sequences which are placed
downstream of the transiation initiation site of the lac operon resulting in the
expression of fusion proteins (Fig. 3.12).

1 12 19 133 aa

pUC/hMulti

pUC/hMulti a1

pUC /hMulti A2

1026 aa

PUR/BMuIti 6

Fig. 3,12 Schematic representation of human IL-3 expression veetors, TheJL-3
cDNA inserts of the eukaryotic expression vectors pLB4 and pLH1 are shown. Plasmid pLB4
contains the complete hIL-3 ¢cDNA, whereas in pLH1 plasmid most of the 3’ untranslated
sequences are deleted. The leader peptide and the mature IL-3 protein region are indicated by
dashed and black boxes, respectively. The bacterial expression vectors (pUC/hMulti,
pUC/hMultiAl, pUC/hMultiA2, and pUR/hMulti 6) contain, as indicated, lacZ derived
sequences {dotted box}, 57 untranslated sequences of hIL-3 {open box), the hIL-3 leader peptide
(dashed box) and the hIL-3 mature protein (black box). The pUC/hMultiA2 encodes a protein of
i1 aa of lacZ fused to aa 15-133 of the mature h1L-3 protein, The number of aa derived from
particular sequences are indicated. The arrow marks the ATG start codon used in the particular
vector, See also chapter 2 for detailed description of these expression vectors,
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The plasmid pUC/hMulti encodes a fusion protein composed of the first 11 aa of
B-galactosidase, 12 aa noncoding 5’ hIL-3, 19 aa hIL-3 signal peptide and 133
aa mature hIL-3 (Fig. 3.12). Thus, the pUC/hMulti encodes a 20 kDa fusion
protein which includes the hydrophobic signal peptide of hIL-3 (Fig. 3.12).The
plasmid pUC/hMultiAl was constructed to produce a fusion protein in which the
5’ noncoding part as well as the signal peptide are deleted. This vector encodes a
16 kDa fusion protein comprising the first 11 aa of lacZ fused to aa 2 to 133 of
the mature hIL-3 polypeptide (Fig. 3.12). The pUC/hMultiA2 vector, a side-
product obtained during the construction of pUC/HhMuitiAl (see chapter 2),
encodes a hIL-3 fusion protein with a molecular weight of approximately 15
kDa which consists of the first 11 aa of lacZ fused to aa 15 to 133 of the mature
hIL-3 polypeptide (Fig. 3.12).

After introducing these bacterial expression vectors into E. cofi (IM109) the
production of fusion proteins was initiated/enhanced by the addition of
isopropyl-p-D-thiogalactoside (IPTG) to the culture medium as an inducer of
the transcription of the lac operon. It appeared that most of the produced hiL-3
fusion protein was stored in the bacteria in an insoluble form which enabled the
use of a simple and efficient purification procedure (see chapter 2). Disruption
of the bacteria through sonication followed by extraction with nonionic
detergents such as NP-40 (see 2.3.2) resulted in the solubilization of most of the
bacterial proteins (Fig. 3.13, lanes 1 and 2). The hIL-3 fusion proteins, stored
in inclusion bodies of the bacteria and insoluble under these conditions, were
solubilized by re-extracting the remaining fraction with a high concentration
(8M) urea buffer. Fig. 3.13 lane 3 shows that a highly effective purification of
the hIL-3 fusion proteins was achieved with this rather simple purification
protocol.

The high production level of the hlL-3 fusion proteins, together with the
availability of an efficient purification protocol, enabled the production of
antibodies directed against the hIL-3 polypeptide. The 20 kDa fusion protein
was purified as described in chapter 2 and finally subjected to preparative SDS
polyacrylamide gel electrophoresis. The band representing hIL-3 with only
minor contaminants was excised from the gel and the ensuing gel slice was
pulverized prior to the immunization of a rabbit (polyclonal antiserum) and
Balb/C mice (monoclonal mouse anti-human 1L-3 antiserum) as described
elsewhere (Dorssers et al.,, 1987b).The resulting polyclonal antiserum reacted
with the bacterially produced hIL-3 fusion proteins, e.g. hIL-3 fusion proteins
produced by pUC/hMulti and pUC/hMultiAl (Fig. 3.14 lanes 1 and 2,
respectively). To confirm the specificity of the polyclonal antiserum, a 130 kDa
hIL-3 fusion protein was produced. This large fusion protein was encoded by
the pUR/hMulti 6 vector (Fig. 3.12) in which the mature hIlL-3 sequences are
fused to the 3'-terminal part of the B-galactosidase gene in the pUR 288 plasmid
(Riither and Miiller-Hill, 1983).
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Fig. 3.13 Coomassie Brilliant Blue stained SDS-PAGE of hIL-3 fusion profeins.
Left panel shows lacZ/hIL-3 fusion proteins (20 kDa) purified from bacteria transformed with
pUC/hMulti. Right panel shows 16 kDa hiL-3 fusion proteins derived from pUC/hMultiAl.
Bacterial proteins extracted with 0.2% NP-40 (lanes 1, samples correspond to 0.1 ml of the
original bacterial culture), bacterial proteins reextracted with 0.5% NP-40 (lanes 2, 0.2 m!l
original cutture), and solubilized hIL-3 fusion proteins by sonication in 8 M urea (lanes 3,0.2 ml
of original culture) were separaled on a 13.5 % SDS polyacrylamide gel. Human IL-3 fusion
proteins are indicated with arrows. Molecular weights (kDa} of marker proteins (lane M} are
denoted on the left.

98



The 130 kDa fusion protein also reacted with the polyclonal antiserum and the
117 kDa f-galactosidase which was produced by bacteria transfected with pUR
288 did not react with the antiserum (Fig. 3.14 lanes 4 and 3, respectively).
These results demonstrate that the polyclonal antiserum is capable of an
immunospecific reaction with hIL-3. The polyclonal as well as the monoclonal
antisera have been extensively characterized using hlL-3 mutants which resulted
in the identification of several monoclonal antibodies directed against different
antigenic epitopes present on the hIL-3 polypeptide (Dorssers et al., 1991).

Fig. 3,14 Immunological analysis of
hlL-3 fusion proteins. Bacterial proteins
(tane 0: pUC19; fane 1: pUC/hMuiti; lane 3:
pUC/hMultiAl; lane 4: pUR 288; lane 5:
pUR/hMulti 6) were separated on 13.5% (left
panely or 7.5% (right panel) SDS
polyacrylamide gels and transferred onto
nitrocellulose membranes using the semi-dry
transfer technique. Upon extraction with
0.5% NP-4(, the 16 and 20 Kda hIL-3

— 20k fusion proteins were solubilized by
sonication in urea buffer (1M urea; 1% NP-
— 16 k 40). The 120 kDa hIL-3 fusion prolein was

applied onto gel as a total cell lysate. Filters
were incubated with polyclonal rabbil anti-
hIL-3 (1:250 diluted) as described in chapter
2. Immune complexes were visualized by
anti-rabbit IgG, streptavidin-horseradish
peroxidase conjugates and 4-chloro-1-
naphihot as substrate. Delails of the western
blot analysis are described in section 2.3.1.

1ne biological activity of these fusion proteins was determined, initially, in the
AML proliferation assay (Delwel et al., 1987; chapter 2 and 5). The 15 and 16
kDa hil.-3 fusion proteins exerted half-maximal stimulation of proliferation of
AML blasts (see chapter 5) at a concentration of about I ng/ml. The amount of
hIL-3 fusion protein as well as the total protein content were estimated from a
coomassie brilliant blue stained SDS polyacrylamide gel. The 20 kDa hIL-3
fusion protein appeared to be approximately 100-fold less active than the 15 and
16 kDa proteins. This observation can be explained by the presence of the
hydrophobic leader peptide in the 20 kDa protein which most likely caused
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conformational changes leading to reduced biological activity. Furthermore, the
130 kDa hIL-3 fusion protein did not exert any detectable biological activity on
the AML blast cells.

3.9 Large-scale production and subsequent purification of the
hIL-3  protein

To facilitate large scale production of hIL-3 by expression of the isolated hIEL-3
¢DNA, a number of expression vectors were constructed and transfected to
appropriate host strains, i.e., Escherichia coli (E. coli), Bacillus subtilis (B,
subtilis), Bacillus licheniformis (B. licheniformis), Kluyveromyces lactis (K.
lactis), Saccharomyces cerevisiae (S. cerevisiae} and CI27 murine cells
(Dorssers et al., 1987b; Van Leen et al.,, 1990; Van Leen et al,, 1991),

In order to establish stable vertebrate cell lines capable of producing hIL-3
in a more natural form, i.e., carrying the complex type of glycosylation
characteristic for higher eukaryotes, C127 and CHO cells were transfected with
a pLB4 derived plasmid in which the entire bovine papillomavirus-1 (BPV-1)
DMNA was inserted as described elsewhere (Dorssers et al., 1987b; Van Leen et
al., 1990). The general idea of using the BPV-1 genome is that this virus can
readily transform a variety of rodent cells in vitro and is very efficient in
inducing transformed foci which are picked from the culture dishes.
Transformed cells contain multiple copies (10 to 120 per cell) of the viral DNA,
as unintegrated but stably maintained molecules, The genetics of the BPV-1
genome is rather complicated due to the presence of multiple promoters and
both transcriptional enhancers and repressors. Furthermore, differential
splicing of RNA results in distinct open reading frames encoding proteins that
have different functions, including transactivating activities, DNA binding and
dimer formation activities and transcriptional repressing activities, Therefore,
transcription of homologous and heterologous genes driven by distinct
promoters in this system will be under tight control of these regulatory
elements. Improved productivity according to alterations in the BPV-]
expression system is described elsewhere (Persoon and Van Leen, 1990).
Supernatant of hIL-3/BPV transfected cells was tested for IL-3 activity (chapter
5) using either the AML proliferation system or the I1.-3 dependent human
AML-193 celis.

To determine which expression system is the most efficient for large-scale
production of hIL-3, the hIL.-3 gene was introduced and expressed in bacteria,
including E. coli and Bacillus (B.) species such as B. subtilis and B.
licheniformis, but also in yeast, in particular Kluyveromyces lactis (K. lactis)
and Saccharomyces cerevisiae (S. cerevisiae). Construction of suitable
expression vectors and introduction in the different microorganisms as well as
analysis of the produced proteins is described elsewhere (Dorssers et al., 1987b;
Persoon and Van Leen, 1990; Van Leen et al., 1991). The recombinant hil.-3
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preparations derived from these different microorganisms or host strains were
tested for their capacity to stimulate hemopoietic precursor cells. All
recombinant hIL-3 proteins appeared to be biologically active. A selection of
the biological data will be presented and discussed in chapter 5. Furtherinore,
these studies demonstrated that the Bacillus species, especially B. licheniformis,
were the eligible candidates to obtain large-scale production of well-defined
recombinant hIL-3. Following several improvements of the Bacillus expression
vector {e.g. exchange of the Hpall promoter by the strong o.-amylase
promoter), the resulting optimal vector contains downstream of the o-amylase
promoter coding information for the Bacillus ct-amylase signal perfectly fused
to the sequences encoding mature hIL-3. Furthermore, the o-amylase
signal/mature hIL-3 open reading frame (ORF) was located upstream of the 3'
end of the amylase gene containing the amylase terminator (Fig. 3.15; Persoon
and Van Leen, 1990; Van Leen et al., 1990; Van Leen et al., 1991). Finally, the
resulting plasmid was transformed to B. licheniformis strain T9 to syathesize
recombinant hIL-3. The major advantages of this production system are high
expression level (>5 mg/l) and secretion of more than 95% of the synthesized
mature protein into the culture medium.

The latter property of this expression system enabled the use of a relatively
simple and highly efficient purification scheme for recombinant hIL-3 produced
by Bacillus species. The Bacillus-derived unglycosylated recombinant hIl-3 was
purified to homogeneity by a series of chromatographic steps including
hydrophobic interaction and anion-exchange chromatography and mostly
followed by gel filtration to separate low molecular weight proteins. The
different chromatographic purification procedures are described in chapter 2
and the results of this three-step purification protocol will be briefly described
in the next paragraph.

In the initial step, hIL-3 present in the cell free medium from B.
licheniformis T9 was adsorbed to a hydrophobic matrix whereas most of the
protein was found in the run-through fractions. Bound proteins were eluted
with a steep ammonium sulfate [(NH4)2SO4] gradient and the enriched hIL-3

fractions were concentrated by (NHy4)2504 precipitation at 70% saturation.

a-amylase human interleuXin-3
signal peplide mature protain

amylase promoter -2 amylase lerminator

Fig, 3.15 Schematic representation of the hIL-3 expression cassette used for
large-scale production in Bacillus licheniformis.
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The precipitate, dissolved and desalted, was subjected to anion-exchange
chromatography. Whereas the hIL-3 activity was found in the run-through
fractions, most of the contaminating proteins appeared to be bound to the
column. The hIL-3 enriched run-through fractions were concentrated and
subsequently separated from low molecular weight contaminants, if any, by
gelfiltration. This purification protocol was shown to be highly effective,
resulting in hiL-3 preparations that are free from detectable non-hIL-3-like
protein , as was demonsirated by Coomassie brilliant blue stained sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot analysis using antibodies directed against the hIL-3 polypeptide (Fig. 3.16).
N-terminal sequencing of the Bacillus-derived homogenous hiL-3 showed that
the synthesized protein has the correct amino terminal sequence. Furthermore,
proteolytic degradation products occasionally present in the culture medium
obtained from B. licheniformisT9 (T9 is an exoprotease negative and
endoprotease positive strain) were selectively removed using various
purification procedures as described elsewhere (Persoon and Van Leen, 1990).

Fig, 3.16 Coomassie Brilliant Blue
stained SDS-PAGE of purified B.
ficheniformis-derived hIL-3, Lanes 1 and 2
were ioaded respectively with 0.1 pg and 1 pg
protein of a purified hIL-3 preparation
{homogeneous nonglycosylated hIL-3 expressed in
B, licheniformis). The single Coomassie brilliant

s |—1yy Dlue stained band demonstrated that the hIL-3
S ’ preparation has a purity of 295%. Lane 3 was
~ loaded with protein markers (LMW, Pharmacia)
. and their corresponding molecular weights (kDa)
are indicated at the right.
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3.10 Summary and Discussion

The identification of hIL-3 c¢cDNA constructed from mRNA of mitogen
stimulated human leukocytes was established by virtue of hybridization with the
3'-terminal region of the murine IL-3 ¢cDNA. The 3'-untranslated sequences of
a gene are not believed to be subject to functional constraints and are generally
thought to be less conserved than the coding sequences. The result obtained with
the 3’ murine IL.-3 probe was unexpected and avoided the laborious procedure
of functional expression cloning. The 3*-untranslated region from nt 598 to 803
displays 93% sequence homology with the murine counterpart, whereas the
coding regions of the isolated cDNA clone (D11) share only 45% homology.
Analysis of the 3' noncoding region revealed that highly conserved ATTTA
motifs were mainty responsible for the rather high homology of this region
between human and mouse. The presence of highly conserved AT-rich
sequences in several cytokine genes, such as all identified IL-3 species, human
and murine GM-CSF, human and murine IL-2, human y-IFEN, human G-CSF but
not M-CSF suggests a critical role for these sequences in the regulation of
production of the hemopoietic growth factors.

Attemnpts to detect IL-3 homologous sequences in human genomic libraries
using a murine IL-3 probe devoid of its 3' untranslated region resulted in
nonspecific hybridization signals, faint signals or no signal at all depending on
the stringency used. Furthermore, inclusion of the 3' noncoding regions in the
murine IL-3 ¢cDNA probe significantly increased the homology and enabled
detection of the corresponding human sequences. However, the presence of
multiple reiterations of the ATTTA motifs in many lymphokines might
interfere with the detection of 1L-3 by probe-hybridization screening of human
genomic libraries and might result in nonspecific hybridization signals. The
aspects as outlined here presumably account for the different results with
respect to identification of human IL-3 by probe-hybridization techniques
among several investigators.

The repeat units have been shown to mediate selective degradation of several
lymphokine mRNAs (Shaw and Kamen, 1986). A cytoplasmic protein has been
identified that specifically binds to RNA molecules containing several
reiterations of the AUUUA structural element. The binding occurs very rapidly
resulting in the formation of a stable RNA/adenosine-uridine binding factor
complex and likely precedes degradation events of labile mRNA (Malter, 1989).
Mutational analysis indicated that three adjacent AUUUA pentamers are
required for binding of a factor that mediates rapid IL-3 mRNA decay
(Stoecklin et al., 1994). Translational blockades imposed by AU-rich cytokine
derived sequences have also been reported (Kruys et al., 1989).

It was demonstrated that the gene corresponding to the isolated cDNA clone
(D1Dencoding hIL-3 is located on chromosome 5. In addition to the gene
encoding hIL-3, the genes of IL-4, IL-5, IL-9, the p40 subunit of IL-12, 1.-13,
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GM-CSF, CSF-1, and the gene encoding the B isoform of the platelet-derived
growth factor receptor (PDGF-Rp) are all located on a small segment of the 5q
arm of human chromosome 5 (see chapter 1. Table 1.2). The genes encoding
murine IL-3, GM-CSF, IL-4 and IL-5 have been mapped to mouse chromosome
11 (Lee and Young, 1989), indicating conservation of gene localization.
Whether this chromosomal association of these genes is fortuitous or suggests
that these genes encoding functionally related hemopoietic factors are part of a
superfamily of inflammatory response genes is unknown. This specific
localization could also relate to the coordinate expression characteristics of
many of these proteins.

Loss of a whole chromosome 5 or deletion of a part of the long arm of this
chromosome (del[5q]) is frequently observed in malignant cells of patients with
specific myeloid disorders, including myelodysplastic syndrome (MDS) and
acute nonlymphocytic leukemia (ANLL). The deletions of chromosome 5
observed in ANLL and in the "5q- syndrome", a primary MDS disorder
characterized by refractory anemia with abnormal megakaryocytes, are
characterized by variability in the proximal and distal breakpoints. However, a
clinical evaluation of patients suffering from these disorders revealed a common
and apparently critical region, consisting of bands 523 and q31, that was
deleted in all patients (Le Beau et al., 1987), The loss of genes within this region
may play an important role in the pathogenesis of hematologic disorders
associated with a del(5q). The genetic consequence of a deletion of such a HGF
allele is as yet a matter of speculation. Such an allelic deletion may result in
decreased synthesis of the gene product or may allow expression of the other
allele on the homologous chromosome. Moreover, loss of function of both
alleles may have occurred through a deletion of one allele and dysfunction of
the other as a result of mutation(s). This latter mechanism has been confirmed
for the pathogenesis of retinoblastoma (Friend et al., 1986). Whether the
del(5q) related disorders are in fact the consequence of the loss of HGF genes is
as yet unknown.

The isolated hIL.-3 ¢cDNA encodes a precursor polypeptide of 152 aa which is
most likely processed at the amino terminus by the removal of a leader peptide
of 19 residues. As yet, natural hIL-3 has not been purified and examined to
confirm the postulated N-terminal residue of natural mature hIl.-3. With regard
to murine IL-3 (mlIL-3), the presence of mature mIL-3 with variable N-
terminal residues, as determined by protein sequencing of natural purified
secreted mlL-3, has been reported (Ihle et al., 1989). Protein comparison
between mature murine and human IL-3 displays only 28% homology and
reveals the conservation of two cysteine residues and the presence of two
potential N-linked glycosylation sites. The protein homology found for human
and murine IL-3 (28%) is considerably less than displayed by other murine and
corresponding human cytokines (see chapter 1) such as IL-11 (90%), CNTF
(83%), Epo (81%), SCF (80%), TNF-o (79%), IL-1B (78%), MIP1 (77%), IL-
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10 (73%), G-CSF (73%), p40 subunit IL-12 (70%), IL-4 (70%), IL-5 (70%),
EGF (70%), IL-1o. (65%), IL-2 (63%), p35 subunit IL-12 (60%), IL-7(60%),
IL-13 (58%), GM-CSF (56%), IL-9 (56%), and 1L-6 (42%). The relatively low
conservation of 11.-3, also reflected in the absence of cross-reactivity, indicates
that the 1L.-3 gene has diverged in evolution more rapidly than the genes for
most of the other HGFs. Results obtained from pairwise comparison of IL-3
coding sequences of various species will be presented in chapter 6. The absence
of cross-reactivity, i.e., hIL-3 does not stimulate proliferation of murine CFU-S
and neither does it support the growth of IL-3 dependent murine cells with hIL-
3, strongly indicates that an additional HGF able to stimulate murine cells has to
be present in the conditioned medium of stimulated human PBLs. Partial
purification of this postulated HGF demonstrated that the factor is distinct from
potential candidates such as IL-6 or HILDA/LIF, Whether this factor is a novel
HGF remains to be elucidated. With respect to the failure of hIL-3 to support
the growth of IL-3 dependent murine cell lines, it has been demonstrated that
human 125]-1L-3 does not bind to factor dependent murine cell lines (FDC-P-2
and P8) known to express IL-3 receptors (Park et al., 1989a,b).

Production of hIL-3 by expression of the isolated hIL-3 ¢cDNA has been
successfully performed in prokaryotic as well as eukaryotic systems.
Microorganisms used for the production of recombinant hIL-3 include yeast and
bacteria such as K. lactis, Bacillus and E. coli species. The latter was used for
the production of LacZ/hll.-3 fusion proteins which facilitated the production of
antibodies directed against the hIL-3 polypeptide. With regard to these E. coli
derived lacZ/hIL-3 fusion proteins, it is noteworthy that the fusion protein
encoded by pUC/hMultiA2 (Fig. 3.12) expression vector lacks the first 14 N-
terminal amino acids of the mature hil.-3 while remaining fully active. This
hIl.-3 mutant illustrated that the deletion at the N-terminus does not abolish its
biological activity indicating that the deleted part is probably not involved in
binding to the IL-3 receptor. However, it can not be excluded from these
experiments that the heterologous lacZ part compensates for the function of the
deleted 14 N-terminal residues of mature hIL-3,

These observations initiated studies on the structure-function relationship of
hIL.-3 by analyzing mutagenized proteins {Dorssers and Van Leen, 1991;
Dorssers et al., 1991). The muteins with selected amino acid deletions as well as
substitutions were engineered by site-directed mutagenesis. Generally, these
studies will provide insight in important domains such as receptor binding sites,
catalytic domain(s), presence of metal or cofactor binding sites and the antigenic
determinants., From these studies it was concluded that indeed the first 14 N-
terminal residues are not obligatory for biological activity. Another objective of
these studies is the refrieval of agonists with improved therapeutical properties
and specific antagonists of hIL-3 which are molecules that preclude signal
transduction by binding to the IL-3 cell surface receptor, preferably with a high
affinity. Obviously, such antagonists would have therapeutic potential,
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especially, for the treatment of HGF-associated leukemias.

Large-scale production of hIL-3 accomplished by expression in e.g. B.
licheniformis will facilitate a detailed analysis of its role in human hemopoiesis.
The effects of recombinant human IL-3 on normal as well as malignant
hemopoietic cells are presented in chapter 5. Furthermore, the availability of
recombinant hIL-3 will enable in vive studies in human and nonhuman primates
to determine its therapeutic window and side-effects. The pleiotropic effects of
murine IL-3 observed both in vitro and in vivo suggest a broad spectrum of
therapeutic applications for hil.-3, which will be considered in chapter 7.

Yang et al. {1986) isolated a gibbon IL-3 ¢cDNA by mammalian cell
expression cloning. The gibbon 11.-3 ¢DNA shares 91% homology with hIL-3
cDNA. It was shown that gibbon IL-3 supports the growth of human myeloid
and erythroid progenitors in vifro (Leary et al.,, 1987).The gibbon IL-3
sequences enabled the isolation of the hIL-3 homologous genomic sequences by
standard cross-hybridization methods (Yang et al., 1986; Yang and Clark,
1987). The sequence of human TL-3 mRNA and its encoded amino acid sequence
were deduced from the genomic sequence, Comparison of this hIL-3 sequence
as reported by Yang et al. (1986) with the sequence as presented in Fig. 3.8
revealed a T instead of the C at position 117 (see also Fig 3.5; pos 117). This
nucleotide (nt) substitution results in an aa change (a proline to a serine) at
position 8 of the mature protein (Fig. 3.10). The question as to whether this
difference represents polymorphism of the hIL-3 gene has been investigated by
several groups. A variety of cDNA clones encoding hIL-3 have been isolated
from T cell libraries (Otsuka et al., 1988). These investigators reported a hIL-3
cDNA sequence identical to that shown in Fig. 3.8 . Furthermore, sequence
analysis of four additional cDNAs, isolated independently from HG120 and
6D11 libraries (human Th cell clones), confirmed the C instead of T at the
position in question. Thus, the sequence as presented in Fig. 3.8 as well as five
independent hIL-3 sequences disclosed by Otsuka et al. (1988) showed at the
vexed nucleotide substitution a C instead of T (proline instead of serine).
Furthermore, Park et al. (1989a) reported the sequences of four hll.-3 cDNAs,
isolated from a cDNA library constructed with mRNA extracted from
peripheral blood T lymphocytes. All sequences encoded a proline instead of
serine at position 8 of the mature hIL-3 protein, thereby confirming the aa
sequence as presented in Fig. 3.10. Together, these investigators examined DNA
from 13 different individuals for the presence of hIL-3 polymorphic DNA.
Each of the 13 individuals contained DNA encoding proline at position 8 of the
hil-3 gene. However, three were also positive for serine at this position,
suggesting polymorphism of the hll.-3 gene with the allele encoding proline
being the most prevalent.
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CHAPTER 4

MOLECULAR CLONING OF THE GENE ENCODING
RHESUS MONKEY (MACACA MULATTA)
INTERLEUKIN-3

Parts of this chapter have been published in:

Burger, H, RW. van Leen, L.C.J. Dorssers, NL.M. Persoon, P.J. Lemson and G.
Wagemaker. Species specificity of human interleukin-3 demonstrated by cloning and expression
of the homologous Rhesus monkey {(Macaca Mulatta) gene. Blood. 76: 2229-2234, 1990.

Burger, H., L.C.J. Dorssers, RW. van Leen and G. Wagemaker. Nucleotide sequence of the
gene encoding rhesus monkey (Macaca mulatta) interleukin-3. Nucl. Acids Res. 18: 6718, 1990.
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4.1 Introduction

The molecular cloning and expression of the gene encoding human IL-3 and the
ensuing availability of large quantities of well-defined recombinant hiL-3, as
described in the previous chapter or as reported by other investigators (Yang et
al., 1986; Otsuka et al.,1988), facilitated extensive clinical study of this HGF. In
vitro studies on normal human bone marrow cells revealed that hIl.-3 functions
as a multilineage hemopoietin (see also chapter 5) and exhibits the capacity to
support the proliferation and development of multipotent cells (Barber et al.,
1989) as well as the development of lineage restricted myeloid progenitor cells,
including those committed to the erythroid, megakaryocytic, all
granulocytic/monocytic and mast cell pathways (Dorssers et al., 1987; Bot et al.,
1988; Lopez et al., 1988; Barber et al., 1989). Santoli et al. (1988) provided
some evidence that the effects of hiL-3 are not entirely limited to the myeloid
lineages since their data indicate that hll.-3 as well as GM-CSF supports the
growth of cells within the lymphoid lineage and exerts potent amplifying effects
on IL-2 induced T cell growth fn vitro. Furthermore, recombinant hIL-3 has
been shown to stimulate the proliferation of acute myelocytic leukemia
clonogenic cells (Delwel et al., 1987/1988; Miyauchi et al., 1987, Vellenga et
al., 1987b) as well as the proliferation of clonogenic progenitors derived from
patients suffering from other bone marrow-associated disorders, including
myelodysplastic syndromes, myeloproliferative disorders, or the B cell-
associated multiple myeloma (Barber et al., 1989; Bergui et al., 1989). With
regard to IL-3 responsiveness of malignant progenitors, marked variations
between individual patients were observed, which may reflect growth factor
requirements of different differentiation stages of normal bone marrow cells.
The pattern of the growth factor requirement of a neoplastic clone may be
additive to the morphological classification (FAB) of leukemic cells. In
summary, the broad spectrum of biological activities of hIL.-3 observed in vitro
is similar to that observed when mouse bone marrow was stimulated by murine
IL-3 (reviewed by Ihle et al., 1989). In addition, effects observed in vifro with
recombinant gibbon IL-3 on human bone marrow (Yang et al., 1986; Leary et
al., 1987; Lopez et al., 1987; Sieff et al., 1987b) further indicate that primate
1L-3 is functionally similar to murine IL-3.

The large-scale production of recombinant hIL-3 has also prompted
preclinical in vive studies in monkey species to identify its therapeutic window
and side-effects (Donahue et al., 1988; Krumwieh and Seiler, 1989; Mayer et
al,, 1989; Umemura et al., 1989). Contrasting its broad range of action in vitro,
recombinant human IL-3 administered to rhesus monkeys (Macaca mulatta) and
cynomolgus monkeys (Macaca facsicularis) exerted only limited and in part
inconsistent effects on the production of peripheral blood cells. In fact, the
effects of hIL-3 on peripheral blood cell numbers in these Macaca species were
restricted to a smali rise in white blood cell numbers, predominantly caused by
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Fig. 4.1 Southern blot analysis of mouse, human and rhesus monkey
chromosomal DNA. Genomic DNA (8 pig) from mouse (lanes I and 2), human (lanes 3 and
4), and three individual rhesus monkeys (lanes 5-12) were digested with the indicated resiriction
enzymes and sepatated on a 0.6% agarose gel. DNA fragments were transferred onto a nylon
membrane {GeneScreen Plus, NEN Research Products, Boston) and hybridized to random-
primer labeled hI1-3 ¢cDNA lacking 3’ the noncoding region (nt 1-541; see Fig, 3.5). Molecular
weight markers {(Lanmbda DNA digested with HindIII) are shown at the left. The arrow indicates
anonspecific frragment (present in ait samples) hybridizing with the hIL-3 probe and presumably
represents vector DNA sequences.

basophilia. Somewhat larger effects of hIL-3 were noted by sequential
administration of other, more pathway-restricted hemopoietic growth factors,
such as granulocyte/macrophage colony-stimulating factor (GM-CSF) or
erythropoietin (Donahue et al., 1987; Umemura et al., 1989). Therefore, it was
generally held, that IL-3 expands an early cell population that subsequently
requires the action of later acting factors such as GM-CSF to complete its
development (Donahue et al., 1987). In contrast to this hypothesis, the first
clinical trial of recombinant hlL-3 in human patients showed elevated numbers
of neutrophilic and eosinophilic granulocytes as well as substantial rises in
thrombocytes.

Based on such evidence, we proposed an alternative hypothesis that the
limited effects of human IL-3 in Macaca species should at least partly be
attributed to its species specificity. To test this hypothesis, we decided to clone
and express the gene encoding rhesus monkey IL-3 (RhIL-3) and to study the
stimulatory activity of the encoded RhIL-3 protein as well as the homologous
human protein on human and rhesus monkey cells.

Southern blot analysis revealed that hIL-3 ¢cDNA hybridizes with genomic
rhesus monkey DNA (Fig 4.1), which suggests that the RhI.-3 gene can be
readily isolated by screening a genomic rhesus monkey library with the hil.-3
cDNA. A genomic DNA library should contain stable DNA sequences
representative of the entire rhesus monkey genome and inserts should be large
enough to contain the whole RhIL-3 gene with its flanking regions.
Furthermore, it should be possible and simple to retrieve the inserted DNA
from the vector sequences in order to introduce it into sequence and expression
vectors. Amplification of the library without loss or misrepresentation requires
the generation of sufficient individual recombinants for a "complete” library.
Genomic libraries that fulfill these requirements appeared to be available. A
lambda (A) Charon 32 as well as a A Charon 40 library, containing partially
digested EcoRI genomic rhesus monkey DNA were provided by Dr. Jerry L.
Slightom (Kalamazoo, Michigan, USA). These lambda Charon phages permit
restricted size inserts of approximately 20 kb due to packaging limitations. The
genes encoding mouse (Miyatake et al., 1985), rat (Cohen et al., 1986) and
human IL-3 (Yang and Clark, 1987) are relatively small genes approximately 3

111




kb in length. The A Charon libraries mentioned above, which represent
approximately 90% of the entire rhesus monkey genome, were thought to be
appropriate for successful isolation of the gene encoding RhIL-3.

— o B_. . .
5' fragment {nt 1-253) 3' fragment {nt 411-910) complete hiL-3 cDNA

Fig. 4.2 Southern blot analysis of phage DNA isolated from clione RDPL.1,
Phage DNA from clone RDP1.1 (lane 1: not digested) was digested with the indicated restriction
cnzymes and separated on a 0.8% agarose pel. DNA {ragments were transferred onto nylon
membranes {GeneScreen Plus, NEN Research Products, Boston) and hybridized to different
hIL-3 cDNAs (see Fig. 3.5 for nt positions) as indicated (Panel A-C). Molecular weight markers
(Lambda DNA digested with HindIH) are shown at the right.

4.2  Isolation and characterization of the rhesus monkey IL-3
gene

About 106 plaques of the lambda Charon 40 library were screened with
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radiolabeled hIL-3 cDNA as described in chapter 2 and a single positive clone
(RDP1.1) was isolated. Analysis of phage DNA of clone RDP1.1 by restriction
enzyme cleavage mapping showed that this clone contains an insert of
approximately 13 kb with one internal EcoRI site, dividing the insert in 4.1 kb
and 9 kb EcoRI fragments. Southern blot analysis revealed that the hIL-3
homologous sequences were located on the 4.1 kb fragment (Fig. 4.2C). The
EcoRlI site present in exon V of the hIL-3 gene was apparently not conserved in
rhesus monkey, since both the 5'- and 3' fragment of the hIl-3 cDNA
hybridized to this 4.1 kb fragment (Fig. 4.2A and 4.2B). The hybridization
patterns of the 4.1 kb fragment, digested with different restriction enzymes
(Fig. 4.2), indicated that in comparison to the human gene various restriction
sites have been conserved and that the overall gene structures of RhIl.-3 and
hIL-3 are virtually identical, as shown in Fig. 4.3. Furthermore, comparison of
the generated restriction endonuclease map of the 4.1 kb fragment (Fig. 4.3)
with the hIL.-3 genomic sequence (Yang and Clark, 1987) suggests that the 4.1
kb EcoRI fragment comprises all RhIL-3 coding sequences.

The 4.1 kb EcoRI fragment was subjected to restriction endonuclease
digestion with Aval and BamHI. The generated fragments were subcloned into
pTZ18R and subsequently sequenced in both directions as described in chapter
2. Oligonucleotides, complementary to the established sequences, were
synthesized to serve as internal primers for sequencing over the restriction sites
used for subcloning., Computer-assisted analysis of the sequence data resulted in
the complete nucleotide sequence of the 4.1 kb fragment as shown in Fig. 4.4.
The sequence has been deposited at the EMBL Data Library with assignment of
the following accession number: X51890 [M. mulatta interteukin-3].

3kb 4kb

~0.5kb 0kb 1kb }
A 1 1 -
&)

Fig. 4.3 Schematic representation of the genomic organization of the human and
rhesus monkey IL-3 genes. Human IL-3 sequences (a; Yang et al., 1987) were aligned to
the corresponding rhesus monkey IL-3 sequences (b). Black boxes indicate the protein coding
sequences. Restriction sites used for sequence analysis are indicated. The 2.2 kb Xmal-Xhol
RhIL-3 fragment {c} was used for transient expression in COS cells.

113



GAATTCTTCCACATGCCCCCATCACACTCATCCCTTTACCAAAAGTCCCT
ACCCCATGGGGTGGGTCAGGCAGGCCTCAACACAGGCCCGTATCAGGGGEG
ACGCCTCTTCCCTCAGGGGCTGCCCTCTGGGATCACCACCCCCGCCCTCT
TTGGTTTCCTGCTTCCTATCTGGCTGCAGCTTTTCAGGCCCATTGTGTAT
TTCCCCATGGTCTGTGCCCACTCGCATCCCCTCTCTGCARACCTTGCCTA
CTGGGCCTGTACCTGGCAARATCCATGCTCAGCACAGACAGGGATGGAGAC
CTCTCAATACAACTGTCTCCTGCCAATCCCTGCCCCAGCAGCCTGAGGCC
CAGCCTGCAACCAGGGAGCTGCTCTCCTTTCTCCTCTCCTCCCTTGACCT
CGCCCCTCAGACCATGCCAATTCTACCTCCTAARACCTCCCAGGCCAGCCC
CTCCCCCAGCTCCCAGTGACAGTGTCCTCAAGAGCTCCTGTCCTTAGGTA
CCTGAGCTCAGCTCTTGGTGATACCAGAAGTACTGCCAGGGGCTGCAGCA
GGCCTCCTGCAGAGGCTGAGTCCCACATCGCAGGGAACAGCCATGCCACT
GCTAGCAGACAAGTAAGAGAATGGCCACCTGGGGCTGAGTGCTCTTGGTC
ACCCACCAGAAACAAAGTGTCAAGGAGAAGCTGCCCAAAGCCCATGGGAC
AAACCACTGGGGATTGGAACACCAGTAATTCCGCATTGGGAGGGGGCACC
AAGAGATGTGCTTCTCAGAGCCTGAGGCTGCACATGGATGTTGAGCAGTG
CGACCGGCTACCAGACAAACTCATCAGTTCCAGTGGCCTCCTGGCCACCA
CCAGGACCAAGCAGGGTGGGTAGCAGAGGGCCACCTGGAGGTGATGACAG
ATGAGATCCCGCTGGGCAGGAGGCCTGAGTGAGCTGAGTCAGGCTTCCCC
TTCCTGCCACAGGGGTCCTCTCACCTGCTGCCATGCTTCCCATCTCTCAT
CCTCCTTGACAAGATGAGGGGATACCCTTTAAGTAATCTTTTTTCTTGTT
TCACTGATCTTGAGTACTAGAAAGTCATGGATGAATAATTACGTCTGTGG
TTTTCTATGGAGGTTCCATGTCAGATAAAGATCCTTCCGACGCCTGCACC
ACACCACCCGCCCCCCGCCTTGCCCGGGGTTGTGGGCACCGTGCTGCTGE
ACATATAAGGCGGGAGGCTGTTGCCGACTCTTCAGAGCCCCACGAAGGAC
CAGAACAAGACAGAGTGCCTCCCACCAATCCAAACATGAGCCGCCTGCCC
M 35 R L P
GTCCTGCTCCTGCTCCATCTCCTGGTCAGCCCCGGACTCCAAGCTCCCAT
v L L L L, B L L v 8§ P G L ¢ A P M
GACCCAGACAACGTCCTTGAAGACAAGCTGGGCTAAGTGCTCTAACATGA
T ¢ T T $§$ ILh X T S W A K C S N M I
TCGATGAAATTATAACACACTTAAACCAGCCACCTTTGCCTTCACCGGTG
pE I I T H L N QQ P P L P S5 P
AGTAGCTGGGATAAGACTGGCCTGCAGCAGGGAGGGGTGGTGGCTGCCTC
AGCCAACAGCCTCATGGGCCTCTCTCTCCCTTCACCCCATAGGACTTCAA
D F N
CAACCTCAATGAGGAAGACCAAARCCATTCTGGTGGTAAGAGCTCAGCCCC
N L N E E B @ T I L V¥
TGGATCCCAATCCACTTCCTGCCTGGGTGACTTCAGCCATGTCATTCCAT
CTTGCCTAGCCTTGCTTTCTTCATCTGTARAATAGGGTTAATAGCGCLCTG
TCTCAGTGGGACTGTTATGACAGTCAAATGACACAATGTGCATAACGTTC
TGGCCCAGCATCTGGCACTTAAGGGTTCAATACGTGGCCACAGCCATGGL
TATAAGAATGAAAATGACTTTTAAATTAGAARAATGAAAAGCCCCACAGAT
GTGCCAGCTTCTTTTTCCCTTTAAAAAGTGAGTTTGTGTTTTCCACCCTC
ATTGGTTGTGGCATTATCATTTACAGTTATTTTTCATGGTTCCAGTTGGT
TGCAATGGTTCTCTCTCACGTTTGCATGACATTTCTTGGGTCAAACAAGA
GCAGTTCTAGGTGAGGAATACTAAGGGCCTTAAGGTCAGTTTTTGGTAGG
ACAGACTCTGGACTGACAGACGGAAATTTCAGTGGAAGCCTTTGCTGAGT
TCCTGGGCCATCTGTATTTGGGGCACTCACTGCTCACATGCTGCACCCAC
TTCCATGTTGCGGTICTCTGTGATTTTCTTCTTGATTTCTAGGAGACTT'TA
ATTCAGTCAGGGCATGAACGCTGTTATCAGCCTTTGAGCTACAAATACTT
CCCATGGAAGACCCCCTGCCTTTTGTAGAGTTTCTTTTTGGAGATATGTT
CTACCCCAAGTGCAGAAAGATCCACCTAGGTCCCCCCTCCCCCCCCCTTT
TTTTTTTTTTGAGACAGAGTCTCACTCTGTTGCCCAGGCTGGAGTGCAGT

114

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
800
950

1000
1050
1100
1150
1200
1250
1300

1350
1400
143590

1500
1550

1600

1650
1700
1750
1800
1850
1300
1950
2000
2050
2100
2150
2200
2250
2300
2350
2400



GGCACGATCTTGGCTCACTGCTACCTCTGCCTCCCAAGTTCAAGCCATTC
TCCTGCCTCAGCCTCCCAAGTAGCTGGGACTACAGGCATGCACCACCACT
CCCATTTTTGTATTTTTAGTAGAGTCGGGCTTTCACCATATTGGTCAGGC
TGGTCTTGAACTCGACCTCAGGTTATCTGCCTGCCTCGGCTTCCCAAAAT
GCTAGGATTACAGGCTTGAGTCACCGCACCCGGCCCACCTAGGCCCTTCA
GGCAGCTCACATGGAGCCAGAGACTGGGGGCTTGAGGAAACCAGGTCCTG
CCTGCCACTCACTTCTAGGCCTGTGCTCTTGGGCAGGGACCCACCTGAGS
CAAGAATGGGACTAGGAGGGAACCCGAGAGTGGGCTTGGGAARCCCTGGG
GGTGACTTCCAGCTGCTTGTGGGAGGGATACTCCGTAACCTTTICCCCCGT
AAGTGTATTCTCTGCCCTGTTAGGARAAAAACCTTCCAAGGTCAAACCTG
E K N L. R R § N L
GAGGCATTCAGTAAGGCTGTCAAGAGTTTACAGAACGCATCAGCAATCGA
E A F 8 K A V K 85 L g N A 858 A I E
GAGCATTCTTAAGGTATGTGAAGCTGTTGAGGGTTTGGGATCCCTGTGTT
5 I L K
GGCCCTGCCCTGCCTCTGGGGAGGATGACAGCAGGGCCCACTCCCTTTCC
AAGGGAATCTCTGACCATCTGCTTTGATCTCTTTCCACAGAATCTCCCAC
N L P P
CATGCCTGCCCATGGCCACGGCCGCACCCACGGTAAGCTGTCCCCCAAGA
c L P M A T A A P T
TGCCCGTGTCGTGGCTTGCTCCTCAGTTGGTCATCACCATTATAGCCTGG
ACTCACCTAATCCCACCTTCTTGGTTTCTTTATAGCGACCTCCAATCCGT
R P P I R
ATCACGAACGGTGACCGGAATGACTTCCGGAGGAAACTGAAGTTCTATCT
I T N 6 D R NDPF RIR K L K F Y L
GAAAACCCTTGAGAATGAGCAGGCTCAATAGACGACTCTGAGCCTCGAGA
XK T L E N E Q & Q *
TCTCTTGAGTCCAACGTCCAGCTCGTTCTCTGGGTCTTCTCACCACAGAG
CTTCAGGACATTGAAAACTTCTGAAACCTCTGGCTCATCTCTCACACAGT
CCAGGACCAGAAGCATTTCACCTTTTCCTGCGGCATCAGACGAATTGTCA
ATTATCTAATTTCTGARATGTGCAGCTCCCATTTGGCCTTGTGCAGTTGT
GTTCTCATTTTTATCCCATTGAGACTATTTATTTATGTATTTATTTATTT
ATTTATTTATTGCTTTCTGGAATGTGAAGTGTATTTATTTCAGCAAAGGA
GCCATGTCCTGCTGCTTCTGCAAAAAACTCACAGTAGGGTGGGAAGCATG
TTCATTTGTACCTCGAGTTTTAAACTAGTTCCTAGGGATGTGTGAGAATA
AATCAGACTCTGAACAACTGCTTTGTTACCAGTGTTTCAATTTGATTCGG
GACTTAGTGACCATTTTAGAGGAGACTGGTGTGCCACGAATCCTGGGTGG
CTTGATCCTGCCACGTGGATGTTGTCTGTGTGAGCTTGTTCTCACACTGC
CCTCCTGCCACCCCCATTTCCAGAAAGGTGATGATAACCCTAGCAATCTT
GAATATCCACAGAACTGCTACCAGGTACCAGGAGCCATTCTCAGCACTTT
ACCTGTGCTACCTAACTTACTCCTCACACCAACCARAGAGTATGTTTTCTC
CGTTTCATGGGAAACTGAAGTTCAGCGTAGC TGAGCAACTGCCTAAGGTC
ACACAGCTGATAATGGCCCAGCTGTGGCTTGAATTC
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Fig. 4.4 Rhesus monkey genomic DNA sequence encompassing the IL-3 coding
regions. The nucleotide sequence of the 4.1 kb EcoRI fragment of RDP1.1 is shown and the
deduced RUIL-3 protein sequence is denoted in the single letter code indicated under the thirst at
of the corresponding codon. The numbers at the right refer to the last nt of the corresponding

line,
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The nucleotide sequence of the entire 4.1 kb EceR] fragment (Fig. 4.4)
compared with the complete sequence (3600 bp) of the hIL-3 gene (Yang and
Clark, 1987) displayed a homology of 92.9%. An identical percentage of
homology was found for the coding regions. The intronfexon boundaries,
specified by a consensus splice donor and acceptor sequence, were found to be
highly conserved. The 5'-flanking region upstream the putative transcription
initiation site (Fig. 4.5A pos. 1234) presumably spans the putative promoter and
contains structural elements common to many eukaryotic promoters (Benoist
and Chambon, 1981; Fromm and Berg, 1982; Treisman et al., 1983} including a
"TATAA"-related sequence (Fig. 4.5A pos. 1204), a "CAT"-related sequence
(Fig. 4.5A pos. 1115) and a G+C rich sequence separating these clements.
Furthermore, one copy of the conserved "decanucleotide” with the consensus
"GPuGPuTTPyCAPy" (Fig. 4.5A pos. 1110, denoted as CK-1 and overlapping
the CAT box) present in the S"-untranslated regions of many HGFs (Stanley et
al., 1985; Kaushansky, 1987; see also chapter 1) and a sequence located at the 3'
end of the decamer (Fig. 4.5A pos. 1121, denoted as CK-2) with the consensus
“TCAGPuTA" (Shannon et al., 1988) were identified in the promoter region of
the RhIL-3 gene. All closely linked "upstream promoter elements" and their
relative position, as identified in the RhIL-3 gene, are conserved in all analyzed
IL-3 species. Furthermore, sequence comparisons were conducted in order to
identify other closely or more distantly located sequences required for efficient
regulation of IL-3 expression by binding transcription factors. Potential binding
sequences of the transcription factors (reviewed by Wasylyk, 1988, Mitchell and
Tjian, 1989, Yoza and Roeder, 1990) or enhancers such as Spl, AP-2, SRF,
OTF, OCT-1, N element, heptamer, CRtT and CREB were not found. However,
some distinct binding sites for sequence-specific transcription factors, including
AP-1 (Mathey-Prevot et al., 1990), CTF/NF-1 (Mitchell and Tjian, 1989) and
NF-xB (Lenardo and Baltimore, 1989) were identified upstream of the putative
transcription initiation site (Fig. 4.5A pos. 1235) of the RhIL-3 gene. Two
adjacent AP-1 sites (Fig. 4.4 pos. 926 and 935) and a NF-xB site (Fig. 4.4 pos
1018) were present in the vicinity of the transcription start site (-300 to -200 bp
relative to the transcription initiation site), whereas two copies of the CTF/NF-1
site (Fig. 4.4 pos. 322 [-900 bp] and 416 [-800 bp]) were located more distant
relative to the position of RNA chain initiation.

The 3' noncoding region upstream the polyadenylation site (Fig 4.5B pos.
3746) contained 8 "ATTTA" repeat units. With respect to their position, five of
these repeats are conserved in the hIL-3 gene (Yang and Clark, 1987; Dorssers
et al., 1987). The significance of the presence of these highly conserved AU-
rich sequences in genes encoding various cytokine and their postulated role in
the post-transcriptional regulation by the modulation of translational efficiency
have been discussed in the previous chapter.
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Fig. 4.5 Structural elements in the 5’- and 3’-flanking regions of the RhIL-3
gene. The 5'-flanking sequence upstream of the transcripiion initiation site (panel A} and the 3’
nonceding region upstream of the polyadenylation site {panel B) are shown. The sequence
shown in panel A spans the putative promoter region and contains several regulatory elements
including a TATA box, a CAT box, a G+C rich sequence and the CK-1 (Stanley et al., 1985)
and CK-2 (Shannon ¢t al., 1988; Mathey-Prevot et al., 1990) motifs. The pelyadenylation sighal
and eiighl “ATTTA” motifs present in the 3’ noncoding region of the RhIL-3 gene are indicated in
panel B.

The intron/exon structure of the RhIL-3 gene, deduced from the nucleotide
sequence of the hIL-3 ¢cDNA and confirmed by sequence analysis of the isolated
RhIL-3 ¢DNA construct, shows that the RhIL-3 gene, like the murine, rat and
human counterparts (Miyatake et al., 1985; Cohen et al., 1986; Yang and Clark,
1987) is divided into five small exons, encoding in this case a 143 amino acid
polypeptide. This RhIl.-3 polypeptide is most likely processed at the amino
terminus by the removal of 19 residues to yield a mature protein comprising
124 amino acids ( M, 13,974) , which is 9 residues shorter than the human
protein ( M, 15,074). The hIL-3 and RhIL-3 protein homology was found to be
89.5% for the signal peptide and 80.5% for the mature protein as shown in Fig.
4.6. The two cysteine residues at position 16 and 84 present in hIL-3 are
conserved in the rhesus monkey (Fig. 4.6) and may play an essential role in
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Fig. 4.6 Alignment of the aa sequences of rhesus monkey and human IL-3, The
prolein sequences are shown in the single letter code and identities are indicated by vertical lines.
The two conserved cysteine residues are indicated by arrows and the poiential N-linked
glycosylation sites are shown in bold.

protein folding. The potential N-linked glycosylation site present at position 70
of hIL-3 (Fig. 4.6} is conserved in RhIL-3 but the potential glycosylation site at
posifion 15 is deleted due to substitution of the asparagine residue in hIL-3 by a
lysine in RhiL-3 (Fig. 4.6). Comparison of the IL-3 coding sequences of man
and rhesus monkey, as shown in Fig. 4.7, revealed that the majority of
substitutions, approximately 80%, had occurred at replacement or
nonsynonymous sites of codons resulting in a change of the amino acid sequence
(Li et al., 1985). This aspect has been further investigated and the results are
presented and discussed in chapter 6.

4.3  Expression of RhIL-3 coding sequences in COS cells

The 2.2 kb Xmal-Xhol (filled in) blunt fragment of RDP1.1 (Fig. 4.3) was used
for expression in COS cells. This fragment, comprising all hIL-3 homologous
coding sequences, was inserted in the Smal site of the polylinker downstream
the heterologous SV40 late promoter in the pSVL (Pharmacia) eukaryotic
expression vector, resulting in the pSVL/RhIL-3 plasmid (Fig 4.7). Plasmid
DNA was purified and transfected, as described in chapter 2, to COS cells,
which permit efficient replication of plasmids carrying a SV40 replication
origin (Gluzman, 1981). Supernatant was harvested 48-72 hours after
transfection and tested for the presence of functional RhIL-3 by the capacity of
the supernatant to stimulate hemopoietic cells. Western blot analysis using
polyclonal as well as monoclonal antibodies directed against the hIL-3
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Fig. 4.7 Structure of the pSV/RNIL-3 expression vector., The 2.2 kb Xmal-Xhol
{filled in) RhIL-3 fragment of RDP1.1 (see Fig. 4.3) was inserted into the Smal site of the
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polylinker of the pSVL (Pharmacia) cukaryotic expression vector resuiting in the pSV/RhIL-3
vector (see chapler 2). The SV40 late promoter drives the expression of the inserted RhIL-3

gene,

polypeptide demonstrated that these antisera immunoreacted with the RhIL-3
protein. The number of II.-3 units present in the supernatant was assessed on
IL-3 dependent human AMIL-193 cells as well as on rhesus monkey bone
marrow progenitor cells and appeared to be in both assays approximately 100
units per ml. The biological data of the COS cell-derived RhIL-3 will be
presented and discussed in the next chapter. Purification and assessment of the
specific activity of RhIL-3 expressed in COS cells were not attempted because of
the relatively low expression level. As shown in the previous chapter, large-
scale production of hIL-3 was accomplished by prokaryotic expression.
Therefore, the construction of a RhIL-3 ¢cDNA, required for the synthesis of
RhIL-3 protein in bacteria, was initiated. Such a production system will
facilitate in vivo studies on homologous II.-3 in rhesus monkeys.

4.4  Construction and isolation of a rhesus monkey IL-3 ¢DNA

Poly A+ mRNA was isolated from COS cells 48 hours after transfection with
pSVL/RhIL-3 and 2 ug was converted to single stranded cDNA using oligo
(dT), as described in chapter 2, for the first strand reaction. The generated
single stranded cDNA was selectively amplified with the help of the polymerase
chain reaction (PCR) technique using oligonucleotides designed for RhIL-3
c¢DNA cloning into a Bacillus expression vector. The first oligonucleotide has
the sequence 5'-TGC GAC GTG GAT CCT GCA GCA GCG GCG GCT CCC
ATG ACC CAG ACA ACG-3' and contains BamHI and Pstl restriction sites and
the information for the 3' part of the B. licheniformis alpha-amylase signal
peptide precisely fused to the mature RhIL-3 sequence. The second
oligonucleotide has the sequence 5'-GGA TCC GAG CTC CCC-3' and is
complementary to the Smal-BamHI fragment of the multiple-cloning site
present in pSVL/RWIL-3 (Fig. 4.7) and concomitant complementary to the 3’
end of mRNAs synthesized from pSVL constructs.

The reaction products of the PCR, carried out as described in chapter 2,
were digested with BamHI and Xhel and the resulting fragments were inserted
into pGEM-7Zf(+) (Promega). The resulting plasmids were propagated in E.
coli and individual transformants were, without prior hybridization selection,
directly subjected to DNA sequence analysis. Since Tag-polymerase induces
mutations due to incorrect nucleotide incorporation, the nucleotide sequence of
cDNA inserts of several individual transformants were established as described
in chapter 2. Comparison withthe genomic sequence enabled the selection of a
clone without induced mutations. In addition, these analyses revealed that the
frequency of mutations induced by the PCR amplification technique, using Tag-
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polymerase, was approximately 1 per 400.

4.5  Expression of RhIL-3 ¢cDNA and large-scale production of
the encoded RhIL-3 polypeptide

The selected insert of a pGEM-7Zf(+) clone, carrying the correct RhIL-3
cDNA as determined by sequence analysis, was cloned into an appropriate B.
licheniformis expression vector similar to hIL-3 ¢cDNA as described in chapters
2 and 3. E. coli as well as B. licheniformis vectors, which were used to acquire
the definitive RhIL-3 expression vector, are described elsewhere (Persoon and
Van Leen, 1990). In the resulting RhIL-3 B. licheniformis vector pGB/RhIL-
326, the expression of the o.-amylase/mature RhIL-3 open reading frame is
driven by the strong Hpall promoter. Bacillus strain T9 was transformed with
pGB/RhIL-326 as described in chapter 2 and transformants were shown to
produce high amounts of RhiL-3 (>5 mg/) of which more than 95% was
secreted into the culture medium. Purification of the secreted RhIL-3
polypeptide was performed analogous to hIL-3 (see chapter 2 and 3; and
Persoon and Van Leen, 1990) with the exception that for the ion-exchange
chromatography step, DEAE Sepharose Fast Flow (Pharmacia) was used instead
of Fractogel TSK DEAE-650.

kDa

—~ 9y

- 67

— U3

Fig. 4.8 Analysis of purified B.
=30 licheniformis-derived RhIL-3 by
SDS-PAGE. Lanes 2 and 3 were
loaded respectively with 0.2 pg and 2
pg protein of a purified RhIL-3
preparation (RhIL-3 IIIB). The single

20.1 Coomassie brilliant blue stained band
demonstrated that the RhIL-3
preparation has a purity of 299%.
Lanes 1 and 4 were foaded with protein

— g markers (LMW, Pharmacia} and their

corresponding molecular weights are
indicated in kDa at the right,
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Fig. 4.9 Western blot analysis of human and rhesus monkey IL-3. Homogeneous
B. licheniformis derived human and rhesus monkey IL-3 were used in these studies. Panel A
shows coomassie brilliant biue stained SDS-PAGE of human IL-3 (Hu) and Rhesus monkey IL-
3 proteins. Equal amounts of protein were loaded as demonstrated by comparable staining.
Foltowing SDS-PAGE (13.5%) IL-3 proteins (equal amounts of Hu and Rh) were transferred
onto nitrocellulose membranes using the semi-dry (ransfer technique (see chapter 2). The filters
were incubated with polyclonal rabbit anti-human IL-3 serum (panel B) and various MAbs
directed against human IL-3 (see chapter 3; Dorssers et al., 1991): MCA/A4 (panel C), MCA/AS
{panel D}, MCA/A 1 (panel E), MCA/AS (panel F), and MCA/A18 (panel G).

The two step purification protocol, as described in chapter 2, resulted in a
homogenous RhIL-3 preparation, as demonstrated by Western blot analysis
using polyclonal and monoclonal antibodies (MCAs) directed against hlL-3 (see
chapter 3) and by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), which showed the presence of a singie Coomassie brilliant blue
stained band with a purity of >99% (Fig. 4.8). Furthermore, the endotoxin
concentrations were below the detection level of the assay (Lumilus lysate assay)
for all RhIL-3 preparations obtained by this purification protocol. Biological
characterization of homogenous RhIL-3 preparations will be presented in the
next chapter,

As alluded to earlier, antibodies directed against the hIl.-3 polypeptide are
able to detect the RhIL-3 protein as well. Polyclonal rabbit anti-human IL-3
antiserum appeared to be approximately 2-3 fold less effective in detecting
RhIL-3 in comparison to hIL-3, which is most likely caused by differences in
the antigenic determinants between these IL.-3 species. Furthermore, analysis of
ascites-derived anti-human IL-3 monoclonal antibodies demonstrated that only
the monoclonals designated as MCA/A4 and MCA/A8 (Dorssers et al., 1991)
react with the RhIL-3 polypeptide (Fig 4.9).

Analysis of interactions between deletion mutants of hlL-3 (Dorssers and
Van Leen, 1991) and protein-A purified MCAs, either derived from supernatant
of hybridoma cultures or ascites fluids, revealed that the majority of the MCAs
are directed against epitopes located between residues 30 and 50 of the mature
hIL-3 (Dorssers and Van Leen, 1991; Dorssers et al., 1991). The availability of
homogenous RhIL-3 provided a number of amino acid substitutions which
facilitated a further and more detailed antigenic epitope determination of hIL-3.
In particular, the five ascites-derived monoclonals (Dorssers et al., 1991) were
used to map antigenic determinants resulting in the identification of three
continuous epitopes and as yet one unidentified epitope. The ascites-derived
MCA/A1 and MCA/AI8 were shown to react with a linear polypeptide chain
located between amino acid 30 to 35 of the mature hIl.-3 and MCA/AS8 was
shown to be directed against the continuous epitope located between residue 40
and 45. The third identified epitope was located, adjacent to the previous 40-45
determinant, between residue 45 and 50 and reacts with MCA/AS. MCA/A4
appeared to react with all constructed deletion mutants as well as the RhIL-3
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polypeptide. The epitope specificity of the latter MCA remains to be elucidated.
Since MCA/AS detects RhIL-3, the exchange of a glycine residue by a glutamine
at position 42 (Fig. 4.6) apparently does not influence the antigenicity of the 40-
45 determinant. In contrast, amino acid alterations at position 34 and 35 (Fig.
4.6) in the 30-35 determinant as well as the alterations at position 46 and 49
(Fig. 4.6) in the 45-50 determinant were shown to abolish the antibody/ligand
interaction.

4.6 Summary and Discussion

The gene encoding rhesus monkey interleukin-3 (RhIL-3) was isolated by
screening a Lambda Charon 40 library containing rhesus monkey genomic DNA
with human interleukin-3 (hIL-3) ¢cDNA. The nucleotide sequence of the RhIL-
3 gene displays 92.9% homology with the corresponding part of the hIL-3 gene.
Proposed regulatory elements, present in the RhIL-3 gene, are similar to those
identified in IL-3 genes of other species, including mouse, rat and man,
indicating a common mechanism for the regulation of IL-3 gene expression,
with an essential role for these structural elements. Furthermore, the presence
of significant homologies in the 5'-flanking regions of several HGF genes such
as I1L-3, GM-CSF, G-CSF, IEN-y, IL-2 and its receptor (Kaushansky, 1987)
suggests a functional correlation. Most of these HGFs are produced by T
lymphocytes in response to inflammatory mediators (Ihie et al., 1989). In
addition, the GM-CSF and I1.-3 genes are localized, both in mouse and man, in
close proximity on the same chromosome. Based on these observations, it has
been suggested that GM-CSF and IL-3 and perhaps other HGFs are coordinately
released by T lymphocytes (Barlow et al.,, 1987) and that the well-conserved
"decanucleotide” (Stanley et al., 1985) is the responsive element that accounts
for the coordinate expression of these HGF genes. However, this element was
also identified in the genes encoding human and murine G-CSF which is a factor
that is not produced by activated T cells. Thus, the "decanucleotide” is
apparently not the only responsive motif involved in the coordinate expression
of HGFs by T lymphocytes. A second cytokine-specific sequence (CK-2),
located as shown in Fig. 4.5 at the 3' end of the previously identified cytokine-
specific "decanucleotide” (CK-1), was identified in the genes encoding GM-CSF
and IL-3, but not in G-CSF or IL-2 (Shannon et al., 1988). CK-2 (consensus
"TCAGPuTA") was found to be conserved in mouse, human and rhesus monkey
IL-3. Since it has been demonstrated that a region spanning CK-1 and CK-2 is
specifically recognized by phorbol 12-myristate 13-acetate (PMA) induced, T
cell-derived nuclear proteins, it has been hypothesized that binding of these
nuclear factors to the responsive elements CK-1 and CK-2 accounts for the
coordinate expression of GM-CSF and 1L-3 in activated T cells. However, it was
shown by Mathey-Prevot et al. (1990) that the target DNA sequences for IL-3
regulation are contained within a 315 nt region upstream of the mRNA start
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Fig. 4.10 Schematic representation of the putative promoter region of the IL-3
gene, The genomic organization of the IL-3 gene, based on the human (Yang et al., 1987} and
rhesus monkey 1L-3 (Burger et al., 1990b} sequences is shown at the top. The black boxes ai the
top figure represent exon T to V. The corresponding noncoding regions of exon I and V are
indicated in grey. The promoter region of the IL-3 gene is shown at the bottom. The various
struciural elements present in the 5’-flanking region of the TL-3 gene are discussed in section 4.2
and 4.6 of this chapter.

site. These investigators demonstrated that CK-1 and CK-2 do not play a role in
T cell expression of IL-3. Instead, the sequence "TTACGTCT" also present in
rhesus monkey (Fig. 4.4 pos. 1089) and closely related to the established cyclic-
AMP-responsive element CRE/ATF (Montminy et al., 1986) was shown to be
involved. This "CRE"-like motif, together with nucleotides immediately
upstream of this motif appeared to be a prerequisite for efficient expression in
activated T cells. In addition, Mathey-Prevot et al. (1990) demonstrated that the
presence of a more distally located sequence encompassing an AP-1 binding site
(located at an relative identical position in Rhil.-3 as described in section 4.2)
enhances IL-3 expression. A specific DNA binding site, called NIP
(GCTGCCATG) and conserved in rhesus monkey (Fig 4.4 pos. 977), is located
between the two binding sites for positive regulators ("CRE" and AP-1). The
latter motif (NIP) appeared to function as a potent repressor in the absence of
the AP-1 site (Mathey-Prevot et al., 1990). Whether the NF-xB site (section
4.2} and the more distally located copies of the CTF/NF-1 motif indeed affect
the expression of IL-3 remains to be elucidated. The NF-xB transcriptional
element is common to the promoter region of many cytokine genes, including
the promoters of IL-2 and its receptor, IL-6, TNF-¢¢, GM-CSF, G-CSF and
IFN-f and was also found in HTLV-I and Human immunodeficiency virus
(HIV) suggesting that this transcription factor is involved in the activation of
these genes in T cells (Schreck and Baeuerle, 1990; Nishizawa and Nagata,
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1990; Libermann and Baltimore, 1990). A schematic representation of the
putative promoter region and the intron/exon structure of the IL-3 gene (based
on the human and rhesus monkey sequences) is depicted in Fig. 4.10.

The protein encoded by the RhIL-3 gene, which appeared to be 9 residues
shorter than the human protein, displays a homology of 80.5% for the mature
protein. The two cysteine residues are conserved, whereas only one potential N-
linked glycosylation site is conserved. Comparison of the human and rhesus
monkey II.-3 coding sequences revealed that the majority of substitutions has
occurred at amino acid replacement sites implicating a rapid evolution of the
II.-3 protein. This aspect of IL-3 will be discussed in detail in chapter 6.

Large-scale production of RhIl.-3 has been accomplished by expression of a
RhIL-3 ¢DNA. This ¢cDNA was constructed from mRNA of COS cells
transfected with a genomic fragment encompassing all RhIl.-3 coding sequences.
A simple purification procedure to obtain preparations of homogenous and
endotoxin free B. licheniformis-derived RhIL-3 is described in this chapter. The
availability of such RhIL-3 preparation enables in vitro characterization of the
stimulatory activity of RhIL-3, including the capacity to support colony
formation of rhesus monkey progenitors, the capacity to support proliferation
of human IL-3 dependent AML-193 cells and of normal human bone marrow
progenitors. These biological analyses and the concomitant assessment of the
specific activity of IL-3 will be presented in the next chapter.

The validity of the hypothesis, as presented in the introduction of this
chapter, that a species specificity of hIL-3 accounts for the limited in vivo
effects of hIl.-3 observed in Macaca species, can be tested in vitre by assessment
of the cross-reactivity of RhIL-3 as well as hIL-3 on human and rhesus monkey
hemopoietic cells. Furthermore, preparations of homogenous and endotoxin
free RhIL-3 facilitate preclinical in vivo studies on homologous IL-3 in Macaca
species. Those in vive studies on homologous RhIL-3 in rhesus monkey are
likely to be less hampered by immunological reactions directed against the
exogenous IL-3 due to the absence of species barriers. Since in vive HGFs can
act in concert, i.c., be additive, synergistic, inhibitory, or in a hierarchical
order, it will be essential to study the interacting relationships between IL-3
and other cytokines by administration of homologous 1L-3 in combination with
other more pathway restricted HGFs in non human primates. Such preclinical
studies are facilitated by the availability of recombinant HGFs and are
indispensable to define the potential therapeutic role of TL-3.

The molecular cloning of RhIL-3 promoted studies on the identification of
antigenic determinants in hIL-3 polypeptide, as described in this chapter.
Construction of hIL-3 mutants with individual amino acid substitutions based on
the primary structure of the RhIL-3 may further help to identify novel residues
involved in the antigenic interactions. The latter may be of interest for the
construction of "second generation” hIL-3 proteins with modulated (increased
or decreased) antigenicity or biological activity.
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BIOLOGICAL CHARACTERIZATION OF
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5.1 Introduction

Isolation of a human IL-3 cDNA, identified by exploiting the rather high degree
of sequence homology in the 3' noncoding region of the mouse multilineage-
colony-stimulating factor (multi-CSF) or interleukin-3 (IL-3) ¢cDNA, has been
discussed in chapter 3. Molecular characterization demonstrated that the novel
human sequences are genetically related to murine and rat IL-3 (see chapter 3).
Characterization of RhIL-3 was enabled by the isolation and expression of the
genomic sequences encompassing all RhIL-3 coding sequences and construction,
isolation and expression of a RhIL-3 cDNA (see chapter 4). Analogous to the
murine system (Pluznik and Sachs, 1965; Bradley and Metcalf, 1966, the
development of in vifro assays for the clonal growth of human hemopoietic
progenitor cells (Pike and Robinson, 1970) allowed for the characterization of
soluble human factors capable of interacting directly with PHSCs and committed
progenitors to stimulate their proliferation and differentiation.

Biological data presented in this chapter will demonstrate that the isolated
human ¢DNA, genetically related to rodent IL-3, is also functionally related to
mouse and rat 11.-3. Furthermore, biological characterization of rhesus monkey
IL-3 (RhIL-3) will be presented. The production of RhIL-3 was initiated to
perform studies on homologous IL-3 in nonhuman primates such as the rhesus
monkey. Furthermore, indications towards a species specificity of hIL-3 were
observed as described in chapter 4. Therefore, comparisons between the
stimulatory activity of hIL-3 and RhIL-3 on human as well as rhesus monkey
hemopoietic cells were performed in order to assess the cross-reactivities of
these HGFEs.

5.2  Biological characterization of human interleukin-3
5.2.1 COS[pl.B4] conditioned medium

At the time of the biological characterization of supernatant from COS cells
transfected with pL.B4, a plasmid carrying the isolated D11 ¢cDNA (Dorssers et
al., 1987, chapter 3), neither a human IL-3 dependent cell line nor antibodies
directed against the human IL-3 polypeptide were available. Therefore, the
COS[pLB4] conditioned medium (CM) was tested for ifs capacity to support
colony formation by human bone marrow cells and to stimulate the
proliferation of human acute myelogenous leukemia (AML) blasts. The CM of
COS cells transfected with the vector without insert (pL.Q) was used as confrol
COS medium. Fig. 5.1 shows that COS[pLB4] CM efficiently stimulated in vitro
colony formation by human hemopoietic progenitors depleted of
myelomonocytic and T-lymphocytic accessory cells, whereas COS[pl.0] CM
failed to stimulate colony formation (not shown). Furthermore, the data
presented in Fig. 5.1 demonstrate that the protein encoded by the human cDNA
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clone D11 stimulates human bone marrow progenitors committed to several
hemopoietic differentiation lineages such as erythroid, myeloid and multipotent
progenitor cells, These results demonstrate that the novel factor functions as a
multilineage hemopoietic growth factor, Surprisingly, stimulation of rhesus
monkey bone marrow cells by COS[pL.B4] CM yielded no significant response
(see section 5.4) suggesting a species specificity of this factor. Due to the low
expression level in COS cells, a detailed analysis of the differential response of
COS cell derived hIL-3 on human and rhesus monkey bone marrow could not
be pursued.

The responses of purified AML blasts of five patients to COS[pLB4] CM
were examined in proliferation and clonal assays as described in detail in
chapter 2. Briefly, the clonal assay permits assessment of the colony-stimulating
activity of the COS[pLB4] CM by determining its capacity to support colony
formation by purified AML blast cells. For the proliferation assays AML blast
cells were stimulated with graded percentages (vol/vol) of COS[pLB4] CM and
induction of DNA synthesis was assessed by the incorporation of radioactive
thymidine ([3H]TdR). AML blast cells of three of the five patients studied
proliferated in both assays in response to COS[pl.B4] CM. Representative dose-
response relationships for colony formation and DNA synthesis of AML blast
cells obtained from different patients are shown in Fig. 5.2. CM of mock
transfected COS cells did not affect the proliferation of the AML blast cells in
both assays. The differential responses of leukemic cells of individual patients to
M-CSF, GM-CSF, G-CSF or COS[pLB4} CM, as described elsewhere, (Delwel
et al., 1987) demonstrate that the novel factor present in COS[pLB4] CM is
distinct from M-CSF, GM-CSF and G-CSF. The variable pattern of responses of
AMI., precursors to the novel factor and the other CSFs studied (Delwel et al.,
1987/1988) enabled further phenotypic identification and classification among
the leukemias of different patients,

The results shown in Fig, 5.1 and 5.2 demonstrate that the D11 ¢cDNA clone
contains the genetic information for a biologically active protein. In addition,
the presented data reveal that the encoded protein is excreted following
expression in COS cells. Furthermore, the biological actions exerted by the COS
produced protein on human hemopoietic cells presented in Fig. 5.1 and 5.2 are
analogous to those observed when mouse hemopoietic cells were stimulated by
murine IL-3 (Ihle et al., 1983; Rennick et al., 1985). Thus, this human novel
factor resembles murine TL-3 with respect to its biological function as well as its
biochemical and genetic features such as similar structure of the genes and
conservation of gene localization (see chapter 3). Based on these observations, it
was concluded that the characterized protein represents the human homolog of
murine interleukin-3 (hIL.-3). Hence, the protein encoded by the cDNA clone
D11 is designated hIL-3 although occasionally, in view of its major biological
effects, the term human multilineage-colony-stimulating factor (hmulti-CSF) has
been used.
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Fig. 5.1 Biological activity of COS[pLB4] CM on colony formation of normal
human hemopeietic progenifor cells. Human hemopoietic bone marrow cells, depleted of
myelomonocytic accessory cells and T-lymphocytes, were prepared and cultured as detailed in
section 2.2.4 of chapler 2. Colones were classified as CFU-M, CFU-GM, CFU-G, CFU-Eo,
BFU-E or CFU-MIX (containing at least erythroid plus myeloid cells) according to standard
criteria (60% of the colonics were picked and identified by microscopical analysis). Colony
numbers (#5D) were calculated per 105 original (unfractionated) nucleated BM cells. The percent
COSipLB4} CM added to the cultures is indicated. In parallel experiments 7.5% PHA-LCM, as a
source of HGFs, was added. Mock transfected CM failed to stimulate colony formation (not
shown).

As a consequence of the moderate expression level using the COS cell system,
the concentration of recombinant hIL-3 in the COS[pLB4] CM is rather low
which is reflected in the high concentration of CM required for maximal
stimulation of AML blast cells (Fig. 5.2) and human hemopoietic bone marrow
cells (Fig. 5.3). The number of IL-3 units, determined in several preparations
of CM of independently transfected COS cells, varied from 104 to 105 U/
Notably, an unit was arbitrarily defined as the amount of IL-3 required for
half-maximal proliferative response in the DNA synthesis assay, using AML
blast cells.
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Fig. 5.2 Induction of proliferation of purified AML blast cells by COS[pLB4]
CM as determined by a colony formation assay (panel A) and by the DNA
synthesis assay (panel B). AML blast celis of two patients were obtained and purified as
described in chapter 2. The colony formation assay (patient 1} and DNA synthesis assay (patient
2}, as measured by [3H] thymidine incorporation, were performed as detailed in chapter 2.
Colony numbers (£SD) were calculated per 105 cells plated. The percent COS{pLB4] CM added
to the cultures is indicated. In parallel experiments 7.5% PHA-LCM, as a source of HGFs, was
added, Addition of mock transfected CM did not affect proliferation of AML blast cells in both
assays (not shown).

The variations are likely to be due to different response characteristics of
purified AML blast prepared from different patients as well as differential
transfection efficiencies. Whether the low expression level originated from
selective IL.-3 mRNA degradation mediated by the AU-rich sequences present in
the hIL-3 cDNA ( see chapter 3; Shaw and Kamen, 1986; Kruys et al., 1989;
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Fig. 5.3 Effect of COS[pLB4] CM on colony formation (panel! A) and DNA
synthesis (panel B) by human bone marrow progenitor cells. Human bone marrow
progenitor cells were prepared and cuitured as detailed in chapter 2. Colony numbers (ZSD) were
calculated per 105 original (unfractionated) nucleated BM cells. The percent COS[pLB4] CM
added to the cultures is indicated. The DNA synthesis assay (panel B), as measured by [3H]
thymidine incorporation, was performed as detailed in chapter 2. Addition of mock transfected
CM did not affect the proliferation of hemo poietic bone marrow celis in both assays (not shown).

Malter, 1989) or was associated with the kind of eukaryotic expression system
was investigated by analyzing COS[pLH1] CM. Plasmid plLH1 was derived from
pLB4 (Fig. 3.11 and 3.12) by deletion of the 3' noncoding sequences between
the Aval site (pos. 541 Fig. 3.5 and 3.8) and the Xhol site (pos. 856, Fig. 3.5
and 3.8) which encompass the "ATTTA" repeat units. Comparison between
COS[pLB4] and COS[pLH1] CM revealed that the number of IL-3 units did not
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Fig. 5.4 Effect of partially purified bacterial hIL-3 fosion protein on AML blast
cells (panel A) and human bene marrow (panel B-D). The AML proliferation assay
and the various human bone marrow assays, i.e., human BM proliferation assay (panel B),
hyman BM colony formation assay {panel C), and the human BM liguid culture assay (panel D)
are described in section 2.2.4 of chapter 2. The percentage of preparation “HA” (hIL-3 fusion
protein derived from pUC/hMultiAl) required for half maximal stimulation is indicated for the
VAFIOUS as55ays,

differ significantly indicating that IL-3 expression in COS cells is not markedly
influenced by these sequences. Parification of COS cell-derived hIL-3 and
assessment of the specific activity was not done due to the rather low expression
level.

5.2.2 LacZ/hIL-3 fusion proteins

The construction of lacZ/hIL-3 bacterial expression vectors and subsequent
production of IL-3 fusion proteins was initiated to enable the production of
specific antibodies directed against the hIL.-3 polypeptide (sec chapter 3) but
concomitantly facilitated biological characterization of the lacZ/hIL-3 fusion
proteins. Partially purified hIL-3 fusion protein preparations were assayed for
the presence of biological activity on human hemopoietic cells.

The initial assays used to determine the biological activity of the hIL-3 fusion
proteins included assessment of the capacity to activate DNA synthesis of
purified AML. blast cells which will be referred to as the "AML proliferation
assay", induction of DNA synthesis of human bone marrow progenitor celis
which will be referred to as the "hBM proliferation assay”, capability to support
colony formation by human bone marrow progenitor cells which will be
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referred to as the "hBM colony formation assay” and an assay, referred to as the
"hBM liquid culture assay". The latter assay measured the production of GM-
CSF responsive progenitor cells, determined by the development of colonies in
the presence of GM-CSF as a consequence of stimulation of human bone
progenitors in liquid cultures by I1.-3 (see chapter 2, section 2.2.4).

A particular hIL-3 fusion protein preparation was analyzed using these
various assays. The analyzed hIL-3 fusion protein was expressed by E. coli
following transformation of the bacteria with construct pUC/hIL-3A1 (see
chapter 2 and 3). The unglycosylated hlL.-3 fusion protein consisting of the first
11 aa of lacZ fused to aa 2 to 133 of the mature hIL-3 polypeptide was partially
purified and the resulting hIL-3 fusion protein preparation was designated as
preparation "HA". The total protein concentration of preparation "HA" was 0.1
pg per ml and the content of hiL-3 fusion protein, estimated on SDS-
polyacrylamide gel (Fig. 3.13; lane 3), was 20%. Representative dose-effect
relationships are shown in Fig 5.4A-D. The data indicate that an unglycosylated
hIL-3 fusion protein expressed by E. coli can be obtained in a biologically
active form, at least in vitro.

The percentage of preparation "HA" (vol/vol} required for half maximal
stimulation was determined for each assay and used to calculate the number of
IL-3 units. The percentage required in the AML proliferation assay is 6 x 10-
3% (Fig. 5.4A), the hBM proliferation assay required 1.5 x 10-2% (Fig. 5.4B),
the hBM colony formation assay required 6 x 10-2% (Fig. 5.4C) and the hBM
liquid culture assay required 5 x 10-2% (Fig. 5.4D) for half maximal
stimulation. Thus, the units of IL-3 activity, calculated per ml of preparation
"HA", varied from 1.7 x 103 to 17 x 103 depending on the biological assay used
(Fig 5.4A-D). Table 5.1 demonstrates that even within a particular assay
considerable variations are present indicating that assessment of specific activity
and comparison of the biological activity of different IL-3 preparations has to
be performed with an internal IL-3 standard. The variations within the AML
proliferation assay are quite acceptable but larger variations were observed in
the human bone marrow assays (Table 5.1), which are likely attributable to
differences of the bone marrow preparations. These differences may be
variations of bone marrow constituents of individual donors, fresh or
cryopreserved bone marrow preparations, extent of purification of the
progenitor cell population and contamination of the final progenitor cell
population with accessory cells. The accessory cells have been shown to affect
the colony formation of human bone marrow progenitor cells by hIL-3 in a cell
number dependent manner (Bot et al., 1988).

The biological activity of various hIL-3 fusion proteins, constructed as
described in chapter 3 and schematically depicted in Fig. 3.12, was assessed on
AML blast cells using the AML proliferation assay. Large variations within the
AML proliferation assay were in part attributable to different 1L.-3 response
characteristics of purified AML blast cells prepared from different patients

136



Table 5.1 Assessment of biological activity of a partially purified hIL-3 fusion
protein preparation designated "HA"

Assay typea
AML hBM hBM colony hBM liquid
profiferation proliferation formation culture

11.-3 activity expressed as units (U) per mlb

Experiment

lc 17 7 2 2

2 12 3 3 10

3 i3 50 5 NDd
4 10 50 3 ND
5 20 ND ND ND

aThe different assays are described in this section {5.2.2) and chapter 2. Determination of the
dilutions required for half maximal stimulation in the various assays was assessed analogous {o
those shown in Fig. 5.3A-D.

bIL-3 aclivity is expressed as U x 10-3 and calcuiated per ml. The amount of IL-3 per ml,
required to give half-maximal response is designated as 1 unit (see also chapter 2 section 2.2.2).
¢ Numbers shown for this experiment are derived from dose-effect relationships shown in Fig.
5.3A-D.

d Not determined.

Table 5.2 Assessment of specific activity of various bacterial hIL-3 fusion
proteins by the AML proliferation assay.

bacterial molecnlar production levela specificb
fusion protein weight activity

construct (kDa} protein(mg/1) activity (U1} (kU/mg)
pUC/hMul 20 20 0.01 5
pUC/hMultiAl 16 5 2.5 500
pUC/hMultA2 i5 i .5 500
pUR/EMulti6 130 80 NDe <0.01

a Production of bacterial hIL-3 fusion proteins was calculated per liter of starting culture. Activity
is expressed as units x 10-6 per liter and hll.-3 protein concentration as mg per liter.

b I1.-3 concentrations were estimated on SDS-polyacrylamide gel and the activity was determined
in the AML proliferation assay. Specific activity is expressed as units x 10-3 per mg hIL-3 fusion
protein,

< Not determined.
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(Delwel et al.,, 1987/1988). To circumvent the problem of considerable
variation within a particular IL-3 preparation, cryopreserved preparations of
selected and purified AML blast cells of a single patient were used for unit
calibration of distinct I.-3 preparations. For each hlL-3 fusion protein
preparation the corresponding dose-effect relationship was determined and the
number of IL-3 units was calculated from the dilution showing half maximal
stimulation. Furthermore, the hil.-3 fusion protein concentrations of partially
purified bacterial fusion protein preparations were estimated on SDS-
polyacrylamide gels (Fig. 3.13) and used to calculate specific activities.

The activity of various hIL-3 fusion proteins in the AML proliferation assay
is shown in Table 5.2. The calculated specific activities (summarized in Table
5.2) demonstrate that the 20 kDa hIL-3 fusion protein encoded by the
pUC/hMulti is approximately 100-fold less active than the 15 and 16 kDa hIl.-3
fusion proteins encoded by pUC/hMultiA2 and pUC/hMultiAl, respectively. The
diminished activity of the 20 kDa fusion protein may be explained by the
presence of the hydrophobic leader peptide which presumably interferes with
the desirable protein conformation for optimal activity. The hIL-3 fusion
protein lacking I4 N-terminal residues, encoded by pUC/hMultiA2, retains its
biological activity (Table 5.2). This result indicates that these 14 N-terminal
residues of the mature hIL-3 protein are dispensable or their function is
replaced by the substituted lacZ-derived amino acids. The 15 and 16 kDa hIL-3
fusion proteins exerted half-maximal stimulation at a concentration of about 2
ug per liter. A comparable construct, carrying only the sequences for the
mature hIL-3 immediately downstream of the initiating methionine of lacZ and
encoding a 15 kDa mature hll.-3 with the initiating f-methionine still present at
the N-terminus of the protein (Van Leen et al., 1991), exerted biological
activity similar to the 15 and 16 kDa hIL-3 fusion proteins. Apparently, the
heterologous amino terminus of the lacZ/hIL-3 fusion proteins encoded by
pUC/hMultiAl or pUC/hMultiA2 (Fig. 3.12) does not influence the biological
activity. In contrast to these 15 and 16 kDa hIL-3 proteins, the 130 kDa -
galactosidase/hlL-3 fusion protein did not show any biological activity in the
range of 0.1 pg to 10 mg per liter. It was an intriguing observation that the
decrease in production level in terms of IL-3 protein concentration is associated
with the number of residues between the initiating methionine of lacZ and the
first residue of the mature hIL-3 protein. Apparently, the [(-galactosidase
sequences have a beneficial influence on the production level. This conclusion is
supported by the relatively low production of the 15 kDa hIL-3 mature protein
lacking those lacZ sequences (Van Leen et al.,, 1991). Whether the lacZ
sequences stabilize the transcription or translation process or cause alternative
intracellular localization and stabilization awaits further investigation. However,
analysis of the low expression of some hIL-3 deletion muteins (Dorssers et al.,
1991) suggests that destabilization of transcripts may contribute to low
production,
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Considerable variation of biological activity of the same IL-3 preparation
using distinct bioassays was frequently found. Apparently, the biological activity
of a growth factor is defined by its biological assay. Therefore, the availability
of specific growth factor-dependent cells, analogous to the murine system,
seems to be indispensable for the reproducible determination of the specific
activity of hIL-3. Furthermore, such cells would be useful to compare specific
activities of recombinant hIL-3 preparations derived from different
microorganisms. At the time of the production of yeast derived hIL-3 as
described in the next section, immortal human cell lines requiring human GM-
CSF or human IL-3 for proliferation were established from patients with
childhood acute leukemia (Lange et al., 1987). One of these factor dependent
cell lines, the IL-3 dependent acute monocytic leukemia cell line AML-193,
represents a novel model to study and assess the biclogical activity of 1L.-3, Data
obtained from AML.-193 cells appeared to be reproducible and therefore this
cell line is nowadays routinely used to assess the biological activity of hlL-3
preparations. This assay will be referred to as the "AML-193 assay".

5.2.3 Human IL-3 expressed by Kluyveromyces lactis

Isolation of recombinant hIL-3 from the cell free medium of a culture of
Kluyveromyces lactis (K. lactis) resulted in yeast derived hIL-3 preparations,
which are free of contaminating proteins, Purified hIL-3 turned out to be
heterogeneous with respect to its molecular weight, which is inherent fo the
nature of glycoproteins. Therefore, the term homogeneous used in this section
for K. lactis derived hIL-3 refers to hIL-3 free of contaminating non-I1L-3-like
proteins, The yeast derived hIL-3 products ranged in size from about 15 to 100
kDa, with two predominant glycosylated products around molecular weights of
24 and 28 kDa. A distinct band at about 15 kDa was also observed. The latter
product most likely corresponds to the mature unglycosylated IL-3. The 24 and
28 kDa products presumably carry different carbohydrate moieties. In addition,
the 24 and 28 kDa proteins can be converted into the 15 kDa protein by
endoglycosidase H treatment (Van Leen et al., 1991}, The decrease in molecular
weight (28 to 15 kDa) as a consequence of endoglycosidase H treatment shows
that the carbohydrate content of this 28 kDa yeast-derived hIL-3 is
approximately 45 %. However, it should be emphasized that the glycosylation is
of the high mannose type and differs considerably from the complex
mammalian type of glycosylation (Farquhar, 1985). Analysis of the N-termini
of these yeast-derived hIL-3 proteins revealed that the first two aa of the mature
human IL-3 (Ala-Pro) were missing, which is probably due to the presence of a
dipeptidyl aminopeptidase in the Golgi system of yeast cells (Van Leen et al.,
1990; Van Leen et al,, 1991),

A characteristic dose-effect relationship of homogeneous hIL-3 produced by
K. lactis is shown in Fig, 5.5, The concentration required for half-maximal
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Fig, 5.5 Effect of K. lactis derived hIL-3 on human AML-193 cells. The biological
activity of yeast derived hIL-3, purified to homogeneity as judged by SDS-PAGE, was
determined using the AML-193 proliferation assay (see section 2.2.2 of chapter 2). The
concentration of yeast derived hiL-3 required for half maximal stimulation of AML-193 celis is

0.5 ngll.

stimulation of AML-193 cells varied between 0.5 to 3 pg per liter, which
corresponds with 5 x 10-11 to 2 x 10-10M for this glycosylated molecule. The
effect of K. lactis derived hIL-3 on normal hemopoietic cells is shown in Fig,
5.6. The concentrations required to stimulate half-maximal proliferation (Fig.
5.6A) and half-maximal numbers of colonies developed in cultures by human
bone marrow progenitors (Fig. 5.6B) are in both assays 3 pg per liter. Thus,
the specific activity of yeast derived hIL.-3 is comparable to the E. coli derived
hIL-3. Despite the presence of the yeast type glycosylation and the absence of
the first two amino acids of the mature hIL-3, the yeast derived hIL-3 appears
to be highly active. A preparation of purified K. lactis derived hIL-3 with a
specific activity of 1 x 106 units per mg protein has been routinely used as an
internal hIL-3 activity standard to calibrate IL-3 activities of other preparations.

5.2.4 Human IL-3 expressed by Bacillus licheniformis

Purification of recombinant unglycosylated hIL-3, produced and excreted by
Bacillus licheniformis (B. licheniformis), resulted in homogeneous IL-3
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Fig. 5.6 Effect of K. lIactis derived hIL-3 on DNA synthesis (panel A) and
colony formation (pamel B) by purified human bone marrow progenitor cells.
Homogeneous yeast derived hIL-3 (see also legend of previous figure) was vused in these
bicassays (see section chapter 2).

preparations, as described in chapter 2. The effect of B. licheniformis-derived
homogeneous hll.-3 on AML-193 cells is depicted in Fig. 5.7 and the
concentration of this patticular preparation required for half-maximal response
appeared to be I pg per liter. Independently produced and purified recombinant
B. licheniformis derived hIL-3 preparations have been used as internal
standards and more than 30 dose-effect relationships were established on AML-
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193 cells. The specific activity of these preparations (mean + standard deviation)
was shown to be 1.17 £ 0.77 x 106 units per mg protein and ranged from 3 to
30 x 105 units per mg protein. Large deviations were always related to an
anomaly of the assay such as spontancous proliferation resulting in high
backgrounds and in most cases a lower stimulation over the background. It
appears that the AMIL.-193 assay is a reliable method to assess and compare the
biological activity of hIL-3 preparations originating from different expression
systems.
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Fig. 5.7 Effect of B, licheniformis derived hIL.3 on AML-193 cells. The
biological activity of homogeneous B. licheniformis derived hIL-3 (purity >95% as judged by
SDS-PAGE) was determined using the AML-193 proliferation assay (see section 2.2.2 of
chapter 2). The concenlration of this bacterial derived hIl-3 required for half maximal stimulation

of AML-193 cells is 1.0 pgfl.

Stimulation of human bone marrow by B. licheniformis derived hIL-3 showed
a dose dependent production of progenitor cell derived colonies (Fig. 5.8)
analogous to those observed with hIL.-3 fusion proteins (Fig. 5.4C) and K. lactis
produced homogeneous hlL-3 (Fig. 5.6B). Assessment of the specific activity
using the "hBM" assays obviously resulted in larger variations as compared to
the AML-193 assay. Based on the results of the different bioassays to determine
IL-3 activity, it was concluded that unit calibration and assessment of specific
activity of hIL-3 preparations can best be defined by the AML-193 assay.

142



1600 7
e I g s S r 100
m—— 2 -
2 5
[o) o
‘: >
@ 8007 %
2 50 o
.g (%}
i 4007 —0— BRhIL-3 H
—@— hiL-3 g
Q.
0 e —— e ————rrrm L0
1072 101 100 101 102 103

IL-3 concentration (ug/)

Fig. 5.8 Effect of B, licheniformis derived IL.-3 on colony formation by human
bone marrow progenitor cells, The biological aclivities of homogeneous B. licheniformis
derived human IL-3 (hIL-3) and rhesus monkey IL-3 (RhIL-3) were determined using the “hBM
colony formation” assay (see section 2.2.4 of chapter 2). The concentration of hIL-3 required
for half maximal stimulation of human BM cells was approximately 1.0 pg/l. The purity of both
IL-3 preparations was comparable (>95%). Human and RBIL-3 showed comparable stimulatory
activity on human BM progenitor cells, demonstrating that RhL-3 is capable to support the
proliferation of human cells (see also section 5.4).

5.3  Biological characterization of rhesus monkey interleukin-3
5.3.1 COS[pSYL/RhIL-3] conditioned medium

The presence of IL-3 related protein in conditioned medium of COS cells
transfected with pSVL/RhIL-3 was demonstrated by Western blot analysis using
polyclonal and monoclonal antibodies directed against the hIL-3 polypeptide.
The presence of functional rhesus monkey IL-3 (RhIL-3) was demonstrated by
the capacity of the supernatant to stimulate hemopoietic cells. COS[pSVL/RhIL-
3] CM was capable to stimulate proliferation of human AML-193 cells as
depicted in Fig. 5.9. However, high concentrations of conditioned medium of
mock transfected COS cells (mock CM) appeared to stimulate those cells as
well. This phenomenon was not observed with previously produced mock
transfected COS cell CM using AML blast cells (see section 5.2.1).
Furthermore, the elevated maximal stimulation level observed with
COS[pSVL/RhIL-3] CM suggested that, in addition to RhIL-3, other stimuli
were present.
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Fig. 5.9 Effect of COS[pSVL/RhIL-31 CM on human AML-193 cells. Stimulatory
capacity of COS{pSVL/RhIL-3] CM on human AML-193 cells was measured by [2-14C]
thymidine incorporation as described in section 2.2.2 of chapter 2. The effect of CM of COS
cells transfected with the empty vector (pSVL} was determined and is indicated as mock CM. The
dose-effect relationship indicated by corrected RhIL-3 represents the thymidine incorporation of
COS[pSVL/RhIL-3] CM corrected for the observed effect of mock CM by substraction of the
additive effect.

The additive effect of mock CM on the dose effect relationships of B.
licheniformis-derived hIL-3 (Fig. 5.10A) and recombinant GM-CSF (Lig.
5.10B) demonstrated that the elevated maximal incorporation level had to be
attributed to stimulatory activities present in COS cell CM which are apparently
not specific enhancers of 1L.-3 or GM-CSF, In addition to the additive effect of
mock CM, Fig. 5.10 shows the stimulatory effects of IL-3 and GM-CSF on
AMIL-193 cells, with GM-CSF being the more potent stimulator. It has been
shown that the concentration of the unknown stimuli in CM harvested after 24
and 48 hours was comparable, whereas the RhIL-3 concentration increased
substantially. This indicates that the non-IL-3 stimulatory molecules are
probably not produced by the transfected cells, but are presumably constituents
of the culture medium. Therefore, substraction of the additive effect allows
assessment of the number of 1L.-3 units present in COS[pSVL/RhIL-3] CM. The
corrected dose-effect relationship in Fig. 5.9 revealed that 0.55%
COS{pSVL/RAIL-3] CM was required for half-maximal response corresponding
with about 180 units RhIL.-3 per ml of CM. Generally, COS[pSVL/RhIL-3} CM
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Fig. 5.10 Effect of mock CM on AML-193 cells stimulated by hIL-3 or GM-
CSF. The additive effect of 10% mock CM on the dose-effect relationship of B, licheniformis
derived hIL-3 is shown in panel A, whereas panel B shows the additive effect of 10% mock CM
on the dose-effect relationship of recombinant GM-CSF (Glaxo Inc., Gendve, Swilzerland).

contains somewhat more IL-3 activity than CM of COS cells transfected with
hIL-3 ¢cDNA (hIL-3 COS{pLB4] CM). The somewhat higher expression level
could be explained either by the different expression vectors or by the presence
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of the RhIL-3 intron sequences which most likely stabilize the pre-mRNAs as
was suggested by the 5 to 10-fold higher expression in COS cells using the
genomic hll.-3 sequences instead of its cDNA (Van Leen et al., 1990; Van Leen

et al., 1991,
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Fig. 5.11 Effect of human and rhesus monkey IL-3 ¢n colony formation by
purified rhesus monkey bone marrow progenitor cells, Rhesus monkey BM cells
were stimulated either by hIL-3 (purified B. licheniformis derived hiIL-3) or by RhiL-3
(COS[pSVL/RAIL-3]. The number of IL-3 units present in these preparations were defined by
the AML-193 assay. Mock CM had no stimulatory effect on rhesus monkey BM cells {(not
shown). The differential effect of human and RhiL-3 on rhesus monkey BM cells is discussed in
section 5.4 of this chapter.

In addition to the capacity to stimulate proliferation of human AML-193 celis,
COS[pSVL/RhIL-3] CM was capable to support colony formation by rhesus
monkey bone marrow progenitor cells as shown in Fig. 5.11. In contrast to
AML-193 cells, rhesus monkey bone marrow cells were not stimulated by mock
CM (not shown). The biological effects observed with COS cell derived hIL-3
on human bone marrow cells and RhIL-3 on rhesus monkey bone marrow cells
(i.e. homologous situations) are comparable. However, differential effects were
observed on heterologous bone marrow preparations indicating species
specificity, which will be presented and discussed in section 5.4.

5.3.2 Rhesus monkey IL-3 expressed by Bacillus licheniformis

Rhesus monkey IL-3 produced by B. licheniformis was subsequently purified to
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homogeneity as described in the previous chapter. Stimulatory capacity of
independently produced and purified RhIL-3 preparations on AML-193 cells is
shown in Fig. 5.12A-C. The dose-effect relationships revealed that 3 pig Rhil.-3
per liter is required for half-maximal stimulation. Therefore, the specific
activity of RhIL-3, defined by the AML-193 assay, is 3 x 105 units per mg
rotein.

P The effects of RhIL-3 on colony formation by rhesus monkey bone marrow
cells (“BM colony formation” assay as described in section 2.2.4) is shown in
Fig. 5.13A and the capacity to support the production of GM-CSF responsive
clonogenic cells in liguid cultures of rhesus bone marrow (“BM liquid culture”
assay as described in section 2.2.4) is depicted in Fig. 5.13B. RhIL-3
concentration required for half maximal-response in rhesus monkey bone
marrow assays varied considerably depending on the degree of purification of
the progenitor cell population. Apparently, assessment of the biological activity
of RhIL-3 on rhesus monkey bone marrow is substantially influenced by the
content of accessory cells, Formation of colonies in response to RhIL-3 by
rhesus monkey progenitor cells was hardly observed when preparations were
completely depleted of accessory cells, whereas a high content of accessory cells
induced spontaneous colony formation in the absence of any added stimulus.
Similar effects were observed in the human situation (Bot et al., 1988).

Results obtained from in vive characterization of RhIL-3, as described
elsewhere (Wagemaker et al.,, 1990b), demonstrate that administration of
homologous IL-3 produced by B. licheniformis to rhesus monkeys resulted in a
dose-dependent stimulation of the production of all bone marrow derived cell
lineages (Wagemaker et al., 1990b). In line with the in vitro capacity to support
colony formation and to stimulate the production of GM-CSF responsive
progenifors, as described in this chapter, the in vive results may be simply
explained by increased production of progenitor cells derived from early
multipotential bone marrow cells in response to IL-3, resulting in augmented
production of all bone marrow derived blood cells. The magnitude of IL-3
responses are comparable to those observed after administration of murine
recombinant 1L-3 to mice (Kindler et al., 1986; Metcalf et al., 1986).

As depicted in Fig. 5.12, the specific activities of independently produced
and purified Rhil.-3 preparations are found to be comparable in the AML-193
proliferation assay. All RhIL-3 preparations presented in Fig. 5.12 were
derived from laboratory-scale fermentations. These homogeneous RhIL-3
preparations exerted half-maximal stimulation of AML-193 cells at 3 pg per
liter which corresponds with a concentration of about 2 x 10-10 M, In contrast,
a RhIL-3 preparation (Rhll.-3 IIIB) derived from intermediate-scale
fermentation displayed at least 10-fold lower specific activity as determined on
AML-193 cells (Fig. 5.14) as well as on human bone marrow progenitor cells
(Fig. 5.15). This product, compared to the laboratory-scale derived RhIL-3
protein, did not differ with respect to its protein chemistry. The latter was
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Fig. 5.12 Effect of homogeneous B. licheniformis derived RhIL-3 on AML-193
cells, Stimulation of DNA synthesis in AML-193 cells by variouns purified RhIL-3
preparations, i.e., batch 1 and batch H (panel A), batch V (panel B}, and batch VI {panel C) was
measured by [2-14C} thymidine incorporation (see section 2.2.2 of chapler 2},
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Fig. 5.13 Effect of RhIL-3 on colony formation by rhesus monkey bone marrow
cells (panel A) and the capacity of RhIL-3 to support the production of GM-CSF
responsive clonogenic cells in liquid cuoltures of rhesus monkey bone marrow
cells (panel B). The “BM colony formation” assay and the “BM liquid culture” assay are
described in section 2.2.4 of chapter 2. Rhesus monkey BM colony formation was stimulated by
purified B. licheniformis derived RhIL-3. Upon incubation of BM cells in liguid cultures for
seven days in the presence of graded concentrations of Rhil-3, the cell cultures were assayed for
GM-CSF responsive progenitor cells, Recombinant human GM-CSF was used at supraoptimal
concentrations of 5 pgfl,
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Fig. 5.14 Differential effect of laboratory-scale and intermediate-scale B.
licheniformis derived RhIL-3 on human AML-193 cells, Panel A shows the
differential effect of a representative laboratory-scale produced RhIL-3 preparation (batch I) and
the intermediate-scale produced preparation (batch ITIB) and panel B shows the dose-effect
relationship of another representative laboratory-scale produced RhIL-3 preparation (batch VD)in
comparison to batch HIB, DNA synthesis in AML-193 cells was measured as detailed in section

2.2.2 of chapter 2.

measured by various biochemical procedures, including reducing and non-
reducing SDS-polyacrylamide gel electrophoresis, which indicated similarity of
molecular weight and disulfide bridge formation. Western blot analysis
indicated no differences in aggregation nor in the abundance of antigenic
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Fig. 5.15 Differential effect of independently produced RhIL-3 preparations
(batch 1 and batch IIB; panel A and panel B, respectively} on colony formation
by purified human bone marrow progenitor cells. Colonies were classified as
erythroid, granuloid or mixed (containing at least erythroid plus myeloid cells) according to
standard criteria. Numbers of colonies (£SD) were calculated per 105 purified human
hemopoietic progenitor cells,

determinants. Mass spectrometry indicated an identical molecular weight.
Therefore, the in vitro biological differences could not be explained by
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differences in primary structure and have to be explained by differential
tertiary structures. With this respect it is noteworthy that the supernatant of one
laboratory-scale fermentation (batch VII) also contained hardly any biological
activity, whereas the IL-3 protein concentration, determined by Western blot
analysis, did not differ from similarly produced active batches such as batch ],
I, V and VI. This indicates that production of inactive RhIL-3 is presumably
not dependent on the production process. The inactive RhIL-3 from batch VII
failed to bind to the hydrophobic interaction chromatography column (Fractogel
TSK butyl 650C, see chapter 2). This finding supports the hypothesis of a
rearranged conformation, which apparently precludes binding. In contrast,
analysis of nuclear magnetic resonance (NMR) spectra derived from RhIL-3
batch I and batch ITIB revealed that both preparations have virtually identical
TH-NMR spectra (D. Schipper, Royal Gist-Brocades NV, Delft, personal
communication). The latter makes it unlikely that differential conformation
accounts for the functional difference in vitro. It is noteworthy that the spectra
indicate that the rhesus monkey IL-3 preparations were homogeneous, i.e, free
of interfering molecules, and did not provide indications for C-terminally
truncated RhIL-3, due to proteolytic degradation. Furthermore, the two
dimensional NOESY spectra of RhIL.-3 and hIL-3 were very similar indicating
that the overall tertiary structure of hIL.-3 and RhIL-3 is the same. The latter
could be expected in view of the rather high homology (approximately 80%)
found between the protein sequences. Nevertheless, a lack of cross-reactivity
was found for these proteins (see next section) confrasting the similarity in
primary structure and NMR spectra .

An intriguing observation was made in an attempt to show biochemical
protein differences between hIL-3 and RhIL-3 by native electrophoresis. Under
standard conditions RhIL-3 migrated to the opposite direction (anode instead of
cathode) compared to hIL-3 as demonstrated by reversing the polarity of the
electrophoresis system (Fig. 5.16A). Furthermore, RhIL-3 batches subjected to
"reversed polarity" native electrophoresis revealed distinct electrophoretic
migration patterns (Fig. 5.16B). Batch V1 (Fig. 5.16B; lane 3) consisted of an
homogeneous slow migrating RhIL-3 protein (indicated by arrow A), whereas
Batch IIIB (Fig. 5.16B) consisted predominantly of a much faster migrating
RhIL-3 protein (indicated by arrow B). Batch II (Fig. 5.16B; lane 2) consisted
of equal concentrations of both forms. Because the molecular weights of both
forms are identical, a differential net charge most likely underlies the difference
in electrophoretic mobility. As to whether the differential net charge results
from modifications such as methylation or acetylation of the protein or
alternatively arises from distinct conformations, which apparently could not be
unraveled by NMR analysis, remains to be elucidatéd. Analysis of the biological
activity of the distinct proteins, excised and eluted from the gel, revealed that
the faster migrating protein (Fig. 5.16B; band B) exerted an 100-fold lower
biological activity on the AML-193 cells than the more slowly migrating protein
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the diminished activity of RhIL-3 batch TIIB can be explained by the assumption
that more than 90% of this preparation is an inactive RhIL-3 polypeptide. It is
noteworthy that receptor binding competition studies showed that RhIL-3 batch
IR, compared with hTL-3, displayed a 100 to 1000-fold decreased capacity to
compete for the dual high affinity 1L-3/GM-CSF receptor present on human
AML monocytes (Budel et al., 1990). RhIL-3 batch I showed a 3- to 10-fold
decreased capacity to compete for this receptor (L.M. Budel, Dr Daniel den
Hoed Cancer Center, Rotterdam, personal communication),

RhIL-3 hliL-3 1. 2 3

Fig. 5.16 Reversed polarity electrophoresis of purified RhIL-3 preparations.
Foltowing native reversed polarity electrophoresis (allowing profeins to migrate to the anode
instead of cathode), TL-3 proteins were visualized by Coomassie britliant blae. Differential
electrophoretic mobilities of hIL-3 and RhIL-3 are shown in the left panel. The right panel shows
the distinct electrophoretic mobility patterns of batch If (lane 1), batch IIB (lane 2) and batch VI
(lane 3). The more slowly migrating RhIL-3 protein (band A) exerted a 100-fold higher
biological activity on AML-193 celis than and the faster migrating RhIL-3 protein {band B),
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These observations are in line with the biological data obtained from the AML-
193 cells as described here. Therefore, it can be assumed that the in vitro
biological inactivity of RhIL-3 batch IIIB (predominantly inactive protein
corresponding to the faster moving band B) resides in the failure of this RhIL-3
to bind to its receptor.

In contrast to the differences of the biological activities measured in vitro,
the in vivo administration to rhesus monkeys of graded doses RhlIl.-3 of batch
IIIB and batch I resulted in similar dose-effect relationships (Wagemaker and
Van Gils, personal communication). The nature of the differences of the in vitro
and in vive biological properties of RhIL-3 batch IIIB is as yet a matter of
speculation. Metabolic conversion in vivo of the inactive form into an active
configuration might be an reasonable explanation but this hypothesis awaits
further investigation.

5.4  Comparative studies between human and rhesus monkey
Interleukin-3.

Glycosylated RhIL-3 present in COS[pSVL/RhIL-3] CM displayed biological
activity on AML-193 cells (Fig. 5.9). Homogeneous RhIL-3 expressed by B.
licheniformis exerts its activity on AML-193 cells at concentrations comparable
to that of hIL-3 although it is a consistent observation that the specific activity
of RhIL-3 is 3-fold less than the specific activity of hIL-3 (Fig. 5.17). Along
with the stimulation of human malignant hemopoietic cells, RhIL-3 also
promotes colony formation of purified normal human bone marrow cells (Table
5.3). Furthermore, comparable dose-effect relationships were observed using
either human or RhIL-3 and differences in colony morphology and or
differentiation lineages were not found (Table 5.3). Despite the similar dose-
effect relationships displayed in Table 5.3, the results do not exclude the
existence of a small difference, such as the 3-fold reduction of stimulatory
capacity as observed on AMI.-193 cells. Therefore, precise dose-effect
relationships were established in order to assess the stimulatory activity of
human and RhIL-3 on colony formation by purified human bone marrow
progenitor cells. Such dose-effect relationships (e.g. Fig. 5.8) displayed that
RhIL-3 has a 3-fold lower activity compared to hIL-3 on AML-193 cells (Fig.
5.17). Based on these results it was concluded that RhIL-3 is able to stimulate
human hemopoietic cells with a minor reduction in its stimulatory capacity as
compared to hIL-3. However, it can not be excluded that the amount of inactive
RhIL-3 (Fig. 5.16 band B), present in most batches, accounted for the observed
3-fold decreased stimulatory capacity of RhIL-3 on human hemopoietic cells.
However, this is not in concordance with RhIL-3 batch VI (Fig. 5.16 lane 3).
While this batch contained homogeneous active RhIL-3, i.e., the slower
migrating Rhll-3 protein (indicated as band A in Fig. 5.16), it also showed a
3-fold decreased stimulatory capacity on AML-193 cells.
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The different stimulatory activity of human and RhIL-3 on rhesus monkey
bone marrow progenitor cells are in contrast with the closely similar effects of
human and RhIL-3 on human cells (AML-193 and BM cells). Initially, COS cell
derived RhIL-3 and purified RhIL-3 produced by B. licheniformis were used
for comparative studies between human and RhIL-3., Responses of rhesus
monkey bone marrow progenitor cells to identical unit numbers of either hiL-3
or RhIL-3, as determined by using AML-193 cells, suggested a much lower
activity of hiL-3 for rhesus monkey cells (Fig. 5.11). The availability of
purified unglycosylated B. licheniformis RhIL-3 facilitated comparative studies
between homogeneous and identically synthesized human and RhiL-3.
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Fig. 517 Effect of human IL-3 (hIL-3) and rhesus monkey IL-3 (RhIL-3) on
AML-193 cells. Representative dose-effect relationships of hIEL-3 and Rh IL-3 are shown and
reveal that hIL-3, as compared to RhIL-3, has a 3-fold higher capacity to stimulate AML-193
cells. The concentrations required for half-maximal stimulation of AML cells by hIL-3 and RhiL-

3 are indicated (1 and 3 pg/l, respectivety).

Stimulation of rhesus monkey bone marrow cells by RhIL-3 appeared to be
more cffective than by its human homolog (Fig. 5.18). In this particular
experiment the CD34 positive rhesus monkey bone marrow progenitor cells
were not depleted from MOT1 positive cells , and as a consequence "spontancous”
proliferation was not completely eliminated. Apparently, the presence of
accessory cells was debet to the limited effect of IL-3. Moreover, it was
observed that in those cases of “spontaneous” proliferation (background colony
formation) addition of exogenous IL-3 hardly augmented colony formation.
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Table 53 Effect of human and rhesus monkey IL-3 on colony fermation of
purified human hemopoietic progenifor cellsa.

-3 colontes/104 (£SD)
concentration
{ng/ml} Erythroid Granulocytic Mixed
Rhesus monkey IL-3
12.5 215517 64+9 13+4
2.5 276 £ 17 5618 185
0.5 278+ 18 3717 10£3
.1 199+ 15 8+3 5+2
Human IL-3
12.5 243117 6018 1745
2.5 2391 16 528 2345
0.5 240 16 387 613
0.1 183+ 15 215 342
0 79110 0 0

a Human hemopoietic bone marrow cells were prepared and cultured as detailed in chapter 2.
Colonies were classified as erythroid, granulocytic or mixed (containing at least erythroid plus
myeloid cells) according to standard criteria (see chapter 2). Colony numbers (+SD) in duplicate
cultures of bone marrow cells were calculated per 104 purified bone marrow cells,
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Fig. 5.18 Effect of human and rhesus monkey IL-3 on colony formation by
rhesus monkey bone marrow progenitor cells, Purified rhesus monkey BM progenitors
were not depleted from accessory cells in this particular experiment, which explains the high
background colony formation {(dotfed line). Numbers of colonies (£8D) were calculated per 105
purified rhesus monkey hemopoietic progenitor cells.

Furthermore, it has been recognized that the response to IL-3 of purified
populations of human hemopoietic bone marrow progenitor cells in the
complete absence of accessory cells is significantly impaired (Bot et al., 1988).
Therefore, selected doses of MOI1 positive cells, prepared as described in
chapter 2, were added to cultures containing highly purified rhesus monkey
bone marrow progenitor cells, RhIL-3 appeared to be at least 100-fold more
effective than its human homolog in the stimulation of rhesus monkey bone
marrow derived, T lymphocyte depleted, MO1 negative and either CD34
positive or HLA-DR positive stem cell concentrates (for purification
procedures: see section 2.2.5 of chapter 2).
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Fig. 5.19 Effect of human and rhesus monkey IL-3 on colony formation by
highly purified and MO1 depleted rhesus monkey bone marrow cells, Numbers of
colonies (+SD) were caiculated per 105 purified rhesus monkey hemopoietic progenitor cells.
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An example of such an experiment is shown in Fig. 5.19. These highly purified
BM progenitor cells were supplemented with appropriate numbers of MO1
positive cells to allow colony formation upon addition of exogenous HGFs.
Spontaneous proliferation of progenitors without addition of IL-3 was not
observed in these rhesus monkey bone marrow cultures indicating that the
presence of a small number of accessory cells, capable of producing endogenous
hemopoietic growth factors, did not interfere with IL-3 dependent colony
formation, Thus, the results obtained from comparative studies between human
and RhIL-3, presented in this section, demonstrate a species specificity of IL-3.
It should be emphasized that the lower capacity of hIL-3 as compared to Rhil.-
3 (£ 100 fold) to stimulate rhesus monkey bone marrow cells is much more
profound than the marginal difference of stimulatory capacity observed between
human and RhIL-3 (* 3 fold) on human cells, indicating a preferential
unidirectional species specificity. Recently, it was shown that hIL-3 compared to
RhIL-3 has a 20- to 30-fold lower affinity for the IL-3 receptor present on
normal rhesus monkey BM cells(Van Gils et al., 1994a). In contrast, only a
small difference in affinity was found between hIL-3 and RhIL-3 with respect to
relative binding to IL-3 cell surface receptors on haman AML blast cells. Thus,
the binding characteristics of human and RhIL-3 on human and rhesus monkey
cells supported the presence of an functional species specificity. The decreased
affinity of hIL-3 for the rhesus monkey IL-3 receptor (Van Gils et al., 1994a)
explains the limited effects of hlL-3 when tested in Macaca species. The results
of these IL-3 binding studies confirmed that the observed species-specificity is
largely unidirectional.

The in vivo effects of RhiL-3 were assessed by administration of RhIL-3 to
normal rhesus monkeys. Administration of homelogous IL-3 resulted in a rapid
increase of bone marrow progenitor cells, followed by a rise of circuiating
progenitor cells, and a vast increase of all bone marrow derived blood cell types
(Wagemaker et al., 1990b). Direct in vivo comparison of human and RhIL-3,
administered to rhesus monkeys confirmed the relatively weak capacity of hIL-3
to elicit a hemopoietic response in nonhuman primates belonging to the Macaca
species (Van Gils et al., 1994a). Fig. 5.20 shows the effect on the numbers of
nucleated cells in response to hIL-3 and RhIL-3 administration (30 ug/kg/day
intravenous) for 17 consecutive days. After a lag phase of one week following
homologous 11.-3 (RhiL-3) administration, increases in numbers of eosinophilic
and neutrophilic granulocytes and the appearance of large numbers of cells
designated as atypical (basophilic) granulocytes, reported earlier (Donahue et
al.,, 1988; Mayer et al., 1989) were observed (Fig. 5.20 panel B). In confrast to
RhIL-3, analogous administration of hIL-3 to rhesus monkeys showed hardly an
effect on the numbers of nucleated blood cells (Fig. 5.20 panel A). These in
vivo data convincingly demonstrate that the effects of hIL-3 in nonhuman
primates are considerably impaired by the functional species specificity as
described in this section.
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Fig. 5.20 Differential effect of human (panel A) and rhesns monkey IL-3 (panel
B) on peripheral nucleated blood cell counts in rhesus monkeys, [L-3 was
administered to normai rhesus monkeys by continuous iv infusion of 30 pg/kg/day during 17
consecutive days (Van Gils et al,, 1994a). Normoblasts, eosinophils, neuirophils, bands,
atypical basophils, monocytes, and lymphocytes are shown in both panels from top to bottom,
The monkey that had received homologous IL-3 was lethally irradiated at day 17 to investigate
the effect of IL.-3 priming on bone marrow recovery after transplantation. This implicated that the
comparative study between human and rhesus monkey IL-3 was terminated at day 17.

Summary and Discussion

In this chapter the fn vitro effects of a novel human factor encoded by the
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cDNA clone D11 on hemopoietic cells were investigated. Following the cloning
and expression of cDNA clone D11 in COS cells (see chapter 3 and Dorssers et
al., 1987), the biological activity demonstrated that the isolated factor stimulates
human bone marrow progenitors committed to several hemopoietic
differentiation lineages {(Dorssers et al., 1987; Bot et al., 1988). Thus, the novel
factor is functionally as well as genetically and biochemically related to rodent
IL-3 and therefore it is has been designated human interleukin-3 (hIL-3).

The spectrum of biological activities of murine IL-3 has been extensively
studied (reviewed by Ihle et al., 1989). These studies showed that murine IL-3
supports the proliferation of multipotent and committed progenitor cells. The
availability of homogeneous hIL-3 (see chapter 3) allowed studies on human
hemopoietic cell populations, including normal human bone marrow cells as
well as malignant hemopoietic cells or cell lines. Preliminary characterization of
hIL-3 using COS[pL.B4} CM revealed that this factor exerts biological effects on
human BM cells. In line with these COS{pl.B4] CM studies, recombinant
homogeneous hlL-3, irrespective of the type of expression system, stimulates
the proliferation of human hemopoietic bone marrow progenitor cells and
supports the production of bone marrow progenitor cells committed to all
myeloid-derived lineages. Whether hIL-3 acts on the earliest phuripotent stem
cell and supports renewal of all progenitor cells awaits further study. However,
replating experiments using blast cell colonies derived from a progenitor cell
enriched population by fluorescence-activated cell sorting with the monoclonal
antibody 3C5, showed that 11.-3 is able to support the proliferation of a
progenitor cell ancestral to the cell from which mixed colonies are derived
(Barber et al., 1989). The data presented by these investigators support the
concept that IL-3 acts on an earlier hemopoietic cell population than GM-CSF.
This concept was further supported by the observation that IL.-3 and GM-CSF
have a differential stimulatory capacity on the formation of multilincage
colonies and blast cell colonies from human bone marrow cells (Leary et al,,
1987).

From comparative studies between unfractionated bone marrow and purified
progenitor cell populations, it became apparent that the outgrowth of IL-3
stimulated bone marrow progenitors depends on the presence of more linage-
specific growth factors such as GM-CSF or erythropoietin. This phenomenon
can be mimicked by the addition of minimal numbers of monocytic accessory
cells (Bot et al., 1988). Further studies are required to distinguish between
responsible mechanisms such as the production of growth factors by these
monocytes (in)dependent of hll-3 or cell-cell interactions between monocytes
and colony-forming progenitor cells.

Along with the stimulation of normal hemopoietic cells, hIL-3 strongly
stimulates the in vitro proliferation of human leukemic blast cells as presented
in this chapter. Therefore, the availability of recombinant hIL-3 facilitated
assessment of growth factor responses of AML precursors. This CSF
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phenotyping (Delwel et al., 1987/1988) may be a useful addition to the
morphological classification of AML and the diverse CSF response patterns may
reflect the response of normal hemopoietic progenitors at different maturation
stages to these stimuli. However, a correlation between FAB classification and
the CSF response patterns has as yet not been found. In addition to human AML
blasts, clonogenic progenitors derived from other human bone marrow-
associated disorders such as myelodysplastic syndromes and myeloproliferative
disorders are responsive to hIL-3 (Barber et al.,, 1989) and growth and
differentiation of B cell-associated multiple myelocytic (MM) precursors are
under the synergistic control of hIL-3 and IL-6 (Bergui et al., 1989).

As demonstrated in this chapter a wide range of host organisms can be used
for the heterologous expression and production of functionally active hIL-3,
including bacteria, yeast and mammalian cells. Nonetheless, host organisms
differ in productivity, reproducibility, post translational modification, secretion,
etcetera. To enable large-scale production of biologically active hll.-3, required
to study its therapeutic applications, several expression systems have been
examined and their (dis)advantages will be discussed in the next paragraphs.

Expression of hIL-3 in E. coli as a fusion protein enables the production of
milligram quantities of hIL-3 fusion protein per liter of bacterial culture (Table
5.2). The hIL-3 fusion proteins appeared to be functional in the various
bicassays demonsfrating that glycosylation is not necessary for biological
activity, at least in vifro. Furthermore, the hIL-3 fusion protein encoded by
pUC/hMultiA2 appeared to be biclogically active demonstrating that the first 14
N-terminal residues are not required for biological activity. Alternatively, the
function of the N-terminal residues have been replaced by the lacZ derived
amino acids. Notably, truncated mature hll.-3 lacking 14 N-terminal and 15 C-
terminal residues exerted full biological activity. The latter demonstrated that
elimination of 15 C-terminal residues, in addition to the 14 N-terminal amino
acids, did not affect the stimulatory capacity of hIL-3 (Dorssers et al., 1991),
Although not deleterious for in vitro biological activity, the heterclogous N-
terminal residues of the hlL-3 fusion proteins (Table 5.1 and 5.2) made these
hIL-3 proteins not particularly suitable as therapeutic agents. Comparable
constructs that circumvent the presence of lacZ residues by deletion of their
DNA sequences show comparable biological activity but concomitantly a
substantially decreased expression. _

K. lactis derived hIL-3 showed biological activity at about 5 x 10-11 M. This
specific activity of yeast derived glycosylated hIL-3 is comparable to that
observed for E. coli derived hIL-3. The aberrant glycosylation of this yeast
derived hIL-3 protein does not influence its in vitro biological activity but may
affect its function, antigenicity and stability in vivo. Furthermore, the yeast
synthesized product lacks the first two amino acids which also does not interfere
with its biological activity.

Analysis of the biological activity of hIL.-3 synthesized in B. licheniformis
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showed its efficacy on hemopoietic cells to be comparable to the yeast and E.
coli derived products. The simple and efficient purification protoco] resulted in
preparations of homogeneous mature hIL-3. This formulated product is free of
contaminating bacterial proteins and DNA. In addition, endotoxin
concenirations of these hll.-3 preparations were below the detection level of the
assay {(Limulus Lysate Assay). Based on these results, it was decided that the B.
licheniformis derived hIL-3 is the prime candidate to examine the therapeutic
applications of hIL.-3 (Van Leen et al., 1990; Van Leen et al., 1991). Currently,
a Phase I clinical trial with this formulated product is conducted in The
Netherlands. It comprises a safety and dose-finding study in which IL-3 is
administered following chemotherapy in patients suffering from small cell lung
carcinoma. The potential clinical applications of recombinant hIL-3 and the
results of the first clinical trials in human patients (Ganser et al., 1990a,b,c) will
be discussed in chapter 7.

Mammalian cells such as COS, CHO and C127 cells are able to synthesize
hIL-3 in its most natural form, carrying the complex type of glycosylation
characteristic for higher eukaryotes. COS cells synthesize 104 to 105 units per
liter, whereas C127 cells can produce up to 107 units per liter. As to whether
the specific activity of the eukaryotic expressed hIL-3 differs from that found
for yeast and bacterial derived IL-3 awaits further investigation. However,
assessment of the biological activity of partially puritied glycosylated hIL-3
derived from C127 cells on AML-193 suggests a specific activity comparable to
those established for yeast and bacterial derived hlIL-3. The content of
recombinant II.-3 in the partially purified hll.-3 preparations was estimated by
SDS-polyacrylamide gel electrophoresis and Western blot analysis and
subsequently used to calculate the specific activity which appeared to be 106
units per mg IL-3 protein.

Therefore, homogeneous hIL-3, irrespective of content or type of
glycosylation, stimulates hemopoietic cell proliferation in vitre at approximately
5 x 10-11 M concentration. The other human CSFs, including M-CSF, GM-CSF,
G-CSF and Epo exert their biological actions in vitro at concentrations between
[0-11' M to 10-13 M (Coulombel, 1989). Thus, the specific activity of
recombinant glycosylated and unglycosylated hIL-3 is comparable to those
found for the other human CSFs. As to whether this specific activity resembles
the specific activity of the native hIL.-3 remains to be elucidated. This question
awaits further intensive study on native hIL-3 and its purification to
homogeneity which is hindered by the lack of abundant natural hIL-3 sources.

Data presented in this chapter demonstrate that rhesus monkey I1.-3 (RhIL-3)
is effective on human as well as rhesus monkey hemopoietic cells, at least in
vitro. The availability of functional RhIL-3 facilitate preclinical in vive studies
on homologous IL-3 in nonhuman primates. Administration of homologous IL-
3 to nonhuman primates avoids a possible functional species barrier and may
diminish immunological responses. However, prolonged continuous intravenous
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administration of high dose recombinant nonglycosylated homologous I1.-3 to
rhesus monkeys resulted in a decreased response to 1L-3 and a simultaneous rise
in titer of IL-3 specific antibodies (Van Gils et al., 1994b). This study suggested
that nonglycosylated IL-3 may elicit a neutralizing antibody response.

In spite of approximately 80% homology of the amino acid sequences of
hil.-3 and RhIL-3, comparison of their biological activities revealed differential
stimulatory activity, especially on rhesus monkey bone marrow cells. RhIL-3
appeared to be about 100-fold more effective in stimulating rhesus monkey
hemopoietic progenitors than hIL-3, whereas comparable stimulatory activity
was observed on normal as well as malignant human hemopoietic cells. The
much lower capacity of hIL.-3 to support colony formation by rhesus monkey
progenitor cells demonstrates a species specificity of hIL-3. Assessment of
biological activities of recombinant hIL-3 synthesized by various
microorganisms all yielded similar dose-effect relationships, as presented in this
chapter. Apparently, the type and extent of glycosylation does not alter the
specific activity of hIL-3 which is in agreement with reports on mouse IL-3
(Kindler et al., 1986; Metcalf et al., 1986). In addition, it was demonstrated in
this chapter that glycosylated COS cell derived RhIL-3 and nonglycosylated
RhIL-3 synthesized in B. licheniformis were equally effective on human AML-
193 cells and rhesus monkey bone marrow cells. Furthermore, it should be
emphasized that the specific activity of B. licheniformis derived RhIL-3 assessed
on rhesus monkey bone marrow was identical to that found for hIL-3 on human
bone marrow. Based on these data we have no reason to assume that the
diminished capacity of hIL-3 to support colony formation by rhesus monkey
bone marrow progenitor cells may be attributed to differential post translational
processing, since there is no evidence that differential processing influences the
biological activity of mouse, rhesus monkey and human IL-3. Since endotoxin
was not detected in the B. [icheniformis derived homogeneous IL-3
preparations, the observed species specificity could not be the result of indirect
IL-3 effects such as endotoxin mediated growth factor production by bone
marrow celis.

The nature of the species specificity of hIL-3 is as yet a matter of
speculation. However, the unusual high number of substitutions at amino acid
replacement sites, as presented in the previous chapter, indicates that IL-3 has
been subject to a high evolution rate. With regard to the cross-reactivity of IL-
3, it is noteworthy that human and mouse IL.-3 do not show any cross reactivity
(Dorssers et al., 1987) and neither do mouse and rat IL-3 (Cohen et al., 1986).
In addition, human IL-3 fails to stimulate rat bone marrow cells (unpublished
observation). A remarkable observation was made by Barber et al. (1989),
these investigators demonstrate that human GM-CSF effectively stimulated sheep
bone marrow cells (a cross-reactivity not observed between man and mice),
whereas sheep bone marrow did not respond to hIL-3 in both proliferation and
clonal assays. Apparently, IL-3 exhibits a more pronounced species specificity
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than most other hemopoietic growth factors which is in line with the low TL-3
protein homology observed among species. With respect to human and murine
IL-3, the protein homology (28%) is much lower than that observed for other
HGFs (sce chapter 3, section 3.12) which varied from 42% (IL-6) to 90% (IL-
11). Pairwise comparison of IL-3 coding sequences of various primate and
rodent species will be discussed in the next chapter.

The species specificity of hIL-3 as encountered for rhesus monkey cells also
implies that preclinical in vivo studies in cynomolgus and rhesus monkeys
(Donahue et al.,, 1988; Krumwieh and Seiler, 1989; Mayer et al., 1989;
Umemura et al., 1989) might very well be insufficiently representative for the
effects of hIL-3 in human patients. In fact, the effects of hIL-3 observed in these
Macaca species were restricted to a small rise in white blood cells,
predominantly caused by basophilia, whereas the first clinical trial in human
patients showed rises in neutrophilic and eosinophilic granulocytes as well as
elevated thrombocyte numbers. fn vive administration of homologous IL-3 to
rhesus monkeys resulted in a dose-dependent stimulation of the production of all
bone marrow derived cell lineages (Wagemaker et al., 1990b). Comparative in
vivo analysis between hIL-3 and RhIL-3 in rhesus monkeys (Van Gils et al
1994a), together with the in vitro results as described and presented in this
chapter, convincingly demonstrate that stimulation of rhesus monkeys by hIL-3
is considerably impaired by a species specificity. Neither absolute cell numbers
nor the variety of cell types produced have been observed in studies with hIL-3
in Macaca species indicating that those studies were substantially influenced by
the decreased activity of hIL-3 on rhesus monkey cells. Thus, the observed
results from preclinical studies using hIL-3 in Macaca species are not
representative for the full potential of 11.-3.
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CHAPTER 6

MOLECULAR EVOLUTION OF INTERLEUKIN-3
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6.1 Introduction

The rapid accumulation of nucleotide (nt) and amino acid (aa) sequence data in
the last two decades has stimulated studies to explore and establish evolutionary
relationships. Such comparative analyses on a molecular basis, usually referred
to as "molecular evolution" provide new insights in the nature of the
evolutionary process. Until recently, evolutionary biology was mainly explored
by biologists working at the level of whole organisms. Since the invention of
molecular evolution, evolutionary biology is not a discipline of concern only to
anthropologists, geologists, paleontologists, ecologists and zoologists but also to
investigators working in the field of cell biology, molecular biology,
developmental biology, physiology and behavioral biology. Thus, evolutionary
biology has evolved into a broad multi-disciplinary pursuit that through
molecular evolution probes evolution at its most basic molecular level by direct
exploration of changes occurring in genes. The study of evolutionary
relationships between homologous protein or nucleic acid sequences was rapidly
integrated into the disciplines of taxonomy, paleontology and geology. Until that
time, such relationships were primarily based on fossil evidence.

Comparative analyses of DNA and protein sequences are increasingly
important and helpful components in evolutionary biology. Initially, systematic
sequence comparisons were restricted to protein sequence data. Based on
similarities between contemporary protein sequences, it was postulated that all
proteins are descendants from a small number of prototypes (Doolittle, 1981).
This premise was based on the notion that it is more simple to duplicate and
modify proteins genetically than it is to assemble proteins de novo from random
beginnings. Therefore, the ultimate goal of early protein evolutionists was the
reconstruction of past events that have resulted in present-day protein sequences,
After the development of methods for routine nucleotide sequence
determination (Maniatis et al., 1975), comparative analyses of coding and non-
coding DNA sequences were included in the study of molecular evolution,
Critical elements of molecular evolution are point mutations, i.e., single
replacements of nucleotides (bases) in DNA, and regulatory mutations, i.e.,
changes in a gene or in the vicinity of a gene which influence its expression. It
has been proposed that regulatory mutations are critical elements in the
morphological evolution of organisms (Wilson, 1985; Zuckerkandl, 1987).
Thus, morphological changes are likely to be attributable to changes in gene
regulation, particularly those that turn on or off specific genes in the course of
embryonic development. A better understanding of the molecular basis of
embryonic development is required to identify the genes whose differences
account for the anatomical differences between species of multicellular
organisms. In contrast to regulatory mutations influencing the expression level
of a gene, point mutations may affect the structure of a particular gene product.
However, the link between molecular and organismal evolution is likely to be
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established by the examination of regulatory mutations rather than that of point
mutations.

Point mutations in the coding region of a gene can affect the aa sequence of
the encoded protein and thereby its function. Analyses of point mutations has
increased understanding of evolutionary processes and yielded many important
insights into the branching of species. Initial examination of point mutations has
resulted in the conceptualization of the molecular clock, i.e., the establishment
of a clock-like linear relation between the number of mutations and the elapsed
time of divergence. (Zuckerkandl and Pauling, 1965). Moreover, the molecular
clock hypothesis postulates that the mutation rate is equal for all organisms and
is approximately constant over time.

Initially, it was suggested that nucleotide substitutions occur randomly and
with the same rate at every position of the DNA molecule (Kimura, 1968). The
rapid accumulation of DNA sequence data demonstrated nonrandom patterns of
nt substitutions. The rate of evolution at parts of the DNA molecule that directly
affect the function of a protein is generally much slower as compared to sites
that do not affect its function. This concept of functional consfraint, i.e., a slow
evolutionary change appears fo be associated with strong functional constraint
and vice versa, has also been demonstrated for the different positions in a
codon, i.e., a nt triplet specifying a particular aa (Kimura, 1977, Miyata et al
1980). The rate of evolutionary change at the third position of a codon is higher
than the rate at the second position of a codon. This observation corresponds to
the fact that whereas any base change at the second position results in an aa
substitution, about half of the base changes at the third position do not result in
an aa substitution. Therefore, the coincidence that nt substitutions result in aa
replacements which may affect the function of a protein is reciprocal to the
observed rates at the different positions of a codon, thus in line with the concept
of functional constraint.

Several methods have been devised in order to estimate the number of
substitutions causing an aa replacement and the number of silent substitutions
(no aa change) separately (Kimura, 1980; Miyata and Yasunaga, 1980; Perler et
al., 1980; Li et al,, 1985). Such an approach is desirable when the amino acid
coding region of genes are compared. In the study presented here, we used the
method of Li et al. (1985) fo estimate the number of synonymous substitutions
(nt changes which do not result in an aa replacement) and nonsynonymous
substitutions (nt changes resulting in an aa change) between the coding regions
of homologous IL-3 genes. The approach of Li et al. (1985) includes
corrections for multiple hits at one site (superimposed substitutions) and the
algorithm takes into account the differences in substitution rates between
transversions and transitions and the relative likelihood of codon interchanges
(see also section 2.4 of chapter 2).

The IL-3 nucleotide (nt) and amino acid (aa) sequences of mouse (Fung et
al., 1984; Yokota et al., 1984; Miyatake et al., 1985; Campbell et al., 1985;
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Kindler et al., 1986), rat (Cohen et al., 1986), gibbon (Yang et al,, 1986),
rhesus monkey (see chapter 4; Burger et al., 1990a,b), and man (see chapter 3;
Yang et al., 1986; Dorssers et al., 1987; Otsuka et al., 1988) have been
identified by molecular cloning. The established DNA and protein IL-3
sequences of these various species enabled comparative analyses of their
primary structure (comparison of their nucleotide and amino acid sequences)
and comparison of their predicted secondary structures (o helix, -plated sheet,
turn and random coil distribution), In addition, tertiary or 3-dimensional
structure related parameters such as the hydrophobicity and hydrophylicity
distribution, termed the hydropathy profile, of the various IL-3 species can be
analyzed. A prerequisite to perform such comparative analyses is a multiple
sequence alignment of the IL-3 sequences. In addition, such a multiple sequence
alignment allows the construction of phylogenetic trees. Phylogenies from
homologous protein or nucleic acids sequences reflect the evolutionary
relationships between the species from which the sequences were derived. With
respect to the homologous I1.-3 sequences, such a phylogenetic tree will be used
to calculate the rate of evolution in all branches, rather than to reconstruct the
already widely adopted tree topology and times of divergence among the
lineages of human (Home sapiens), gibbon (Hylobates) and rhesus monkey
(Macaca mulatta), all genealogically classified in the infraorder of the
Catarrhini (Pilbcam, 1984; Andrews, 1985) and the mouse (Mus) and rat
(Raftus) both classified in the infraorder of the Muridae which belong to the
Rodentia, a suborder of the Myomorpha (Li and Tanimura, 1987).

Preliminary data obtained from comparative studies between natural IL.-3
variants from various species indicated differential substitution rates and highly
variable distribution of synonymous and nonsynonymous substitutions among
the various lineages (as described in the next sections of this chapter). However,
the number of operational taxonomic units (OTUs), i.e., the species for which
actual data were available, was not sufficient to study the peculiar molecular
evolution of IL-3 in detail. Furthermore, the IL-3 sequences of the rodents and
primates were diverged to such an extent that the construction of a reliable
alignment and phylogeny was not feasible. Therefore, we decided to identify the
IL-3 nucleotide sequences of the Saguinus oedipus (crested tamarin) and the
Callithrix jacchus (common marmoset), both classified in the Callitrichidae, a
family of the infraorder of the Platyrrhini ("New World monkeys"). These
Platyrrhini sequences would be much closer outgroups to the Catarrhini (Old
World monkey, ape, and human) sequences than are the rodent sequences and
may further be useful to construct the exact multiple sequence alignment of all
the established IL-3 coding sequences. In addition, the chimpanzee (Pan
troglodytes) IL-3 genc was identificd because it facilitated the analyses of recent
branches from hominoid evolution.
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6.2 Identification and characterization of the nucleotide
sequences of the chimpanzee, tamarin and marmoset IL-3
coding regions

Chimpanzee and marmoset chromosomal DNA were extracted from
mononucleated peripheral blood cells derived from monkeys held at the Primate
Center in Rijswijk, The Netherlands. Tamarin genomic DNA was isolated from
the Epstein-Barr Virus (EBV) transformed B-cell line B95-8 (Miller et al,,
1972; ATCC CRL1612). Molecular cloning of the IL-3 genes of these three
species was accomplished by DNA amplification (PCR: polymerase chain
reaction) using amplimers located in the promoter region and just downstream
of the translation termination codon (see also section 2.1.4.5 of chapter 2). The
PCR strategy and the I1.-3 specific oligonucleotide primers used to identify the
tamarin, marmoset and chimpanzee IL-3 coding regions are shown in Fig, 6.1.

(| I vV Vv

Fig. 6.1 Schematic representation of the PCR sirategy to identify the
chimpanzee, tamarin and marmoset IL-3 genes. The genomic organization of the rhesus
monkey IL-3 (RhIL-3} gene is shown at the top. Black boxes indicate coding regions of exon I-
V, whereas dotted areas represent the noncoding regions of exon I and V). IL-3 specific
amplimers (sce chapter 2) were used to amplify the corresponding chimpanzee, tamarin and
marmoset IL-3 sequences. The location of the various primers are indicated. Primer 2
(corresponding to nt 1109-1128 of the RhIi.-3 gene; see Fig. 4.4) and primer 7 (corresponding
to nt 3362-3380; Fig. 4.4), located in the promoter region and just downstream of the translation
termination codon, respectively. The various amplified fragments are indicated.
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Amplified fragments of approximately 2.3 and 2.1 kb (from at least two
independent PCR reactions) were isolated from the chimpanzee and the two
species of the New World monkeys, respectively. With respect to the
chimpanzee IL-3 gene, the nt sequence of two fragments (750 bp and 820 bp),
corresponding to nt 1109-1857 of the RhIL-3 gene (this fragment encompasses
exons 1 and 2; see for nt positions Fig. 4.4} and nt 2544 through 3363 (this
fragment encompasses exons 3, 4, and the complete coding region of exon 5)
respectively, have been determined. In case of the tamarin, the nucleotide
sequences corresponding to positions 1109-2174 and 2435-3363 of the RhIL-3
gene have been established. The length of the latter fragment appeared to be
about 170 bp shorter than the comesponding regions of other primate IL-3
genes such as those identified in man, chimpanzee, and rhesus monkey. Sequence
analysis revealed that intron 2 lacks 230 bp upstream of exon 3. Instead of the
missing bp, intron 2 of the tamarin [L.-3 gene contains 60 bp which do not
display significant homology to any of the established IL-3 species. The relevant
amplicons (PCR products using primers 2 and 7; see Fig. 6.1) in tamarin and
marmoset (the marmoset genomic fragment has not been sequenced) were
identical in size, indicating that the marmoset gene most likely contains the same
deletion in intron 2 in the vicinity of exon 3. The deletion occurred during the
evolution of the Callitrichidae, or, alternatively, the Old World Monkeys
(Catarrhini) gained DNA during primate evolution through insertional
mutagenesis after their split from the New World monkeys (Platyrrhini). Thus,
the exchange or trans-position of DNA (230 bp missing and 60 unidentified bp
inserted at the same location) indicate recombination events during early
primate IL-3 evolution. The partially identified nt sequences of the chimpanzee,
tamarin and marmoset IL-3 genes were aligned to the corresponding RhIL-3
sequences as shown in Fig. 6.2. These primate IL.-3 genes showed strong
conservation of the intron/exon structure (deduced from the RhIL-3 gene) and
revealed extensive sequence homology. DNA sequence similarities of the newly
identified primate IL-3 genes with the corresponding regions of the RhIL-3
gene are 94.1% (Ch/Rh; 1570 nt), 84.6% (Ta/Rh; 1803 nt), and 84.8% (Ma/Rh;
623 nt), respectively. The sequence similarities among the newly identified
primate IL-3 genes are 86.4% (Ch/Ta; 1560 nt), 83% (Ch/Ma; 625 nt), and
96.6% (Ta/Ma, 621 nt), respectively,

Restriction enzyme analysis and nucleotide sequence analysis of chimpanzee
and tamarin genomic fragments suggested that these species exhibited a genomic
organization identical to that of other identified IL-3 species. To confirm the
deduced intron/exon structures and to asses whether these fragments encode
functional proteins, chimpanzee, marmoset and tamarin amplicons (primers 2
and 7) were introduced downstream of a cytomegalovirus promoter in the
pCMYV-4 vector (Andersson et al., 1989) which contains a SV40 origin of
replication allowing transient expression in COS cells.
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Rh TTTGCATGACATTTCTTGGGTCAAACAAGAAGTGGAAGCCTTTGCTGAGTTCCTGGGCCATCTGTATTTGGGGCACTCAC 1040

Ta +ouu. L . L Y ¢ N 4 <
Rh TGCTCACATGCTGCACCCACTTCCATGTTGCGGTCTCTGTGATT 1084 1343 GCCTCCCAAGTTCAAGC 1360
Ta A vevirrnanns E R LT S
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Rh CATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGGACTACAGGCATGCACCACCACTCCCAY * * * * *TTTTTGTATTTTTAG 1440

Ta Givevvesnd TTonianianas [« IS ST [ GGGCTAAT. . .o v v G.

Rh TAGAGTCGGGCTTTCACCATATTGGTCAGGCTGGTCTTGAACTCGACCTCAGGTTATCTGCCTGCCTCGGUTTCCCAAMA 1520

ch e e e
Ta ... ATT..G...... & T T .

Bh TGCTAGGATTACAGGCTTGAGTCACCGCACCCGGICCACCTAGGCCCTTCAGGCAGCTCACATGGAGCCAGAGACTGGGE 1600
Ch ....G....ciiiiinnnna. C...T..G.. A ... [RE— T L
Ta .. Giorariena, TG....C,....TG..,T..

Rh GCTTGAGGAAACCAGGTCCTGCCTGCCACTCACTTCTAGGCCTGTGC TCTTGGECAGGGACCCACCTGAGGCAAGAATGG 1680
Ch . e Y s
AEEAARILIRLLF KRR AL LR AL S LT AR AR AR AR LRI LES QA TAR  TTTCTTAGT . . TGATTTCT. . . TT

Rh GACTAGGAGGGAACCCGAGH**A 2R RA X2 AGTGEGCTTGERAAACCCTGGEGGTCGACTTCCAGCTGCTTGTGGGAGGG 1760

o < GATGTCCCCARC. .. vt viu e aas TGusiweran D
Ta .. TC.T.CT.TGGT.T.. . TCTGTTTG T 2 kdtdd kb d ka5 ddkh kA Ak AR A AR R A AR I X RKZRXK AR AR AR AR RN X

‘

Rh ATACTCCGTAACCTTTCCCCCGTAAGTGTATTCTCTGCCCTGTTAGGARRANAACCTTCGAAGGTCAAACCTGGAGGCAT 1840

Ch veveiaMnnriarnr s Tarinnnrrnnnnnnanns C...en D T €
Ta FFAKEEINIIXAKIARRRXRARKXAIAE | QAT LT, CC. .. AL.CC . it a Co...... A.LAL...
Ma A..CC, .00 00, . AC. .0 :

Rh TCAGTAAGGCTGTCAAGAGTTTACAGAACGCATCAGCAATCGAGAGCATTCTTAAGGTATGTGAAGCTGTTGAGEGTTTG 1920

[0 S (o N D
Ta ..CAG..... it tasa s e aaans S e < TN B
Ma ..CAG.....C........ T Lt} PP . VPN

Rh GGATCCCTGTGTTGGCCCTGCCCTGCCTCTRGEGAGGATGACAGC AGGECCCACTCCCTTTCCAAGEGAATCTCTGACCA 2000

] i ettt i I I .

Ta cvviiiananas T G...... crasae T Te o L

PRSP ¢ J N

Rh AGATGCCCGTGTCGTEECTTGCTCCTCAGTTGETCATCACCATTATAGCCTGGACTCACCTANTCCCACCTTCTTGETTT 2160

Ta ++rv0...C..C.ACA.TC. ...

Rh CTTTATAGCGACCTCCAATCCGTATCACGANCGETGACCEGAATGAC TTCCGGAGRAAACTGAAGTTCTATCTGARAACC 2240

Ch ..... T T - T AG.T.. o0 Teveo.. SN S
Ta ciiaeinan - S . AG........ T sinvr i sarnaas b SN Teneoa .
Ha V. VPPN, - 9 « PUPPURINP, | MUY YU PR e nrzes..
Rh CTTGAGAATGAGCAGGCTCARTAGACGACTCTGAGCCTCGAGATCTCTIGAGTCCAACGTCCAGCTCGTTCTS 2314

Fig. 6.2 DNA sequence alignment of primate 1L-3 genes. Amplified fragments of
chimpanzee (Ch}, tamarin (Ta) and marmoset (Ma) IL-3 genes were cloned in the pTZ18R
plasmid and sequenced in both orientations as described in chapter 2. Exon sequences were
confirmed by analysis of cDNA clones. Multiple DNA sequence alignment was performed using

173




the “Clustal” algorithm (Higgins and Sharp, 1988} and included the RhIL-3 gene (chapter 4;
accession number X51890). Identities are shown as dots and gaps are represented by asterisks.
Spaces indicate ni sequences that were not determined. Coding sequences are underlined and
termination sequences are double undetlined. Primer sequences (2 and 7) used for DNA
amplification are represented in italics. The newly identified primate IL-3 sequences are available
under accession numbers X74875-X74879.

Sequence analysis of cDNA clones (retrieved by RT-PCR) derived from mRNA
of COS cells confirmed their deduced exon structure (Fig. 6.2; Table 6.1) and
did not reveal alternative RNA splicing in the IL-3 genes of chimpanzee,
marmoset and tamarin. Moreover, the COS cell derived RT-PCR 1IL-3
fragments of chimpanzee, marmoset and tamarin (see Fig. 6.2) and rhesus
monkey (see chapter 4) are apparently analogous to natural environmental
splicing products as detected in man, gibbon and rodents. The complete nt
sequences of the IL-3 coding regions of chimpanzee, tamarin and marmoset are
shown in Fig. 6.2. The established sequences of the chimpanzee and tamarin IL-
3 coding regions are based on relevant genomic fragments and confirmed by
RT-PCR-retrieved cDNAs from COS cells, whereas the marmoset sequence is
completely based on the RT-PCR ¢cDNA products,

Western blot analysis of conditioned media from COS cells, transfected with
genomic IL-3 expression constructs, revealed the production of chimpanzee,
tamarin and marmoset IL-3 proteins which were readily detected by monoclonal
antibodies (MCAs) directed against hIL-3 (Dorssers et al., 1991; Burger et al.,
1994a). The immunoreactive IL-3 proteins were resolved in multiple higher
molecular weight bands (£14-35 kDa), corresponding to variations in degree of
glycosylation and the number of N-linked glycosylation sites. These results
showed that functional 1L.-3 genes were amplified from chimpanzee, marmoset
and tamarin. The biological activity of these gene products was assessed using a
human IL-3 dependent AML-193 cell line as described in chapter 5 (see also
section 2.2.2 of chapter 2). The chimpanzee IL-3 proteins excreted in the
culture medium of COS cells strongly supported proliferation and DNA
synthesis of AML-193 cells (Burger et al., 1994a). In contrast, neither tamarin
nor marmoset IL-3 proteins induced detectable DNA synthesis in human AML-
193 cells, These results, which are supported by preliminary studies using
bacterially produced tamarin and marmoset IL-3, indicate that IL-3 proteins of
these members of the Callifrichidae family are about 100 to 1000 fold less active
than human and chimpanzee IL-3 in stimulating the proliferation of human
hemopoietic cells. The amino acid changes in these proteins apparently interfere
with the IL-3 signal transduction pathway, most likely due to impaired binding
to the human heterodimeric I1.-3 cell surface receptor.
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Table 6.1 Iniron-exon boundaries of the identified primate and rodent IL-3
sequences?

Intron I Intron I
Hu CTG GPGAGTACCCACAG GAC ATG GTAAGAGEICCGTTAG GAA
Ch CTG GTGAGTAGICCCACAG GAC ATG GTAAGAGOCCGTTAG GAA
Rh CCG GTGAGTACCCATAG GAC GTG GTAAGAGECTGTTAG GAA
Ta TCC GTGAGTA«ICCCACAG AAC ATG GTAAGAGECCCTTAG AAA
Mu CCA GTGAGTACTCACAG GAA AGG GTAAGAGECTCTTAG AAT
Ra CCA GTGAGTACTCCTCAG CTA AGG GTAAGAGECTCTTAG AAT

Intron OT Intron IV
Hu AAA GTATGTGOITCCACAG AAT ACG GTAAGCT¢>TTTATAG CGA
Ch BAA GTATGTGETCCACAG AAT ACG GTAAGCTETTTATAG CGA
Rh AAG GTATGTGTCCACAG AAT ACG GTAAGCT¢>TTTATAG CGA
Ta AAG GTATGTGOICCCACAG GAT ATG GTAAGCT¢>TTTATAG CAA
Mu CAG GTGTGTECTCCACAG AAA GCG GTAAGCT(CTCACAG CTG
Ra CAG GTGCGTGEITCCACAG AAA GTG GTAAGCT(3GTCACAG TTG

a The intron boundary sequences of the primate 1L-3 genes of human (Hu), chimpanzee {Ch),
rhesus monkey (Rh), tamarin (Ta), and rodent I1.-3 genes of murine (Mu) and rat (Ra) with their
single splice-donor dinucleotide (GT) and splice-acceptor dinucleotide (AG) and their 5' as well
as 3" adjacent codons of the particular exons are indicated.

6.3  Multiple sequence alignment of the IL-3 coding regions and
their corresponding proteins.

A multiple alignment, based on maximal homology between the IL-3 DNA and
protein sequences of the various species, was established by the "Clustal" method
of Higgins and Sharp (1988). This method is based on the iterative approach,
i.e,, the sequences are progressively aligned using the results of pairwise
alignments (see section 2.4 of chapter 2). Interpretation of multiple protein
alignments should be done cautiously since such methods don't take into account
the genomic organization such as the intron/exon structure. The boundaries of
the intron/exon junctions of the I1.-3 genes of the various species appeared to be
reasonably well conserved as shown in Table 6.1 and, therefore, codons could
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i0 20 30 40 50 60

Ha: - ATGAGCCGCCTGCCCETCCTGCTCCTGCTCCAACTCCTG
Ch: e e L, e e et et e e
Gl:  mmmem e L .
Rh:  ——rr PP e e e . . LT .
Ta: - @ —————— — e A PR - R C, A———......
Ma; W e e — L Ao, A,,..C..... C..A-—— ...
Mg ATGGTTCTTGCCAGCTCTACC . CC. AT JACA, LA, G ......... v...GA.G,.C
Ra: ATGGTTCTTGCCAGCTCTACC.CC. ., LCTGTA .G, .. L. C....,TGA.G..C
70 80 90 100 110 120
Hu: GTCCGCCCCGGACTCCAAGCTCCCATGACCCAGACAACGCCCTTGAAGACAAGCTGG——~
103 4 . -
Gi: - N et e T ien s R
Rh: P Vet e Lt h s et aaen J T P
Ta: WAL VT Teveunn G..CCA.......ovvun L1 G...CTCA, ——-
Ma: LA Tl Tevn., G..CCA,......... L N CTCA.-——
Mu: B A € T.A..C,GTGGCCGGGATA, . CACCGTTT. .C.A,AACG
Ra: T... A, AG........ GAT,T,AGAC.GGGGCT. .GATG. .CACC.TTT.CT.A. .ACG
130 140 150 160 170 180

Hu: GTTAACTGCTCTAACATGATCGATGAAATTATAACACACTTAAAGCAGCCACCTITGCCT

Gi: [ e e v e e et C
Rh: S G s i e e e e e e e e, Cr e i st
Ta: ... 0. Ve e ... GG..G. ... G...... T.Cov v iCii i i e an s
Ma: e e e T...6G..G......G.. .T.C. P ¢ I
M T.G..T, AGCTCT TG L ALGL .Gl L. .GGGA.GC.CCCA ———————————————
Ra: T.GG.T.. AGG.CT. .TGC.TTG. .G...T.GGTGA.GC.CCCA~-~————~—— ===~
190 200 210 220 230
Hu: TTGCTG 1 GACTTCAACAACCTCAATGGGGAAGACCAAGACATTCTGATG + GAAAAT
Ch: ..., e [P et P
Gi: e ... e e e e et e e i e, E S
Rh: CALCL O e e, T : TP TN ¢ I . WA
Ta: CATCC 3 A o e e e e T.A,.CA. . v CG..viive e + A..CCA
Ma: LCATCA + A oot T A CA.civ i i CGT....ovu f A,.CCA
Mau: - t .,ACCTG,ACT.ARAA.C, AT..T, AGG.CC.TC.....G., §+ A.7..G
Ra:  ————-- + .TA.CTGGACT.AAT...A.T..C...A...C..A,,... G, + ALT.G
240 250 280 270 280 290

Hu: AACCTTCGAAGGCCAAACCTGGAGGCATTCAACAGGGCTGTCAAGAGTTTA-——~ -~ CAG
3 e e B it P
e A B e afutate
Rh: . . T, e, e GT.A Ce s tam T
1 U AVAL ..., C.G.A Coinin i i am = —— '
Ma: @ ..., P - S, A....., P I € R - N 1 intatat

Mu GoT L 6L LAGT. L. TCCAA, GTGGAAAGCCAAGGAGAAG GGATCCTG
Ra LG, GLLAGT, e C.A. .CTA ., AAAGCCAAG, ,GAG. ,TGATTCT.
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300 310 320 330 340 350
Hu: AACGCATCAGCAATTGAGAGCATTCTTAAA {+ AATCTCCTGCCATGTCTGCCCCTGGCC
Ch: i i i e T . s e e
Gi: T Cinii it nannnas G+ ... cC..... Covvvns A,,...
Rh: .. . iy G e e G 1 ... .CA, G, A.....
Ta; Ve e A e e G......G ¥ G. G.CA.T...C.un v Ao,
Ma: P L ¢ Y S R W € - T ¢ CAGT...C...... ACA
Mu G AG VAC.TT, .CA. TC VAL .C.G % A, TAACTGT..C..... TACAT,T
Ra G..A,.A.G,AC.,CA, . TC. AA 0.6 ¢t ,.A,,.TAA,TGT...A.T, .TGCA,.T
360 370 380 390 400
Hu: ACGGCCGCACCCACG + CGACATCCAATCCATATCAAGGACGGTGACTGGAATGAATTC
Ch: i e i e P oo i R
Gis AL e e F e e Gttt it e e e e e
Rh: . i, S G..... C.A........ Covnnnn C...
Ta: B L . G,..... e e PP G
Ma .. JAAT, . .G. cF AL Lo L C...
Mu: G..AAT.ACT.TG { .TG.CAGGGG. TTC . TCGA-———~— T™CT.6....C..T
Ra G, .AG. .ACT,TGT. # TTG.CAGGTG..T.C.AT..A-~——~~ TCT.G C,.T
410 420 430 440 450 460
Hu: CGGAGGAAACTGACGTTCTAT - -~ ——— ==~~~ — = —— = CTGAAMACCCTTGAGAATGCG
Gh: . e e T e et Ceeeas
L T Bt i e m e e e e A,
Rh: .. e 7 N ettt A,
Ta: ceea T AL ST e e T, e e e T.AA,
Ma AT L A, i, i m e T et a s N LTLAR.
Mu B GA..... CATGGTCCACCTTAACGAT. G G..AG. GCTA ceT.T
Ra AALA. ... ., GA..... CGTGATCCATCTTAAGGAC .C.GC.AG.GTCAGTCT.T
4840 490 500 510 520 528
Hu: CAGGCTCAACAGACGACTTTGAGCCTCGCGATCTTTTGA -~~~ ——~~———=——— ==~ ———
Ch: ... ... ... et e e i e e -
Gi: AL e Y LTUA, .C. e e e ——————
Rh:  ......... Teweinnan Chivennnnns - I Cuveommm e —
Ta: R T... L. P aa. [ o o B
Ma: N b L AR « oI o o B
Mu: AGAC ACT...C,CG.A.CTG, . TC. TCTCTCC AACCGTGGAACCGTGGAATGTTAA
Ra: AGAC . A.CT...C.C..A.CT,..TCT.AC.A, .. .C.CCOTATGACCCTGGAATGTTAA

Fig. 6.3. Multiple sequence alignment of the IL-3 coding regions of human
(Hu), chimpanzee (Ch), gibbon (Gi), rhesus monkey (Rh), tamarin (Ta),
marmoset (Ma), murine (Mu) and rat (Ra). The complete nucleotide sequence of human
IL-3 and the deviations from this sequence in the other species are presented by the one-letter
nucieotide code, whereas identical nucleotides are indicated as dots. Gaps, iniroduced by the
multiple sequence alignment {0 maximize the homology among the different species, are
represented by horizontal lines (-). The genes of all identified IL-3 species comprise 5 exons {(at
sequences of the coding regions are indicated in the multiple sequence altignment) and 4 introns
(nt sequences are omitted). The exon-infron-exon junctions are indicated by . Although the
coding regions of the rhesus monkey and marmoset IL-3 genes are 27 nucleotides shorter due to
the introduction of a termination codon, alignment of both sequences are given for the total length
of the primate species with Iower case nucleotides for deviations after the termination codons.

177




unambiguously be ascribed to a particular exon. Therefore, the conserved
intron/exon junctions of IL-3 species were used to verify whether the computer-
introduced gaps were located correctly. With this respect, the "Clustal” derived
multiple alignment of the IL-3 proteins had to be adjusted to prevent alignment
of 5 aa encoded by exon 2 of the rodent genes with residues encoded by exon 1
of the primates. This particular adjustment, which was based on the conserved
regions around the IL-3 intron/exon junctions, could only be considered upon
the identification of the genomic IL-3 sequences of man (Yang and Clark,
1987), mouse (Campbell et al., 1985), rat (Cohen et al., 1986), rhesus monkey
(see chapter 4), tamarin and chimpanzee (see previous section). It is noteworthy
that this correction {(adjustment of the location of a computer-introduced gap)
had no effect on the percent overall protein sequence homology. The “Clustal”
derived protein alignment and conserved intron/exon junctions of the IL-3 genes
(Table 6.1) served as basis for the multiple alignment construction of the IL-3
coding regions. The resulting multiple alignment of the DNA coding region and
their corresponding IL-3 proteins are shown in Fig. 6.3 and 6.4, respectively.
The major differences between the newly identified IL-3 genes are briefly
presented here. The nucleotide sequence of the chimpanzee I1.-3 coding regions
appeared to be virtually identical to the homologous sequences of the human
gene (three changes corresponding to 99.3% sequence similarity; see Fig. 6.3).
One of the deviations maps to the vexed nucleotide substitution at position 117
(see Fig. 3.10) which appeared to be polymorph in the human gene, i.e,, C or T
(Yang et al., 1986; Dorssers et al., 1987; Otsuka et al., 1988). The human and
chimpanzee IL-3 proteins displayed only two differences, corresponding to 1.3
% divergence (Fig. 6.4). The established nt sequence of the tamarin and
marmoset IL.-3 coding regions are shown in Fig. 6.3. Notably, the tamarin and
marmoset IL-3 sequences lacked the triplet encoding aa 11 of the signal peptide.
The I1.-3 genes of these simian primates encode mature proteins of 124 aa,
actually identical in length to the RhIL-3 mature protein and nine residues
shorter than the mature proteins of the higher primates (Fig. 6.3 and 6.4).
Comparison of the coding regions of chimpanzee IL-3 with those of tamarin and
marmoset revealed 72 deviations corresponding to 83% DNA sequence
similarity and 81 deviations corresponding to 80.9% DNA sequence similarity,
respectively. The IL-3 protein identity between chimpanzee and tamarin and
between chimpanzee and marmoset was about 70%. The observed nucleotide
and amino acid substitutions between the various species and the percent
sequence divergence are summarized in Table 6.2. The similarity between the
various primates was shown to vary from 80.9% (Ch/Ma) to 99.3% (Hu/Ch) for
the DNA sequences and the protein identity vatied from 69.2% (Rh/Ma} to
98.7% (Hu/Ch). Furthermore, somewhat lower but still significant similarity
was found between the two rodent sequences (DNA: 78% and protein: 59%).In
addition, pairwise analyses between primate and rodent IL-3 sequences showed
rather low similarity which appeared to be less than 50% and less than 31% for
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Table 6.2 Substitutions observed among present-day IlI-3 ceding regions and
their corresponding proteins of various species=

DNA Profein
Species
compared Subslitutions Gaps Divergence Substitutions  Gaps Divergence
Hu/Ch 3/459 0 0.7 2/152 0 1.3
Huw/Gi 22/459 0 4.8 12/152 0 79
Hw/Rh 33/432 0 7.6 25/143 0 17.5
Hw/Ta 73/429 1 17.2 41/142 1 29.4
Huo/Ma 80/429 i 18.8 42/142 i 30.1
Hu/Mu 2271432 5 53.1 102/143 5 72.3
Hu/Ra 220/432 5 51.5 101/143 5 71.6
Ch/Gi 21/459 0 4.6 10/152 0 6.6
Ch/Rh 32/432 0 7.4 23/143 0 16.1
Ch/Ta 72/429 1 17.0 39/142 1 28.0
CivMa 81/429 1 19.1 42/142 1 30.1
Ch/Mu 227/432 5 53.1 102/143 5 72.3
Ch/Ra 2214432 5 51.7 101/143 5 71.6
GifRh 28/432 0 6.5 18/143 0 12,5
GifTa 70/429 1 16.5 34/142 1 24.5
Gi/Ma 75/429 i 7.7 387142 1 27.3
GifMu 226/432 5 52.9 102/143 5 72.3
Gi/Ra 224/432 5 52.4 101/143 5 71.6
Rh/Ta 66/429 1 15.6 39/142 1 28.0
Rh/Ma 73/420 1 17.2 43/142 1 30.8
Rh/Mu 203/405 5 51.0 92/134 5 69.8
Rh/Ra 212/405 5 529 94/134 5 71.2
TaMa 21/429 0 4.9 12/142 0 8.5
Ta/Mu 212/402 6 53.4 89/133 6 68.3
Ta/Ra 212/402 6 534 90/133 6 69.1
Ma/Mu 211/402 6 53.2 90/133 6 69.1
Ma/Ra 212/402 6 53.4 93/133 6 71.2
Mu/Ra 110/501 0 22.0 68/166 0 41.0

a Pairwise comparisons of IL-3 DNA coding regions and their corresponding proteins of human
(Hu)}, chimpanzee (Ch)}, gibbon (Gi), rhesus monkey (Rh), tamarin (Ta), marmoset (Ma),
murine (Mu} and rat (Ra). Substittions considered in cach pairwise comparison are presented as
total number of substitutions per total commen sites. Number of substitutions were calculated for
the common regions in each pairwise comparative analysis and are expressed as actual number of
substitutions per total common sites, i.e., bp or aa in case of DNA or prolein sequences,
respectively. Gaps (insertions and deletions) were counted as single events regardless of their
length. Divergence is expressed as percentage and is equal to [substitutions + gaps)/[total sites +
gaps] x 100,
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Fig. 6.4. Alignment of the IL-3 proteins of human (Hu), chimpanzee (Ch),
gibbon (Gi), rhesus monkey (Rh), tamarin (Ta), marmoset (Ma), murine (Mu)
and rat (Ra). Compuler assisted muitiple sequence alignment was performed according to the
"CLUSTAL" method of Higgins and Sharp (1989), Gaps, introduced by this method to
maximize the homology among the different species, are shown by horizontal lines (-). One gap
had to be relocated since an introduced gap in the rodent sequences resulted in the alignment of 5
aa encoded by exon 2 of the rodent genes with residues encoded by exon 1 of the primates. The
az seguence lerminations are indicated by #.The complete aa sequence of human IL-3 along with
differences in the other species are presented by the one-letter aa code, whereas identical residues
are noied as dots. The line "All" shows the homology among all species with identical aa
maltches indicated by the corresponding one-letfer symbol and conservative amino acid
substitutions (ASTPG; NDBEQZ; HRK; MLIV; FYW) by asterisks. The five proposed helices
for human IL-3 (Dorssers et al., 1991) are indicated as boxes.

DNA and protein, respectively.

Identical or functionally similar residues (conservative aa substitutions) in
different I1.-3 species may be important in view of the structure-function
relationship. A consensus IL-3 protein sequence, indicated as “All” in Fig. 6.4,
showed that in addition to the two cysteine residues present in hlL.-3, only a few
regions have been conserved during mammalian evolution. The best conserved
regions correspond to the consensus residues 13-28 (signal peptide), 81-88, 103-
118 and 132-143. The latter region contains a tyrosine (Y) residue (pos. 143)
and two other aromatic phenylalanine (F) residues (pos. 136 and 142) which are
conserved in all species, Another phenylalanine (F) at position 88 is also
completely conserved and the one at position 64 is conserved in the primate
species. However, it should be noted that several other phenylalanines present in
the rodent IL-3 genes are not conserved at all. Analysis of substitution mutants
of human IL.-3 showed that alteration of highly conserved residues (e.g. pos.
70/71: ED—KR; pos. 81/82: RR—ED; pos. 135: E—K; pos. 142/143: FY —AT)
results in a significant reduction (more than 3 logs) of biological activity
(Dorssers et al,, 1991). These results indicate that these conserved regions (at
least several residues within them) indeed reflect important biological domains.

Secondary structure and three-dimensional architecture of proteins are
known to be more conserved than their primary structure, Therefore, computer
predicted secondary structures and hydrophobicity profiles may reveal more
conformity among the various IL-3 species. The secondary protein structures
(i.e., a-helix, B-plated sheet, random coil or B-turn) of the various IL-3 species
were determined by combining several computer-assisted predictions (Chou and
Fasman, 1978; Rose, 1978, Garnier et al., 1978). The five o-helices as proposed
by Dorssers et al. (1991) for human IL-3 are indicated in Fig. 6.4 (helix 1. 45-
56; helix II: 69-81; helix IIT: 84-111; helix IV: 114-120; helix V: 134-156).

Analysis of the secondary protein structure predictions of the primate IL-3
species revealed that helices 1II-V are more or less conserved (the ends of the
helices may differ somewhat among the IL-3 species), whereas helices T and II
are not predicted for all primate IL-3 proteins. Analysis of rodent and primate
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IL-3 species reveals one small conserved c-helical region (Fig. 6.4; pos. 84-92).
Disruption of this proposed ¢-helix by introduction of helix-breaking residues
strongly affects the biological activity of hIL-3 (Dorssers et al., 1991). In
particular, substitution of residues 90 (R) and 91 (A) by Proline (P) and Glycine
(G) respectively, resulted in at least 10,000-fold reduction of biological activity.
'Thus, the existence of such an o.-helical region is strongly supported by the
results of these mutant hIL-3 proteins.

The hydropathy profiles of the various IL-3 species (the Callitrichidae
family is represented by the marmoset), which may reflect some three-
dimensional structure properties of these proteins, are shown in Fig. 6.5. These
profiles, showing the distribution of hydrophobic and hydrophilic residues
along the protein chain, were constructed by calculating the mean hydropathy
value of overlapping segments (in this case a window of six residues was used),
according to the method of Kyte and Doolittle (1982). The highly hydrophobic
part, present at the N-terminus of each IL-3 protein, indicates the leader-peptide
which is processed during transport to the extracellular compartment.
Furthermore, the hydropathy profiles of the primate IL-3 proteins show
relevant similarities, which is also seen, although less clearly, for the two rodent
sequences. However, the primate profiles share no significant homology with
the rodent profiles. The latter suggests differential properties of the three-
dimensional structures of primate and rodent 1L-3 proteins.

6.4 Estimation of the number of synonymous and nonsynonymous
substitutions

Pairwise comparison of the present-day IL-3 coding regions and their encoded
proteins, as presented in Table 6.2, reveal in all cases that more than 40% of the
observed DNA substitutions have resulted in amino acid substitutions of the
protein chain. Comparative analysis of rhesus monkey sequences with other
primate sequences showed an even higher divergence ranging from 59%
(RW/Ta) to 76% (Rh/Hu). The percent aa replacements per nt substitution for the
Hu/Rh comparison was found to be particularly high (76%), which suggests an
unusual high rate of evolution for the RhIL-3 protein. Notably, multiple nt
substitutions within one codon, leading independently to an aa exchange, have
been considered as only one aa substitution in these simple calculations. Thus,
the number of substitutions observed among present-day IL-3 sequences are
presumably an underestimation of the actual number of substitutions occurred
since the radiation of these mammals. In addition, multiple substitutions at the
same site (Kimura, 1980; Holmquist et al., 1982) may have occurred as well.

The method of Li et al. (1985), which includes corrections for those multiple
hits (see above and section 2.4 of chapter 2), was used to calculate the number
of synonymous (silent) and nonsynonymous (causing amino acid replacement)
substitutions. Complete IL-3 coding regions as shown in Fig 6.3, which include
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Fig. 6.5 Hydropathy plots
of various IL-3 proteins,
Hydropathy profiles,, i.e.the
distribution of hydrophobic and
hydrophilic residues along the
protein chain of human (Hu),
chimpanzee (Ch), gibbon (Gi),
rhesus (Rh), marmoset (Ma),
murine (Mu), and rat (Ra) were
plotted according to the method
of Kyte and Doolittle (1982).
This algorithm calcutates the
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overlapping segments (a window
of six residues was used).
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indicate hydrophobic regions,
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represent hydrophilic regions.
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IL-3 proteins (Hu, Ch, and Gi:
1-133; Rh and Ma 1- 124 Mu
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Table 6.3 Numbers of synonymous (Kg) and nonsynonymous (Kj) substitutions
per site among the IL-3 coding regions of varicus mammalian ordersa,

Percentage substilutionst

Species

compared Kg x 100 (SE) Ka x 100 (+SE) Ks/Ka (SE) Divergencee (%)
Hu/Ch 097+ 0.98 0.57 £ 0.40 1,70 £ 2.09 0.66
Hu/Gi 10.50+ 3.42 345+ 1.01 3041133 5.006
Huw/Rh 736+ 291 872+ 1.66 0.84 £ 0.37 8.41
HwTa 23341+ 549 19.35 £ 2.66 1.21 033 20.24
Hu/Ma 2023+ 645 20,39 +2.74 1.43 £0.37 22.36
Hu/Mu 13996 £ 31.21 81.40 + 8.30 1.72 £ 0.43 94,93
Hu/Ra 135.81 +29.04 74.83 £ 7.70 181 £ (.43 88.31
ChiGi 11614 3.62 2.86 £0.91 406 £ 1.81 4.79
Ch/Rh 851+ 316 8.08 + 1.59 1.05 £ 0.44 8.18
Ch/Ta 2458+ 5.67 18.58 £ 2.59 1.32+£0.36 19.93
Ch/Ma 30,63+ 6.66 20.41 + 2,74 1.50 £ 0.38 22,69
Ch/Mu 139.37 £31.10 8131+873 1.71 £0.42 9477
Ch/Ra 13543 £29.19 75.74 £ 7.80 1.79 £ 0.43 88.98
Gi/Rh 10,70 £ 3.51 6.16 + 1.37 1.74 £ 0.69 7.17
GifTa 3102+ 6.68 15.52 £2.31 200 £0.52 18.91
GifMa 3078t 675 17.45 & 2.47 176 £ 0.46 20.34
Gi/Mu 137.56 + 33.14 81.43 £ 8.67 1.69 £ 0.44 94.08
Gi/Ra 136.90 + 29.91 78.53 £ 8.11 1.74 £ 0.42 91.10
Rb/Ta 18.08+ 4.66 17.53 £ 2,50 1.03 £ 0.30 17.65
Ri/Ma 20,20 5.05 19.54 & 2.67 1.03 £ 0.29 19.69
RivMu 11422 + 2295 81.30+ 8.70 1.40 £ 0.32 83.95
Rh/Ra 122,04 £25.64 83.38 £ 8.88 1.46 £ 0.34 91.97
Ta/Ma 391+ 3.1 3.64 +1.04 245+ 1,10 4.80
Ta/Mu 160.47 + 42,91 33.41 £ 8.98 1.92 £0.55 100.98
Ta/Ra 192,39 + 54.08 76.84 £ 7.90 2.50£0.75 102.02
Ma/Mu 158.50 + 45.58 82.95 £ 8.77 191 40.59 100.06
Ma/Ra 18586 + 56.41 78.00 £ 7.96 2.38%0.76 101.34
Mu/Ra 2160+ 5.28 28.28 £3.24 0.76 £ 0.21 26.74

a Pairwise comparison of aligned IL-3 coding regions of human (Hu}, chimpanzee (Ch), gibbon
(Gi}, rhesus monkey (Rh), tamarin (Ta), marmoset {Ma), murine (Mu), and rat (Ra). The
number of substitutions per synonymous sites (Ks) and number of substitutions per
nonsynonymous sites (K o) were computed according to the method of Li et al. (1985).

b The number of substitutions and their standard errors are presented as percentage synonymous
and nonsynonymous, i.e., number of substitutions per 100 synonymous sites (K x 100) and
number of substitutions per 100 nonsynonymous sites (Ka x 100).

< Divergence was calculated and corrected according to the method of Li et al. (1985), i.e.,

[Ks x Ng] + [Ka x Nal/ [Ns + N ] x 100. Ng represents total number of synonymous siics,
whereas Ny represents total number of nonsynonymous siles,
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the 5' sequence encoding the leader peptide and the 3' 27 noncoding bases of
exon 5 of the rhesus monkey, tamarin and marmoset genes (Fig. 6.4; pos. 478-
504), were used to calculate the synonymous and nonsynonymous substitutions.
Insertions or deletions (gaps) were omitted. The estimated number of
substitutions per synonymous (Ks) and nonsynonymous (K a) site and the Ks/Ka
ratios of pairwise comparisons are listed in Table 6.3. The computed Ks/Ka
ratios appeared to be much lower than the average value reported for functional
genes (average Ks/Ka = 5.3; Li et al,, 1985; Ticher and Graur, 1989). Notably,
the studies of Li et al. (1985) and Ticher and Graur (1989) also revealed that
rapidly evolving proteins show lower Kg/Ka ratios than more conserved
proteins. Thus, the low Kg/K4 ratios as shown in Table 6.3 indicate that IL.-3
belongs to the group of rapidly evolving proteins. Pairwise comparison of
rhesus monkey and other primate taxa showed that the Ka value equals or

exceeds the Ks value. These data suggest unequal rates of evolution among IL-3
species.

6.5 Construction of phylogenetic trees

Construction of phylogenetic trees from distance matrices are often used to find
the correct tree topology and to estimate the branch lengths. Most methods to
find a phylogeny are based on the average-linking clustering method, also
known as the unweighted pair-group method with arithematic averages
(UPGMA). If the rate of evolution among lineages is not constant, these UPG
methods (procedures to construct phylogenies are reviewed by JLAM.
Leunissen, 1989) often lead to incorrect topologies. As alluded to earlier, the
data presented in Table 6.3 suggest unequal rates of evolution of the IL-3 genes
among different lineages. Therefore, phylogenies were constructed using the
computer program FITCH (see section 2.4 of chapter 2) which does not assume
constant evolutionary rates in branches and provides unrooted trees. The
phylogenetic relationships of the different lineages, constructed from a distance
matrix (sequence divergence data as shown in the right column of Table 6.3)
based on the total number of substitutions per 100 sites calculated according to
the method of Li et al. (1985), are shown in Fig. 6.6A. Construction of
phylogenies from such an IL-3 distance matrix resulted in the established
topology for the eight taxa used.

The actual substitution rates for each primate lineage can easily be calculated
assuming that the times of divergence for Hu/Ch, Hu/Gi, Hu/Rh and
Catarrhini/Platyrrhini are 7, 23, 32 and 45 million years (Myr), respectively
(Pilbeam, 1984; Andrews, 1985). Furthermore, it was assumed that radiation of
maminals occurred approximately 75 Myr ago and that the time of divergence
between mouse and rat is 15 Myr (Li and Tanimura, 1987). The branching time
of the genera of the Callitrichidae family, which consists of two major groups,
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Fig. 6.6 Phylogenetic trees of IL-3 constructed from distance matrices. The
phylogenetic relationships among the different lineages, i.e., human (Hu), chimpanzee (Ch),
gibbon (Gi}), rhesus monkey (Rh), tamarin (Ta), marmoset (Ma), murine (Mu) and rat (Ra) are
shown with their times of divergence indicated on the scale by numbers of Myr. The number of
substitutions per 100 sites (upper values) and their corresponding evolutionary rates expressed as
number of substitutions per site per 10? year (values between brackets) and the ancestrai nodes
(a,bc.de, and [) are indicated. The rates of nucleotide substitutions were calculated by
implementing the estimated times of divergence. For example in Fig 6.3A, the rate of nucleotide
substitution in the mouse lineage after the branching of the rat is: {14.3/100)/(15 x 106) =9.5 x
10-% substitutions per site per year. The distribution of the total number of substitutions
{corrected) and the synenymous and nonsynonymous substitutions among the different taxa are
shown in panel A, B and C, respectively. All the substitution data were taken from Table 6.3.

i.e., tamarins and marmosets, has not been well established. The divergence
between Saguinus oedipus (tamarin) and Callithrix jacchus (marmoset) was
assumed to occur approximately 10 Myr ago. Rates of nucleotide substitutions
were calculated by implementing the estimated times of divergence and are
expressed as substitutions per site per 109 year (Fig. 6.6).
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The phylogenies (Fig. 6.6) show consistently higher evolutionary rates in the
IL-3 coding regions of rodents than of primates. The rates in the various
Catarrhini decreased according to their branching order, i.e., thesus monkey,
gibbon and hominoids (chimpanzee and man). It should be noted that this
method generates average rates for each lineage or segment between ancestral
nodes and that the results depend on the accuracy of the divergence times.
Furthermore, the low rate estimated for the segment between ancestral nodes
"d" and "¢" (Fig. 6.6A-C) has to be interpreted with caution since the use of
rodent sequences as outgroup may cause the rate to be underestimated. In
summary, it has been shown that the relative substitution rates of the studied IL-
3 genes display a very large variation and that an apparent rate slowdown
occurred for the IL-3 gene during hominoid evolution.

In addition to the construction of the phylogenetic tree from the corrected
sequence divergence matrix, phylogenies were constructed using distance
matrices generated from the synonymous and nonsynonymous substitution data
presented in Table 6.3. The distribution of synonymous and nonsynonymous
substitution rates among the different taxa are shown in Fig 6.6 panel B and C,
respectively. Analysis of synonymous and nonsynonymous substitutions among
the different taxa revealed a rather unusual distribution. The chimpanzee did not
accumulate nonsynonymous substitutions during the 7 Myr of its divergence
from the human branch which is reflected by the 98.7% I1.-3 protein similarity
between man and chimpanzee. Gibbon IL-3 did not acquire many
nonsynonymous substitutions either and the synonymous substitution rate is
about 15 times that of the nonsynonymous substitution rate. The most striking
distribution was found in the rhesus monkey lineage following radiation of Old
and New World monkeys (Fig. 6.6; split d), where exclusively nonsynonymous
substitutions were detected. Thus, only nonsynonymous substitutions were fixed
in the population leading to the rhesus monkey for a period of over 30 Myr. A
progressive slowdown in nonsynonymous substitution rate was seen in the
human lineage after the divergence of the Old and New World moankeys.
However, the calculated rates of evolution in the primate species after their
branching from the human lineage appeared to be lower than those of the
corresponding human segments. For example, the human lineage accumulated
(1.8/100 + 2.5/100 + 0.6/100) / (32 x 106) = 1.5 substitutions per
nonsynonymous site per 109 year compared to 1.2 substitutions per site per 109
year in the rhesus monkey. This difference is even more pronounced in the
gibbon-vs-human lineage, i.e., 0.2 vs 1.3 substitutions per site per 109 year.

6.6 Summary and Discussion
The identification of the IL-3 coding sequences of chimpanzee and two members

of the Callitrichidae family allowed analyses of relatively early as well as more
recent events in primate IL-3 evolution. Multiple sequence alignments of
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homologous IL-3 coding regions of eight different species and their encoded
proteins enabled comparative evolutionary analyses. The alignment of primate
and rodent IL-3 ¢cDNAs and their encoded proteins, as presented in Fig. 6.3 and
6.4, slightly differ from those presented in chapter 3 (Fig. 3.8 and 3.10 and
those previously presented by other investigators (Yang et al., 1986; Dorssers et
al.,, 1987; Thle, 1989). The IL-3 alignment presented in this chapter is in
agreement with the conserved intron/exon structure.

Compared to IL.-3 of other primates, tamarin, marmoset and rhesus monkey
11.-3 lack nine C-terminal residues. Since it is rather unlikely that two identical
evolutionary events occurred independently in the Callitrichidae and rhesus
monkey lincages, we propose that the mutational event which resulted in an
extension of the mature IL-3 protein of gibbon, chimpanzee and man occurred
in between the branching of rhesus monkey and gibbon, respectively. Mutational
analysis of hIL-3 demonstrated that this mutation is apparently of no functional
significance (Dorssers et al., [991).

The aligned homologous IL-3 proteins did not reveal much conformity
among the various rodent and primate species as indicated by a low number of
amino acid matches and in line with the species specificity pattern. Only a few
small regions of IL-3 appeared to be preserved during evolution, In spite of
differential lengths of rodent and primate IL-3 signal peptides, the hydrophobic
(leucine-rich) region and the cleavage site are well conserved probably due to
functional constraints. The two cysteine (Fig. 6.4; pos. 43 and 113), one
tyrosine (pos. 143) and three phenylalanine (pos. 88, 136 and 142) residues
present in the mature human IL-3 protein are completely conserved in all taxa
and map within the essential biological domain of murine IL-3 (Clark-Lewis et
al, 1988) and human IL.-3 (Dorssers et al., 1991, Lokker et al., 1991a,b). The
single disulphide bridge present in hIL-3 and the conserved aromatic residues
probably represent important structural elements of the IL-3 architecture in
agreement with highly conserved long range interactions of aromatic protons of
the phenylalanine (pos. 142) in both human and rhesus monkey IL-3 (Dorssers
et al. 1991). The three conserved regions (Fig, 6.4; 81-88; 103-118; and 132-
143) present in the mature IL-3 protein map with proposed o helices in human
IL-3 (Dorssers et al., 1991; Lokker et al., 1991a,b; Kaushansky et al., 1992),
One small conserved o-helical region (Fig. 6.4 pos, 84-92) was predicted for all
species. Disruption of such an a-helix by introduction of helix-breaking
residues strongly affected the biological activity of hiL-3 (Dorssers et al.,
1991). Mutational analysis of hiL-3 (Dorssers et al.,, 1991) showed that
alterations of highly conserved residues are more deleterious for biological
activity than substitutions at regions which were shown to be more variable. For
instance, the hypervariable C-terminal as well as N-terminal regions of the
mature IL-3 protein appeared to be of no functional significance in both human
(Dorssers et al., 1991; Lokker et al., 1991a) and murine IL-3 {Clark-Lewis et
al., 1988), whereas the conserved hydrophobic region (Fig. 6.4; residues 132-
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143 of the consensus sequence) appeared to be essential for the biological
activity of hIL-3 (Dorssers et al.,, 1991). It has been proposed that this
conserved hydrophobic region is involved in receptor binding (Dorssers et al.,
1991; Lokker et al., 1991a). In addition, it was shown that residues Pro33 and
Leu34 (Fig. 6.4; pos. 60 and 61) play a critical role in modulating the biological
activity of hIL-3 (Lokker et al.,, 1991a,b). Since the particularly proline-rich
hydrophobic region from Pro30 through Leu35 (PPLPLL; Fig. 6.4 pos. 57-62)
is completely deleted in the rodent IL-3 proteins and Leu34 of hIL-3 is
exchanged by a serine {S] residue in the I1.-3 sequences of tamarin, marmoset
and rhesus monkey, it is likely that this region is involved in receptor binding
and that differences in this hydrophobic region account for the impaired
interspecies functional cross-reactivity.

Notably, tamarin IL-3 exhibited 70.6% protein sequence similarity with
human IL-3 and was severely impaired (+900-fold) in supporting the
proliferation of human IL-3 dependent cells (AML-193). In contrast,
chimpanzee 11.-3 displayed high aa sequence identity (98.7%) and was shown to
be equally effective in supporting the proliferation of this human AML cell line
(Burger et al., 1994a; see also section 6.2 of this chapter). Therefore, a panel of
interspecies chimera between the chimpanzee and tamarin 1L.-3 proteins has
been constructed and expressed in Escherichia coli and eukaryotic cells to
investigate the role of substitutions in different protein domains on the
functional species specificity (Dorssers et al., 1994). Analysis of the biological
activity of the chimeric IL-3 variants indicated that the amino terminal region
of IL-3 is indeed involved in the impaired interspecies functional cross-
reactivity of orthologous IL-3 protein products. Substitutions at residues
encoded by the first two exons (encompassing the “PPLPLL” region; Fig. 6.4
pos. 57-62) appear crucial in the functional species specificity, whereas C-
terminal alterations show only moderate effects. Based on impaired interspecies
functional cross-reactivity IL-3 of the chimeric IL-3 variants, comparison of aa
sequences of chimpanzee and the New World monkeys, and disregarding
conservative aa substitutions and substitufions also occurring in RhIL-3 (RhIL-3
is almost completely active on human cells), it was postulated that the major
candidate residues likely to play an important role in the encountered species
specificity are residues (see Fig. 6.4 for localization and substitutions of these
residues) at position 47 (I-R), 53 (H—L), 69 (G—R), and 73 (D—>R). Thus,
the hIL-3 structure-activity relationship studies and analysis of chimeric IL-3
variants (Dorssers et al.,, 1994) indicate the presence of multiple receptor
binding domains (Fig. 6.4; residues 47-73 and 132-143 of the consensus
sequence) which is concordant with the heterodimeric nature of the IL-3
receptor. A similar multiple binding model has been hypothesized for GM-CSF
(Shanafelt et al,, 1991; Lopez et al., 1992), a related cylokine which mediates its
action by binding to a cell surface receptor with significant sequence and
structural resemblance to the IL.-3 receptor (Bazan 1990). The functional
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interspecies barrier of 1L.-3 suggests that either the binding site(s) on the growth
factor has considerably diverged or that the heterodimeric IL-3 receptor itself
has been subject to rapid evolution.

Pairwise comparison of present-day IL-3 DNA coding sequences of different
taxa revealed that the extent of divergence among these species is similar to
those estimated from cross hybridization of total single copy DNA and those
estimated for orthologous noncoding flanking sequences, introns, exon silent
sites, and pseudogenes (Miyamoto et al., 1988; Britten, 1986; Li and Tanimura,
1987; Goodman et al.,, 1990). Phylogenies constructed from IL-3 distance
matrices showed that the various lineages accumulated nucleotide substitutions at
widely different rates. These results are not consistent with the rate constancy
assumption which is a major basis for the molecular evolutionary clock (Jukes,
1963; Kimura, 1968; and reviewed by Zuckerkandl, 1987). The differential
rates of nucleotide substitutions among IL-3 species are supported by other
studies reporting variable substitution rates among mammals (Britten, 1986; Li
and Tanimura, 1987).

The total substitution rates observed in the primate IL-3 sequences (Fig.
6.6A) decelerated according to their branching order, while the rates in rodents
are significantly higher than those estimated for primates. These results support
the postulated rate-slowdown during hominoid evolution and are in line with the
relatively high rates observed in rodents by other investigators (Goodman et al.,
1971, Britten, 1986; Li and Tanimura, 1987; Seino et al., 1992). The latter was
suggested to be primarily due to differences in generation time or, more
precisely, in the number of germline DNA replications per time unit. Li and
Tanimura (1987) reported that nuclear as well as mitochondrial human DNA
sequences evolved slower than the corresponding sequences in monkeys
suggesting a further rate-slowdown in the human lineage. Although the total
substitution rate of the human IL-3 gene has become progressively slower after
each separation of a primate lineage, it was in all cases higher than in the
corresponding primate branch. Thus, a further rate-slowdown is apparently not
a general phenomenon and variable rates are not exclusively attributed to
differences in germline DNA replications. Changes in the efficiency of DNA
repair mechanisms among species (Britten, 1986; Li et al., 1990), influencing
the fixation rate of mutations, may be an important factor as well,

It has been suggested that differences in base composition (G + C content)
among species could result in biased codon usage and differential substitution
rates {Ticher and Graur, 1989), The existence of such a directional mutation
pressure (towards a higher or lower G + C content) is a well-recognized
phencmenon (Muto and Osawa, 1987; Sueoka, 1988; Saccone et al.,, 1989). A
compartmentalized model of the nuclear genome in which the genes are
distributed in compartments, the isochores, defined by there G + C content has
been proposed (Bernardi et al., 1985, Bernardi and Bernardi, 1986). The G + C
content at the third position of a codon presumably determines whether genes
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belong to the same or different isochore. It has been suggested that only
homologous gene pairs that belong to the same isochore are suited for
evolutionary studies such as the determination of phylogenies and estimation of
base substitution rates (Saccone et al.,, 1989). Homologous gene pairs that belong
to the same isochore display rather universal substitution rates, whereas genes
from different isochores show higher and more variable rates. The total G + C
content of the IL-3 coding regions appeared to be 50% in all species and the G +
C content at the third position of a codon was found to be about 62% for all
primate species and about 56% for the rodent species. Therefore, the observed
differences in substitution rate among IL-3 species are unlikely to be attributed
to such a directional mutation pressure.

Assessment of the substitution rates at synonymous and nonsynonymous sites
showed a rather unusual distribution in most IL-3 species. The level of
synonymous substitutions is supposed to closely reflect the evolutionary
divergence between homologous genes and is generally much higher than the
level of nonsynonymous changes (Fitch, 1980; Li and Tanimura, 1987; Palumbi,
1989; Ticher and Graur, 1989). Figure 6.6B shows that the rate of
nonsynonymous substitutions in IL-3 genes varies greatly among species, The
premise that the rate of synonymous substitutions is similar among genes
(Miyata et al.,, 1980) is not consistent with the calculated synonymous
substitution rates of orthologous IL-3 genes in different mammalian orders
which varied with about a factor of hundred (Fig. 6.6B). Differential
synonymous substitution rates among genes have been demonstrated by several
other investigators studying various genes (Li et al., 1985; Li and Tanimura,
1987, Ticher and Graur, 1989). Therefore divergence times between genes or
species calculated from synonymous rates and thereupon used as a molecular
clock should be interpreted with caution.

Analysis of Kg/Ka ratio's of IL-3 of the various primates revealed large
differences in evolutionary behavior. The RhIL-3 gene did not accumulate
synonymous substitutions in contrast to the gibbon gene which showed a clear
preference for such silent substitutions. All the Ks/K 4 ratios and especially
those derived from rhesus monkey IL-3 comparisons are much lower than the
reported average Ks/Ka ratio (Li et al,, 1985). A study of Ticher and Graur
(1989) showed that all rapidly evolving proteins (interferons, apolipoproteins,
relaxin and Thy-1 antigen) have lower Kg/Ka ratios, i.e., 2 to 3, than the
reported average value of Li et al. (1985), while more conservative proteins
such as actin and tubilin gave much greater values (>100). Thus, the low Kg/Ka
ratios for IL-3 species with emphasis on rhesus monkey indicate a rapid
evolution of the IL-3 protein. Such an accelerated evolution in the rhesus
monkey IL-3 gene may offer an explanation for the impaired interspecies
functional cross-reactivity (see chapter 5; Burger et al., 1990a; Van Gils et al.,
1994a), Furthermore, human/rat comparisons of 42 genes encoding functional
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proteins (Ticher and Graur 1989) showed significantly lower values for K
(highest reported value: 0.363 for apoliprotein A-II) and Kg (highest value:
1.074 for serum albumin) as those found for the IL-3 human/rat comparison
(Table 3; Ko = 0.748 and Kg = 1.358). Thus, the rate of synonymous and
especially nonsynonymous substitutions in IL-3 sequences of rodent and primate
species are higher than those reported for other functional proteins so far. It
remains to be elucidated as to whether the differences in Kg/Kg4 ratio and
substitution rate correlate with distinct biological function of IL-3 among taxa.
As yet IL-3 appeared to be the most rapidly evolving hemopoietic growth
factor, The high evolutionary rate of 11.-3 is about equally fast as that found for
pseudogenes. Such a rapid evolution may suggest that IL-3 is not subject to
stringent functional constraints and that the majority of nucleotide changes are
functionally neutral (or nearly neutral) mutations which are fixed in the
population by random genetic drift. This concept is in line with the neutral
theory of molecular evolution (Kimura, 1968) and asserts that the majority of
changes, including those at nonsynonymous sites, are selectively neutral. One
major corollary derived from this theory is that functionally less important
proteins as well as less significant parts of a protein evolve faster than the more
important ones, In view of the neutral theory, the rapid evolution of 1L-3
denotes a trivial function or even a lack of function of the IL-3 protein,
However, the highly conserved 160 bases long region upstream of the
translation initiation of hwinan, chimpanzee, rhesus monkey, tamarin, marmoset,
rat and mouse IL-3 genes which encompasses the promoter and several other
regulatory elements (see Fig. 6.2; Burger et al., 1994a) suggests that this
promoter drives the expression of a functionally important and relevant gene.
This IL-3 promoter region shows a somewhat higher sequence identity among
species than the codon regions (e.g Ma/Ta: >99% vs 95.1%; Hu/Rh: 96% vs
92.4%; Hu/Ma: 88% vs 81.2%; Hu/Ra: 65% vs 48.5%). In addition, regulatory
elements (ATTTA repetitive sequences) present in the 3’ noncoding region of
the I1-3 gene (see chapter 3 and 4) were conserved in human, mouse, rat and
rhesus monkey. Inter-species comparison of available IL-3 introns revealed that
the introns are slightly better conserved than the coding regions. Thus, the 5’
and 3’ noncoding regions as well as the IL-3 intron sequences are somewhat
more conserved than the IL-3 coding regions indicating that adaptive
evolutionary processes presumably have led to the large differences in aa
sequences which in turn account for the unusual interspecies functional cross-
reactivity pattern of IL-3. Furthermore, it is not likely that amino acids of a
receptor binding protein are completely free to vary. The exclusive
accumulation of nonsynonymous substitutions in rhesus monkey IL-3 after its
branching from the other primates and the impaired inter-species binding
(Burger et al., 1990a) further disagree with neutral fixation mechanisms.
Pairwise comparisons between rhesus monkey IL-3 and other IL-3 species using
the essential biological domain (Fig. 6.4; residue 43 through 143) revealed
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Ks/Ka ratios similar to those found using the complete coding regions, whereas
all other comparisons showed somewhat higher values emphasizing the singular
evolutionary behavior of RhIL-3, Therefore, we favor the alternative
hypothesis which proposes that mutational changes are fixed by positive
darwinian selection with the most likely selective force being the structure of
the IL.-3 cell surface receptor.

Recent studies showed that high affinity IL-3 receptors require the
coexpression and association of two distinct (o and ) subunits (Kitamura et al.,
1991; Kitamura and Miyajima, 1992). In addition to the common [3 subunit
(shared by IL-3, GM-CSF and IL-5), an IL-3 specific 8 subunit receptor
molecule was identified in the mouse but not in the human genome which
suggests that the heterodimeric IL-3 receptor differs in the human and mouse
system (Kitamura et al., 1991a; Nicola and Metcalf, 1991; Miyajima, 1992).
Apparently, the IL-3 molecule as well as its receptor underwent considerable
changes during evolution after mammalian radiation. The key driving force
may well have been the binding site of the -subunit of the receptor, which, to
conserve its functions during mammalian evolution, necessarily had to adapt to
changes in, as so far known, three independently evolving growth factor
proteins (IL-3, IL-5, and GM-CSF), This hypothesis is corroborated by the
emergence, probably as a result of gene duplication, of an IL-3 specific B-
subunit in mice, its fixation suggesting an adaptive advantage. Thus, a change of
functional constraints may account for the numerous and exclusive fixation of
nonsynonymous substitutions in the rhesus monkey IL-3 coding regions.
Moreover, RhIL-3 may have been adapted to specific selectional pressure
during its evolution, a phenomenon known as adaptive evolution. Such a
selection of advantageous mutations as a mode of fixation has been suggested for
several other proteins, including the cooperative sites of o and [} hemoglobin
chains during the emergence of heterotetrameric hemoglobin in the early jawed
vertebrates (Goodman et al, 1975, 1987), active sites of serine protease
inhibitors (Hill and Hastie, 1987), presumed active sites of ovomucoids
(Laskowski et al., 1987), functional sites of bovine pancreatic trypsin inhibitor
and its close homolog, spleen inhibitor (Creighton and Charles, 1987), langur
stomach lysozyme (Stewart et al., 1987), baboon a-globin (Shaw et al., 1989),
and ruminant placental lactogen (Wallis, 1993). It should be noted that the
selectional evolutionary mechanism of the protease inhibitors is still under
dispute (Graur and Li, 1988). More refined structural analysis of the IL-3 cell
surface receptor and studies on the IL-3 structure/function relationships may
provide data to further explain the unusual molecular evolution and interspecies
functional cross-reactivity patterns of IL-3.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 Human interleukin-3

The meolecular cloning of human IL-3 (hIL-3), as described in chapter 3,
enabled detailed analysis of its role in human hemopoiesis. The identification of
hil-3 genes has been also reported by others (Yang et al., 1986; Otsuka et al,,
1988). In chapter 3, it was shown that the identification of the hIL-3 cDNA
could be accomplished by virtue of hybridization with the 3’ terminal region of
the murine IL-3 ¢cDNA. The IL-3 coding regions appeared to be extensively
diverged (45% homology), whereas specific A + T-rich domains in the 3’
noncoding region were highly conserved (93%). Multiple reiterations of a
“ATTTA” motif are present in the IL-3 genes of various species as presented in
this thesis (mouse, rhesus monkey, and man: see Fig. 3.8 and Fig. 4.5B) as well
as in many other lymphokines and proto-oncogenes (Shaw and Kamen, 1986;
Malter, 1989; Kruys et al., 1989; Bohjanen et al., 1991). These AT-rich
sequences present in the 3’ terminal region of these genes function as
destabilizing elements that target their mRNAs for rapid cytoplasmic
degradation. The presence of a functional hierarchy of “ATTTA” motifs in
mediating rapid interleukin-3 mRNA decay has been demonstrated (Stoecklin et
al,, 1994), i.e., three adjacent motifs are required for binding of an inducible
factor and are the recognition signal for mRNA degradation. IL-3 mRNAs are
short-lived in unstimulated T cells and are stabilized by various stimulatory
signals. Thus, the efficiency of IL-3 expression in T cells, the latter being the
predominant natural source of this cytokine, is at least in part modulated by
post-transcriptional mechanisms such as selective mRNA degradation. In
addition, IL-3 expression is regulated by transcriptional activation as well
(Mathey-Prevot et al., 1990; Shoemaker et al., 1990; Park et al., 1993). Several
positive and negative regulatory elements, which were shown fo be targets of
potential transcription factors, are present in the promoter region of the IL-3
gene (see chapter 3 and 4). Recently, a novel critical regulatory site (IF-1: in
vivo footprint-1) within the human IL-3 promoter region has been identified
which is necessary, but not sufficient for IL-3 expression (Cameron et al,,
1994). Osborne ¢t al. (1995) identified a (ranscriptional enhancer, located 3 kb
upstream of the human GM-CSF gene and conserved in mice, that is inducible
by signals that mimic T cell receptor (TCR) activation and acts on the 11.-3
promoter as well. Thus, the control of IL-3 expression occurs both at -
transcriptional and post-transcriptional level, mechanisms which ensure a tight
regulation of the expression of this HGF., The complex regulation of IL-3
expression suggests that such a tight control is essential. Concordant with this
concept is the relatively high conservation of the 5’ and 3’ noncoding regions, as
compared to the protein coding sequences, among orthologous IL.-3 genes (see
chapter 3, 4 and 6). In addition, the introns display a significantly higher
sequence homology than the exons (minus the 5’ and 3’ noncoding regions).
Whether this indicates that the introns contain as yet unidentified regulatory
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sequences has not been clarified.

The IL-3 gene has been mapped to the fong arm of the human chromosome
5. The q23-32 region of human chromosome 5 encodes a cluster of HGFs that
apart from IL-3, include GM-CSF, IL-4, IL-5, IL-9, the p40 subunit of IL-12,
and IL-13. Analysis of the cytokine gene cluster on human chromosome 5 (near
segment g31) and the syntenic region on mouse chromosome 11 revealed that
the relative localization of the genes are similar and the order and direction of
the HGF gene loci are determined as centromere — IL-13 — IL-4 —» IL-5 —
IL-3 - GM-CSF -3 1IL-9 —» telomere. Notably, IL-3 and GM-CSF are only 10
kb apart and both genes as well as the IL-4 gene are transcribed toward the
centromere (reviewed by Zurawski and De Vries, 1994). The significance of the
clustering of these HGFs in terms of gene regulation remains to be established.
Whether the close proximity and similar structure of these genes indicate that
they evolved by gene duplication events is not clear yet, The c-fms proto-
oncogene which encodes the CSF-1 cell surface receptor is also located at 5q21-
5g32 (Sherr, 1990). Initially, the GM-CSF gene and the c-fms proto-oncogene
have been implicated in 5q deletions observed in specific myeloid disorders (Le
Beau et al., 1986/1987). Now, it is apparent that many other HGFs may be
involved in the pathogenesis of those myeloid proliferative disorders. Notably,
patients with loss of a whole chromosome 5 or deletion of part of the long arm
of this chromosome retain one normal chromosome 5. Whether loss of one
allele could produce a gene-dosage effect that is by itself significant for the
pathogenesis of such diseases, in the absence of a mutated second allele, is not
clear. Moreover, myeloid proliferative disorders characterized by 5q deletions
have not been proven to be the consequence of allelic loss of HGF genes.

Large-scale production of hiL-3 was accomplished by expression of the hIL-
3 ¢cDNA in B. licheniformis. (Van Leen et al., 1990/1991). The availability of
large quantities of well-defined recombinant hIL-3 facilitated extensive
(pre)clinical study of this HGF to determine its therapeutic window and side-
effects, The pleiotropic effects of murine IL-3 observed both in vitro and in
vive suggests a broad spectrum of therapeutic applications for hIL-3. The
potential clinical applications of recombinant hIL-3 include; 1) treatment of
primary or chemotherapy-induced cytopenia, 2) acceleration of hemopoiesis
upon bone marrow transplantation, 3) mobilization of hemopoietic stem cells
into peripheral blood for harvesting purposes, 4) induction of differentiation
and/or proliferation of malignant cells (leukemias and lymphomas) to make
them more susceptible for cytotoxic agents, 5) enhancement of overall host
defense in patients with immunodeficiency-related diseases (AIDS and cancer),
6) improvement of gene transfer to human hemopoietic stem cells. The
(preliminary) results of phase I, phase II, and phase III clinical trials with
recombinant hlL-3 are briefly summarized and discussed in section 4 of this

chapter. :
Analysis of the stimulatory in vitro activities of hIL-3 showed that this factor
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stimulates immature blood cells to produce progeny along multiple blood cell
lineages, including all major nucleated blood cell types as well as platelet and
erythroid lineages and modulates the functional activity of monocytes and of
eosinophilic and basophilic granulocytes (see chapter 5; reviewed by
Wagemaker et al., 1990a; Ihle et al.,, 1992). Furthermore, hIl.-3 has been shown
to stimulate the in vitro proliferation of leukemic blast cells (see chapter 5;
Dorssers et al,, 1987; Delwel et al., 1987/1988; Léwenberg and Touw, 1993).
The first clinical experience confirmed that hIL-3 stimulates the proliferation of
human bone marrow progeanitor cells (reviewed by Ganser et al., 1991;
Gianella-Borradori, 1994). Thus, the in vitro and in vivo biological data as
observed with hll.-3 are in concordance with those observed with murine I1.-3.

Although IL-3 alone is capable of enhancing hemopoiesis, it is apparent from
both in vitro and in vivoe studies that combinations of cytokines provide the most
effective mechanism for stimulating multilineage acceleration of hemopoiesis
(reviewed by Moore, 1991; Ganser et al., 1991; Aglietta et al., 1993; Gianella-
Borradori et al., 1994). Especially, in vive combination therapy with a cocktail
of GM-CSF and IL-3 were shown to act synergistically on multiple hemopoietic
lineages. In this context, a genetically engineered human GM-CSF/IL-3 fusion
protein (referred to as PIXY321) was developed to yield a single therapeutic
agent (Curtis et al., 1991). On a weight-to-weight basis PIXY321 has a greater
than additive biological activity (10- to 20-fold) in comparison to the individual
cytokines from which it is composed (reviewed by Williams et al., 1991). The
unanticipated enhanced biological activity of PIXY321 has to be attributed to the
enhanced binding capacity of this fusion protein (as compared to IL-3) on target
cells expressing GM-CSF and IL-3 receptors. Notably, the binding capacity of
PIXY321 was shown to be approximately 10-fold enhanced as compared to IL-3
but was equivalent to that of GM-CSF. PIXY321 was shown to strongly
stimufate the proliferation of multipotent CFU-GEMM and the more lineage
restricted CFU-GM and BFU-E bone marrow progenitor cells both in vitro and
in vivo and is currently being assessed in phase I/II clinical trials (Broxmeyer
et al., 1995).

Other potent interleukin-3 receptor agonists with selectively enhanced
hemopoietic activity as compared to recombinant hIl-3 have been developed
(Lokker et al., 1991b; Lopez et al., 1992; Thomas et al., 1995). The most
remarkable effect was seen with the IL-3 receptor agonist SC-55494, developed -
by Thomas et al. (1995) which showed a 60-fold increase in binding to the I1.-3
receptor ¢ subunit and a 20-fold greater affinity for binding to the
heterodimeric o/} IL-3 receptor complex relative to recombinant hIL-3. The
generation of these specific IL-3 receptor agonists, especially those that present
selective enhancement of hemopoietic responses and concomitantly have limited
impact on acute side effects, may have important therapeutic implications.
Current (pre)clinical experience with recombinant hIlL-3 indicates that the
therapeutic efficacy of this HGF may be limited by side effects such as those
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reported in mice (Wong et al., 1989), nonhuman primates (see next section; Van
Gils et al., 1993b) and man (Biesma et, al., 1992; Denzlinger et al., 1993). At
least some of these dose-limiting side effects are likely to be due to the release
of inflammatory mediators such as sulfidoleukotrienes (Denzlinger et al,, 1993)
and histamine (Valent et al., 1989; Wagemaker et al., 1990b; Van Gils et al,,
1993b/1995). Notably, SC-55494 showed a 5- to 10-fold enhanced hemopoietic
response relative to its ability to activate the priming and release of
inflammatory mediators. Therefore, such an IL-3 receptor agonist may have
improved hemopoietic potency while dose-limiting inflammatory side effects
are minimized. The differential activation of cellular proliferation versus
inflammatory mediator release by IL-3 may indicate differential cell-specific
IL-3 receptor expression or, alternatively, differential signaling coupled to
distinct pathways such as the JAK/STAT and Ras signal transduction pathways.

In addition to IL-3 receptor agonists, the generation of specific antagonists
(that can block the effects of 1L.-3) and generic antagonists (that can block
simultaneously the effects of GM-CSF, IL-3, and IL-5) may have important
therapeutic implications in situations such as allergic reactions. With respect to
GM-CSF, a specific antagonist that is devoid of its biological activity but still
binds the t-subunit of the GM-CSF receptor with normal affinity has been
developed (Bagley et al., 1995). Characterization of sites of interaction between
IL-3 and its receptor subunit(s) may permit the design of IL-3 specific
antagonists as well.

7.2  Rhesus monkey interleukin-3 and species specificity of human
interleukin-3

The molecular cloning of hIL-3 and its subsequent large scale production (see
chapter 3) has prompted preclinical in vivo studies in human and nonhuman
primates to identify its therapeutic window and side effects. Contrasting its
broad range of action in vifro, administration of recombinant hIL-3 alone or in
combination with other HGFs (GM-CSF, G-CSF, Epo and IL-1) to cynomolgus
and rhesus monkeys showed only limited effects on the production of peripheral
blood cells and circulating progenitors (Donahue et al., 1988; Mayer et al.,
1989; Umemura et al., 1989; Krumwich and Seiler, 1989; Geissler et al., 1990;
Krumwich et al., 1990: Monroy et al., 1991). Based on these preclinical results
on hIL-3, it was postulated that the limited effects of hIL-3 in Macaca species
should be attributed to its species specificity, i.e., impaired binding of hIL-3 to
its cognate receptor expressed on cynomolgus and rhesus monkey cells. Hence,
the rhesus monkey IL-3 was cloned and expressed in order to test this
hypothesis and furthermore to enable preclinical studies with homologous IL-3.

The gene encoding RhIL-3 was isolated by screening a genomic rhesus
monkey library with hIl.-3 cDNA (see chapter 4). The DNA sequence of RhIL-
3 displays 92.9% homology with the corresponding part of the hIl.-3 gene and
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their encoded proteins show 80.5% aa identity. Large-scale production of RhIL-
3 by expression of RhIL-3 ¢cDNA in B. licheniformis enabled in vitro and
preclinical in vive studies with homologous IL-3. It was shown that the isolated
RhIL-3 gene encodes a functional protein that stimulated human as well as
rhesus monkey hemopoietic cells (see chapter 5). However, RhIL-3 appeared to
be approximately 100-fold more effective in stimulating rhesus monkey bone
marrow cells than hIL-3 indicating an unidirectional species specificity. The
diminished capacity of hIL-3 to support colony formation by rhesus monkey
bone marrow progenitor cells was shown to reside in impaired binding of hIL-3
to the 1L-3 cell surface receptor of rhesus monkey cells (Van Gils et al., 1994a).
The established species specificity of hIL-3 implies that results from preclinical
in vive studies on hIL-3 in nonhuman primates suffered severely from the
considerable species specificity and are not representative of the full potential of
IL-3. Administration of homologous IL-3 to rhesus monkeys revealed a dose
dependent production of bone marrow-derived blood cells, preceded by
amplification of bone marrow hemopoietic progenitor cells (Wagemaker et al,,
1990b; Van Gils et al, 1994a; Van Gils et al., 1995). Profound rises in
basophilic, eosinophilic and neutrophilic granulocytes, monocytes, erythrocytes
and platelets were manifested, while there was a moderate rise in the number of
peripheral blood progenitor cells. The biological significance of the impaired
binding of hIl.-3 to rhesus monkey cells was demonstrated by direct in vive
comparison of the effects of high-dose recombinant human and rhesus monkey
IL-3 (Van Gils et al., 1994a). Human IL-3, as compared to RhIL-3, elicited a
relatively weak hemopoietic response in rhesus monkeys (see chapter 5: Fig
5.20) which is in concordance with the limited effects as observed by others
{Donahue et al,, 1988; Mayer et al., 1989; Umemura et al., 1989, Krumwieh
and Seiler, 1989; Geissler et al., 1990; Krumwich et al,, 1990: Monroy et al.,
1991).

The molecular cloning of the RhIL-3 gene and the ensuing availability of
purified RhIl-3 protein allowed preclinical studies in rhesus monkeys to further
identify the target cells and establish potential side effects to determine its
clinical relevance which may increase our understanding of the IL-3 mediated
hemopoietic and nonhemopoietic responses. With respect to side effects, IL-3
treatment of juvenile rhesus monkey elicits, apart from a strong stimulation of
hemopoiesis (Wagemaker et al.,, 1990b), a dose- and time-dependent syndrome
that includes urticaria, palpable lymph nodes, splenomegaly, thrombocytopenia,
anemia, vomiting, diarrhea, intestinal bleeding, edema and arthritis (Van Gils et
al., 1993b). The nature of the side effects, especially the high production of
histamine producing basophils {(Van Gils et al., 1995), indicates that 1L-3 may
be involved in the pathogenesis of acufe type hypersensitivity reactions and
arthritis. During administration of homologous nonglycosylated IL-3 to rhesus
monkeys, reversal of hematologic effects as a consequence of neutralizing
antibody production was manifested (Van Gils et al,, 1994b). Analysis of
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various IL-3 administration schedules in order to develop an optimal dose
scheduling strategy revealed that recombinant nonglycosylated IL-3 is more
effective by continuous i.v. infusion than by subcutaneous administration (Van
Gils et al., 1993a).

Studies on 1L-3 receptor expression on hemopoietic cells of rhesus monkeys
showed that only a small proportion (2% to 5%) of rhesus monkey bone
marrow cells stained specifically with biotinylated RhIL-3 (Wognum et al,,
1995). Low expression of IL-3 receptors was seen at very early stages of
hemopoiesis and 1L-3 receptor expression continues to be low during
differentiation into lineage-committed progenitors. IL-3 receptor expression
gradually increases on precursors for B cells, granulocytes, monocytes, and
erythrocytes, but finally declines to undetectable levels during terminal
differentiation into mature peripheral blood cells, with the exception of
basophils. The pattern of I1.-3 receptor expression on rhesus monkey BM cells
(Wognum et al., 1995) showed that IL-3 receptors are present (at low levels) on
immature multipotent hemopoietic progenitor cells and that lineage-committed
progenitors that differentiate into monocytes, neutrophils and basophils have the
highest IL-3 receptor levels. The RhIL-3 receptor data are in line with the
observed biological data, i.e., stimulation of the proliferation of immature
multipotent BM progenitor cells and stimulation of the differentiation of
lineage-committed progenitor cells. In addition, immature B cells were RhIL-3
receptor positive which is consistent with the effects of 1L.-3 on immature B
cells of the mouse (Winkler et al,, 1995) and man (Xia et al.,, 1992). This
differential 1L-3 receptor expression of distinct subsets of BM cells facilitates
the isolation of subsets of specific progenitor cells. Analysis of IL-3 receptor
expression on rhesus monkey BM and PB cells during the course of in vive IL-3
treatment showed that the low 1L.-3 receptor expression on immature progenitor
cells was not altered (Van Gils et al., 1995). The observed increase in IL-3
expression on BM and PB cells was shown to be predominantly attributable to
the production of large numbers of basophils that express high levels of IL-3
receptors. These results indicate that IL-3, in addition to its direct effects on
immature hemopoietic cells, may also stimulates hemopoiesis by indirect
mechanisms such as induction of the release of inflammatory mediators (e.g.
cytokines, leukotrienes and histamine) by accessory cells and other mature
functional cells (e.g. basophils).

7.3  Molecular evolution and structure-function relationship of
interleukin-3

The protein homology between murine and human IL-3 (28%) was shown to be
considerably lower than that found for other cytokines (see chapter 3) indicating
a rapid evolution of the IL-3 protein. Indeed, multiple sequence alignment and
pairwise comparison of present-day IL-3 DNA and protein sequences of
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different taxa (imouse, rat, marmoset, tamarin, rhesus monkey, gibbon,
chimpanzee and man), as presented in chapter 6, revealed a relatively high
accumulation of nt substitutions, especially at nonsynonymous sites, which
resulted in low numbers of aa matches among I1.-3 species. With respect to the
protein homology, it was shown that only a few residues were conserved during
mammalian evolution (see Fig. 6.4) which may explain the extreme species
specificity, i.e., the impaired interspecies functional cross-reactivity (see
chapters 5 and 6). Recently, the gene encoding ovine IL-3 has been identified
and characterized (McInnes et al., 1993). The ovine IL-3 protein shares 30%
and 36% protein identity with the mouse and human IL-3 protein, respectively.
Even though a disulfide bridge had been shown to be essential for biological
activity in murine and human IL-3 (Clark-Lewis et al,, 1988; Dorssers et al.,
1991), consistent with the conservation of two cysteine residues in all taxa (see
Fig. 6.4: pos. 43 and 113), ovine IL-3 did not contain cysteine residues while it
has the capacity to stimulate the proliferation and differentiation of ovine BM
progenitor cells, Other conserved residues that appeared to be exchanged in
ovine IL.-3 are: GLQ — -LH (Fig. 6.4: pos. 24-26) which are part of the
processing site, R — L (Fig. 6.4: pos. 81) and F — E (Fig. 6.4: pos. 142).
Computer predictions showed that ovine IL-3 has the potential of forming a
secondary structure similar to that of hIL-3 (Mclanes et al., 1993), apparently
in the absence of a disulfide bridge and the long range inferactions of aromatic
protons of the phenylalanine (Fig. 6.4: pos. 142). Thus, ovine IL-3 has highly
diverged during its evolution while maintaining its biological activity on
homologous cells which is in concordance with the concept that IL.-3 is a very
rapidly evolving HGF that, however, preserved its biological function.

Analysis of the distribution of substitution rates at synonymous and
nonsynonymous sites in IL-3 coding regions showed that the Ks/K ratio's are
significantly lower than those observed for most other functional genes,
indicating a rapid evolution of the IL-3 protein (see chapter 6). Recently, the
accuracy of methods for estimating the number of synonymous and
nonsynonymous substitutions per site (including that developed by Li et al,,
1985) were evaluated and subsequently new methods were developed (Ina,
1995) . With respect to the method of Li et al., 1985, it was shown that this
method is favorable for the neutral theory of molecular evolution since it gives
overestimates of the number of synonymous substitutions and underestimates of
the number of nonsynonymous substitutions. Therefore, the rates of
nonsynonymous substitations as observed for IL-3 coding regions may actually
even be higher as those presented in chapter 6 (Fig. 6.6C). Lower Kg/K ratio's
and concomitantly higher rates of nonsynonymous substitutions further
validated the hypothesis that mutational changes in IL-3 are fixed by positive
darwinian selection with the most likely selective force being the structure of
the heterodimeric IL-3 cell surface receptor. The  subunit of the IL-3 receptor
necessarily had to adapt to changes in three independently evolving growth
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factor proteins (IL-3, IL-5, and GM-CSF) in order to conserve its function
during mammalian evolution. Notably, an IL-3 specific murine IL-3 receptor [3
subunit has been identified, whereas no human homologue has been detected
(Kitamura et al.,, 1991a; Nicola and Metcalf, 1991). These data indicate a
singular evolutionary behavior of the 3 subunit of the IL-3 receptor. In addition
to changes in the ligand, the common [} subunit had to adapt also to changes in
the o subunit of the IL-3 receptor complex to form a high affinity receptor by
association of the subunits. Notably, the ¢ subunits of the human IL-3 and GM-
CSF receptors are localized to the X-Y pseudoautosomal region (Gough et al.,
1990; Milatovich et al., 1993). Mammalian sex chromosomes (X and Y) share a
small terminal region of homologous DNA sequences, known as the
pseudoautosomal region (PAR), which pair and recombine during male meiosis
(reviewed by Marshall Graves, 1995). Genes from this PAR (as yet, only a
dozen have been identified) are therefore inherited as autosomal genes, are
present as two active copies in both males (X and Y chromosomes) and females
(two X chromosomes), and escape inactivation of the X chromosome in females
(Marshall Graves, 1995). The human pseudoautosomal IL-3 receptor o and
GM-CSF receptor o genes were shown to be autosomal in mouse (chromosome
14 and 19, respectively (Milatovich et al., 1993). In addition, several other
human pseudoautosomal genes within or near the PAR have pseudoautosomal
counterparts in the great apes and monkeys, are autosomal in prosimians and
detect no homologues at all in mouse. Thus, the gene contents of PARs in
different mammalian species are poorly conserved and genes within this region
have abundant hypervariable sequences (Milatovich et al., 1993) which suggest a
peculiar molecular evolution of the IL-3 receptor 0. gene. Indeed, the overall
sequence identity between hiL-3 receptor ¢, and its murine counterpart was only
47% at the nt level and 30% at the aa level, respectively (Hara and Miyajima,
1992). These genetic data on the different subunits of the IL-3 receptor complex
indicate that both IL-3 receptor subunits (& and ) may have underwent
considerable changes during mammalian evolution which in turn may have
influenced the molecular evolution and species specificity of IL-3. In summary,
it is concluded that IL-3 and its receptor subunits have been under specific
selectional pressure and that mutational changes have been fixed by positive
darwinian selection to conserve specific functions and allow specific interactions
between the ligand and its cognate receptor necessary for efficient IL-3
signaling.

7.4  Interleukin-3 and hemopoiesis
Considerable information has accumulated over the past several years relating
the biological activities of IL-3 which support the concept that IL-3 has a unique

capacity to support the proliferation and differentiation of a wide spectrum of
hemopoietic cells (reviewed by Wagemaker et al., 1990; Ihle et al., 1992). The
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pleiotropic activity of IL-3 has in turn elicited considerable enthusiasm for
clinical trials of IL-3 in humans. Available for clinical trial since 1989, IL-3 has
been administered to well over two thousand patients, In phase I-II clinical
trials, the tolerability profile and the various activities have been defined, and
ongoing phase TII trials will finally establish its clinical relevance. Data derived
from phase I-II studies including patients with advanced malignancies,
secondary hemopoietic failure, myelodysplastic syndromes, aplastic anemia, and
Diamond-Blackfan anemia indicate that IL-3 alone or in combination with more
lincage-restricted and later acting HGFs has a moderate effect on
thrombopoiesis, granulopoiesis and erythropoiesis in man, mainly by
stimulation of early hemopoietic progenitor cells (reviewed by Ganser et al.,
1991; Gianella-Borradori, 1994). The most promising and clinically important
response to I3 was the increase in platelet and reticulocyte counts.
Furthermore, IL-3 alone or in combination with GM-CSF.or G-CSF was shown
to enhance neutrophil recovery during post-chemotherapy myelosuppression
which warrant studies on dose-intensification of chemotherapy regimens. Other
clinical situations, apart from chemotherapy or radiation induced pancytopenia
{Ganser et al., 1990b; Ganser et al,, 1991; Biesma et al., 1992; Postmus et al.,
1992; Hoffman, 1993; Gianella-Borradori, 1994; Hovgaard and Nissen, 1995;
Veldhuis et al., 1995, D’Hondt et al., 1995}, in which IL-3 treatment (alone or
in combination with other HGFs) was shown to produce some beneficial clinical
effects include the area of peripheral blood progenitor cell mobilization
(Brugger et al., 1993; Appelbaum, 1993). No or only a minor response of 1L.-3,
which in many cases was limited by adverse effects, was seen in myelodysplastic
syndromes (Ganser et al., 1990a; Kurzrock et al., 1991; Verbeek et al., 1995),
Diamond-Blackfan anemia (Dunbar et al., 1991; Gillio et al., 1993; Bastion et
al., 1995) and aplastic anemia (Ganser et al., 1990c). Furthermore, a major
contribution from IL-3 in combination with GM-CSF or G-CSF may be
expected in the area of sensitization of leukemia cells to cell cycle specific
chemotherapeutic drugs (Tafuri et al.,, 1994) and in the area of treatment of
hemopoietic genetic defects by gene transfer into hemopoietic cells (reviewed by
Karlsson, 1991; Brenner, 1995),

Taken together the preliminary clinical data suggests that optimal doses of
IL-3 in combination with other HGFs may mitigate or entirely eliminate the
duration and severity of thrombocytopenia and decrease neutropenia after
chemotherapy or BM transplantation. With respect to the effects of IL-3 on
megakaryocytopoiesis and thrombocytopoiesis, it is not clear whether IL-3
directly exerts its effect on megakaryocytes and platelets or mediates its effect
by induction of IL-6 production (Ganser et al., 1991). Nevertheless, it is
conceivable that IL-3 will enter the clinic as a cytokine that has the capacity to
reduce the incidence and severity of thrombocytopenia. Notably, several other
factors including IL-6, IL-11, GM-CSF, SCF and LIF have proved to promote
megakaryocytopoiesis at different stages of development and platelet production
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(reviewed by Metcalf, 1994). The identification and characterization of
thrombopoietin (TPO) in 1994 (see chapter 1; page 33 and 34) demonstrated
that this factor has selective actions on megakaryocyte and thrombocyte
proliferation and hence is the candidate regulator of circulating platelet levels.
Indeed, preliminary preclinical data on thrombopoietin administered to mice
(Lok et al., 1994; De Sauvage et al.,, 1994) and to normal nonhuman primates
(Farese et al., 1995) showed that this factor stimulates megakaryocytopoiesis
and platelet production in vive. Kaushansky et al. (1995) provided evidence for
the existence of two populations of megakaryocyte progenitor cells (CFU-Meg):
one population that is responsive to IL-3 but requires TPO for full maturation
and a second population that is absolutely dependent on TPO for both
proliferation and differentiation. The data taken together indicate that TPO
seems to be the prime candidate to treat patients with thrombocytopenia and that
there may be a minor role for 1L-3 in HGF combination therapy. Clinical trials
on TPO will finally establish its value in clinical settings and define the role of
IL-3 and other HGFs in megakaryocytopoiesis and thrombocytopoiesis.

The biological in vitro and in vive data on IL-3, taken together, are
consistent with the concept that IL-3 supports, either alone or in synergy with
other factors (e.g. SCF, IL-6 or Flt-3/flk-2 ligand) the proliferation and
differentiation of HPSCs and committed progenitor cells of multiple lineages
including megakaryocytes, eosinophils, basophils, granulocytes, macrophages
and erythroid progenitors. In each case, however, differentiation is also
supported by other hemopoietic growth factors (e.g. GM-CSF supports
differentiation of granulocytes/macrophages; TPO supports differentiation of
megakaryocytes; IL-5 supports differentiation of eosinophils, I11.-4 supports
differentiation of mast cells; Epo supports differentiation of erythroid
progenitors) indicating that IL-3 does not singularly control differentiation.
Apparently, once committed to different lineages or shortly after commitment,
cells seem fo lose their ability to respond to IL-3 with the exception of
basophils. A variety of data suggest that hemopoiesis is not absolutely dependent
on IL-3. Thus, alternative factors must exist that can also support the
proliferation and differentiation of hemopoietic stem cells. The lack of an
essential role in constitutive hemopoiesis and the uniquely T cell origin of 1L.-3
have led to the concept that production of I1.-3 has evolved within the immune
system as a mechanism by which immunological reactions can broadly affect
hemopoiesis (Ihle, 1992). Such a role would also predict that it will be possible
to obtain mice in which the IL-3 gene has been deleted by homologous
recombination, Unfortunately, the generation of such mice, which are essential
to fully understand and define the role of endogenous IL-3 in hemopoiesis and
especially the role it has in the development and content of immune responses,
has not been reported yet. Alternatively, transgenic mice expressing antisense
IL-3 RNA have been generated to downmodulate 11.-3 production in vive. Such
mice were shown to exhibit either a B cell lymphoproliferative syndrome or
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progressive neurologic dysfunction but did not exhibit hemopoietic
abnormalities (Cockayne et al., 1994). The latter finding suggests that high
levels of IL-3 are not required for normal hemopoiesis or it may even suggest
that IL-3 is not an essential hemopoietic growth factor. The abnormal
neurologic function of the antisense IL-3 transgenic mice suggest that IL-3 may
play a role in the maintenance of normal neural processes which is consistent
with the detection of IL-3 mRNA in normal astrocytes and microglial cells in
the brain (Farrar et al., 1989). Furthermore, the B cell lymphoproliferative
syndrome as observed in the antisense IL-3 transgenic mice is consistent to the
concept that IL-3 plays an important role in B cell lymphopoiesis. Recently, it
was shown that IL-3 nonresponsive mouse strains (A/], AKR, RF, and NZB)
carry an identical branch point deletion in the IL-3 receptor ¢ subunit gene
which results in aberrant splicing and hence cells from these mice do not
express the IL-3 receptor o on their cell surface (Ichihara et al., 1995; Hara et
al., 1995). The occurrence of several inbred mouse strains harboring the same
genetic defect that abrogate 11.-3 signalling and with apparently no impaired
hemopoiesis further support the hypothesis that II.-3 is inessential for normal
hemopoiesis. Notably, also GM-CSF deficient mice generated by gene targeting
show no significant defect in hemopoiesis (Lieschke et al., 1994). Since the
function of these HGFs overlaps, it may be that a defect in one HGF is
compensated for by other HGFs with similar function. An appealing hypothesis
is that pluripotent stem cells in the presence of IL-3 as a consequence of
particular situations have a somewhat different outcome of a differentiation
program than cells proliferating in the presence of factors that control
constitutive hemopoiesis. Whether such particular situations (e.g. allergic
reactions) exist, where IL-3 is absolutely required, is as yet not clear. It can be
concluded that although considerable information relating to the biological
activities of IL-3 has accumulated over the past several years, especially since
the molecular identification and the ensuing availability of several IL-3 species,
the effects of IL-3 on normal hemopoiesis are somewhat controversial and its
physiological role is not clearly defined yet.
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SUMMARY

Blood cell production, or hemopoiesis, is maintained from a small, persistent
pool of pluripotent hemopoietic stem cells (PHSCs). PHSCs are defined by the
ability of self-renewal as well as the capacity to give rise to progenifor cells
which proliferate and differentiate into functional peripheral blood cells. The
PHSC compartment is capable of producing an entire functioning hemopoietic
system which itself can produce new PHSCs. Effective hemopoiesis requires
tight control provided by positive and negative regulatory signals.

The major control mechanism of hemopoiesis is mediated by a number of
glycoproteins designated as hemopoietic growth factors (HGFs). In addition,
more aspecifically acting molecules such as steroids, prostaglandins, and a
number of other cytokines as well as microenvironmental signals have also been
shown to be involved in the regulation of hemopoiesis. An outline on the
regulation of hemopoiesis and the genetic, biochemical, biological and
physiological features of the major HGFs are given in chapter 1.

Interleukin-3 (IL-3) was originally thought to be a primary regulator of
stem cell proliferation. In mice, the factor had been recognized and studied in
vitro under a variety of designations, including stem cell activating factor (SAF)
and multilineage-colony-stimulating factor (multi-CSF). Initially, it was
characterized from partially purified conditioned medium of a myeloid
leukemia cell line. The molecular cloning of murine IL-3 (mll.-3) enabled
much more refined basic studies to elucidate its physiological role in
hemopoiesis. From these initial studies it became clear that I1.-3 supports the
proliferation and differentiation of a variety of hemopoietic progenitors and
affects the function of terminally differentiated cells of several lineages.
Consistent with these findings, mlL-3 administered to mice greatly expanded
hemopoiesis in vivo. These initial studies suggested that IL-3, in contrast to
many other HGFs, is an early and broad-acting HGF as it stimulated multipotent
hemopoietic cells and thereby the production of a variety of cell types. The
pleiotropic effects of mIL-3 observed both in vitro and in vive suggested a
broad spectrum of therapeutic applications for the homologous human factor.

The experiments described in this thesis were aimed at the identification of
human IL-3. The molecular cloning of the gene encoding human IL-3 (hIL-3) is
presented in chapter 3. The identification was established by virtue of
hybridization of the gene with the 3'-terminal region of the murine IL-3 ¢cDNA.,
The highly conserved 3'-untranslated region displays 93% sequence homology
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with the murine counterpart, whereas the coding regions share only 45 %
homology. The hIL-3 gene appeared to be located on chromosome 5 in the
proximity of a cluster of other HGF genes. The isolated hIL-3 ¢cDNA encodes a
precursor protein of 152 aa which following processing yields a mature protein
of 133 aa. The hIL-3 protein displays only 29% homology with mIL-3, which is
significantly lower than that found for other HGFs. Recombinant hIL-3 has been
successfully produced by expression of the isolated ¢cDNA in cells of various
organisms, including eukaryotic, prokaryotic and yeast cells. The expression of
LacZ/hIL-3 fusion proteins facilitated the production of antibodies directed
against the hIL-3 protein. Large-scale production of the hIL-3 polypeptide was
enabled by expression of the hIL-3 ¢DNA in the bacterial host, Bacilius
licheniformis (B. licheniformis). The ensuing purification of hIL-3 to
homogeneity facilitated detailed biological characterization of this HGF and
analysis of its role in hemopoiesis.

The in vitro effects of hiIL-3 on various hemopoietic cell populations,
including normal human bone marrow cells as well as malignant hemopoietic
cells and cell lines, are described in chapter 5. Studies of normal bone marrow
cells demonstrated that hIL-3, irrespective of the type of expression system and
its host organism, stimulates the proliferation of multipotent human bone
marrow progenitor cells and supports the production of bone marrow derived
precursors committed to all myeloid-derived lineages. Furthermore, it was
shown that hIl.-3, in many cases, strongly stimulates the in vitro proliferation of
human leukemic blast cells. Human I1.-3 exerted its action at a concentration of
approximately 5 x 10-#! mol per liter. The in vitro biological characterization
of hIL-3 demonstrated that the spectrum of biological activities of hIL-3 is
simnilar to that observed for mlIl-3 on murine cells. Therefore, hIl.-3 resembles
mlL-3 with respect to its genetic as well as its biological properties.

The large-scale production of homogeneous hIL-3, as described in chapter 3,
prompted preclinical in vivo studies in nonhuman primates such as the Macaca
species to identify the therapeutic window of IL-3. Contrasting its broad range
of action in vitro, recombinant hIL-3 administered to rhesus monkeys and
cynomolgus monkeys exerted only limited effects on the production of
peripheral blood cells. To test the hypothesis that these limited effects of hlL-3
should at least be partly attributed to its species specificity (impaired
interspecies functional cross-reactivity), it was decided to clone the gene
encoding rhesus monkey IL-3 (RhIL-3). The isolation of the RhIL-3 gene and
construction of a RhIL-3 ¢DNA are described in chapter 4, The nucleotide
sequence of the RhIL-3 gene displays about 93% homology with the
corresponding part of the hIL-3 gene and the genes showed an identical genomic
organization. Potential regulatory elements identified in the IL-3 genes of
mouse, rat and man were also found in the RhIL-3 gene indicating a common
mechanism of regulation of IL-3 expression in these species. The isolated RhiL-
3 gene encodes a 143 aa precursor polypeptide, nine residues shorter than the
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human protein. Protein identity between human and RhIl-3 was found to 89.5%
for the signal peptide (19 aa) and 80.5% for the mature protein (124 aa). After
expression of a genomic fragment in COS cells, RhIL-3 cDNA was constructed,
which enabled production of the RhIL-3 protein. Expression of a RhIL-3 cDNA
in B. licheniformis and purification of the RhIL-3 protein was performed
analogous to the expression and purification of hIL-3.

Biological data presented in chapter 5 demonstrated that the constructed
RhIL-3 ¢cDNA encodes a functional protein as measured by the capacity to
stimulate human and rhesus monkey hemopoietic cells. Comparison of the
biological activities between hIL-3 and RhIL-3 assessed on human and rhesus
monkey bone marrow cells revealed differential stimulatory activity, especially
on rhesus monkey bone marrow cells. RhIL-3 appeared to be approximately
100-fold more effective in stimulating rhesus monkey hemopoietic progenitors
than hIL-3, whereas RhIL-3 and hIL-3 showed comparable stimulatory activity
on normal as well as malignant human hemopoietic cells. Thus, these
comparative studies showed a uni-directional species specificity of hIL-3 which
explains the limited effects of hIL-3 observed in preclinical studies
administering hIl.-3 to Macaca species. An impaired binding of hIL-3 to its cell
surface receptor on rhesus monkey cells accounted for the observed functional
species specificity. Furthermore, administration of hiL-3 and RhIL-3 to rhesus
monkeys convincingly demonstrated that preclinical studies with hIL-3 in
nonhuman primates have considerably suffered from the species specificity of
hIL-3 and are therefore not representative for the full potential of hIL-3.

To allow analysis of relatively early as well as more recent events in primate
IL-3 evolution, the identification of the IL-3 coding sequences of chimpanzee,
marmoset and tamarin was essential (chapter 6). Chimpanzee IL-3 displays
08.7% protein identity to hIL-3, whereas the I.-3 species of marmoset and
tamarin show approximately 70% protein identity to hIL-3. Similar to RhIL-3,
marmoset and tamarin 1L.-3 lack nine C-terminal residues. Chimpanzee and
human Ii.-3 were shown to be equally effective in stimulating the proliferation
of hIL-3 dependent AML-193 cells, whereas tamarin IL-3 was considerably less
active than hIL-3 (£900-fold) in supporting the proliferation of these human
cells. Multiple alignment of the IL-3 coding sequences of mouse, rat, marmoset,
tamarin, rhesus monkey, gibbon, chimpanzee and man showed that only a few
regions have been conserved during mammalian evolution. Analysis of hIL-3
muteins, natural IL-3 variants of other species and a panel of interspecies
chimera between chimpanzee and tamarin allowed for the identification of
functional domains of IL.-3 (chapter 6). These studies indicated the presence of
at least two receptor binding domains (Fig. 6.4: residues 47-53 and residues
132-143),

Phylogenetic trees constructed from distance matrices of IlL.-3 coding
sequences showed large differences in 11.-3 evolution rate. The accumulation of
nucleotide substitutions in rodents occurred at a significantly higher rate than in
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primates. Furthermore, a slowdown of the rate of hominoid evolution was
evident. Analysis of the substitution rates at synonymous (silent mutations) and
nosynonymous (resulting in aa change) sites revealed a rather unusual
distribution in most TL-3 species. Extremes were rhesus monkey 1L-3, which
accumulated few synonymous substitutions, and gibbon IL-3, which had
accumulated almost exclusively synonymous substitutions. In rhesus monkey IL-
3, nonsynonymous substitutions outnumbered synonymous substitutions, which
could not be readily explained by a random substitution process. Therefore, it
was postulated that during evolution of IL-3, the majority of amino acid
replacements and the impaired interspecies functional cross-reactivity originate
from selection mechanisms with the most likely selective force being the
structure of the heterodimeric 11.-3 cell surface receptor. The key driving force
may well have been the binding site of the § subunit of the IL-3 receptor,
which, to conserve its function during mammalian evolution (binding of growth
factor ligands and association with o subunits to result in appropriate signal
transduction), necessarily had to adapt to changes in three independently
evolving growth factor proteins (IL-3, IL-5, and GM-CSF) as well as
evolutionary changes in the o-subunit of the IL-3 receptor complex. The
singular evolutionary behavior of the RhIL-3 gene (numerous and exclusive
fixation of nonsynonymous substitutions) may offer an explanation for the
impaired binding of the hIL-3 to its cognate cell surface receptor on rhesus
monkey cells.
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SAMENVATTING

Bloedcel-produktie (hemopoiese) wordt in stand gehouden door een klein aantal
pluripotente hemopoietische stamcellen (PHSCs). Deze stamcellen hebben de
mogelijkheid om dochtercellen te produceren die alle eigenschappen van
stamcelien hebben behouden (“self-renewal™) en tevens het vermogen om te
differenti¢ren in de verschillende typen perifere bloedcelien. Stamcellen zorgen
dus voor de aanmaak van alle bloedcellen en waarborgen door het principe van
“self-renewal” de continuiteit van de bloedcelvorming. Een goed functionerende
bloedcelvorming vereist een nauwkeurige balans fussen positieve en negatieve
regulatie signalen.

Een aantal glycoproteines die bekend staan als hemopoietische groeifactoren
(HGFs) reguleren in belangrijke mate de aanmaak van bloedcellen, Naast de
HGFs zijn een aantal andere, minder specifiek functionerende moleculen zoals
steroiden, prostaglandinen en andere cytokinen betrokken bij de regulatie van de
bloedecel-produktie. Tevens speelt de hemopietische micro-omgeving een
belangrijke rol. In hoofdstuk 1 worden de hoofdlijnen van de regulatie van de
bloedcelvorming en de genetische, biochemische, biologische en fysiologische
kenmerken van de belangrijkste HGFs behandeld.

Interleukine-3 (IL-3) werd oorspronkelijk beschouwd als een primaire
regulator van stamcelproliferatie. Bij muizen was de factor geidentificeerd en
bestudeerd onder de termen “stamcel activerende factor” (SAF) en
“multilineage-kolonie-stimulerende factor” (multi-CSF) en gedeeltelijk
gezuiverd uit het supernatant van een myeloide leukemische cellijn. Uitgebreide
studies gericht op de fysiologische rol van IL-3 werden mogelijk gemaakt door
de klonering van het gen voor IL-3 van de muis. Deze studies lieten zien dat
IL-3 de proliferatie en differentiatie van een groot aantal hemopoietische
voorlopercellen stimuleert en dat deze factor tevens de functie van verschillende
perifere bloedcellen moduleert. In overeenstemming met deze in vitro studies
met het IL-3 van de muis werd er een verhoogde hemopoietische activiteit
waargenomen in IL-3 behandelde muizen. De studies wezen erop dat 1L-3, in
tegenstelling tot de meeste andere HGFs, in staat is om de bloedcel-produktie te
stimuleren langs meerdere hemopoietische differentiatie-lijnen. De brede
werking van miL-3 wijst op een groot scala van therapeutische toepassingen
voor het menselijke IL-3.

De experimenten beschreven in dit proefschrift waren gericht op de
identificatie van het menselijke 1L-3. Hoofdstuk 3 beschrijft het kloneren van
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het menselijke IL-3, m.b.v, recombinant DNA technicken. De identificatie van
het menselijke IL-3 gen was tot stand gekomen m.b.v. hybridisatie technieken
waarbij gebruik werd gemaakt van het 3’ niet coderende deel van het mIL-3
cDNA. Dit sterk geconserveerde gebied vertoont 93% homologie tussen muis en
mens. Daarentegen vertonen de coderende gebieden slechts 45% homologie. Het
menselijke I1.-3 gen bleek gesitueerd op chromosoom 35, temidden van een
cluster van andere HGF genen. Het menselijke I1.-3 ¢cDNA codeert voor een 152
aminozuren lang precursor eiwit dat uitgescheiden wordt als een matuur eiwis
van 133 aminozuren. Het menselijke 11.-3 eiwit vertoont slechts 29% homologie
met het IL-3 van de muis, hetgeen beduidend lager is dan voor andere HGFs.
Het menselijke IL-3 cDNA is in verscheidene organismen tot expressie gebracht
en het IL-3 eiwit is ondermeer in eukaryote, prokaryote en gist cellen
geproduceerd. De produktie op grote schaal van recombinant menselijk IL-3
werd bereikt door het cDNA tot expressie te brengen in een bacteriéle gastheer
(Bacillus licheniformis). De volledige zuivering van het IL-3 eiwit maakte
onderzoek naar de rol van IL-3 in de regulatie van de bloedcelvorming
mogelijk.

Hoofdstuk 5 beschrijft de in vitro effecten van het menselijke IL-3 op
verschillende populaties van hemopoietische cellen waaronder normaal
beenmerg, hemopoietische tumorcellen en leukemische cellijnen. De resultaten
van studies aan normaal beenmerg toonden aan dat het menselijke IL-3 de
proliferatic van multipotente voorlopercellen uit het beenmerg stimuleert en de
produktie van myeloide voorlopercellen in het beenmerg activeert. Tevens bleek
IL-3 in de meeste gevallen in staat te zijn om de groei van leukemische
blastcellen van de mens te stimuleren. Het menselijke 1L-3 was in deze studies
werkzaam bij een concentratie van ongeveer 5 x 10-11 mol per liter. De in vitro
studies toonden aan dat de biologische activiteiten van het menselijke 11.-3 en het
IL-3 van de muis met elkaar overeenkwamen. Daaruit werd geconcludeerd dat
het menselijke IL-3 zowel in genetische structuur als in biologisch opzicht een
grote gelijkenis met het IL-3 van de muis vertoont.

De produktie van grote hoeveelheden goed gedefinieerd menselijk IL-3
(hoofdstuk 3) leidde tot preklinische in vive studies in verscheidene Macaca
soorten (rhesus en cynomolgus apen). Deze studies waren erop gericht om
potenti€le therapeutische toepassingen te identificeren. Toediening van het
menselijke I1.-3 aan dit soort apen resuliecerde in een geringe toename van het
aantal perifere bloedcellen. Deze geringe activiteit van het menselijke 1L.-3 in
apen zou mogelijkerwijs foegeschreven kunnen worden aan de soortspecificiteit
van IL-3. Om deze hypothese te toetsen werd er besloten om het homologe 1L-3
van de rhesusaap te isoleren. De klonering van het genomische IL-3 gen van de
rhesusaap en de constructie van een IL-3 ¢cDNA van de rhesusaap (RhIL-3)
worden beschreven in hoofdstuk 4. De nucleotide sequentie van het RhIL-3 gen
vertoont ongeveer 93% homologie met het overeenkomende deel van het
menselijke 11.-3 gen. Beide genen hebben een identieke genomische organisatie.
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Potentiéle regulatic-elementen geidentificeerd in de IL-3 genen van de muis, rat
en mens bleken ook aanwezig in het RhIL-3 gen en wijzen op
gemeenschappelijke transcriptiefactoren die betrokken zijn bij de regulatie van
IL-3. Het RhIL-3 gen codeert voor een 143 aminozuren lang precursor eiwit en
bleek negen aminozuren korter te zijn dan het menselijke IL-3. De
overeenkomst tussen de eiwitsequenties van het menselijke I1.-3 en RhIL-3 is
89.5% voor het signaalpeptide (19 aminozuren) en 80.5% voor het mature 1L-3
eiwit (124 aminozuren). RhIL-3 ¢DNA werd geconstrueerd nadat een
genomisch RhIL-3 fragment in COS cellen tot expressies was gebracht.
Produktie van goed omschreven RhIL-3 eiwit kwam tot stand door RhIL-3
c¢DNA in B, licheniformis tot expressic te brengen en het door de bacterién
uitgescheiden RhIL-3 op te zuiveren zoals beschreven voor het menselijke IL-3.

De biologische gegevens zoals gepresenteerd in hoofdstuk 5 toonden aan dat
RhIL-3 ¢cDNA codeert voor een functioneel eiwit dat hemopoietische cellen van
de mens en van de rhesusaap stimuleert. Een directe vergelijking van de
biologische activiteit van het menselijke IL-3 met RhIL-3 op beenmerg van de
mens en van de rhesusaap liet verschil zien tussen deze I1.-3 varianten, in het
bijzonder op beenmerg cellen van de rhesusaap. RhIL-3 bleek ongeveer 100
maal actiever fe zijn dan het menselijke IL-3 in de stimulatie van hemopoietische
voorlopercellen van de rhesusaap, daarentegen verfoonden het menselijke I1L-3
en Rhll.-3 een vergelijkbare stimulerende activiteit op normale en maligne
hemopoietische cellen afkomstig van de mens. Deze vergelijkende studies lieten
een uni-directionele soortspecificiteit zien voor het menselijke IL-3 hetgeen dus
tevens verklaart waarom er slechfs geringe effecten werden waargenomen in de
preklinische studies met het menselijke I1-3 in Macaca soorten. Behandeling van
rhesusapen met RhiL-3 en het menselijke IL-3 toonde onomstotelijk aan dat de
preklinische studies met het menselijke IL-3 in apen aanzienlijk beinvloed
werden door de soortspecificiteit van het menselijke II.-3 en daardoor niet
representatief zijn voor de potentiégle effecten van IL-3 indien toegediend bij de
mens.

Om de analyse van de evolutic van IL-3 in primaten mogelijk te maken was
het noodzakelijk om de IL-3 coderende sequenties van de chimpansee, marmoset
en tamarin te identificeren zoals beschreven in hoofdstuk 6. Het IL-3 van de
chimpansee vertoont 98.7% eiwithomologie met het menselijke IL-3. De
eiwithomologie tussen IL-3 van de marmoset of tamarin en het menselijke IL-3
bedraagt ongeveer 70%. Evenals RhIL-3 missen 11.-3 van marmoset en tamarin
de laatste negen C-terminale residuen. IL-3 van mens en chimpansee bieken
even actief in het stimuleren van de proliferatie van IL-3 afhankelijke
menselijke AML-193 cellen. Daarentegen bleek IL-3 van de tamarin een sterk
verminderde (+ 900 maal) activiteit t¢ vertonen op deze menselijke cellen. De
"muttiple alignement" van de coderende IL-3 sequenties van de muis, rat,
marmoset, tamarin, rhesusaap, gibbon, chimpansee en mens liet zien dat er
slechts enkele kleine gebieden geconserveerd zijn tijdens de evolutie van IL-3.
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Analyse van mutanten van het menselijke IL-3, natuurlijk voorkomende
varianten van andere diersoorten en een groot aantal geconstrueerde 1L-3
chimeren tussen chimpansee en tamarin maakten de identificatie van essentiéle
domeinen van IL-3 mogelijk (hoofdstuk 6). In deze studies werd de
aanwezigheid van minstens twee receptor-bindende domeinen (Fig. 6.4: residuen
47-53 en residuen 132-143) verondersteld.

Phylogenetische stambomen geconstrueerd van afstandmatrixen van
coderende IL.-3 sequenties vertoonden grote verschillen in de evolutiesnelheid
van IL-3 tussen verschillende diersoorten. De snelheid van accumulatie van
nucleotide substituties in knaagdieren bleek aanzienlijk hoger dan die in
primaten. Verder werd duidelijk dat de accumulatiesnelheid van nucleotide
substituties afnamn naarmate de "hominoid"-evolutie vorderde, Onderzoek naar
de frequentie van nucleotide substituties op synonieme Jokaties (mutaties die
geen aminozuur verandering teweeg brengen) en niet-synonieme lokaties
(mutaties die wel leiden tot een aminozuur verandering) onthulde een ongewone
distributie van deze twee typen substituties in de meeste IL-3 soortvarianten. De
extremen waren Rhil-3 met slechts enkele synonieme substituties en IL-3 van
de gibbon met vrijwel alleen synonieme substituties. In RhIL-3 overtrof het
aantal niet-synonieme substituties zelfs het aantal synonieme substituties, hetgeen
niet eenvoudig te verklaren valt vanuit een willekeurig optreden van mutaties.
Op grond daarvan werd gepostuleerd dat het merendeel van de aminozuur
veranderingen die optraden tijdens de evolutie van IL-3 en die tevens een
functionele soortspecificiteit tot gevolg had, een selectieve achtergrond heeft die
waarschijnlijk zijn grondslag vindt in de structuur van de uit meerdere
subeenheden bestaande I1.-3 receptor. De belangrijkste drijvende kracht tijdens
de evolutie van IL-3 zou mogelijk de B subeenheid van de IL-3 receptor kunnen
zijn. Behoud van functie tijdens de evolutie vereist van de § subeenheid (binden
van ligand en associéren met de o subeenheid, wat moet resulteren in een juiste
signaal transductie) aanpassing aan veranderingen in drie onafhankelijk
evoluerende groeifactoren (IL-3, IL-5 en GM-CSF) en aan evolutie-gebonden
adaptaties van de o subeenheid welke deel uitmaakt van het IL-3 receptor
complex. Het eigenaardige evolutiegedrag van RhIL-3 (de fixatie van een groot
aantal niet-synonieme substituties) biedt een verklaring voor de verminderde
binding van het menselijke IL-3 aan de IL-3 receptor op cellen van de
thesusaap.
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DANKWOORD

Al prijkt slechts de naam van één enkele auteur op het omslag, aan het tot stand komen
van het 'boekje’ hebben velen in mindere of meerdere mate een bijdrage geleverd. Het
is dan ook een goed gebruik af te sluiten met een woord van dank.

Prof. dr D.W. van Bekkum wil ik bedanken voor de mogelijkheid om in 'zijn’ RBI te
hebben mogen werken, hetgeen ik als een waar voorrecht heb beschouwd. In die
periode heb je mij de kans gegeven om de basis te leggen voor het verrichten van
zelfstandig onderzoek, hetgeen uiteindelijk geresulteerd heeft in het tot stand komen
van dit proefschrift. Tevens ben ik je veel dank verschuldigd voor je bereidwilligheid
om als mijn promotor te willen optreden, alsmede voor de waardevolle suggesties en
het zeer grondig bestuderen, en van kanttekeningen voorzien, van het manuscript.
Gerard Wagemaker, mijn co-promotor, wil ik bedanken voor de enorme betrokkenheid
bij mijn onderzoek en je voortdurende ondersteuning en altijd aanwezige nicuwe
ideeén en inspiratie in de achterliggende onderzoeksperiode. De inhoudelijke
discussies en je heldere kijk op de onderzoeksresultaten hebben in belangrijke mate
mijn  wetenschappelijk denken beinvloed. Het navwkeurig doorlezen en
becommentariéren van mijn manuscripten, maar vooral ook het vertrouwen dat je mij
gaf door te stellen dat ik het best aan zouw kunnen, is van doorslaggevende betekenis
geweest voor de realisatie van dit proefschrift, Gerard bedankt voor dit alles.

Lambert Dorssers, mijn tweede co-promotor, ben ik veel dank verschuldigd voor de
excellente wijze waarop jij mij hebt ingewijd in de moleculaire biclogie. De
theoretische uiteenzettingen tijdens de proeven heb ik ervaren als volwaardige
colleges moleculaire biologie, waar tk veel van opgestoken heb, Enig onbegrip was er
voor mijn ‘planning’ van incubaties tijdens de lunch -lees hier partijtje tennis met Cees,
Ko of andere Liefhebbers- waarmee ik je vaak tot wanhoop dreef hetgeen, naar ik hoop,
niet de reden is geweest voor je vertrek vanuit Rijswijk naar Rotterdam. Het zou
ondoenlijk zijn om jouw onmetelijk enthonsiasme voor het onderzoek en de daaruit
voortvloeiende stimulering hier te beschrijven. Met veel plezier denk ik terug aan de
‘Rijswijk’ periode met jou als moleculair biologisch opperhoofd. Lambert, het moge
duidelijk zijn dat ik je in wetenschappelijk opzicht en als collega hoog in het vaandel
heb, Trouwens, nog bedankt dat ik je nooit ‘stoorde’ als ik je, te pas en te onpas, weer
eens telefonisch om advies vroeg, hetgeen je dan ook altijd onbaatzuchtig en een
enkeie keer wat ongenuanceerd aan mij gaf.

Zoals reeds gememoreerd heeft mijn beginperiode, waarin ik werkzaam was als analist
en betrokken bij vele projecten en evenzovele onderzoekers, een belangrijke invloed
gehad op mijn wetenschappelijke vorming. Ik denk dan aan Allen Harris, Dov Zipori,
Jorg Reimann, Edmond Walma, Winald Gerrittsen en Jenne Wielinga,

Tijdens de periode dat ik werkzaam was op de experimentele hematologie afdeling van
Gerard Wagemaker heb ik vele mensen zien komen en gaan. Het feit dat ik hier slechts
enkelen met name noem doet nicts af aan mijn dank aan allen. Trui, Dorinde en Julia
ben ik dank verschuldigd voor het vele kweekwerk (IL-3 afhankelijke cellijnen en
beenmerg kweken van de muis, rhesusaap en mens). Jurjen en Yvonne wil ik bedanken
voor hun steun bij het eiwit onderzoek {(opzuiveren van IL-3 preparaten en
immunologische analyses). Met veel plezier denk ik ook terug aan de periode met
Shoshi Merchav en Paul Baines die altijd blijk gaven van hun belangstelling voor de
vorderingen betreffende het IL-3 onderzoek. Francis van Gils wil ik speciaal bedanken
voor de voortreffelijke wijze waarop zij onze in vitro bevindingen beuwreffende de
soortspecificiteit van IL-3 kon staven met data van in vivo en receptor-binding studies
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(Leo Budel, ook jij bedankt voor je bijdrage). Veel plezier en steun heb ik beleefd in de
‘moleculair biologische cluster’ van het lab Wagemaker, Marjan, Els, Marjo en Kie,
onder de bezielende leiding van Lambert, zorgden voor een zeer aangename en
inspirerende werksfeer. Marjan, je herhaaldelijke bemoedigingen om vooral door te
gaan heb ik als een belangrijke steun ondervonden.

Een deel van het onderzoek had niet verricht kunnen worden zonder de
samenwerking met Gist-brocades NV, Deift. Zonder mensen te kort te doen wil ik op de
eerste plaats Rob van Leen noemen voor zijn inbreng en waardevolle suggesties
betreffende de klonering, expressie en produktie van ket IL-3 van de mens en
rhesusaap. Rob, veel van je kritische opmerkingen en door jou verrichte schaafwerk
aan vooral de moleculair biologische IL-3 data, hebben hun weg gevonden naar de
viteindelijke versie van het proefschrift waar ik je dan ook voor wil danken. Patty
Lemson (ondersteuning bij de expressieklonering van het IL-3 gen van de mens en de
rhesusaap in verscheidene organismen), Nico Persoon (het opzuiveren van het
recombinant IL-3 eiwit en de ‘Limulus Lysate Assay’), Rob van Lambalgen (produktie
TL-3 antilichamen) en dr D.Schipper (NMR metingen} ben ik erkentelijk voor hun hulp
en advies.

De klonering en expressie van marmoset, famarin en chimpansee IL-3 is grotendeels
uitgevoerd op de moleculaire biologie afdeling van Lambert Dorssers, Marijke Mostert,
Lisbet Kok en John de Koning hebben met veel geduld en volharding de IL-3
sequentic data van deze primaten gegenereerd. Ben den Boogert en Shirly Smits ben
ik erkentelijk voor hun bijdrage als stagiaires in dit project.

Jack Leunissen wil ik bedanken voor zijn computertijd en zijn hulp bij het maken van
de 'boompjes'. Je schroomde niet om een 'rate-slowdown' voor andere
netwerkgebruikers te cre€ren ten behoeve van het maken van een 'multiple IL-3
alignment'. Met verbazing zag ik jou met sequenties stoeien om vervolgens enthousiast
een 'alignment’ op het scherm te laten verschijnen. Verder weet ik nu dat een
afstandmatrix iets zegt over de evolutie afstand fussen eiwitten en dus niet, zoals door
mij verondersteld werd, inzicht geeft over de afstand tussen Rijswijk en Nijmegen. Dr
W-H. Li ( Center for Demographic and Population Genetics, University of Texas,
Houston) wil ik bedanken voor het verschaffen van de 'flop’ met algoritme, waarmee
wij het aantal synonieme en niet-synonieme substitutics konden berekenen.

Aan de periode 'gentherapie voor multiresistente aan de ziekte van Parkinson leidende
transgenen muizen' heb ik goede herinneringen en denk ik terug aan een leuke groep
{Dinko, Victor, Marco, Mark, Jeroen, Martina, Bram, Astrid, Trudy, Sandra, Leonie,
Yolanda, Juus, Jan, Hans, Arjan en Peter).

Veel plezier heb ik beleefd aan de partijtjes tennis met Cees, Sander, Ko, Naud en vele
anderen, waaronder Dick van Bekkum (ja ook op sportief gebied had hij mij veel te
bieden). Deze in- of ontspanning mis ik momenteel op Dijkzigt nog het meest. Ock
tijdens de veelvuldige labborrels -halio Ab ben je er ook weer- werd het noodzakelijke
(vruchtbare discussies over het onderzoek) verenigd met het aangename. Allen die een
positieve bijdrage hebben geleverd aan de prettige werksfeer in Rijswijk en die ik niet
met name heb genoemd wil ik danken.

Op deze plaats is een woord van dank aan mijn huidige werkkring op zijn plaats. Prof.
dr G. Stoter en Kees Nooter ben ik zeer erkentelijk voor de geboden gelegenheid om
binnen de afdeling "interne oncologie’ mijn oude lefde 'Interleukine-3' op een waardige
manier af te sluiten d.m.v. dit proefschrift. Kees, je bijdrage is niet beperkt gebleven tot
opmerkingen zoals 'is je boekje al bij de commissie' of 'Hermarn, je weet dat goed goed
genoceg is' omdat je altijd bereid was om mij met woord en daad bij te staan. Je hield mij
altijd voor dat manuscripten kort, zakelijk en 'to the point' moeten zijn, helaas heb ik
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dat nog niet volledig onder de knie (in de tockomst is er dus nog een taak voor jou
weggelegd). Ton (nog bedankt voor de vele malen dat je mijn "Mac problemen' weer
moeiteloos wist op te lossen), Robert, Kyra, Ad, Jeanine, Christine en Bellona wil ik
bedanken dat zij mijn enthousiaste verhalen over I1.-3 tot vervelens toe hebben willen
aarthoren,
Een aantal illustraties werd vervaardigd door Jan de Kler en Eric van der Reijden,
Tot slot (last but not least) wil ik mijn cuders bedanken voor hun bijdrage aan mijn
opleiding. Ma, ik betreur het ten zeerste dat je dit net niet meer hebt mogen meemaken,
Uit de gevleugelde uitspraak van mijn vader 'zorg dat je een vak leert want de tuinderij
is niks voor jou’, heb ik lering getrokken en naar ik hopen mag ook tot jouw
genoegen,
Waarschijnlijk de meeste dank verdienen Remmy en de kinderen (Maaike, Eva, Kay en
Tim). Het feit dat ik zelfs gedeeltelijk werd vrijgesteld van diverse huishoudelijke taken
om 's avonds en in het weekend ongestoord aan het proefschrift te kunnen werken,
heb ik zeer op prijs gesteld. Maaike en Eva, jullic waren vaak teleurgesteld als ik weer
eens geen tijd kon vrijmaken om aan één van jullie favoriete gezelschapsspelletjes mee
te doen. Achteraf verbaast het zelfs mij dat we in deze drukke onderzoeksperiode nog
tijd gevonden hebben om de evolutie van de 'Burgertjes’ meer gestalte te geven door
nog twee jongens (hoil, Kay en Tim) op deze wereld te zetten. Een heel speciaal
‘bedankt’ voor juliic allemaal.
's-Gravenzande, oktober 1995,
Herman Burger
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