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ABSTRACT

CD147 is a broadly expressed cell surface molecule which is important for the
immunological function. However, its function is hitherto largely unclear. Phage
display technology is applied in production of multivalent CD147 extracellular
domain (CD147Ex) on phage particle to enhance the functional affinity of CD147 and
used for functional study of CD147. A phagemid expressing CD147Ex was
constructed and used to produce phage display CD147Ex-gpVIIl fusion protein in
TGL1 Escherichia coli. Displaying of CD147Ex viagpVIII was successfully increased
when growing the transformed TG1 at 25 °C with simultaneous I|PTG-stimulation and
helper phage. By sandwich ELISA, incorporation of the CD147Ex into phage particle
was confirmed. The correct size of the CD147Ex-gpV 111 fusion protein at 28 kDa was
demonstrated by Western immunoblotting. Cellular morphological change in the
monocytic cell line, U937, incubated with multivalent CD147 phages was observed
after 24 h of cultivation and cell propagation ceased after 48 h of incubation.
Cytotoxicity of CD147 phage on U937 cells was further analyzed by EthD-1/calcein
double staining. In contrast to wild-type phage, dual-colour fluorescence in U937
cells induced with recombinant phage, which correlated with the apoptotic
appearance, was observed. The level of cleaved caspase-3 in U937 cells incubated
with multivalent CD147 phage was also measured, but was not as high as in U937
cells stimulated with cisplatin when evauated by flow cytometry. When quantified by
immunocytochemistry, 12.8% of multivalent CD147-activated U937 cells with
apoptotic nucleus harbored substantial amount of cleaved caspase-3, in contrast to
41% of cisplatin-induced U937 cells. These results suggest that the CD147-induced
cell death program may partially involve a caspase dependent pathway. The binding
of multivalent CD147 phage on cell surface of U937 cells was confirmed by ELISA
and immunocytochemistry. In addition, apoptotic nuclel were found to coordinate
with U937-bound phage. This function of CD147 in triggering apoptosis implies the
existence of CD147 counter-receptor (s) on the U937 cell membrane.

KEY WORDS: PHAGE DISPLAY, gpVIIl, CD147, CELL SURFACE MOLECULES,
APOPTOSIS
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Abstract

Production of VCSM13 phage displaying a high density of CD147 ectodomain (CD147Ex) was achieved when culturing con-
ditions were modulated. A phagemid expressing CD147Ex was constructed and used to produce phage display CD147Ex gpVIII
fusion protein in TG1 Escherichia coli. Displaying of CD147Ex via gpVIII was successfully increased when growing the transformed
TG1 at 25°C with IPTG-stimulation. In addition to temperature and IPTG-stimulation, the VCSM13 helper phage infection-period
particularly affected the insertion of CD147Ex into phage progeny. By sandwich ELISA, incorporation of the CD147Ex into phage
particle was confirmed. The correct size of the CD147Ex-gpVIII fusion protein at 28 kDa was demonstrated by Western immu-

noblotting. Multivalent display of CD147Ex on phage particles will be valuable in discovering its ligand partner.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Phage display; CD147; gpVIII; Expression

The human leukocyte surface molecule CD147 is
a 50-60kDa-glycoprotein of the immunoglobulin
superfamily that is broadly expressed on human pe-
ripheral blood cells, hematopoietic, and non-hemato-
poietic cell lines [1]. Within peripheral blood -cells,
CD147 expressed on all leukocytes, red blood cells,
platelets, and endothelial cells. It has the typical fea-
ture of a type I integral membrane glycoprotein.
CD147 is also known as human basigin [2], M6 an-
tigen [3], and extracellular matrix metalloproteinase
inducer (EMMPRIN) [4]. CD147 expression in T-cells
depends on the differentiation state. Thymocytes are
more strongly positive than mature T-cells [5]. CD147
is up-regulated upon activation in T cells [3,6]. Sig-

* Corresponding author. Fax: +66-53-946042.
E-mail address: asimi002@chiangmai.ac.th (C. Tayapiwatana).

1046-5928/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2003.08.019

nificant expression of CD147 in neoplasm of bladder,
liver, and lung has been reported [7,8]. CD147 is en-
riched on the surface of tumor cells and stimulates
adjacent stromal cells to produce several matrix me-
talloproteinases (MMPs) [9-13]. CDI147 molecules
seem to be responsible for the induction of expression
of the matrix metalloproteinases (MMPs), interstitial
collagenase (MMP-1), gelatinase A (MMP-2), and
stromelysin-1 (MMP-3), when CD147 interacts with
fibroblasts [2-4,14]. Furthermore, N-linked glycosyla-
tion of CD147 is essential for MMP-1 and MMP-2
production [15].

The function of human leukocyte surface molecule
CD147 is not fully understood. However, CD147 as a
potential adhesion molecule with an unknown counter—
receptor was suggested [1]. CD147 may be involved in
signal transduction and cell adhesion function, either
directly as a signal transmitting adhesion molecule or
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as a regulator of adhesion [16]. Furthermore, CD147
was found to be involved in T cell regulation [17].
Thus production of the CD147 ectodomain (CD147Ex)
is important for studying the immunological function of
CD147.

Phage display is a powerful technique for engineering
proteins or peptides [18-22]. Proteins or peptides of in-
terest are expressed as fusion to phage minor (gplIIl) or
major (gpVIII) coat proteins. To identify the CD147
counter-receptor, we recently applied phage display
technology to construct phage-displayed CD147 on
gplIl [23]. However, by using the constructed re-
combinant phages, we could not demonstrate the bind-
ing of phage-displayed CD147 to any cell types by the
immunofluorescence technique (unpublished observa-
tion). The weak binding affinity between CD147 and its
ligand partner was suspected. Increasing the copy
number of CD147 molecule per phage particle may en-
hance the bonding forces by multivalent ligand-receptor
anchoring and serve the purpose of ligand-receptor
study.

Displaying the heterologous protein on phage gplIl
limited the level of display to less than one molecule per
phage particle [24]. In contrast, high level of heterolo-
gous protein display could be achieved on the gpVIII,
which contains approximately 2000 copies per phage
particle [25,26]. It has been reported that the filamentous
phage usually displayed the fusion protein at lower level
than expected as a result of proteolysis of the polypep-
tide [27-30]. In general, phage is propagated at the
optimal temperature for bacterial growth, 37°C. This
temperature, concurrently, is suitable for the enzymatic
activity of proteases produced by Escherichia coli host.
The produced fusion proteins could, then, be degraded
by these proteases and result in low amount of fusion
proteins for packaging on phage particles. One strategy
to prevent the degradation of the heterologous protein
was to culture E. coli at low temperature, i.e., 25°C [31-
33]. Lowering the temperature of phage propagation
was formerly applied to overcome this problem [31,34].
However, the rate of protein production was also sig-
nificantly decreased at low temperature. To compensate
this, isopropyl thio-B-p-galactopyranoside (IPTG) was
commonly added to up-regulate the expression level
when a leaky inducible promoter such as Lac is provided
[31,35-38].

In an attempt to generate high density of phage ex-
pressing CD147, pComb8 phagemid vector was em-
ployed to display the ectodomain of human CD147
(CD147Ex) on gpVIII in the present study. The opti-
mization of culturing conditions, i.e., temperature and
IPTG for incorporating the CDI147ExgpVIII into
VCSM13 particle, was investigated. Since the packaging
process involves a competition between wild-type
gpVIII and CD147ExgpVIII, we also demonstrated the
effect of helper phage infection period following the

IPTG induction. The influences of these combinatorial
factors on displaying of the heterologous protein on
phage particle via gpVIII have never been reported
elsewhere.

Materials and methods
CDI147Ex gene amplification by PCR

Two oligonucleotides, CD147ExgpVIIIFw (5'-GAG
GAG GAG GTc tcg agG CTG CCG GCA CAG TCT
TC-3’, the Xhol restriction site at 5’ overhang is desig-
nated in small letters) and CDI147ExgpVIIIRev (5'-
GAG GAG GAG CTa cta gtG TGG CTG CGC ACG
CGG AG-3, the Spel restriction site at 5 overhang is
designated in small letters), were used as primers for
amplifying the CD147Ex fragment.

PCR was used to amplify the CD147Ex from the
mammalian expressing vector, pCDMS8-CD147 [3]. Fifty
nanograms of pCDMS8-CD147 was annealed with
250 ng of each described primer in the 100 pul of a PCR
mixture containing 5U ProofStart DNA polymerase
(Qiagen, Hilden, Germany). The PCR cycling condition
was one cycle at 95 °C for 5 min followed by 34 cycles of
94 °C for 50s, 50°C for 50s, and 72 °C for 1 min. After
35 amplification cycles, the mixture was incubated at
72 °C for 10 min. The resulting 550 bp PCR product was
subsequently treated with X%ol and Spel at 37°C for
18 h and purified by QIAquick PCR purification Kit
(Qiagen, Hilden, Germany).

Construction of phagemid expressing CD147Ex

The pComb8 phagemid (a gift from Dr. C.F. Barbas,
Scripps Institute, USA) was digested with Xhol and Spel
at 37°C for 18h. The DNA fragment of digested
pComb8, 3300 bp, was further purified and ligated with
digested CDI147Ex PCR product by using T, ligase
enzyme (Roche Molecular Biochemicals, Mannheim,
Germany). The ligated product was transformed into
TGl E. coli host strain {supE hsdA5 thiA(lac-proAB)
F'[traD36proAB+, lacl? lacZAM15]} (kindly provided
by Dr. A.D. Griffiths, MRC Cambridge, UK). The
transformed E. coli were selected on LB agar containing
ampicillin (100 pg/ml). The ampicillin-resistant colonies
were selected and cultured at 37 °C for 18 h in LB broth
containing ampicillin (100 pg/ml) for Plasmid Mini Kit
(Qiagen, Hilden, Germany). The inserted CDI147Ex
gene in the purified phagemid was checked by restriction
fragment analysis with X/ol and Spel, and reamplifi-
cation by PCR. The complete nucleotide sequence of
inserted fragment was determined according to dide-
oxychain terminator procedure using BigDye Termina-
tor v3.1 Cycle Sequencing Kit (PE Applied Biosystems,
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CA, USA). CDI147ExgpVIIIFw and CD147ExgpVIII-
Rev were applied as the sequencing primers. The se-
quencing data was analyzed further by ABI PRISM
3100 DNA Analyzer (PE Applied Biosystems). The
newly constructed phagemid was named pComb8-
CDI147Ex.

Phage-displayed CD147ExgpVIII

Transformed bacteria were grown in 10ml of 2x
TY broth (1.6% [w/v] tryptone, 1% [w/v] yeast extract,
and 0.5% [w/v] sodium chloride) containing ampicillin
(100 pug/ml) at 37 °C until the absorption at 600 nm was
0.8. The precultured bacteria were subsequently
transferred to 100ml of the same medium containing
1% [w/v] glucose and cultivated until the absorption at
600nm of 0.5 was reached at either 25 or 37°C. If the
bacterial cultures were to be induced, IPTG was added
to the culture at a final concentration of 1 mM. After
induction, the cells were grown at the desired tem-
perature for 0 or 2h. Each bacterial culture was in-
fected further with 10'2 tu.! of the VCSM13 helper
phages and left at 37°C for 30min without shaking.
Phage-infected TG1 were pelleted by centrifugation at
3000 rpm for 10min at 4°C. The pellets were resus-
pended in 2x TY broth containing ampicillin (100 pg/
ml) and kanamycin (70 pg/ml). Fifteen milliliters of
bacterial cultures was transferred to 250 ml of the same
medium and shaken at 180 rpm for 16h at the desired
temperature. The recombinant phages were harvested
by PEG 8000 precipitation and centrifugation as
described previously [39]. Finally, the phages were
reconstituted with 2.5ml of 0.15M PBS, pH 7.2, and
centrifuged at 11,600rpm for 10min at 4°C. The
supernatant was stored at —70°C.

Immunoassay for phage-displayed CDI47ExgpVIII by
sandwich ELISA

Fifty microliters of 10 ug/ml CD147 mAbs (M6-1B9;
IgG;, M6-1E9; I1gG,,, M6-1D4; 1gM, and M6-2F9;
IgM) [6,16] in carbonate/bicarbonate buffer, pH 9.6,
was coated on a microtiter plate (NUNC, Roskilde,
Denmark) at 4°C for 18 h. Blocking was performed by
addition of 2% skim milk in PBS, pH 7.2, and incu-
bated for 1h at room temperature. After washing 5
times with 0.05% Tween 20 in PBS, pH 7.2, phage-
displayed CD147ExgpVIII produced under different
conditions were diluted to 10'° t.u./ml in 2% skim milk

U Abbreviations: t.u., transforming unit; ELISA, enzyme-linked
immunosorbent assay; SDS-PAGE, sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis; PCR, polymerase chain reaction; RBS,
ribosome binding site; Pe/B, pectate lyase B signal peptide from
Erwinia carotovora.

in PBS, pH 7.2 and 50l of recombinant phage was
added to the wells. After incubation at room temper-
ature for 1h, the plate was washed to remove unbound
phages. Binding of phage particles was monitored by
using two alternative sets of anti-M13 mAb. One was
HRP-conjugated anti-gpVIII mAb (Amersham—Phar-
macia Biotech, Buckinghamshire, UK) and the other
was biotinylated anti-gpIIl mAb (Exalpha Biologicals,
Watertown, MA). HRP-conjugated streptavidin (ZY-
MED Laboratories, San Francisco, CA) was applied to
trace the biotinylated anti-gplll mAb. Following
washing, the 3,3,5,5-tetramethylbenzidine (TMB)
substrate was added and incubated at room tempera-
ture for signal development. Optical density at 450 nm
was determined after adding 1N HCI to stop the
reaction.

SDS-PAGE and Western immunoblotting

Phage-displayed CD147ExgpVIII was separated by
SDS-PAGE under reducing conditions on a 15%
polyacrylamide gel. For Western immunoblotting, the
separated proteins were electroblotted onto polyviny-
lidene fluoride (PVDF) membrane. Blotted membrane
was blocked at 4°C for 18h in 5% skim milk in PBS,
pH 7.2, and then incubated with the pooled CD147
mAbs (M6-1B9, M6-1E9, and M6-1D4 at 10 pg/ml
each) for 1h at room temperature on a shaking plat-
form. Following washing with 0.05% Tween 20 in PBS,
pH 7.2, HRP-conjugated rabbit-anti-mouse immuno-
globulins (DAKO A/S, Copenhagen, Denmark) was
added to the membranes and incubated at room
temperature for 1h. The immunoreactive bands were
then visualized by chemiluminescent detection system
(Amersham—Pharmacia  Biotech, Buckinghamshire,
UK).

Results
Construction of pComb8-CD147Ex phagemid

The ectodomain of CD147 cDNA was amplified from
pCDMS-CD147 by PCR using primers CDI147Ex-
gpVIIIFw and CD147ExgpVIIIRev. The PCR product
of 552 bp was obtained (Fig. 1A). The amplified product
was subsequently cleaved with Xhol and Spel, and li-
gated into the pComb8 phagemid treated with the same
enzymes. The ampicillin-resistant E. coli TG1 colonies
transformed with the ligated product were grown at
37°C for plasmid minipreps. The inserted fragment of
CD147Ex with the molecular weight of approximately
550 bp was retrieved from the isolated plasmid DNA
after checking by restriction fragment analysis with
Xhol and Spel (Fig. 1B), and reamplification by PCR
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Fig. 1. Construction of phagemid expressing CD147Ex. (A) Analysis of PCR product, 552 bp (*), of the CD147Ex amplified from pCDMS8-CD147
vector using CD147ExgpVIIIFw and CD147ExgpVIIIRev primers. Samples were electrophoresed in a 1% agarose gel. Lane 1, 1 kb DNA marker;
lane 2, amplified product. (B) Restriction fragment analysis of pComb8-CD147Ex with Xhol and Spel. The constructed pComb8-CD147Ex was
cleaved with Xhol and Spel. The inserted fragment of CD147Ex with the molecular weight of approximately 552 bp (¥) was retrieved from the
pComb8-CDI147Ex (lane 3). Lane 1, 1 kb DNA marker; lane 2, pComb8-CD147Ex; and lane 3, Xhol- and Spel-digested pComb8-CD147Ex. (C)
Amplified product of CD147Ex from pComb8-CD147Ex. The 552 bp amplified product (*) from pComb8-CD147Ex template using CD147Ex-
gpVIIIFw and CD147ExgpVIIIRev primers is shown (lane 2). Lane 1, 1 kb DNA marker; lane 2, amplified product of CD147Ex. (D) Construction
of pComb8-CD147Ex phagemid. Xhol- and Spel-cloning sites where the CD147Ex gene was inserted; /ac promoter, the signal sequence (Pe/B) and
gpVIII gene is shown. STOP represents the stop codon for CD147ExgpVIII translation.

(Fig. 1C). The nucleotide sequence of inserted fragment flanked upstream by Pe/B signal sequence and down-
is identical to CD147 ectodomain (data not shown). The stream by gpVIII (Fig. 1D), was designated as pComb8-
engineered phagemid bearing CD147 ectodomain gene, CD147Ex.
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Detection of phage-displayed CD147ExgpVIII by sand-
wich ELISA

To study the culturing conditions for efficiently dis-
playing of CD147Ex molecules on the phage particle,
the pComb8-CD147Ex-transformed TG1 was cultured
and infected with the VCSM 13 helper phages under five
different conditions (Fig. 2). The phage-displayed
CD147ExgpVIII in culture supernatants obtained from
various culturing conditions were compared by sand-
wich ELISA using a panel of anti-CD147 mAb as cap-
ture antibody. By using HRP-conjugated anti-gpVIII
mADb, production of phage-displayed CD147ExgpVIII
at 25°C with IPTG-stimulation showed the highest
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signal with all anti-CD147 mAbs (M6-1B9, M6-1E9,
Mo6-1D4, and M6-2F9) used (Fig. 3A). The second order
was phage harvested from 37°C without IPTG-, fol-
lowed by 25°C without IPTG-, and 37 °C with IPTG-
stimulation when mAb M6-1B9 was used as a capture
antibody. However, the second and the third ranks were
switched when the precipitated phages were captured by
other three mAbs (M6-1E9, M6-1D4, and M6-2F9). In
contrast, the recombinant phages were not recognized
by an irrelevant capture antibody, mouse anti-GFP
mADb (data not shown).

The binding of the phage-displayed CD147ExgpVIII
under 25°C with IPTG-stimulation onto the CD147
mAb-coated wells was also demonstrated by biotinylated

pComb8-CD147Ex-transformed TG1 + 10 ml 2xTY broth (100 pg/ml ampicillin)

37°C, 180 rpm,
until OD()()() =0.8
v
100 ml 2xTY broth (100 pg/ml ampicillin/ 1% w/v glucose)
A B C D E
37°C, 180 rpm, 37°C, 180 rpm, 25°C, 180 rpm, 25°C, 180 rpm,
until ODggp =0.5 until ODggp =0.5 until ODgg9 =0.5 until ODgg9 =0.5
v v
1 mM IPTG 1 mM IPTG 1 mM IPTG
2h,37°C 2h,25°C
10" tu. VCSM13 v 10" tu. VCSM13 v 10" tu. VCSM13
10" tu. VCSM13 10 tu. VCSM13
v v

37 °C, 30 min.

v v

v

3000 rpm, 10 min., 4 °C

v v

v

v
v :
v v

Resuspend in 30 ml 2xTY broth (100 pg/ml ampicillin/ 70 pg/ml kanamycin)

v

v

v :

Add 15 ml resuspended bacteria into 30 ml 2xTY broth (100 pg/ml ampicillin/ 70 pg/ml kanamycin)

180 rpm, 16 h, 180 rpm, 16 h, 180 rpm, 16 h, 180 rpm, 16 h,
37°C 37°C 25°C 25°C
A
Harvest phages

Fig. 2. Schematic diagram of the cultivating conditions for displaying CD147ExgpVIII on phage particles. The culture was divided into five ex-
periments. The first set (A,B) was grown at 37 °C. The second set (C-E) was cultivated at 25°C. (A,C) were stimulated with IPTG for 2h before
helper phage infection. (E) was stimulated with IPTG for 0 h before helper phage infection.
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Fig. 3. Comparison of different expression levels of phage-displayed CD147ExgpVIII. (A) Sandwich ELISA analysis of phage-displayed
CD147ExgpVIII under different growth conditions using four anti-CD147 mAbs (M6-1B9, M6-1E9, M6-1D4, and M6-2F9) as a capture and HRP/
anti-gp VIII monoclonal conjugate as a tracer. Phage-displayed CD147Ex under 37 °C with IPTG-stimulation (no fill), 37 °C (solid bars), 25 °C with
IPTG-stimulation (horizontals), and 25°C (diagonals) were demonstrated. This experiment was done in duplicate. Fifty microliters of 10'° t.u./ml
phage was used in this experiment. (B) Sandwich ELISA analysis of phage-displayed CD147ExgpVIII under 25 °C with IPTG-stimulation using four
anti-CD147 mAbs (M6-1B9, M6-1E9, M6-1D4, and M6-2F9) as a capture and biotinylated monoclonal anti-gpIIl/streptavidin conjugated to HRP
as a tracer. Fifty microliters of 10'° t.u./ml phage was used in this experiment.

anti-gplIT mAb/HRP-conjugated streptavidin detection
system (Fig. 3B). The signaling pattern of all capture-
mAbs used corresponded to the HRP-conjugated anti-
gpVIII mADb detection system.

To determine the effect of helper phage-infection pe-
riod, the phage-displayed CD147ExgpVIII were pro-
duced under 25 °C with IPTG-stimulation for 0 and 2h
before helper phage infection. The produced phages
from both conditions were compared by sandwich
ELISA. The recombinant phages harvested from
simultaneous IPTG-stimulation and helper phage

infection (0h) were 6-11-fold higher than those har-
vested from which inoculation of helper phage 2 h after
IPTG-stimulation (Table 1).

Western immunoblotting

The protein components of the recombinant phages
prepared under 25°C with IPTG-stimulation were
fractionated by SDS-PAGE under reducing conditions,
blotted, and probed with pooled CDI147 mAbs
(M6-1B9, M6-1E9, and M6-1D4). An immunoreactive
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Table 1
Comparison of helper phage infection periods on the production of
phage-displayed CD147ExgpVIII under 25 °C with IPTG-stimulation

CD147 Optical density at 450 nm

mAbs 0h after IPTG- 2h after IPTG-
stimulation stimulation

M6-1B9 1.68 0.28

M6-1E9 1.47 0.13

Mé6-1D4 1.67 0.19

M6-2F9 1.24 0.20

Sandwich ELISA using a panel of CD147 mAbs as a capture and
tracing by biotinylated anti-gpIIl mAb/HRP-conjugated streptavidin
system was employed.

kba 1 2

50-
35-

30-
25~

15-

10-

Fig. 4. Western immunoblotting of phage-displayed CD147ExgpVIII
separated by reducing SDS-PAGE . Immunological assay was per-
formed by probing with the combination of three anti-CD147 mAbs
(M6-1B9, M6-1E9, and M6-1D4). Lane 1, phage-displayed
CDI147ExgpVIII; lane 2, phage-displayed Fo protein of respiratory
syncytial virus. The immunoreactive bands were visualized by chemi-
luminescence substrate detection system. Molecular weight markers in
kDa were indicated.

protein band with the molecular weight of 28 kDa was
obtained (Fig. 4). This band was regarded as the fusion
protein of CDI147Ex, 20kDa and gpVIII, 6kDa. No
reactive band was detected in the control lane to which
with phage-displayed Fo protein of respiratory syncytial
virus had been applied.

Discussions

In an attempt to characterize the counter—receptor of
CD147 molecule, we recently generated phage-displayed
ectodomain of CD147 via gplll [23]. However, by
indirect immunofluorescence, the binding of these re-
combinant phages could not be demonstrated on any
cells. Since the majority of the generated phages pos-
sessed less than one copy of CD147 molecule, the
low ligand-binding affinity of the CD147 to its ligands
was presumed. Multimeric display of CD147-on phage

particles is therefore required and will be valuable in
further discovering its ligand-partner on cell surface.
Furthermore, multivalent CD147 on the 930 nm-length
filamentous phage might overwhelm the limitation in the
binding of CD147 to the low-level expression of its li-
gands. The multivalent phage carrying CD147 may be
valuable in functional study. Signal transferring by in-
dividual pairing with monovalent CD147 may differ
from the cross-linking of cell-surface ligands with phage-
displayed multivalent CD147 via gpVIII. It has recently
been demonstrated that CD147 appears to be a cofactor
that mediates activity of virus-associated cyclophilin A
and is required for efficient infection [24]. Phage-dis-
played CD147 might be used to define the novel targets
for anti-HIV interventions.

The gpVIII of VCSM13 was previously applied for
achieving the multimeric polypeptide libraries [25,26].
The absolute binding force of these phage libraries to a
certain ligand was enhanced according to the increasing
copy number of each polypeptide. The display of CD147
ectodomain on phage particles via gpVIII was, thus,
proposed in this study. However, the multivalent display
of fusion protein on phage particles had been hindered
because of a limitation on the fusion length [40]. Cul-
turing conditions during phage preparation such as
temperature, IPTG-stimulation, and helper phage in-
fection-period are important factors for production of
the phage expressing interested protein. In the present
study, the factors mentioned were investigated to opti-
mize the quantity of display. Filamentous phage was
used to display CD147EXgpVIII in TG1 E. coli host. By
sandwich ELISA using a panel of anti-CD147 mono-
clonal antibodies as a capture and HRP-conjugated
anti-gpVIII mAb as a tracer, the generated phages
showed strong positive reactivity. The correct size of the
CD147Ex-gpVIII fusion protein at 28kDa from the
generated phages was also demonstrated by Western
immunoblotting. This result indicated that the expres-
sion of fusion CD147-gpVIII proteins was occurred.
However, we raised a question whether the positive
signal was due to the secreted or the phage-bound
CD147Ex-gpVIII fusion protein. To address this ques-
tion, the expression of CD147 on the surface of com-
plete phage particles was subsequently confirmed by
using the biotinylated anti-gpIII mAb/HRP-conjugated
streptavidin as a tracer in sandwich ELISA. As pre-
dicted, the generated phages showed also strong positive
reactivity. Our ELISA experiments indicated that the
generated phages harbored CD147 ectodomain on their
surfaces.

Production of phage-displayed CD147ExgpVIII at
25°C with IPTG-stimulation was demonstrated as the
most suitable condition. Reducing growth temperature,
from 37 to 25°C, may facilitate the correct folding and
stability of the displayed protein [41-43]. Although the
rate of protein synthesis was low at 25 °C comparing to
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37°C, IPTG seemed to compensate for this disadvan-
tage. The reduction in cultivating temperature and ad-
dition of IPTG may have a complementary effect on
phage propagation and on the fusion protein incorpo-
ration, resulting in the high density display per phage
particle.

Phage harvested from 37°C without IPTG-stimula-
tion was demonstrated to be the second effective order
when M6-1B9 mAb was used as a capture antibody. In
surprising contrast, when other three mAbs (M6-1E9,
M6-1D4, and M6-2F9) were used as capture antibodies,
the second rank was changed to phage harvested from
25 °C without IPTG-stimulation. We speculated that the
folding of CD147 epitope recognized by M6-1B9 mAb
on recombinant phage produced at 37 °C without IPTG-
stimulation was more proper than phages produced at
25°C without IPTG-stimulation. Regarding our previ-
ous study [23], the epitopes recognized by M6-1B9 and
M6-1E9 mAbs were overlapping. The variation in
exposing of these epitopes in the different culturing
conditions indicated the proximate but non-identical
epitopes recognized by M6-1B9 and M6-1E9 mAbs. The
recombinant phage harvested from 37°C with IPTG-
stimulation was given the lowest signal in all capture
CD147 mAbs used. This result was consistent with the
experiment of antibody-gpVIII phage production [36].
Insoluble protein accumulation and degradation of the
recombinant protein in the periplasm by host proteases
might be facilitated at higher growth temperatures [42].
Apparently, high expression level of fusion protein by
IPTG-stimulation rendered the formation of inclusion
bodies which decreased the incorporating efficiency of
CD147Ex-gpVIII into phage particles [41-43].

One proposed strategy for increasing the amount of
recombinant protein displayed on phage particles via
gpVIII was delaying the infection-period of helper phage
after IPTG-stimulation [35]. However, the controversial
result was obtained in this study. The phage-displayed
CD147ExgpVIII produced at 25°C with IPTG-stimu-
lation at the same time of helper phage infection were
higher than those obtained by infection of helper phages
2 h later. We suggested that after 2-h induction, E. coli
produced an excess amount of CD147ExgpVIII, which
was prone to form aggregates before the phage pack-
aging components were synthesized.

To produce high density phages, various sophisti-
cated techniques have been developed. Sidhu increased
the display of human growth hormone by mutating the
amino acid residues on the gpVIII fusion partner [44].
More recently, a novel gpVIII display system, in which
every copy of gpVIII was modified, was reported [38].
The gpVIII was expressed from the phagemid and the
helper phage was used to rescue the phagemid deficient
in gpVIII production. In contrast, we established here
a simple method for increasing of the multimeric
CD147Ex expression on phage particles. Apart from the

major parameters, i.e., temperature and [IPTG-stimula-
tion, which were formerly investigated [31,36], the
influence of helper phage infection-period after IPTG-
stimulation on enhancing the CDI147Ex displaying
demonstrated a high impact on this study.
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CHAPTER 1

INTRODUCTION

Leukocyte cell surface molecules are important for cellular functions
especialy for immune-response. Some of them have been identified and characterized,
but a number still waiting for the characterization. The function of human leukocyte
surface molecule CD147 is not fully understood. However, CD147 may be involved
in signal transduction and cell adhesion function, either directly as a signa
transmitting adhesion molecules or as a regulator of adhesion. Thus production of the
CD147 extracellular domain or ectodomain (CD147EX) is important for studying the
molecular function of CD147.

A major tool for characterizing the structure and function of the surface
molecules is antibodies which are raised against these molecules. In addition to
specific antibodies, the isolated cell surface molecules themselves have been broadly
used for identification and functional characterization of their counter receptors or
specific ligand (1-5). However, to prepare these molecules from cell membranes,
complicated techniques are required. In addition, contamination of undesired proteins
normally occurs. Molecular techniques in mammalian cell expression system have
been employed to overcome this problem. The Fc of immunoglobulin was employed
as a fusion partner of certain CD molecules, e.g. CD31 (6), and CD147 (1, 7). The
recombinant protein was then secreted into the culture medium and purified using a
protein A column. Although the recombinant proteins obtained have an almost native
conformation, mammalian cell expression systems are more expensive and time-
consuming in comparison to prokaryotic expression systems. Phage display is a
powerful technique for engineering proteins or peptides (8-12). Proteins or peptides
are expressed as fusions to phage minor (gplll) or maor (gpVIll) coat proteins.
Displaying of CD147Ex on phage particles should be used as bait for studying the
immunological function of CD147. Displaying of the heterologous proteins on phage
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gplll limited the level of display to less than one molecule per phage particle (13). In
contrast, high level of heterologous protein display could be achieved on the gpVIlII,
which contains approximately 2,000 copies per phage particle (14, 15). The
filamentous phage usually displayed the fusion protein at lower level than expected as
a result of proteolysis of polypeptide was reported (16-19). In general, phage is
propagated at the optimal temperature for bacterial growth, 37 °C. This temperature,
concurrently, is suitable for the enzymatic activity of proteases produced by E. coli
host. The produced fusion proteins could be, then, degraded by these proteases and
resulted in low amount of fusion proteins for packaging on phage particles. One
strategy to prevent the degradation of the heterologous protein was to culture E. coli at
low temperature i.e. 25 °C (20-22). Lowering the temperature of phage propagation
was formerly applied to overcome this problem (20, 23). However, the rate of protein
production was also significantly decreased at low temperature. To compensate this,
isopropy! thio-p-D-gaactopyranoside (IPTG) was commonly added to up-regulate the
expression level when aleaky inducible promoter such as Lac is provided (17, 20, 24-
27).

Phage display technology had been introduced to construct phage-displayed
CD147 on the gplll (28). However, the binding of phage-displayed CD147 to any cell
types could not be demonstrated by immunofluorescence technique. The weakness of
binding affinity of the CD147 to its ligand-partner was presumed. Increasing the copy
number of CD147 molecule per phage particle may enhance the bonding forces by

multivalent ligand-receptor interaction.

Nowadays, the precise molecular function of CD147 is still largely unclear. It
motivates the scientists for further investigations. Construction of high density display
of CD147 ectodomain (CD147Ex) on VCSM13 phage via gpVIII for studying the
interaction of CD147Ex and its counter-receptor on cell lines and studying the
molecular function of CD147 using the constructed phage would be provide more
detail of the CD147 molecule in the human immune system. Understanding of CD147
function would be invaluable for prevention of cancer invasion and metastasis, and

might define the novel targets for anti-HIV interventions in the future.
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CHAPTER 2

OBJECTIVES

The ultimate goal of this study is to produce the multivalent display of CD147
ectodomain (CD147Ex) on phage particles and using as a tool for studying the
molecular function of CD147Ex molecule. The studies provide insight into a better

understanding of CD147 molecule.
The specific aims of this study were as follows:

1) Determining the factors influencing on displaying of CD147Ex via gpVIlI
on VCSM13 particles.

2) Investigating the effect of phage-displayed CD147ExgpVIIl on various cell

lines.

3) Investigating the molecular function of CD147Ex using multivalent phage-
displayed CD147EX viagpVIII.
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CHAPTER 3

LITERATURE REVIEW

3.1 Leukocyte Surface M olecules

3.1.1 Nomenclature of leukocyte surface molecules

Leukocytes express a huge number of proteins on their cell surfaces. These
molecules are called leukocyte surface molecules which play key roles in all aspects
of leukocyte functions. The major tool for identifying and discovery the new
leukocyte surface molecules is monoclonal antibodies raised against leukocytes. The
abbreviations used for identifying different leukocyte cell surface molecules are
complex because three historically conventions have been used. Firstly, cell surface
molecules are named according to a particular function affected by an anti-leukocyte
mAb. For example, the lymphocyte function-associated antigen 1, or LFA-1, was
named because antibodies recognizing this structure interfere with lymphocyte cell
adhesion events and optimal lymphocyte function. The second convention is
effectively no convention at all. Molecules are named arbitrarily according to
individual laboratory preferences. For example, no obvious logic follows in the
designations B7 and B220, except that the leading "B" reminds us that these antigens
are typically expressed on B lymphocytes. To date, leukocyte cell surface molecules
are named systematically by assigning them as cluster of differentiation (CD) antigen
number (29, 30). This approach is developed by The Human Leukocyte
Differentiation Antigen (HLDA) workshops, which is organized by immunologists
around the world. Once the cell surface molecule of all immune cell types including
endothelial cells is identified, this new cell surface molecule is given a tentative label
which begins "CDw". The "w" stands for "workshop" and indicates the label has not
yet been confirmed. It may be that the researcher has found a cell surface molecule

that someone else already found so a few years must lapse before the CDw label is
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changed to a true CD designation that confirmed by an international committee. The
CD numbering was extended to endothelial antigens. The CD nomenclature is used for

both the human antigens and their homologues.

3.1.2 General structureof membrane proteins

Cell is a single unit or compartment enclosed by cell membrane or plasma
membrane which defines the boundary of the cell and separates its internal contents
from the environment. The structure and function of cells are critically dependent on
membranes. The biological membranes are composed of lipids and proteins. All cell
membranes share a common structural organization, phospholipid bilayers with
associated proteins, which are responsible for many specialized functions (Figure 3.1).
Some proteins are responsible for the selective traffic of molecules into and out of the
cell. Other proteins of the plasma membrane control the interactions between cells of
multicellular organism and serve as sensors through which the cell receives signals

from its environment.

Proteins constitute 25 to 75% of the mass of various membranes of the cell.
Membrane associated proteins can be classified into 2 classes, peripheral and integral
membrane proteins. Peripheral membrane proteins are noncovalently bonded to the
polar head groups of the phospholipid bilayer or to the integral membrane protein.
These membrane proteins dissociate from the membrane after treatment with polar
reagents that do not disrupt the lipid bilayer. In contrast to peripheral membrane
proteins, integral membrane proteins contain one or more transmembrane helices.
Peripheral membrane proteins are loosely associated with the integral membrane
proteins or the lipid polar head. Many of integral membrane proteins are
transmembrane proteins, which pass entirely through the lipid bilayer with portions

protrude from both extracellular and cytoplasmic sides of membrane.
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Figure 3.1 Schematic representation of biological membranes. Cell membranes are
composed of lipids and proteins. All cell membranes share a common structural
organization, phospholipid bilayers with associated proteins, which are responsible for

many specialized functions (http://www.che.vt.edu/Sum/images/cell-membrane.gif).
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Membrane proteins can be classified into different groups relied on the

orientation and anchoring on the plasma membrane (Figure 3.2).

1.

Type | transmembrane proteins. Type I transmembrane proteins retain the
COOH-termini in the cytoplasm and protrude the NH,-termini outside the
cell. These molecules generally have a signal sequence at the NH,-termius
which is cleaved off after the molecules passed into the endoplasmic
recticulum and have a single transmembrane region. These proteins may
be glycosylated in the Golgi apparatus and then exported to express on the
cell surface. These molecules commonly serve as cell surface receptor
and/or ligand. The membrane spanning portion of type I transmembrane
protein are usually a helices of 25 hydrophobic amino acids followed by a
cluster of basic amino acid that bind to the phospholipids head group

inside the surface membrane bilayer.

Type |l transmembrane proteins. Type II single-pass transmembrane
proteins have an opposite orientation to type I transmembrane protein.
The NH,-terminus is located inside the cell and the COOH-terminus is
outward. These protein often have uncleaved signal sequences for
transmembrane domains, allowing for their cleavage and release from the
cell surface. Type II transmembrane proteins have a single

transmembrane domain.

Type 111 transmembrane proteins. Type III transmembrane proteins have
more than one membrane spanning portions. The example of these
transmembrane proteins is the multidrug resistance transporter protein,
MDRI1 (31). These multiple spanning transmembrane portions can form
channels for transporting ions or small molecules through the lipid bilayer.
On leukocytes, members of this group have usually been identified

functionally rather than by antigenicity.

Type IV transmembrane proteins. Type IV proteins can be distinguished
from type III protein in the presence of a water-filled transmembrane
channel. None of the current CD antigens is type IV transmembrane

proteins.
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Figure 3.2 Leukocyte surface proteins (CD antigens). The leukocyte surface proteins
(CD antigens) can be divided into four types which respects to the orientation and

anchoring on the plasma membrane.
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5. Type V glycosyl-phophatidylinositol (GPI)-anchored proteins. Type V
proteins contain multiple transmembrane regions. These proteins utilize a
glycosyl-posphateidylinositol (GPI) anchor attached to the C-terminal

residue of the protein.

3.1.3 Cell communications

In a multicellular organism the cells must be communicate to each other in
order to coordinate and integrate functions. The interaction between cells can range
from cooperative to antagonistic. Signaling molecules in cell cooperation are as

follows.

Cytokines: Cytokines are low molecular weight, soluble proteins that function
as chemical messengers for regulating the immune system. Cytokines are produced by
the cells of innate and adaptive immunity, especially by T helper (Ty) lymphocytes.
The activation of cytokine-producing cells triggers them to synthesize and secrete the
cytokines. These cytokines are able to bind to specific cytokine receptors on other
cells of the immune system and influence their activities in some manners. The
nomenclature of cytokines is often based on their cellular sources. Cytokines that are
produced by mononuclear phagocytes are sometimes called monokines, and those
produced by lymphocytes are commonly called lymphokines (32). Because many
cytokines are made by leukocytes and act on other leukocytes, they are also called
interleukins (IL). Examples of cytokines are IL-4, IL-5 and IL-10 which are produced
by CD4" T lymphocytes (Tp2).

Chemokines: Chemokines are a large family of structurally homologous
cytokines that mobilize white blood cells (WBCs) to sites of inflammation (32). They
drive the WBCs out of the blood circulation and chemotactically attract them to the
inflammatory site, trigger some WBCs to release their killing agents for extracellular

killing, and induce some WBCs to ingest the remains of damaged tissue.

Interferons (IFN): Interferons modulate the activity of virtually every
component of the immune system. Type I IFNs is composed of distinct groups of

proteins called IFN-o which has more than 20 types, IFN-3, IFN Q, and IFN 1. There
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is only one type II IFN, IFN-y. Type I IFNs, which can be produced by virtually any
virus-infected cell, provide an early innate immune response against viruses. Type Il
IFN is produced by activated T-lymphocytes as part of an immune response and
functions mainly to promote activity of the components of cell-mediated immune

system such as CTLs, macrophages, and NK cells (32).

Tumor necrosis factors (TNF): TNF is the principle mediator of the acute
inflammatory response to infectious microbes and is responsible for many of the
systemic complications of severe infection (32). TNF-a is produced by
monocytes/macrophages, Tyl cells, and other cells. TNF-f is produced by Tyl cells
and CD8" T lymphocytes.

Hormone: Hormone is a chemical or protein product. It can be separated into
three broad categories. The first category is composed of small lipophilic molecules
that diffuse across the plasma membrane and interact with intracellular receptors. The
second category includes hydrophilic molecules that bind to cell-surface receptors and

lipophilic that binds to cell-surface receptors are classified as the third group.

Membrane-bound signal molecules: The membrane-bound signal molecules
are membrane proteins on cell surface that function as ligand. They are synthesized
within the cell via mRNA, ER membrane, and presented on the cell plasma membrane.
The synthesis depends by three ways. First, it is constitutively synthesized and it
functions when combined with other protein. Example of this molecule is MHC
molecule, which function as ligand when peptide antigen is inserted in to this molecule.
Second, also constitutively synthesized and is ready to function. Examples of these
molecules are CD28, B7, ICAM-1, which function as co-stimulatory molecules. Third,
it is induced to synthesize dependable on signaling requirement. Examples of the third
type are Fas ligand, which is produced by CTL and CD40L, which is produced by
CD4" helper T lymphocytes (33, 34).
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3.1.4 Biological function of leukocyte surface molecules

As the other cell types, leukocytes express a variety of molecules on their cell
surface. The leukocyte surface molecules or CD antigens are vital in a whole range of
leukocyte functions including cell activation, cell-cell signaling and cytokine-receptor
signaling. These biological functions of leukocyte surface molecule are mediated by

membrane proteins which are categorized as follows.

Transport of small molecules. Cell must be constantly supplied with nutrients
and the metabolic waste products must be withdrawn. Most biological molecules are
unable to diffuse through the phospholipid bilayer. Therefore the plasma membrane
forms a barrier that block the free exchange of molecules between intracellular and
extracellular environments. The plasma membrane of leukocytes contain specific
transport proteins including carrier proteins and channel proteins (35) that mediate the
selective passage of necessary molecules across the membrane and allowing the cell to

control the composition of its cytoplasm.

Enzymatic activities. Some leukocyte surface molecules are enzymes such as
CD10 and CD13. These enzymes provide a powerful way in modifying the activity of
cytokines in the vicinity of cell surfaces. The cytoplasmic region of some leukocyte
surface molecules such as CD45, CD115, CD117 and CD148 has kinase and

phosphatase activity which are important in signal transduction (36-38).

Sgnal transduction. Interactions of some cell surface molecules with soluble
proteins or glycoproteins as well as with the cell surface molecules on other cells and
extracellular matrix lead to intracellular signal transductions (39, 40). These signals
conduct cell activation, differentiation, and finally initiate cell functions. Some cell
surface molecules interact with soluble proteins or glycoproteins as well as with the
surface of other cells and extracellular matrix (39, 40) and lead to intracellular signal
transductions. These signals conduct cell activation, differentiation and finally initiate
cell functions. The signal transduction would occur by an event outside the cell
somehow being transmitted to the interior via a surface molecule. The binding of
ligand to a receptor on the cell surface such as antigen receptor, G protein-coupled
receptors or cytokine receptors initiates a cascade of intracellular reactions, ultimately

reaching the target cell nucleus and resulting in programmed changes in gene
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expression. Although the plasma membrane constitutes the boundary between a living
cell and its nonliving environment, materials present outside the plasma membrane
play an important role in the life of the cell. Most cells in a multicellular plant or
animal are organized into clearly defined tissues in which the component cells
maintain a defined relationship with one another and with the extracellular materials
that lie between cells. These interactions regulate such diverse activities as cell
migration, cell growth and cell differentiation. The outer surface of the plasma
membrane contains receptors that mediate interactions between the cell and the
components of its environment. These cell surface receptors interact not only with the
external surrounding, but are connected at their internal end to various cytoplasmic
proteins. Receptors with this type of dual attachment are well suited to transmit

messages between the cell and its environment.

Interactions with cells or extracellular matrix. Direct interactions between
cells as well as the extracellular matrix, are critical to the development and function of
multicellular organisms. Some cell-to-cell interactions are transient, such as the
interactions that direct white blood cells to the site of tissue inflammation (41). Cell-
cell interaction is a selective process, such that cells adhere only to other cells of
specific types. Most of these involve heterophilic interactions although there are some
homophilic interactions. A family of cell surface proteins, termed cell adhesion
molecules, mediates such selective cell-cell interactions (42-45). The adhesion
molecules can be divided into four major groups which are the selectin, the integrin,

the immunoglobulin (Ig) superfamily, and the cadherins (Figure 3.3).
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Figure 3.3 A family of cell adhesion molecules. The cell adhesion molecules can be

divided into 4 major groups which are the selectins, the integrins, the cadherins and the
immunoglobulin (Ig) superfamily (http://www.erin.utoronto.ca/~w3bio315/Lectures/ CAMS2/
CellAdhesionTypesl1.jpg).
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Adhesion molecules are surface-bound molecules involved in cell-to-cell interactions
(46). Their main function is in facilitation processes where close contact of cells is
required such as in cell migration (41), phagocytosis (47, 48) and cellular cytotoxicity
(47, 49, 50). Signal transduction after ligation of the cell adhesion molecules lead to
cell activation, alteration in receptor expression, cytokine production and effect on cell
survival. Some adhesion molecules are expressed mainly on leukocytes, other

endothelial cells enabling interaction between the two (51).

Selectins, integrins, and member of the Ig superfamily mediate transient cell-
cell adhesions by the interactions between leukocytes and endothelial cells during the
migration of leukocytes from the circulation to sites of tissue inflammations (41). In
addition, some of these molecules are also costimulatory during intercellular signaling
(52). Selectins are found on all leukocytes and functions as lectins, which bind to
carbohydrate moieties expressed by endothelial cells or other leukocytes. The three
members of the selectin family are L-selectin, E-selectin, and P-selectin. Each of the
selectins participates in the process of leukocyte rolling along vascular endothelium.
The integrins and Ig superfamily adhesion molecules bind through protein-protein
interactions and are important for stopping leukocyte rolling and mediating leukocyte
aggregation and transendothelial migrations (41, 46, 53). The integrins are
heterodimers and include the very late antigen (VLA) molecules (CD49a-CD49f),
leukocyte function-associated antigen (LFA-1 or CDl1a) and Macl (CDI11b). The
immunoglobulin superfamily is the most abundant family of cell surface molecules,
accounting for 50% of leukocyte surface glycoprotein. Their structures are
characterized repeated domains, similar to those found in immunoglobulins, built from
a tightly packed barrel of [ strands. The Ig superfamily adhesion molecules include
the intercellular adhesion molecules (ICAMs), vascular cell adhesion molecules
(VCAMs), LFA-2 (CD2) and LFA-3 (CD58). The biological importance of these
molecules for host defense is exemplified by the impairment of T-cell cytotoxic
function with inhibition of either LFA-1/ICAM-1 (CD54) interactions or LFA-2/LFA-
3 interactions. Clinically, mutations in CD18 (the b chain in the integrin LFA-1 and
Mac-1) are manifest as recurrent bacterial infections due to an inability to mobilize

leukocytes in the sites of inflammation. Interaction of VLA-4 (CD49d)/VCAM-1
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(CD106) are especially important for eosinophil adhesion to endothelial cells during

allergic late-phase immune responses.

The frequency of different type of functions mediated by leukocyte surface
molecules is shown in Table 3.1. This data indicates that approximately 48% of
identified leukocyte surface molecules act as receptors for cytokines, other soluble
proteins or other cell surface proteins and act as receptors for extracellular matrix.

Whereas about 50% of leukocyte surface molecule function are still unknown.
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Table 3.1 Frequency of the roles of leukocyte surface molecules

Functional roles of leukocyte surface molecules Frequency
Enzymatic activity in extracellular domains 3%
Receptors for cytokines 13%
Receptors for other soluble proteins 10%
Receptors for cell surface proteins or extracellular matrix 25%
Other (e.g. ion channels and transporters) 1%
Unknown function 49%
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3.2CD147

Human leukocyte surface molecule CD147 is also known as M6 Ag (54),
basigin (55) and EMMPRIN (56) which is broadly expressed on both hematopoietic
and non-hematopoietic cells. Expression of CDI147 on T cells depends on the
differentiation state (57). CD147 is strongly expressed on cell surface of thymocytes
than mature peripheral T cells (57). Peripheral lymphocytes is not significantly express
CD147 however its expression is up regulated on activated T-cells which is observed on
the surface of lymphoblasts after 3 days of PHA stimulation (55, 56). cDNA coding
M6 proteins was cloned using COS cell expression system (54). Comparison of the
M6 sequences with other molecules indicated that M6 is the species homologue of rat
OX-47 antigen (58), a mouse molecule termed gp42 (59) or mouse basigin (60) or
CE9 antigen (61), and a chicken antigen HT7 (62), 5SA11 antigen (63) or neurothelin
(64). In addition, the CD147 bears high-frequency Oka blood group antigen (65).

The CD147 gene has been mapped to band p13.3 of chromosome 19 (66).
Cloning and sequencing analysis of the CD147 molecule showed that the human
CD147 molecule codes for 269 amino acid residues and have a typical feature of a type
I integral membrane protein. CD147 belongs to the immunoglobulin superfamily with
an approximate molecular weight of 50-60 kDa (67, 68) and contains two extracellular
Ig domains, a single transmembrane domain and a short cytoplasmic domain (58, 69)
(Figure 3.4). The extracellular domain consists of two Ig-like domains most probably
of the C, type when determined by comparison with other Ig domains. Domain 1 of
the molecule is homologous to domain 3 of IL-1 receptor and domain 2 was found to
be significantly related to domain 5 of a chain of CD22 (54). Endoglycosidase F
treatment of immunoprecipitates resulted in a mobility shift from 54 kDa to 28 kDa
showed that the majority of the oligosaccharide chains are N-linked (54). The 21
amino acid of the putative transmembrane region are absolutely identical in the human,
rat and chicken homologues and, with the exception of one amino acid, also in the
mouse and rabbit forms (54, 70). Interestingly, the hydrophobic stretch of the
transmembrane region of M6 is interrupted by a charged residue, a glutamic acid, and
contains a leucine-zipper that is potential protein-protein interaction motifs. The strong

conservation of the molecule suggest an important functional role for this region
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Figure 3.4 Schematic represents the structure of CD147.
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perhaps involved in interactions with other proteins within the plasma membrane or
signal transduction. The transmembrane regions show a very high degree of cross-
species conservation. This evidence suggests that the transmembrane domain of
CD147 may have an important functional role superior to anchoring the protein in the
membrane. Another shared feature of the transmembrane regions of members of the
CD147 homologues is a centrally positioned glutamic residue (58). A charged amino
acid immerse in the transmembrane domain is a common characteristic of proteins
with multiple transmembrane domains, but unusual for a protein with single
transmembrane domain protein. This feature is crucial for lateral association of CD147
with MCT1 and MCT4 (71). The physical association between CD147 and 1 integrin
in the membrane has been reported (72, 73). Berditchevski et al. (72) suggested that
association of o’B; integrin and o’p; integrin with CD147 is in lateral fashion, similar
to interaction of B3 integrins with CD47, another immunoglobulin superfamily

proteins (74, 75). CDI147 also serves as a signaling receptor for extracellular

cyclophilin A (76-78) and cyclophilin B (77).

Highly expression of CD147 is also observed on human carcinoma cells than
normal cells (79-81). Normal oral mucosa showed localized keratinocyte membrane-
staining of CD147, whereas oral carcinoma cells showed staining diffusely through the
entire tumor specimen (82). Previous studies showed that CD147 seems to directly
bind to interstitial collagen (5) suggesting the involvement of CD147 in regulating
stromal matrix metalloproteases (MMPs) and leading to extracellular matrix (ECM)
degradation which resulted in tumor invasion and metastasis (83-85). Therefore,
CD147 was termed EMMPRIN (Extracellular Matrix Metalloproteinase Inducer) (56).
The CD147 monoclonal antibodies (mAbs) AAA6 and UM-8D6 inhibited homotypic
aggregation of the estrogen-dependent breast cancer cell line, MCF-7, as well as MCF-
7 cell adhesion to type IV collagen, fibronectin and laminin (69). Regarding to
multidrug resistant (MDR) cancer cells overexpressing P-glycoprotein (P-gp) display
variations in invasive and metastatic behavior, expression of CD147 in MDR cell lines
seems to be responsible for the increased activity of MMP during the development of
MDR cell lines (86). CD147 is also play a role in neoangiogenesis (85), reproduction,

neural function and inflammation (87). Since CD147 participates in the breakdown of
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the extracellular matrix (ECM) by augmenting matrix metalloproteinase (MMP)
expression, the menstrual cycle-dependent expression of EMMPRIN in human
endometrium in vivo was identified and characterized (88). This study reported that
CD147 may be involved in ECM breakdown at interface between endometrial cells
and ECM by using EMMPRIN-bound MMP-1 (88). Mice lacking the gene for
CD147/EMMPRIN/basigin showed defects in embryogenesis, spermatogenesis, and
female fertilization (89, 90), as well as an altered mixed lymphocyte reaction and loss

of an aversive response to a strong odor (91).

The molecular function of CD147 molecule in immune system is not clearly
understood. The ligation of CD147 molecule on immature fetal thymocytes which
inhibited their further development into mature T-cells was triggered by CD147 mAbs
(92). Certain CD147 mAbs induced homotypic cell aggregation of monocytic cell line,
U937, by LFA-1/ICAM-1 dependent pathway (67). This activation depended upon the
activation of protein kinase and reorganization of cytoskeleton (93). Enhancing mixed
lymphocyte responses in CD147 knockout mice indicates a negative regulatory
function of CD147 in T cell regulation (90). Triggering of CD147 molecules on T
cells by the inhibitory mAb resulted in modulation of lipid rafts, which associated with
impaired signaling for expression of the IL-2R a chain CD25 (94).

Most functional studies of CD147 molecules relied on using specific mAbs to
induce the cells of interest (67, 71, 83, 84, 90, 92-94). The interaction of mAbs and
their targets mimicked the native ligand-receptor signalings, however, was not always
relevant to the indigenous communications. In addition, the results obtained did not
verify the role of CD147 in binding to membrane receptor (s) and transferring the
signal to the cells. Recently, purified native CD147 was used to induce the production
of secreted MMP-1 by human dermal fibroblasts and also MMP-2 by breast carcinoma
cell line (MDA-435). This study suggested that homophilic CD147-binding may occur
in the context of both heterotypic and homotypic cell-cell interaction (1). There was no
following reports demonstrated the function of CDI147 molecule, especially on
hematopoietic cell lines. The binding affinity of CD147 to its receptor was presumably
weak, as is seen typically for immunoglobulin superfamily proteins (1). Hence,

construction of the multimeric molecule should assist the discovery of CD147 function.
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3.3 Phage display technology

Phage display technology is the most widely affiliated molecular display
techniques. It has a major impact on immunology, cell biology, drug discovery and
pharmacology. Phage display is an extremely powerful tool to generate antibodies,
peptides and proteins at the surface of phage particles (8, 95, 96). Display of epitopes,
including peptides and genes fragments, facilitates analyses of protein-protein
interactions, such as structural mapping of epitopes, characterization of receptor-
ligand interactions, and modulation of functional pathway. This technique is
accomplished by the incorporation of the nucleotide sequence encoding the protein of
interested into a phage or phagemid genome as a fusion to a gene encoding a phage
coat protein. This fusion warrants the protein to be displayed is presented at the
surface of phage particle, while is coding sequence is contained within the same phage
particle. This establishes a physical linkage between phenotype and genotype of the

expressed protein.

3.3.1 M13filamentous bacteriophage structure

The Ff bacteriophages are a group of bacterial viruses that contain a circular
single-stranded DNA genome encapsulated in a long protein capsid cylinder. The
filamentous bacteriophage of the Ff type (fl, fd and M13) is the main component in
phage display technology. These bacteriophages use the tip of the F conjugative pilus
as a receptor and thus are specific for E. coli containing the F plasmid. The Ff phages
replicate within the host cell and do not kill their host during productive infection.
M13 is an E. coli-specific filamentous bacteriophage about 900 to 2000 nm in length
and less than 10 nm in diameter. This flexible cylinder is covered by 2700 copies of
gpVIII major coated protein. Each end of the particle is capped by 5 copies each of
two minor coated proteins, gplll and gpVI, at one end and gpVII and gpIX at the other
end (Figure 3.5 and Table 3.2). All five coat proteins contribute to the structural
stability of the phage particle. gpVII and gpIX are required for efficient particle

assembly, while gpVI and gpllI are crucial for host recognition and phage infectivity.
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Figure 3.5 Structure of a filamentous bacteriophage. Schematic representation of the
bactriphage particle shows the single-stranded DNA (ssDNA) genome surrounded by
the phage coat proteins (97).
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Coat protein

Number of amino acids

Molecular weight

Copies per phage

gplll

gpVI
gpVII
gpVIII

gplX

406

112

33

50

32

42,500
12,300
3,600
5,200

3,600

5

5

5

2700




Nutjeera Intasai Literature Review / 24

3.3.2 M 13 filamentous bacteriophage infection process

Infection of E. coli by the Ff phage is initiated by the specific interaction of
gplIl with the tip of the F conjugative pilus. gplll is sufficient to mediate the phage
infection, and has been intensive intensively studied to help the understanding of the
infection process (98). gplll is divided into three domains separated by glycine-rich
regions. The N-terminal domain (D1) is thought to be responsible for membrane
penetration, the middle domain (D2) for adsorption to the F-pilus tip and the C-
terminal domain (D3) for anchoring the gplll in the phage particle. It also contains a
short C-terminal transmembrane segment for anchoring in the bacterial inner
membrane. The F pilus consists of a protein tube made up of pilin subunits which are
assembled and dissembled by a polymerization and depolymerization process in the
bacterial inner membrane. Pilus retraction (by depolymerization) draws the donor and
recipient bacteria together thus the end of the phage attached to the F pilus is brought
to the membrane surface. gpVIII integrates into the inner membrane, and the phage
DNA is translocated into the cytoplasm. The translocation process requires the
produce of the tolQRA genes. The tolQRA proteins are located in the inner membrane.
They may form complex which can communicate between the inner and outer
membranes. One of the normal functions of these Tol proteins may be to maintain the
integrity of the outer membrane, to avoid a leak of periplasmic proteins into the
culture medium. After the phage DNA translocation, bacterial enzymes convert the
infecting single ssDNA into a supercoiled, double strand replicative form (RF). gpll
binds and introduces a specific cleavage on the (+) strand of the RF molecule. The
host enzymes use the resulting 3’ end as a primer to synthesize a new (+) strand which
is then converted in a new RF DNA by bacterial enzymes. The gpX is crucial for the
proper replication of the phage DNA and functions as an inhibitor of gpll (99). All
phage proteins are synthesized from the RF molecule, and their production increases
with the accumulation of the RF molecules. All phage proteins involved in the
assembly of the particle become integrated in the phage envelope while proteins
involved in DNA replication remain in the bacterial cytoplasm. The binding of the
phage specific ssDNA binding protein, gpV, to the newly synthesized ssDNA prevents
the conversion of ssDNA to RF. When gpV reaches the proper concentration, it

sequesters the ssDNA into a complex.
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3.3.3 M 13 filamentous bacteriophage assembly

The M13 genome contains 11 genes; five of these genes encode the coat
proteins as mentioned above while the others encode proteins necessary for viral
replication and assembly. The assembly of the bacteriophage is a membrane-
associated event. The assembly process of M13 requires the integrated interaction of
multiple copies of the five structural proteins, two non-structural proteins (gpl in the
inner host cell membrane and gplV in the outer membrane) and at least one host
protein (thioredoxin). M13 replication is triggered when gplII binds to the F pilus on
the surface of an E. coli cell, and then promotes the translocation of the viral DNA into
the E. coli cytoplasm. The single-stranded DNA is then converted to the double-
stranded DNA, which is further duplicated and used as the template for the production
of all phage proteins in bacterial host cell. This double strand form is also served as

the template for the production of new single-stranded viral DNA.

Assembly occurs at sites corresponding to bacterial adhesion zone, where the
inner and outer membranes are in close contact. Before assembly into phage particles,
the coat proteins are embedded in the bacterial inner membrane with their N-termini in
the periplasm and their C-termini in the cytoplasm. Interaction of the gpV-phage
complex with proteins in the assembly site is the initiating event for assembly of the
particle. Assembly proteins, gpl, gplV, and gpIX, form a gated pore complex that
spans the inner and outer membranes. The gpV are displaced from, and the gpVIII and
gplX added to, the ssDNA as it is extruded through this pore and simultaneously
surround by gpVIII and other phage proteins which subsequently transition from the
inner membrane into the assembling phage particle (Figure 3.6). The elongation
process then follows in which thousand of gpVIII molecules are assembled along the
length of the particle. This process is terminated by the addition of gpVI and gplII at
the other end of the particle. The assemble phage particle is then released into the
culture supernatant. M13 assembly is a non-lytic process. The newly assembled phage
particles are continuously extruded from the infected cells which continue to grow and

divide, although at a reduced rate.
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Figure 3.6 A simplified diagram of M13 bacteriophage assembly. Newly- synthesized
coat proteins are embedded in the inner membrane (IM) with their N termini in the
periplasm and their C termini in the cytoplasm. The single-stranded viral DNA is
extruded through a pore complex that span through the inner membrane and the outer
membrane (OM). The DNA is concomitantly surrounded by phage coat proteins and
transferred into the assembling phage coats. The assembled phage particle is then
extruded to the extracellular environment with non-lytic process. A heterologous
protein (red circle) will be displayed on the surface of phage particle if it is
successfully fused to the coat protein that can successfully incorporate into the phage

(97).
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3.3.4 Phagedisplay: Historical development

Phage display is first developed with the E. coli-specific bacteriophage M13
by Goerge P. Smith in 1985 (8). Smith demonstrated a short peptide sequence fused
with the plll coat protein could be displayed on the surface of the phage. In early
example of phage display, the foreign DNA was cloned directly to the amino terminus
of either gplll or gpVIII in the viral genome (97). Before phage assembly, gplIl and
gpVIII reside in the inner membrane with their amino terminal in the periplasm and
their carboxy terminal in the cytoplasm. By this strategy, multivalent display is
obtained which mean every single copy of gplll or gpVIII will carry a fusion partner
on the surface of phage particle. These phage systems were limited because large
polypeptides (>10 residues for pVIII display) compromised coat protein function
especially since no wild type of coat protein are retained. Alternative strategies have

been introduced to overcome this limitation.

This hybrid phage based on the additional element of gene fusion in the
complete phage genome, thus the expanded genome encodes two versions of on of the
coat protein. Both wild type and fusion proteins are expressed on phage particle (100).
Alternatively, a phagemid display system has been introduced and this approach has
been widely adopted (13, 101). Sequences encoding fusion protein are conducted by
phagemid while the majority of the gene required for the formation of phage particle
are carried by helper phage that are co-infected together with phagemids into host
bacteria. A mixture of wild type and fusion protein is produced in the bacterial and the
progeny contained a mixture of wild type and fusion protein on phage particle. In
general, large numbers of smaller proteins may be display if gpVIII is chosen as a
fusion partner, while gplll is suitable for smaller numbers of larger proteins. Normally,
less than 10% of gplllI display the fusion protein. The majority is only one copy per
phage particle.
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3.3.5 Phagedisplay: Application

The experimental goals behind the display of proteins or random peptides can
be divided into 2 categories; identification of any protein or peptide that possesses a
particular desired property and the selection of a natural protein or peptide mimic. An
important application of phage display technology is receptor/ligand research (11).
The display of proteins on the surface of phage particles is one of the most effective
methods for identifying cell surface proteins that recognize specific baits. Phage
display has been successfully applied in signal transduction research, new drug
development and screening, production of clinical diagnostic tools and antibody
engineering. For example, the strictly binding of an assortment of phage clones to one
organ or cell type have been reported (102). The long term goal of this strategy is to
develop a new class of targeted drug-delivery systems. Similar work has been done on
targeting the tumor-specific antigens on tumor cell surface (103). In addition,
recombinant phage particles have been developed to serve as the molecular sponges.
The main purpose of this category is to bind as many targets per unit weight as
possible. These include phage acting as protein purification agents or as toxic waste
removers (14, 104, 105). Furthermore, the displayed protein or peptide is either acting
as a “stand-in” for a natural protein or protein fragment or has purposely been
engineered to carry variant of a particular protein or peptide to facilitate the coupling
of in vitro manipulation of that protein with a rapid functional assay. Numerous groups
have carried out directed molecular carried out directed molecular evaluation studies
on a broad variety of proteins. These proteins are including hormones (101, 106),

antibodies (107, 108), growth factors (109) and enzymes (110-112).
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CHAPTER 4

MATERIALSAND METHODS

4.1 Chemicals and instruments

Chemicals and instruments used in this study were shown in Appendix.

4.2 CD147Ex gene amplification by PCR

4.2.1 CD147 extracellular domain gene amplification by PCR

The CD147 extracellular domain (CD147Ex) gene was amplified from the
mammalian expressing vector containing CD147Ex, pCDM8-CD147. The pCDM8-
CD147 was kindly provided by Associated Professor Dr. Watchara Kasinrerk,
Clinical Immunology Unit, Department of Medical Technology, Faculty of
Associated Medical Sciences, Chiang Mai University, Chiang Mai, Thailand (54).
Two oligonucleotides, CD147ExgpVIIIFw (5'-GAG GAG GAG GTc tcg agG CTG
CCG GCA CAG TCT TC-3', the Xhol restriction site is designated in small letters)
and CD147ExgpVIIIRev (5'-GAG GAG GAG CTa cta gtG TGG CTG CGC ACG
CGG AG-3', the Spel restriction site is designated in small letters), was used as
primers for annealing to the 5’ and 3’ end of the CD147Ex fragment, respectively.
PCR was used to amplify the CD147Ex from pCDMS8-CD147 (54). Fifty nanograms
of pCDM8-CD147 was annealed with 250 ng of each described primer in the 100 ul
of a PCR mixture containing 5 U of ProofStart DNA polymerase (QIAGEN, Hilden,
Germany). The PCR cycling condition was one cycle at 95 °C for 5 min followed by
34 cycles of 94 °C for 50 sec, 50 °C for 50 sec, and 72 °C for 1 min. After 35

amplification cycles, the mixture was incubated at 72 °C for 10 min.
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4.2.2 Agarose gel electrophoresis

Agarose gel (1% for DNA fragments and 2% for phagemid vector) was
prepared by dissolving 1 or 2 g of agarose in 100 ml of TAE buffer, pH 8.0. The
agarose suspension was melted in microwave oven until completely dissolved, and
allowed to be cooled to approximately 50 °C prior to pouring into a casting chamber
equipped with comb. After allowing the agarose to be harden at room temperature, it
was placed in the electrophoretic chamber and electrophoresis buffer (1x TAE) was
added so that the gel surface is submerged. The DNA samples were mixed with 1/5
volume of 6x gel-loading dye (0.25% bromphenol blue and 30% glycerol) and loaded
into the well. The DNA marker was also loaded in parallel in the same gel as markers
for DNA molecular size. Electrophoresis was carried out by applying constant voltage
at 100 volts until the bromphenol blue migrated to about 3/4 of the gel, at which time
of the electrophoresis was stopped. The gel was stained with ethidium bromide
solution (0.5 pg/ml) for 20 min and subsequently destained with distilled water until
the background was clear. The DNA pattern was visualized under UV
transilluminator and the size of DNA fragment was estimated by comparing to the
size of the DNA markers. The DNA bands were photographed using FOTODYNE
transilluminator and camera systems (FOTODYNE Incorporated, Hartland, WI, USA).

4.2.3 Digestion of PCR product with restriction enzymes

The resulting 550 bp PCR product was digested with Xhol (Promega,
Medison, WI, USA) and Spoel (Promega). Approximately 100 ng DNA was digested
with restriction enzymes using 5 U of each enzyme/pug DNA in 1x buffer and the total
volume of should contain <5% glycerol. The buffer for specific restriction enzymes

was followed the commercial recommendation. The digestion reaction was incubated

at 37 °C for 18 h.
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4.2.4 Purification of PCR productsfor sub-cloning into phagemid vector

To purify the PCR product after restriction enzyme digestion, the digested
PCR product was firstly analyzed by agarose gel electrophoresis in 2% agarose gel.
After ethidium bromide staining, the digested PCR product was visualized under a
FLUO-LINK UV transilluminator (Vilber Lourmat, Marne-la-Vallée Cedex, France).
The desired band of digested PCR product, 550 bp, was purified by QIAquick PCR
purification Kit (QIAGEN) according to the manufacturer’s protocol prior to sub-

cloning into phagemid vector.

4.3 Construction of phagemid expressing CD147Ex

4.3.1 Preparation of pComb8 phagemid by QIAGEN kit

This method is used for extraction the high purity of pComb8 phagemid
using QIAprep spin Miniprep kit (QIAGEN). A single colony of E. coli harboring
pComb8 phagemid was selected and grown in 3 ml of Luria-Bertini (LB) broth (1%
w/v tryptone, 0.5% w/v yeast extract and 1% w/v NaCl) supplement with 100 pg/ml
ampicillin. After overnight (14-16 h) growth at 37 °C with shaking, the bacterial
culture was harvested by centrifugation at 12,000 rpm for 5 min in a microcentrifuge
tube. The isolation of phagemid was preformed according to the standard protocol by

the manufacturer.

4.3.2 Digestion of pComb8 phagemid with restriction enzymes

The pComb8 phagemid was digested with Xhol (Promega) and Spel
(Promega). Approximately 100 ng DNA was digested with restriction enzymes using
5 U of each enzyme/pug DNA in 1x buffer and the total volume of should be contained
<5% glycerol. The buffer for specific restriction enzymes was followed the

commercial recommendation. The digestion reaction was incubated at 37 °C for 18 h.
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4.3.3 Purification of digested pComb8 phagemid vector from agar ose gel

To purify the digested pComb8 phagemid after restriction enzyme digestion,
the phagemid was firstly analyzed by agarose gel electrophoresis in 1% agarose gel.
After ethidium bromide staining, the DNA fragments were visualized under a FLUO-
LINK UV transilluminator (Vilber Lourmat, Marne-la-Vallée Cedex, France). The
DNA fragment of digested pComb8, 3,300 bp, was excised from the gel using a clean
razor blade. The digested pComb8 phagemid was recovered using QIAquick Gel
Extraction kit (QIAGEN) according to the manufacturer’s protocol.

4.3.4 Ligation of DNA fragments

After digestion with the restriction enzymes, the digested pComb8 phagemid
vector was ligated with digested CD147Ex PCR product using T4 DNA ligase. The
standard ligation reaction composed of the digested vector and the DNA fragment in
1:3 molar ratio, 1 U of T4 ligase enzyme (Roche Molecular Biochemicals, Manheim,
Germany), 1x ligation buffer (66 mM Tris-HCL, 5 mM MgCl,, 5 mM DTT, 1 mM
ATP, pH 7.5) and sterile distilled water in a final volume of 20 ul. The ligation
reaction was incubated at 4 °C for 16-18 h. The ligated product was used to
transformed into TGl E. coli host strain {SupE hsdA5 thiA(lac-proAB)
F’[traD36proAB+, lacl! lacZAM15]} (kindly provided by Dr. A.D. Griffiths, MRC
Cambridge, UK).

4.3.5 Preparation of TG1 E. coli competent cells

The competent TG1 E. coli were prepared by CaCl, treatment. A single
colony of TG1 E. coli was inoculated into 10 ml LB broth at 37 °C overnight (14-16
h). The overnight culture was harvested by centrifugation at 2,500 rpm for 10 min at 4
°C. After removing the supernatant, the cell pellet was resuspended with 10 ml of ice-
cold 100 mM CacCl,. The cell suspension was centrifuged at 2,500 rpm for 10 min at 4
°C. After discarding the supernatant, the bacterial pellet was resuspended with 10 ml
of ice-cold 100 mM CacCl, and allowed to be on ice for 1 h. After removing the

supernatant the bacterial pellet was gently resuspended with 2 ml of ice-cold 100 mM
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CaCl,. Sterile glycerol was added to the cell suspension at 15% of final concentration
of glycerol with gently swirling. The resulting competent TG1 E. coli was stored in
100 pl-aliquots in pre-chilled sterile microcentrifuge tubes and followed by freezing
at -80 °C until use. The known concentration of standard plasmid DNA was used to

test the transformation efficiency of the competent cells.

4.3.6 Transformation of recombinant phagemid into competent TG1 E.

coli cells

The 100 pl of frozen CaCl,-treated competent cells prepared as described in
the previous section were thawed on ice for 15 min. The ligation reaction or purified
plasmid DNA (100 ng) was gently mixed with competent TGl E. coli cells and
incubated on ice for 1 h. the mixture were transferred to the pre-chilled 10 ml screw-
cap glass tube. The tube was transferred to a 42 °C waterbath with gently agitation for
90 sec. The tube was immediately chilled on ice for additional 1 min. One milliliter of
LB medium was added into the tube. The transformed cells were then shaken at 37 °C
for 3 h to allow the cells to recover. The appropriate fractions of the transformation
reaction were plated onto LB agar supplemented with 100 pg/ml ampicillin. The

plates were then incubated at 37 °C overnight (14-16 h).

4.3.7 Characterization of recombinant clones

The isolated colonies of transformed TG1 E. coli were randomly picked on
LB agar containing 100 pg/ml ampicillin and grown in LB broth containing 100
pg/ml ampicillin at 37 °C for 18 h. The phagemid was extracted using Plasmid Mini
Kit (QIAGEN) according to the manufacturer’s protocol. To analyze the recombinant
clones containing the inserted CDI147Ex gene, the CDI147Ex fragment was
characterized by digestion with Xhol (Promega) and Spel (Promega), and
reamplification by PCR in the purified phagemid. The samples were analyzed by
agarose gel electrophoresis. The newly constructed phagemid was named pComb8-

CDI147Ex.
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4.4 Preparation of VCSM 13 phage for helper phage infection

4.4.1 VCSM 13 phage preparation

A single colony of TG1 E. coli was inoculated into 10 ml 2xTY broth (16%
w/v tryptone, 10% w/v yeast extract and 5% w/v NaCl) until the absorption at 600 nm
of 0.8 was reached. The cultured bacteria were transferred to 100 ml 2xTY and grown
at 37 °C until the absorption at 600 nm reached 0.5. The bacterial culture was further
infected with 10'* pfu of the VCSM13 helper phages and incubated at 37 °C for 3 h.
Kanamicin was added to phage-infected TG1 to final concentration of 70 pg/ml
kanamycin. Bacterial cultures were shaken at 180 rpm for 16 h at 37 °C. The helper
phages were harvested by centrifugation at 3000 rpm for 10 min at 4 °C. Finally, the

supernatant containing phage was aliquot and stored at -70 °C.

4.4.2 Titration of VCSM 13 phage by E. coli infection

Titration of VCSM13 phage was performed by infection of 1 ml of TGI E.
coli culture (ODggp of 0.6) with 1 ul of VCSMI13 phage. Fifty microliters of the
infected culture and 50 pl of its dilutions 1:10° 1:10% and 1:10"° with TYE were
plated on solid TYE medium and 1% glucose. Phage plaques were counted after

overnight incubation at 37 °C.

4.5 Preparation of phage-displayed CD147ExgpVIl1

4.5.1 Phage-displayed CD147ExgpVII1 preparation

The TG1 E. coli harboring pComb8-CD147Ex were grown in 10 ml of 2xTY
broth (1.6%w/v tryptone, 1% w/v yeast extract, and 0.5% w/v NaCl) containing 100
pg/ml ampicillin at 37 °C until the absorption at 600 nm was 0.8. The cultured
bacteria were subsequently transferred to 100 ml of the same medium containing

1%w/v glucose and cultivated until the absorption at 600 nm of 0.5 was reached at
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two temperatures, 25 and 37 °C. If the bacteria were cultured under IPTG induction,
IPTG was added to the culture at a final concentration of 1 mM. After induction, the
cells were grown at the desired temperature for O or 2 h. Each bacterial culture was
further infected with 10" pfu of the VCSM13 helper phages and left at 37 °C for 30
min without shaking. Phage-infected TG1 was pelleted by centrifugation at 1,100 g
for 10 min at 4 °C. The pellets were resuspended in 2xTY broth containing 100 ug/ml
ampicillin and 70 pg/ml kanamycin. Fifteen milliliters of bacterial cultures were
transferred to 250 ml of the same medium and shaken at 180 rpm for 16 h at the
desired temperature. The recombinant phages were harvested by PEG 8000
precipitation and centrifugation as described previously (24). Finally, the phage was
reconstituted with 2.5 ml of PBS pH 7.2 and centrifuged at 11,600 rpm for 10 min at 4
°C. The supernatant was stored at -70 °C. This experiment was simplified by the

diagram (Figure 4.1).

4.5.2 Titration of phage-displayed CD147ExgpVI11 by E. cali infection

A single colony of TG1 E. coli was inoculated into 10 ml 2xTY broth (16%
w/v tryptone, 10% w/v yeast extract and 5% w/v NaCl) and grown at 37 °C until the
absorption at 600 nm of 0.6 was reached. One microliter of phage-displayed
CD147ExgpVIII was added into 999 ml of PBS pH 7.2 (1:10°) and then added into 1
ml culture bacteria (1:10°) and incubated for 15 min. The infected TG1 E. coli was
further diluted into 10* and 10" in PBS pH 7.2. Fifty microliters of each dilution was
plated onto LB agar supplemented with 100 ug/ml ampicillin and incubated at 37 °C
overnight (16-18 h). The ampicillin resistant colonies were counted and calculated for

the phage concentration.
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pComb8-CD147Ex-transformed TG1 + 10 ml 2xTY broth (100 pg/ml ampicillin)

37 °C, 180 rpm,
until ODgyo =0.8

v

100 ml 2xTY broth (100 pug/ml ampicillin/ 1% w/v glucose)

A B C D E
37°C, 180 rpm, 37°C, 180 rpm, 25°C, 180 rpm, 25°C, 180 rpm,
until ODgyy =0.5 until ODggy =0.5 until ODggy =0.5 until ODgyy =0.5

v
1 mM IPTG 1 mM IPTG 1 mM IPTG

2h,37°C 2h,25°C

10" pfu VCSM13 { 10" pfuvCSMI3 ! 10" pfu VCSM13

10" pfu VCSM13 10" pfu VCSM13

! !

37 °C, 30 min.

\ 4 A 4 A 4 \ 4 \ 4

3000 rpm, 10 min., 4 °C

A A 4 A 4 A A

Resuspend pellet in 30 ml 2xTY broth (100 pg/ml ampicillin/ 70 pg/ml kanamycin)

A A 4 A 4 A A

Add 15 ml resuspended bacteria into 30 ml 2xTY broth (100 pg/ml ampicillin/ 70 pg/ml kanamycin)

180 rpm, 16 h, 180 rpm, 16 h, 180 rpm, 16 h, 180 rpm, 16 h,
37°C 37°C 25°C 25°C
A A 4 A 4 A A
Harvest phages

Figure 4.1 Schematic diagrams of the cultivating conditions for production of phage-
displayed CD147ExgpVIII.
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4.6 Preparation of VCSM 13 phage for control phage

4.6.1 VCSM 13 phage preparation

A single colony of TG1 E. coli was inoculated into 10 ml 2xTY broth (16%
w/v tryptone, 10% w/v yeast extract and 5% w/v NaCl) until the absorption at 600 nm
of 0.8 was reached. The cultured bacteria were transferred to 100 ml 2xTY and
grown at desired temperature until the absorption at 600 nm reached 0.5. The
bacterial culture was further infected with 10'* pfu of the VCSM13 helper phages and
left at 37 °C for 30 min without shaking. Phage-infected TG1 was pelleted by
centrifugation at 1,100 g for 10 min at 4 °C. The pellets were resuspended in 2xTY
broth containing 70 pg/ml kanamycin. Fifteen milliliters of bacterial cultures were

transferred to 250 ml of

the same medium and shaken at 180 rpm for 16 h at the desired temperature. The
phages were harvested by PEG 8000 precipitation and centrifugation as described
previously (24). Finally, the phage was reconstituted with 2.5 ml of PBS pH 7.2 and
centrifuged at 11,600 rpm for 10 min at 4 °C. The supernatant was stored at -70 °C.

Phage titration was performed by E. coli infection as in section 4.4.2.

4.7 Phagetitration by ELISA

The phages are usually tittered by E. coli infection with serial dilutions of
phage, however, immunotitration by ELISA is an alternative method to determine the
relative number of phage particles. Fifty microliters of the phage dilutions 1:10%, 1:10°
and 1:2 x 10° in 50 mM carbonate/bicarbonate buffer pH 9.6 were coated on
microtiter plate (NUNC, Roskilde, Denmark) at 4 °C for 18 h. Blocking was
performed by addition of 2% skimmed milk in PBS pH 7.2 and incubated for 1 h at
room temperature. Plate was then washed 5 times with 0.05% Tween20 in PBS pH
7.2. Anti-gpVIII-HRP mAbs (Amersham Pharmacia Biotech, Buckinghamshire, UK)
were diluted in 1:5000 with 2% skimmed milk in PBS pH 7.2. One hundred
microlitters of mAbs was added to each well and incubated for 1 h at room

temperature. Plate was then washed 5 times with 0.05% Tween20 in PBS pH 7.2.
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Following washing, the 3,3',5,5'-tetramethylbenzidine (TMB) substrate (Sigma-
Aldrich, St. Louis, MO, USA) was added and incubated at room temperature for
signal development. Optical density at 450 nm was determined after adding 1 N HCI
to stop the reaction using BIO-KINETICS READER EL 340 MICROPLATE (Bio-
Tek Instruments, Winooski, WT, USA).

4.8 Immunoassay for phage-displayed CD147ExgpVI11 by sandwich EL1SA

The CD147 mAbs (M6-1B9; 1gG;, M6-1E9; 1gG,,, M6-1D4; IgM, and M6-
2F9; IgM) was used to characterized the CD147Ex displayed on phage particle. These
mAbs were kindly provided by Associated Professor Dr. Watchara Kasinrerk, Clinical
Immunology Unit, Department of Medical Technology, Faculty of Associated
Medical Sciences, Chiang Mai University, Chiang Mai, Thailand (67, 93). Fifty
microliters of 10 pg/ml CD147 mAbs in 50 mM carbonate/bicarbonate buffer pH 9.6
was coated on microtiter plate (NUNC) at 4 °C for 18 h. Blocking was performed by
addition of 2% skimmed milk in PBS pH 7.2 and incubated for 1 h at room
temperature. Plate was then washed 5 times with 0.05% Tween20 in PBS pH 7.2, 10"
cfu of phage-displayed CD147ExgpVIII produced under different conditions were
added to the wells. After incubation at room temperature for 1 h, the plate was washed
to remove unbound phages. Binding of phage particles was monitored by using two
alternative sets of anti-M13 antibodies. One was anti-gpVIII-HRP mAbs (Amersham
Pharmacia Biotech). The mAbs were diluted in 1:5000 with 2% skimmed milk in PBS
pH 7.2. One hundred microlitters of mAbs was added to each well and incubated for 1
h at room temperature. Plate was then washed 5 times with 0.05% Tween20 in PBS
pH 7.2. The other was biotinylated anti-gpIIl mAbs (Exalpha Biologicals, Watertown,
MA). The mAbs were diluted in 1:2000 with 2% skimmed milk in PBS pH 7.2. One
hundred microlitters of mAbs was added to each well and incubated for 1 h at room
temperature. After washing, streptavidin conjugated to HRP (ZYMED Laboratories,
San Francisco, CA) (1:2500 in 2% skimmed milk in PBS pH 7.2) was applied to trace
the biotinylated anti-gpIIl mAbs. Following washing, TMB substrate (Sigma-Aldrich)

was added and incubated at room temperature for signal development. Optical density
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at 450 nm was determined after adding 1 N HCI to stop the reaction using BIO-
KINETICS READER EL 340 MICROPLATE (Bio-Tek Instruments).

4.9 CD147-gpVIlI fusion protein analysisby SDS-PAGE

4.9.1 SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was employed for analysis of CD147EX-gpVIII fusion protein. A slab gel (15%
separating gel and 5% stacking gel) composed of the components shown in Table 4.1.
The 10" cfu phage-displayed CD147ExgpVIII was solubilized with reducing buffer
solution (62.5 mM Tris-HCI, pH 6.8, 0.01% bromophenol blue, 2% SDS, 5% pB-
mercaptoethanol, 20% glycerol). The sample were boiled for 5 min and loaded onto
the well of SDS-PAGE. Electrophoresis was carried out by applying constant voltage
at 100 Volts using 0.025 M Tris/0.192 glycine, pH 8.5 containing 0.1% SDS as a
electrophoretic buffer. The size of protein band was estimated by comparing to the
band of the Rainbow Marker (Amersham Pharmacia Biotech). After electrophoresis,
the separated proteins were electroblotted onto the polyvinylidene-fluoride (PVDF)
membrane using 0.025 M Tris/0.192 glycine, pH 8.5 containing 0.05% SDS and 20%
methanol as a blotting buffer. Blotting was carried out by apply constant voltage at 25
Volts for 2 h. After blotting, blotted membrane was blocked at 4 °C for 18 h in 5%
skimmed milk in PBS pH 7.2 and then incubated with the pooled CD147 mAbs
(M6-1B9, M6-1E9, M6-1D4 at 10 pg/ml each) for 1 h at room temperature on a
shaking platform. Following 5 times washing with 0.05% Tween20 in PBS pH 7.2,
HRP-conjugated rabbit-anti-mouse IgG (Dako, Dakopatts, High Wycombe, United
Kingdom) in 5% skimmed milk in PBS pH7.2 was added to the membranes and
incubated at room temperature for 1 h on a shaking platform. The immunoreactive
bands were then visualized by chemiluminescent detection system (Amersham

Pharmacia Biotech) according to the manufacturer’s protocol.
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Table 4.1 Composition of reagents for SDS-polyacrylamide gel

Reagents

15% Separating gel (ml)

5% Stacking gel (ml)

Acrylamide:Bis (30:0.8)
1.5 M Tris HCI, pH 8.8
0.5 M Tris HCI, pH 6.8
10% SDS

10% Ammonium persulfate
TEMED

Distilled water

5

2.5

0.1

0.15

0.03

23

0.665

1.25

0.05

0.10

0.03
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410 Cdllines

A human monocytic cell line (U937), T-cell lines (Jurkat, Molt4 and Sup T1)
and a B-cell line (Daudi) were used in this study. These hematopoietic cell lines were
kindly provided by Associated Professor Dr. Watchara Kasinrerk, Clinical
Immunology Unit, Department of Medical Technology, Faculty of Associated
Medical Sciences, Chiang Mai University, Chiang Mai, Thailand. All cell lines were
maintained in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco), 40 pg/ml gentamicin and 2.5 pg/ml
amphotericin B in a humidified atmosphere of 5% CO, at 37 °C.

4.11 Validation of bioactive domain on phage-displayed CD147ExgpVIIl by

aggregation inhibition assay

Since the CD147 mAbs, M6-1D4 and M6-2F9, induced the homotypic
aggregation of the human monocytic cell line, U937, has been reported (67, 93), these
mAbs were used for validation the bioactive domain of CD147 on phage particle
using aggregation inhibition assay. Fifty microliters of 2 x 10° cfu/ml phage-displayed
CD147ExgpVIII in RPMI 1640 was preincubated with 50 ul of 20 pg/ml anti-CD147
mAbs in RPMI 1640 for 1 h at 37 °C waterbath. One hundred microliters of
multivalent phage-incubated mAbs were added to 100 ul of 3 x 10° U937 cells/ml in
20% FBS-RPMI 1640 in 96-well flat-bottom tissue culture plate (NUNC). The culture
was then maintained at 37 °C in a humidified atmosphere with 5% CO,. VCSM13
was used in place of phage-displayed CD147ExgpVIII as a negative inhibition control
system. Cell aggregation was monitored at 1, 2, 4, 8, 12 and 24 h and the image was
taken using inverted microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada). The
degree of cell aggregation was scored as followed; no aggregation (-), 1-5
cells/aggregate (1+), 6-10 cells/aggregate (2+), 10-15 cells/aggregate (3+), greater
than 15 cells/aggregate (4+) (67).
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4.12 Biological activity of phage-displayed CD147ExgpVIIl on various cell

lines

To verify the biological activity of CD147EX displayed on phage particles,
these recombinant phages were incubated with various hematopoietic cell lines and
the morphological of these cell lines were observed under inverted microscope. One
hundred microliters of 10" cfu./ml phage-displayed CD147ExgpVIII in RPMI 1640
medium was added to 100 pl of 3 x 10> cells/ml of various cell lines in RPMI 1640
medium supplemented with 20% FBS and antibiotics in 96-well flat-bottom tissue
culture plate (NUNC) and incubated at 37 °C in a 5% CO, atmosphere. VCSM13
phage was used as a control. The culture was observed at 1, 2, 3, 4, 8, 24 and 48 h of
incubation under inverted microscope to visualize morphological changes. Images

were taken by Live Cell Imaging microscope (Zeiss).

4.13 Cytotoxicity Assay

Phage-displayed CD147ExgpVIlI-induced U937 cell death was investigated
by LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes). VCSM13 phage was
used as a negative control. Three milliliters of 10" cfu/ml phage-displayed
CD147ExgpVIII in RPMI 1640 medium was incubated with 3 ml of 3 x 10° U937
cells/ml in RPMI 1640 supplemented with 20% FBS and antibiotics for 48 h at 37 °C
in a 5% CO, atmosphere. After washing, cells were stained using the LIVE/DEAD
Viability/Cytotoxicity Kit (Molecular Probes) according to the manufacturer’s
instructions. Stained cells were washed twice and cytospun onto microscope slide at a
density of 10° cells/slide. Nuclei were counterstained with DAPI (Molecular Probes).
Images were taken by fluorescence microscope (Zeiss). The fluorescence intensity
was analyzed by Northern Eclipse 5.0 (Empix Imaging Inc., Missisauga, ON, Canada)

using NucDen function.

4.14 Examination of cleaved caspase-3 by flow cytometry

Incubation of U937 cells with phage-displayed CDI147ExgpVIIl was
performed as described previously in section 4.12 (cytotoxicity assay). VCSM13
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phage and cisplatin (Sigma-Aldrich) were used as controls. After incubation, U937
cells were harvested, washed and resuspended in PBS pH 7.2. Methanol-free
formaldehyde was then added to resuspended cells to a final concentration of 0.25%.
Cells were fixed at 37 °C for 10 min and subsequently chilled on ice for 1 min. The
cells were then permeabilized with ice-cold 90% methanol and incubated on ice for
30 min. one million permeabilized cells were washed with 0.5% BSA in PBS twice
and then resuspended in the same buffer. Cells were subsequently incubated with
rabbit anti-cleaved caspase-3 (ASP175) (5A1) mAbs (Cell Signaling, Beverly, MA,
USA) at room temperature for 30 min. Cells were then stained with Alexa488-
conjugated anti-rabbit immunoglobulins (Molecular Probes) at room temperature for
30 min. After incubation, cells were washed and resuspended with 500 ul of 0.5%
BSA in PBS. Flow cytometric analysis was performed on Beckman Coulter EPICS
ALTRA (Beckman Coulter, Fullerton, CA, USA).

4.15 Detection of cleaved caspase-3 by immunocytochemistry

U937 cells were incubated with phage-displayed CD147ExgpVIII for 48 h as
described in section 4.12. VCSM 13 phage and cisplatin (Sigma-Aldrich) were used as
negative and positive controls, respectively. After incubation, cells were then fixed
with 3.7% formaldehyde in PBS containing 50 mM MgCl, for 10 min. Fifty
microliters of 1 x 10° cells/ml fixed cells were dropped onto a silane-coated slide and
air-dried. Dropped cells on slide were fixed with 3.7% formaldehyde in PBS pH 7.2
containing 50 mM MgCl, for 10 min. Following washing, cells were permeabilized
with 0.2% Triton-X 100 for 12 min. Slides were then washed in PBS containing 50
mM MgCl,. After blocking with FBS (Gibco), the fixed cells were incubated with
rabbit anti-cleaved caspase-3 (ASP175) (5A1) mAbs (Cell Signaling) at 4 °C
overnight. After washing, cells were blocked and then incubated with Alexa680-
conjugated goat anti-rabbit Immunoglobulin G (Molecular Probes) at room
temperature for 30 min. Then, U937 nuclei were counterstained with DAPI. Image
analysis was carried out using the Spectra Cube (Applied Spectral Imaging, Carlsbad,
CA, USA) on a Zeiss Axiophot 2 microscope (Zeiss) and the SKYVIEW software
(Applied Spectral Imaging).
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416 Determination of cleaved caspase-3 by SDS-PAGE and Western blot analysis

U937 cells were incubated with phage-displayed CD147ExgpVIII for 48 h as
described in section 4.12. VCSM13 phage and cisplatin were used as controls. After
incubation, U937 cells were harvested and washed with cold PBS. Cells pellets were
lysed in radioimmunoprecipitation (RIPA) buffer on ice for 10 min. Lysates were
centrifuged at 13,000 rpm for 5 min at 4 °C. Protein concentration was measured
using Bradford’s reagent (113). One hundred micrograms of proteins from lysates
were separated by SDS-PAGE under reducing conditions on a 15% polyacrylamide
gel. The sample preparation and electrophoresis was carried out as in section 4.8.1.
After electrophoresis, the separated proteins were electroblotted onto Hybond-C
membrane (Amersham Pharmacia Biotech) using 0.025 M Tris/0.192 glycine, pH 8.5
containing 0.05% SDS and 20% methanol as a blotting buffer. Blotting was carried
out by apply constant voltage at 15 volts, 4 °C overnight. Blotted membrane was
blocked at room temperature for 2 h in 10% skimmed milk in PBS pH 7.2 then
incubated with rabbit anti-caspase-3 (8G10) mAbs (Cell Signaling) at 4 °C overnight
on a shaking platform. Following washing with 0.1% Tween20 in TBS pH 7.6, goat
anti-rabbit immunoglobulins-HRP was added to the membranes and incubated at
room temperature for 1 h. After washing, the immunoreactive bands were then
visualized by chemiluminescent detection system (Amersham Pharmacia Biotech)
according to the manufacturer’s protocol. To confirm the equal loading of proteins,

membranes were probed with anti-beta-actin mAb (Sigma-Aldrich).

4.17 Investigation of phage-displayed CD147ExgpVIII binding on U937 cells
by ELISA

To verify the biological activity of CD147Ex on phage particles cause by the
interaction of CD147Ex and cell surface molecule (s) on U937 cells, binding of
phage-displayed CD147ExgpVIII on effected cells was analyzed by ELISA. One
hundred microliters of 10° U937 cells/ml in Hanks Balanced Salt Solution (HBSS)
were added to wells of 96-well plate and incubated at room temperature for 30 min.
After gentle washing with PBS pH 7.2, plate wells were blocked with 2% skim milk
in HBSS pH 7.4 at room temperature for 1 h. One hundred microliters of 10° cfu/ml
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phage-displayed CD147ExgpVIII or VCSM13 in HBSS pH 7.4 was added to each
well and incubated at room temperature for 20 min. Unbound phages were removed
by gentle washing with HBSS. Bound phages were fixed to U937 cells by addition of
3.7 % formaldehyde in HBSS pH 7.4 for 10 min. Wells were washed 3 times with
HBSS and blocked with 2% skimmed milk in HBSS at room temperature for 1 h.
After washing, anti-gpVIII-HRP mAb (Amershem-Pharmacia Biotech) was added
and incubated at room temperature for 1 h. TMB substrate (Sigma-Aldrich) was then
added and incubated at room temperature for signal development. Optical density at

450 nm was determined after adding 1 N HCI to stop the reaction.

4.18 Detection of phage-displayed CD147ExgpVIIl binding on U937 cells by
immunocytochemistry

4.18.1 Preparation of silane-treated microscope sides

To improve the adhesion of cells to the microscope slide, slides were treated
with silane-acetone solution (2% 3-aminopropyltriethoxysilane (Sigma-Aldrich) in
anhydrous acetone) for 2 min. The slides were then quickly dipped into distilled and

deionized water for 3 times. The silane-treated slides were dried at 37 °C for 2 h.

4.18.2 Immunocytochemistry

To visualize the phage-displayed CD147ExgpVIII on cell surface under
microscopic examination, the immunocytochemistry was performed. Three milliliters
of 10" cfu/ml phage-displayed CD147ExgpVIII or VCSM13 in RPMI 1640 medium
was incubated with 3 ml of 3 x 10° U937 cells/ml in RPMI 1640 medium
supplemented with 20% FBS and antibiotics at 37 °C for 24 h in a 5% CO,
atmosphere. After incubation, 100 pul of 10° cells/ml phage-incubated U937 cells were
dropped onto the silane-treated slide and air-dried. Dropped cells were fixed with
3.7% formaldehyde in PBS pH 7.2 containing 50 mM MgCl, for 10 min. Slides were
washed 3 times in PBS containing 50 mM MgCl, and blocked with 1% BSA in SSC
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at room temperature for 5 min. Anti-gpVIII mAb (Amershem-Pharmacia Biotech)
was added and incubated at room temperature for 1 h. After washing, Alexa680-
conjugated goat anti-mouse immunoglobulins (Molecular Probes, Eugene, OR, USA)
was added to the slide and incubated at room temperature for 30 min. Following
washing, U937 nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI)
(Molecular Probes). Image analysis was carried out using the Spectra Cube (Applied
Spectral Imaging) on a Zeiss Axiophot 2 microscope (Zeiss) and the SKYVIEW
software (Applied Spectral Imaging).
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CHAPTER S

RESULTS

5.1 Construction of pComb8-CD147Ex phagemid

The extracellular domain of CD147 cDNA was amplified from pCDM8-
CD147 by PCR using primers CD147ExgpVIIIFw and CD147ExgpVIIIRev. The
PCR product of 552 bp was obtained (Figure 5.1). The amplified product was
subsequently cleaved with Xhol and Spel, and ligated into the pComb8 phagemid
treated with the same enzymes. The ampicillin-resistant E. coli TG1 colonies
transformed with the ligated product were grown at 37 °C for plasmid minipreps. The
inserted fragment of CD147Ex with the molecular weight of approximately 550 bp
was retrieved from the isolated plasmid DNA after checking by restriction fragment
analysis with Xhol and Spel (Figure 5.2), and reamplification by PCR (Figure 5.3).
The engineered phagemid bearing CD147 extracellular domain gene, flanked
upstream by PelB signal sequence and downstream by gpVIIl (Figure 5.4), was
designated as pComb8-CD147EX.

5.2 Phagetitration

To quantify the amount phage, phage titration was performed by E. coli
infection and ELISA. By E. coli infection, the concentration of VCSM13 and phage-
displayed CD147ExgpV 111 was 4.7 x 10* pfu./ml and 1.7 x 10" cfu/ml, respectively.
The relative amount of these phages was quantified by ELISA. The signal obtained
from both phages was concordant (Table 5.1).
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Figure 5.1 Analysis of PCR product, 552 bp (*), of the CD147Ex amplified from
pCDM8-CD147 vector using CD147ExgpVIIIFw and CD147ExgpVIIIRev primers.
Samples were electrophoresed in a 1% agarose gel.

Lane 1. 1 kb DNA marker

Lane2. Amplified product of CD147Ex
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Figure 5.2 Redtriction fragment analysis of pComb8-CD147Ex with Xhol and Spel.
The constructed pComb8-CD147Ex was cleaved with Xhol and Spel. The inserted
fragment of CD147Ex with the molecular weight of approximately 552 bp (*) was
retrieved from the pComb8-CD147Ex (lane 3).

Lane 1. 1 kb DNA marker
Lane 2. pComb8-CD147Ex

Lane 3. Xhol- and Spel-digested pComb8-CD147Ex
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Figure 5.3 Amplified product of CD147Ex from pComb8-CD147Ex. The 552 bp
amplified product (*) from pComb8-CD147Ex template using CD147ExgpVIIIFw
and CD147ExgpVIlIRev primersis shown (lane 2).

Lane 1. 1 kb DNA marker

Lane 2. Amplified product of CD147Ex
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rpelB
lac promoter Xhol (118)

CD147Ex

pComb8-CD147Ex

Amp [

Figure 5.4 Construction of pComb8-CD147Ex phagemid. Xhol- and Spel-cloning
sites where the CD147Ex gene was inserted; lac promoter, the signal sequence (PelB),
and gpV 111 gene are shown.
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Table 5.1 Relative amount of phage quantified by ELISA

Optical density at 450 nm

Phage dilution VCSM13 Phage-displayed
CD147ExgpVII|
1:10* 1.385 1.320
1:10° 1.055 0.982
1:2 x 10° 0.854 0.797
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5.3 Detection of phage-displayed CD147ExgpVIII1 by sandwich ELISA

To study the culturing conditions for efficiently displaying of CD147Ex
molecules on phage particle, the pComb8-CD147Ex-transformed TG1 was cultured
and infected with the VCSM13 helper phages under five different conditions (Figure
4.1). The phage-displayed CD147ExgpVIII in culture supernatants obtained from
various culturing conditions were compared by sandwich ELISA using a panel of
anti-CD147 mAb as capture antibody. By using HRP-conjugated anti-gpVIIl mAb,
production of phage-displayed CD147ExgpVIIl at 25 °C with IPTG-stimulation
showed the highest signal with all anti-CD147 mAbs (M6-1B9, M6-1E9, M6-1D4,
and M6-2F9) used (Figure 5.5). The second order was phage harvested from 37 °C
without IPTG-, followed by 25 °C without IPTG-, and 37 °C with IPTG-stimulation
when mAb M6-1B9 was used as a capture antibody. However, the second and the
third rank were switched when the precipitated phages were captured by other three
mADbs (M6-1E9, M6-1D4, and M6-2F9). In contrast, the recombinant phages were not

recognized by an irrelevant capture antibody, mouse anti-GFP mADb.

The binding of the phage-displayed CD147ExgpV 111 under 25 °C with IPTG-
stimulation onto the CD147 mADb-coated wells was also demonstrated by biotinylated
anti-gplll mAb/HRP-conjugated Streptavidin detection system (Figure 5.6). The
signaling pattern of all capture-mAbs used was corresponded to the HRP-conjugated
anti-gpV 111 mADb detection system.

To determine the effect of helper phage infection-period, the phage-displayed
CD147ExgpV 1l were produced under 25 °C with IPTG-stimulation for 0 h and 2 h
before helper phage infection. The produced phages from both conditions were
compared by sandwich ELISA. The recombinant phages harvested from simultaneous
IPTG-stimulation and helper phage infection (0 h) was 6-11-fold higher than those
harvested from which inoculation of helper phage 2 h after IPTG-stimulation (Table
5.2).
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Figure 5.5 Sandwich ELISA analysis of phage-displayed CD147ExgpVIIlI under
different growth conditions using four anti-CD147 mAbs (M6-1B9, M6-1E9, M6-
1D4, and M6-2F9) as a capture and HRP/anti-gpVIIl monoclonal conjugate as a
tracer. The 10™ cfu of the construct phages under different growth conditions were
used. Phage-displayed CD147Ex under 37 °C with IPTG-stimulation (no fill), 37 °C
(solid bars), 25 °C with IPTG-stimulation (horizontals) and 25 °C (diagonals) were

demonstrated. This experiment was done in duplicate.
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Figure 5.6 Sandwich ELISA analysis of phage-displayed CD147ExgpVI1Il under 25
°C with IPTG-stimulation using four anti-CD147 mAbs (M6-1B9, M6-1E9, M6-1D4,
and M6-2F9) as a capture and biotinylated monoclonal anti-gplll/Streptavidin
conjugated to HRP as a tracer. The 10™ cfu of the construct phages were used.
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Table 5.2 Comparison of helper phage infection-periods on the phage-displayed
CD147ExgpV 11 under 25 °C with IPTG-stimulation.

Anti-CD147 Optical density at 450 nm (OD450)
mAbs smultaneous | PTG-stimulation | after 2 h of IPTG-stimulation
M6-1B9 1.684 0.289
M6-1E9 1.476 0.136
M6-1D4 1671 0.197
M6-2F9 1.248 0.209

Note. The 10 cfu of the construct phages were used. Phage-displayed
CD147ExgpV Il production was assessed by sandwich ELISA using a panel of anti-
CD147 monoclonal antibodies as a capture and biotinylated monoclonal anti-

gpll1/Streptavidin conjugated to HRP as a tracer.




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Medical Technology) / 57

5.4 Western Immunoblotting

The protein components of the recombinant phages prepared under 25 °C
with IPTG-stimulation was fractionated by SDS-PAGE under reducing conditions,
blotted and probed with pooled CD147 mAbs (M6-1B9, M6-1E9, and M6-1D4). An
immunoreactive protein band with the molecular weight of 28 kDa was
obtained (Figure 5.7). No reactive band was detected in the control lane applied with
phage-displayed Fo protein of respiratory syncytia virus.

5.5 Bioactive domain validation of CD147EXx incor porated on phage particle

To validate the bioactive domain of CD147Ex displayed on phage particles,
U937 cells aggregation inhibition assay using the CD147 mAbs, M6-1D4 and M6-
2F9, was performed. U937 cells aggregation inhibition was observed in the well
added with CD147 mAb and phage-displayed CD147Ex pre-incubation in comparison
to VCSM 13 pre-incubation (Figure 5.8).

5.6 Phage-displayed CD147ExgpVI1II induce morphological changes and inhibit
growth of U937 cells

The generated multivalent CD147 phages were cultured with U937, Jurkat,
Molt4, Sup T1 and Daudi cell lines. Among these cell types, only U937 cells
exhibited morphological changes when incubated with phage-displayed
CD147ExgpVIIl. Morphological characteristics of apoptotic cell death such as
cytoplasmic blebbing and nuclear fragmentation (114) were observed after 24 h
incubation in U937 cells stimulated with recombinant phage, but not with wild-type
VCSM13 (Figure 5.9, A and B, respectively). The cell density of U937 cellsin wells
containing phage-displayed CD147ExgpV 111 was noticeably lower than in the control
well after a 48 h of incubation (Figure 5.10, A and B, respectively). Cdll
concentrations in multivalent CD147 phage- and VCSM 13 phage-added well after 48
h of incubation were 2.9 x 10° + 0.7 x 10° and 9.5 x 10° + 0.4 x 10° cellgml,
respectively.
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Figure 5.7 Western immunoblotting of phage-displayed CD147ExgpVIIl separated
by reducing SDS-PAGE. Immunological assay was performed by probing with the
combination of three anti-CD147 mAbs (M6-1B9, M6-1E9, and M6-1D4). The
immunoreactive bands were visualized by chemiluminescent substrate detection

system. Molecular weight markersin kDa were indicated.
Lane 1. Phage-displayed CD147ExgpV 111

Lane 2. Phage-displayed Fo protein of respiratory syncytia virus
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Phage-displayed CD147ExgpVII1

Figure 5.8 Validation of biologica activity of phage-displayed CD147ExgpVIII.
U937 cells aggregation inhibition was observed when anti-CD147 mAbs (M6-1D4 or
M6-2F9) was pre-incubated with phage-displayed CD147Ex (A) comparing to
VCSM13 pre-incubation (B).
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Figure 5.9 Multivalent CD147 phage induced morphological change of U937 cells.
U937 cells were incubated with phage-displayed CD147ExgpVIIl or VCSM13 phage
and observed under inverted microscope. Morphological change of U937 cells-
incubated with phage-displayed CD147ExgpVIIl (A) was observed after 24 h
incubation (arrows), in contrast to wild-type VCSM 13-stimulated U937 (B) (200X).
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Phage-displayed CD147ExgpVI1|

Figure 5.10 Multivalent CD147 phage induced cell cycle arrest of U937 cells. The
cell density of U937 cells in wells containing phage-displayed CD147ExgpVIll (A)
was markedly lower than in the VCSM 13 added wells (B) after 48 h of incubation

(100X).
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5.7 Cytotoxic effect of phage-displayed CD147ExgpV111 on U937 cells

Since the morphological change of phage-displayed CD147ExgpVIII-
incubated U937 cells indicated that cell death had occurred, vitality and cytotoxicity
staining was performed. In the method employed, intracellular esterase activity in live
cells converts the nonfluorescent cell-permeable calcein AM to the intensely
fluorescent calcein, which is retained within live cell. Ethidium homodimer (EthD-1)
enters the permeabilized plasma membranes of dead cells and undergoes a 40-fold
increase in red fluorescence after binding to nucleic acids. Therefore, the nuclei of the
dead cells appear red under the fluorescence microscope. Thus, cells with an active
metabolism (calcein positive) that allow EthD-1 to penetrate and stain their nucleic
acids most likely correspond to apoptotic cells (115). We found that double staining
with calcein and EthD-1 was visualized in recombinant phage-incubated U937 cells
(Figure 5.11, A-C). In contrast, VCSM 13 phage-incubated U937 cells only stained
positive for calcein (Figure 5.11, D-F). Fluorescence intensity in individua U937
cells incubated with recombinant phage and wild-type phage is shown in Figure 5.12
A and B, respectively. One hundred cells were examined for the fluorescence intensity
of calcein and EthD-1. Mean EthD-1 fluorescence intensity of U937 cells when
incubated with phage-displayed CD147ExgpV Il was 4.4 times higher than that with
VCSM 13 phages, while the mean calcein fluorescence intensity from both conditions

was not significantly different.

5.8 Involvement of caspase-3 activation in the mechanism of cell death of U937
cellsincubated with phage-displayed CD147ExgpVII1

To assess the mechanism of cell death in phage-displayed CD147ExgpVIl1-
incubated U937 cells, cleaved caspase-3 was analyzed by flow cytometry using anti-
cleaved caspase-3 antibody. The level of cleaved caspase-3 in recombinant phage-
incubated U937 cells was higher than uninduced U937 cells and VCSM13-induced
U937 cells. However, induction of cleaved caspase-3 with multivalent CD147 phages

was not as high as that seen when using cisplatin as inducer (Figure 5.13).
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Figure 5.11 Cytotoxicity of phage-displayed CD147ExgpVIIl on U937 cells. U937
cells were incubated with multivalent CD147 phage or VCSM13 phage for 48 h and
stained with LIVE/DEAD Viahility/Cytotoxicity Kit. Results are representative of

three separate experiments.
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Figure 5.12 Fluorescence intensity of individual U937 cells incubated with phage-
displayed CD147ExgpV111. U937 cells were incubated with multivalent CD147 phage
or VCSM 13 phage for 48 h and stained with the LIVE/DEAD Viability/Cytotoxicity
Kit. Individua CD147 phage-incubated U937 cells (A) and VCSM13 phage-
incubated U937 cells (B) were measured the fluorescence intensity of EthD-1 and
calcein. Cells double stained with EthD-1 and calcein most likely correspond to

apoptotic cells. Results from one representative experiment of three are shown.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Medical Technology) / 65

128

VCSML3 “- Phage-displayed CD147ExepVIII

RPMI 1640 —%

Cisplatin

Event=

10° 10°*

ALEXA-455 Log

Figure 5.13 Multivalent phage-displayed CD147Ex induced U937 cell death resulted
in caspase-3 activation. U937 cells were incubated with multivalent CD147 phage,
VCSM13 phage, cisplatin or RPMI 1640 for 48 h. Cleaved caspase-3 was examined
by flow cytometry after intracellular staining with rabbit anti-cleaved caspase-3 mAD.

Results are representative of two separate experiments.
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To determine whether the activation of caspase-3 in phage-displayed
CD147ExgpVll-incubated U937 cells could contribute to a low amount of cleaved
caspase-3, the intracellular cleaved caspase-3 assay was then performed by
immunocytochemistry. As shown in Figure 5.14, uninduced U937 cells and
VCSM13-incubated U937 cells were negative for cleaved caspase-3, whereas
induction of U937 cells by cisplatin and multivalent CD147 phage resulted in positive
staining. Importantly, apoptotic cells induced by phage displaying multivalent
CD147Ex showed both positive (Figure 5.14, J-L) and negative staining (Figure
5.14, M-O) with anti- cleaved caspase-3 mAb. The correlation between nuclear
morphology and amount of cleaved caspase-3 in U937 cells was evauated by
arbitrarily scoring from the classified images. Scoring of staining intensity was in a
scale of 0 to 3, in which 0 = negativestaining, 1 = positive staining 1-5% on cell, 2 =
positivestaining 6-10% on cell, and 3 = positive staining > 10% on cell. As shown in
Table 5.3, the percentage of recombinant phage-induced U937 cells harboring
apoptotic nuclei was 74.3%, compared to 89.8% of cisplatin-incubated U937 cells.
Interestingly, only 12.8% of multivalent phage displaying CD147Ex-induced U937
cells showed a score of 3 staining for cleaved caspase-3, whereas 41% of cisplatin-
induced U937 cells exhibiting apoptotic nuclear morphology showed the same score.

Caspase-3 activation in U937 cells induced with phage-displayed
CD147ExgpVIIl was further investigated by Western blot analysis. As would be
expected, the 17-19 kDa band of cleaved caspase-3 was not observed in protein
extract from recombinant phage-incubated U937 cells, in contrast to protein extract
from cisplatin-induced U937 cells (Figure 5.15).
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Figure 5.14 Apoptotic cell death of U937 cells in multivalent phage-displayed
CD147Ex induction showed both positive and negative of cleaved caspase-3. U937
cells were incubated with multivalent CD147 phage, VCSM13 phage, cisplatin or
RPMI 1640. Cleaved caspase-3 was determined by intracellular staining using rabbit
anti-cleaved caspase-3 mAb and Alexa680-conjugated goat anti-rabbit
immunoglobulin G. A, D, G, J and M represent spectral images, B, D, H, K and N
represent inverted DAPI images; C, F, I, L and O represent classified images.
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Table 5.3 Correlation between nuclear morphology and amount of cleaved caspase-3

in U937 cells.
Per centage of U937 cells positive signal
Inducer Nuclear for cleaved caspase-32
mor phology 14 o4 3t
Apoptotic nudeus 24 0 0 0
None :
Nor+-apoptatic 97.6 0 0 0
nudeus '
Apoptotic nudeus 2.6 28.2 18.0 41.0
Cisplatin .
¥ Nor-apoptatic 0 10.2 0 0
nudeus ]
Apoptotic nudeus 1.8 3.6 0 0
VCSM13 phage -
Nor-gpoptotic 625 304 17 0
nudeus
Phage-displayed Apoptotic nudeus 8.6 329 20.0 12.8
CD147ExgpVIII Non-gpoptotic 20.0 43 0 14
nucleus ' ] '

& Arbitrarily scored from classified image

0 = negativestaining, 1 = positive staining 1-5% on cell, 2 = positivestaining 6-10% on cell, 3 =

positive staining > 10% on cell
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Figure 5.15 Multivalent phage-displayed CD147Ex-incubated U937 cells did not
increase the amount of cleaved caspase-3 as high as cisplatin-induced U937 cells.
U937 cells incubated with multivalent CD147 phage, VCSM13 phage, cisplatin or
RPMI 1640. Cell lysates were analyzed by Western blot analysis using anti-caspase-3
mALbs specific for both caspase-3 and cleaved caspase-3 or anti-beta-actin mAb. One
representative of four independent experimentsis shown.
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5.9 Phage-displayed CD147ExgpVI11 binding on cell surface of U937 cells

Since some U937 cell death was noted after incubation with CD147-phage,
we speculated that the change in morphology and the subsequent cell death were
triggered by the interaction of multivalent CD147 molecules on phage particles and
cell surface ligand (s) present on U937 cells. To examine this hypothesis, severa
approaches were chosen. Phage-displayed CD147ExgpVIIl were incubated with
U937 cells and the binding was then determined by ELISA. The recombinant phage-
added well showed a 3-fold higher signal than the VCSM13-added well (Table 5.4).
In addition, immunocytochemistry was performed to confirm the binding of
multivalent CD147 phage on U937 cells. The binding of recombinant phage on
individual U937 cells was also confirmed by immunocytochemistry. By our method,
recombinant phage adhering on the individual U937 cell was visualized by classified
image shown in red. As shown in Figure 5.16A to C, 60% of phage-displayed
CD147ExgpVIl1-incubated U937 cells were positively stained with anti-gpV1I1l1 mAb.
Furthermore, forty-two percent of multivalent CD147 phage-incubated U937 cells had
apoptotic nucle. In contrast, anti- gpVIIl mAb did not bind to VCSM13-incubated
U937 cells (Figure 5.16, D-F). These results indicate that potential CD147 ligand ()
exit on the surface of U937 cells.
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Table 5.4 Detection of phage carrying multivalent CD147 via gpVIIl binding on

U937 cellsby ELISA

Phages (10° cfu/well)

Optical density at 450 nm (OD450)%

U937-coated well

(10° cells/well) None
None 0.080 + 0.004 ND
VCSM13 0.443 + 0.006 0.083 + 0.003
Phage-displayed CD147ExgpVI| 1.480+ 0,010 0.083 + 0.001

®mean + SD of three independent experiments
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Figure 5.16 Detection of multivalent CD147 phage binding on U937 cells by
immunocytochemistry. U937 cells were incubated with recombinant phages or wild-
type phages for 24 h, stained with anti-gpVIIl mAb and followed by Alexa680-
conjugated goat anti-mouse immunoglobulins. The nuclear morphology was verified
by DAPI staining. A and D, spectral image; B and E, inverted DAPI; C and F,

classified image.
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CHAPTER 6

DISCUSSIONS

In an attempt to investigate the molecular function of CD147Ex molecule,
phage-displayed ectodomain of CD147 via gplll was generated recently in our labs
(28). However, the binding of these recombinant phages on any cell type could not be
observed by indirect immunofluorescence techniques, most likely due to the level of
heterologous protein displayed on phage gplll being restricted to less than one
molecule per phage particle (13). Multimeric display of CD147 on phage particles are
therefore required and will be valuable in further discovering its ligand-partner on cell
surface. The gpVIIl of VCSM13 was previously applied for achieving the multimeric
polypeptide libraries. High levels of heterologous protein display could be achieved
on gpVIll, as each phage particle contains approximately 2000 copies of the protein
(14, 15). The absolute binding force of these phage libraries to a certain ligand was
enhanced according to the increasing copy number of each polypeptide. Moreover,
multivalent CD147 on the 930 nm-length filamentous phage might overcome the
limitation of CD147 anchoring to low levels of its receptor (s). The multivalent phage
carrying CD147 may be valuable in functional study. Signal transferring by individual
pairing with monovalent CD147 may differ from the cross-linking of cell-surface
ligands with phage-displayed multivalent CD147 viagpVIII.

We decided to generate phage which displayed multivalent CD147Ex
molecule on phage particles via gpVIIl. However, the multivalent display of fusion
protein viagpVIll on phage particles had been hindered because of alimitation on the
fusion length (116). Culturing conditions during phage preparation such as
temperature, IPTG-stimulation and helper phage infection-period are important
factors for production of the phage expressing interested protein. In the present study,
the factors mentioned were investigated to optimize the quantity of display.
Filamentous
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phage was employed to display CD147EX via gpVIIl in TGl E. coli host. By
sandwich ELISA using a panel of anti-CD147 monoclonal antibodies as a capture and
HRP-conjugated anti-gpVIIl mAb as a tracer, the generated phages showed strong
positive reactivity. The correct size of the CD147Ex-gpVII1 fusion protein at 28 kDa
from the generated phages was also demonstrated by western immunoblotting. This
result indicated that the expression of fusion CD147-gpVIll proteins was occurred.
However, a question whether the positive signal due to the secreted or the phage-
bound CD147Ex-gpVIIl fusion protein was raised. To address this question, the
expression of CD147Ex on the surface of complete phage particles was subsequently
confirmed by using the biotinylated anti-gpl 1l mAb/HRP-conjugated Streptavidin as a
tracer in sandwich ELISA. As predicted, the generated phages showed also strong
positive reactivity. The ELISA experiments indicated that the generated phages
harbored CD147Ex on their surfaces.

Production of phage-displayed CD147ExgpVIIl a 25 °C with IPTG-
stimulation was demonstrated the most suitable condition. Reducing growth
temperature, from 37 °C to 25 °C, may facilitate the correct folding and stability of the
displayed protein (117-119). Although the rate of protein synthesis was low at 25 °C
comparing to 37 °C, IPTG seemed to compensate this disadvantage. The reduction in
cultivating temperature and addition of IPTG may have a complementary effect on
phage propagation and on the fusion protein incorporation resulting in the high

density display per phage particle.

Phage harvested from 37 °C without |PTG-stimulation was demonstrated to
be the second effective order when M6-1B9 mAb was used as a capture antibody. In
surprising contrast, when other three mAbs (M6-1E9, M6-1D4, and M6-2F9) were
used as capture antibodies, the second rank was changed to phage harvested from 25
°C without IPTG-stimulation. These results could be speculated that the folding of
CD147 epitope recognized by M6-1B9 mAb on recombinant phage produced at 37 °C
without |PTG-stimulation was more proper than phages produced at 25 °C without
IPTG-stimulation. Regarding the previous study in our lab (28), the epitopes
recognized by M6-1B9 and M6-1E9 mAbs were overlapped. The variation in
exposing of these epitopes in the different culturing conditions indicated the



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Medical Technology) / 75

proximate but non-identical epitopes recognized by M6-1B9 and M6-1E9 mAbs. The
recombinant phage harvested from 37 °C with IPTG-stimulation was given the lowest
signal in al anti-CD147 mAbs used. This result was consistent with the experiment of
antibody-gpVIIl phage production (25). Insoluble protein accumulation and
degradation of the recombinant protein in the periplasm by host proteases might be
facilitated at higher growth temperatures (118). Apparently, high expression level of
fusion protein by IPTG-stimulation rendered the formation of inclusion bodies which
decreased the incorporating efficiency of CD147Ex-gpV Il into phage particles (117-
119).

One proposed strategy for increasing the amount of recombinant protein
displayed on phage particles viagpV1Il was by delaying the infection-period of helper
phage after IPTG-stimulation (120). However, the controversial result was obtained in
this study. The phage-displayed CD147ExgpVIIl produced at 25 °C with IPTG-
stimulation at the same time of helper phage infection were higher than those obtained
by infection of helper phages 2 h later. A plausible explanation of this result was that,
after 2-h induction, E. coli produced an excess amount of CD147ExgpV 111 which was
prone to form aggregation before the phage packaging components were synthesized.
In summary, multivalent CD147Ex phage produced at 25 C with IPTG stimulation at
the same time of helper phage infection is the most suitable tool for studying the
molecular function of CD147Ex molecules on various hematopoietic cell lines which

is not fully understood.

In order to produce high density phages, various sophisticate techniques have
been developed. Sidhu increased the display of human growth hormone by mutating
the amino acid residues on the gpVIII fusion partner (121). More recently, a novel
gpVIIl display system, in which every copy of gpVIII was modified, was reported
(27). The gpVIIl was expressed from the phagemid and the helper phage used to
rescue the phagemid had been deficient in gpVIIl production. In contrast, we
established here a simple method for increasing of the multimeric CD147EX
expression on phage particles. Apart from the major parameters i.e. temperature and
IPTG-stimulation which were formerly investigated (20, 25), the influence of helper
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phage infection-period after IPTG-stimulation on enhancing the CD147Ex displaying,
particularly, demonstrated a high impact of this study.

After the discovery of the CD147 protein, there was no concrete evidence
describing the role of CD147 in triggering the membrane bound molecule. Although
recombinant CD147 could be expressed on the surface of other cell typesin vitro, itis
not suitable for studying CD147 function, as other pairs of membrane-protein
interactions may interfere with the absolute signal originating from CD147 induction.
In contrast to the previous study using monovalent CD147 phage (28), the present
study shows the anchoring of multivalent CD147Ex phage on U937 cells as
demonstrated by immunological techniques, i.e. ELISA and immunocytochemistry.
These results suggest the presence of CD147 counter-receptor (s) on the U937 cell
surface. Implicit in the display system was the notion that multivalent CD147
enhanced the binding efficiency of CD147 to its counter-receptor (s).

The physical association between CD147 and B1 integrin in the membrane
has been reported (72, 73). Berditchevski et al. (72) suggested that association of a*;
integrin and o.°B integrin with CD147 isin lateral fashion, similar to interaction of B3
integrins with CD47, another immunoglobulin superfamily proteins (74, 75). It has
been reported that CD147 also serves as a signaling receptor for extracellular
cyclophilin A (76-78). Recently, the cyclophilin-binding region in CD147 molecule
has been identified (122). The specific binding was observed with full-length CD147
and CD 147 external-transmembrane domain constructs. No binding was detected with
CD147 external domain and CD147 external-cytoplasmic domain. These results
speculated that the extracellular domain of CD147 was not bound to cyclophilin A.
Indeed, transmembrane domain of CD147 was necessary and sufficient for CD147
binding to cyclophilin A. Similar results were obtained using cyclophilin B-coated
beads, suggested that interaction of cyclophilins with the CD147 transmembrane
domain may involve the active site common to all cyclophilins. This report was also
demonstrated the proline residue located at position 211 in transmembrane domain
was identified as the critical residue responsible for the intracellular interaction of
cyclophilins and CD147 (122). Interaction between the lactate transporter MCT1 and
CD147 has been reported (71, 123). The tightly association between MCT1 and a
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hybrid protein of the extracellular domain of CD2 and the transmembrane and
cytoplasmic domains of CD147 has been reported (71). This study also suggested that
transmembrane and cytoplasmic domains of CD147 are important for MCT-CD147
interaction (71). Implication with this study, the counter-receptor of multivalent
CD147Ex phage on U937 cells may be other cell surface molecules, not be integrins,
cyclophilins and MCTs. The possibility that CD147 could be a receptor for itself has
been mentioned (1). COS cells transiently expressing full-length CD147 adhered
moderately well to immobilized CD147 extracellular domain-Fc fusion protein (1).
However, in our attempts to mimic the homophilic interaction of CD147 using the
fusion protein of CD147Ex- (BCCP) and multivalent CD147EX phage we have been
unable to demonstrate the binding of these proteins by ELISA (data not shown). Thus,

homophilic interaction of CD147 is still controversial.

The bound phage displaying CD147 is hypothesized to induce the signal
transduction into the U937 cells. Accordingly, these multivalent CD147 phages
induced morphological changesin U937 cells, in contrast to Jurkat, Molt4, SupT1 and
Daudi cells. Engagement of cell surface receptors by multivalent ligands might be
necessary for this cellular change. A similar phenomenon has been reported in a study
that showed IgE dimers were less effective than larger IgE oligomers in stimulating
cellular responses (124). Dependency of cellular responses on receptor aggregates
also has been observed for related receptors, such as the B-cell receptor (125, 126)
and T-cell receptor (127, 128). Thus, signal transduction by individual binding of
monovalent CD147 may differ from the cross-linking of cell surface-ligands with
multivalent CD147 phage. Herein, the molecular interaction of multivalent phage
displaying CD147 and its counter-receptor (s) on U937 cells mediated the
morphological changes characteristic of apoptotic cell death. Interactions between
recombinant CD147 phage and its receptor (s) on U937 cells might consequently lead
to sending death signals into cells. The death of CD147 phage-incubated U937 cells
did not result from chemical toxicity in phage preparation because this phenomenon
was not observed in VCSM13-incubated U937 cells. In addition, the cell death was
specifically observed in U937 cells but not other tested cell lines. Time-dependent cell
death of U937 cells incubated with multivalent CD147 phage was also observed. In



Nutjeera Intasai Discussions/ 78

addition to CD147 phage-induced apoptotic morphological change of U937 cells,
growth arrest of U937 cells was observed after 48 h of incubation.

The morphological features of apoptotic cell death and double staining with
calcein and EthD-1 visualized in U937 cells incubated with multivalent CD147Ex
phage suggest a possible involvement of caspase activation in this phenotype. To
address this question, the presence of cleaved caspase-3 in U937 cells incubated with
multivalent CD147 phage was examined by flow cytometry, immunocytochemistry
and Western blot analysis. By flow cytometry, the level of cleaved caspase-3 in U937
cells incubated with multivalent CD147Ex phage was higher than uninduced or wild-
type phage-incubated U937 cells. However, it was not as remarkable as levels of
cleaved caspase-3 seen in cisplatin-induced U937 cells. When individual U937 cells
were analyzed by immunocytochemistry, the percentage of recombinant phage-
induced U937 cells harboring apoptotic nuclel was 74.3%, with only 12.8% scoring
3+ for cleaved caspase-3 positive staining by immunocytochemistry. Correspondingly,
by Western blot analysis the 17-19 kDa of cleaved caspase-3 was not observed in
protein extract from U937 cells incubated with phage-displayed CD147ExgpVIIl. Itis
feasible that the apoptotic cell death of multivalent CD147 phage-stimulated U937
cells is only partially associated with an enhancement in cleaved caspase-3 level.
Initiation of caspase-dependent and -independent cell death in response to a given
stimulus has been recently reported (129, 130). Triggering of HLA class | molecules
on Jurkat T lymphoblasts was implicated in cell death induction of two paralléel
pathways (130). Our data indicate that a caspase-independent pathway may also be
involved in cell death mediated by multivalent CD147.

In summary, we introduce here a useful strategy in applying phage display
technique for cell signaling studies. Multivalent CD147 phages were generated and
applied for functiona study of the CD147 molecule. Production of multivalent
CD147Ex on phage particles was achieved in TG1 E. coli when growing the pComb8-
CD147Ex—transformed TG1 at 25 °C with IPTG-stimulation at the same time of
helper phage infection. To study the interaction of CD147Ex displayed on phage
particles and cell surface molecule (s) on hematopoietic cell lines, the multivalent
CD147Ex phage was incubated with various hematopoietic cell lines. Among these
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cell lines, morphological change of cells incubated with these constructed phages was
observed after 24 h of incubation in U937 cells only and cell propogation of U937
cells was ceased at 48 h of incubation. The caspase-3-dependent of multivalent
CD147Ex phage-incubated U937 cells plays a partia role in U937 cell death. In
addition, the anchoring of these constructed phages on cell surface of U937 cells was
demonstrated which is coordinated with apoptotic nuclei. A novel function of CD147
in triggering apoptotic cell death in U937 cells was identified. Since this phenomenon
specifically occurred with U937 cells, which is a monocytic cell line, the involvement
of CD147 in immune regulation of specific lineage and developmental stages will be
the focus of future studies.
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CHAPTER 7

CONCLUSION

A useful strategy in applying phage display technique is introduced for
studying the molecular function of extracellular domain of leukocyte surface molecule,
CD147. The DNA fragment coding for extracellular domain of CD147 wasinserted in
between the Sec signal sequence and the gpVIII gene of the bacteriophage VCSM 13
in a phagemid vector, pComb8, named pComb8-CD147Ex. This recombinant vector
was transformed and the fusion gene was inducible expressed in Escherichia coli TG-
1. The CD147Ex were successfully expressed via the major coated protein, gpVIll, on
phage particles under 25 °C with simultaneous isopropyl-B-D-thiogal actopyranoside
(IPTG) stimulation and VCSM 13 phage infection. The multivalent CD147Ex phages
in culture supernatant were harvested by PEG-NaCl precipitation. The harvested
phages were examined for the display of CD147Ex on phage particle by sandwich
ELISA using a panel of anti-CD147 mAb as capture antibody. Phage-displayed
CD147ExgpVI1I is recognized using HRP-conjugated anti-gpV Il mAb as atracer. In
contrast, the recombinant phages were not recognized by an irrelevant capture
antibody. The CD147Ex-gpVIIl fusion protein at 28 kDa from these multivalent
phages was demonstrated by Western blot analysis. The generated phages harbored
CD147Ex on their surfaces was subsequently confirmed using the biotinylated anti-
gplll mAb/HRP-conjugated Streptavidin as atracer in sandwich ELISA.

These multivalent CD147Ex phages were applied for the functional study of
CD147Ex molecule. A novel function of CD147 in triggering the apoptotic cell death
in only U937 cells, not other hematopoietic cell lines used, was identified. By
immunocytochemistry, flow cytometry and Western blot analysis, the apoptotic cell
death of multivalent CD147 phages-induced U937 cells is only partially associated

with an enhancement in cleaved caspase-3 level. However, the precise mechanism of
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apoptotic cell death of U937 cells induced by multivalent phage-displayed CD147Ex
is still unknown. Further investigations on a mechanism of multivalent CD147Ex
phages-stimulated U937 cell death may lead to a better understanding of the
involvement of CD147 and immune regulation which may provide the new avenue for

clinical application.
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APPENDIX A

CHEMICALSAND INSTRUMENTS

1. Chemicalsand antibodies

All chemicals used as in this study were analytical grade reagents.

Chemical name

Source

3,3".5,5'-tetramethylbenzidine (TMB)
3-aminopropyltriethoxysilane

4’ 6-diamidino-2-phenylindole (DAPI)
Acrylamide

Agarose (electrophoresis grade)

Ammonium persulfate

Ampicillin
Anti-beta-actin mAb
Anti-gplIl mAb

Anti-gpVIII mAb

Anti-rabbit Igs-Alexa488
Anti-rabbit Igs-Alexa680
Biotinylated anti-gpIIl mAbs

Bis-acrylamide

Bromophenol blue

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Molecular Probes, Eugene, OR, USA
BDH Laboratory Supplies, UK
Sigma-Aldrich, St. Louis, MO, USA

Amersham Pharmacia Biotech,

Buckinghamshire, UK

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Exalpha Biologicals, Watertown, MA, USA

Amersham Pharmacia Biotech,

Buckinghamshire, UK

Molecular Probes, Eugene, OR, USA
Molecular Probes, Eugene, OR, USA
Exalpha Biologicals, Watertown, MA
BDH Laboratory Supplies, UK

Sigma-Aldrich, St. Louis, MO, USA
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Chemical name

Source

Chemiluminescent detection system

Cisplatin

EDTA

Ethanol

Ethidium bromide

Fetal bovine serum (FBS)
Formaldehyde

Glacial acetic acid
Glycerol

HRP-conjugated anti-gpVIII

Hybond-C membrane

IPTG

LIVE/DEAD Viability/Cytotoxicity kit
Methanol

NaCl

NaOH

PEG MW 8000

Plasmid Mini Kit

Polyvinylidene-fluoride (PVDF)

membrane

ProofStart DNA polymerase

Pharmacia Biotech,

Buckinghamshire, UK

Amersham

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Gibco, Grand Island, NY, USA
Sigma-Aldrich, St. Louis, MO, USA
BDH Laboratory Supplies, UK

Sigma-Aldrich, St. Louis, MO, USA

Amersham Pharmacia Biotech,
Buckinghamshire, UK
Amersham Pharmacia Biotech,

Buckinghamshire, UK

Amresco, Solon, OH, USA
Molecular Probes, Eugene, OR, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
QIAGEN, Hilden, Germany

PALL, East Hills, NY, USA

QIAGEN, Hilden, Germany
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Chemical name

Sour ce

QIAprep spin Miniprep kit
QIAquick Gel Extraction kit
QIAquick PCR purification Kit
Rabbit anti-caspase-3 (8G10) mAb

Rabbit
(ASP175) (5A1) mAb

anti-cleaved caspase-3

Rabbit anti-mouse IgG-HRP

Rainbow Marker

RPMI 1640 medium
SDS

Skimmed milk
Sodium chloride

Spoel

Streptavidin-HRP

T4 ligase enzyme

TEMED
Tween20

Xhol

QIAGEN, Hilden, Germany
QIAGEN, Hilden, Germany
QIAGEN, Hilden, Germany
Cell Signaling, Beverly, MA, USA

Cell Signaling, Beverly, MA, USA

Dako, Dakopatts, High Wycombe, UK

Amersham Pharmacia Biotech,

Buckinghamshire, UK

Gibco, Grand Island, NY, USA
Sigma-Aldrich, St. Louis, MO, USA
Difco Laboratories, Detroit MI, USA
Merck, Darmstadt, Germany
Promega, Medison, WI, USA

ZYMED Laboratories, San Franscisco,
CA, USA

Roche Molecular Biochemicals,

Manheim, Germany
BioRad, Hercules, CA, USA
Fluka, Buchs, Switzerland

Promega, Medison, WI, USA




Fac. of Grad. Studies, Mahidol Univ.

2. Instruments

Ph.D. (Medical Technology) / 99

Instruments

Sour ce

37 °C incubator

37 °C CO; incubator EG 115 IR
Beckman Coulter EPICS ALTRA
BECKMAN L-60 ultracentrifuge

BIO-KINETICS READER EL 340
MICROPLATE

Electrophoretic power supply 3000Xi

Fluo-Link UV transluminator

Fluorescence microscope

Inverted microscope

Microcentrifuge
Microplate

MiniVE vertical electrophoresis system

MRX-150 Refrigerated microcentrifuge
MyLab orbital shaker OS-20

Northern Eclipse 5.0

RT 6000 D refrigerated centrifuge

JP Selecta, Barcelona, Spain

Jouan GmbH, Unterhaching, Germany
Beckman Coulter, Fullerton, CA, USA
Beckman Coulter, Fullerton, CA, USA

Bio-Tek Instruments, Winooski, WT,
USA

BioRad, Hercules, CA, USA

Vilber Lourmat, Marne-la-Vallée Cedex,

France

Carl Zeiss Canada Ltd., Toronto, ON,

Canada

Carl Zeiss Canada Ltd., Toronto, ON,
Canada

Eppendorf AG, Hamburg, Germany
NUNC, Roskilde, Denmark

Biotech,

Amersham Pharmacia

Buckinghamshire, UK
Tomy Tech USA Inc., CA, USA
BioSan Ltd., Riga, Latvia

Empix Imaging Inc., Missisauga, ON,

Canada

Sorvall, Kendro Laboratory Products
GmbH, Langenselbold, Germany
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Instruments

Sour ce

SKYVIEW software

Spectra Cube

Thermal cycler

UV spectrophotometer

UV transilluminator

Vortex-Genie K-550-GE

Zeiss Axiophot 2 microscope

Applied Spectral Imaging, Carlsbad, CA,
USA

Applied Spectral Imaging, Carlsbad, CA,
USA

Eppendorf AG, Hamburg, Germany

Shimadzu Scientific Instruments Inc,

Kyoto, Japan

Fotodyne incorporated, Hartland, WI,
USA

Scientific Industries Inc, Bohemia, NY,

USA

Carl Zeiss Canada Ltd., Toronto, ON,

Canada

3. Microorganisms

Microor ganism

Sour ce

Escherichia coli TG1

VCSM13 filamentous phage

kindly provided by Dr. A.D. Griffiths,
MRC Cambridge, UK

Stratagene Corporate, La Jolla, CA, USA
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4. Cdllines
Cédl line Cédll type Origin
Daudi B cell line Burkitt’s lymphoma
Jurkat T cell line Acute lymphoblastic leukemia
Molt4 T cell line Acute lymphoblastic leukemia
SupT1 T cell line Acute lymphoblastic leukemia
U937 Monocytic cell line | Histiocytic lymphoma
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APPENDIX B

REAGENT PREPARATIONS

1. 50x Tris-acetate/EDTA electrophoresis buffer (TAE)
Tris-base
Glacial acetic acid

0.5 M EDTA, pH 8.0

Dissolved all ingredients in deionized distilled water and filled up to 1,000 ml.

Sterilized by autoclave and kept at room temperature.

2. 0.5MEDTA, pH 8.0
EDTA
Distilled water

Dissolved and adjusted pH to 8.0 with 1 M NaOH.

3. lor 2 % Agarose gel
Agarose
1x TAE

Melted by microwave oven.

4. Ethidium bromide working solution (10 mg/ml)
Ethidium bromide

Distilled water

242

57.1

100

14.65

100

lor2

100

1.0

100
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gm

ml

ml

gm

ml

gm

ml

gm

ml
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Dissolved and kept in dark bottle at 4 °C.

5. 6x gel loading buffer
Bromphenol blue
Glycerol

Mixed thoroughly and stored at -20 °C.

6. Phosphate buffer saline (PBS), pH 7.2
NaCl
KCl
Na,HPO,

KH,PO4
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0.25

30

8.00

0.20

1.15

0.20

Dissolved all ingredients in deionized distilled water and filled up to 900 ml.

Adjusted pH to 7.2 with 1 N HCL or 1 N NaOH.

%

%

gm

gm

gm

gm

Added distilled water to adjust the volume to 1,000 ml and kept at room

temperature.

7. Reagents for SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

7.1 1.5 M Tris-HCI, pH 8.8
Tris-base
Dissolved in 75 ml deionized distilled water.

Adjusted pH to 8.8 with concentrated HCL.

18.15

gm

Adjusted the volume to 100 ml with deionized distilled water and stored at

4 °C.
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7.2 0.5 M Tris-HCL, pH 6.8
Tris-base 6.0 gm
Dissolved in 75 ml deionized distilled water.
Adjusted pH to 6.8 with concentrated HCL.

Adjusted the volume to 100 ml with deionized distilled water and stored at

4 °C.

7.3 Running buffer

Tris-base 1.51 gm
Glycine 7.20 gm
Sodium dodesyl sulfate 0.5 gm

Dissolved in 500 ml deionized distilled water and kept at 4 °C.

7.4 Blotting buffer
Tris-base 3.03 gm
Glycine 14.41 gm
SDS 0.5 gm

Added deionized distilled water to 700 ml and mixed well.
Added 200 ml of methanol

Adjusted the volume to 1,000 ml with deionized distilled water and kept at 4 °C.

8. LB broth
Yeast extract 5.0 gm
Tryptone 10.0 gm
NaCl 10.0 gm

Dissolved all ingredients in 1,000 ml distilled water.

Sterilized by autoclave, poured on Petri dish (plate) and kept at 4 °C.
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9.

10.

1.

12.

13.

LB agar
LB agar I5 gm
Dissolved all ingredients in 1,000 ml distilled water.

Sterilized by autoclave, poured on Petri dish (plate) and stored at 4 °C.

0.1 M CaCl,
CaCl, 1.11 gm
Dissolved in 100 ml distilled water.

Sterilized by autoclave and kept at 4 °C.

85% glycerol
Glycerol 42.5 ml

Added distilled water to 100 ml.

Mixed well, sterilized by autoclave and stored at room temperature.

2xTY broth
Tryptone 16 gm
Yeast extract 10 gm
NaCl 5 gm

Dissolved in 1,000 ml distilled water.

Sterilized by autoclave and kept at 4 °C.

50% glucose
D-glucose 5 gm

Added distilled water to 10 ml and boiled in boiling water.
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Filtered through 0.2 p Millipore filter and stored at 4 °C.

14. TYE

Dissolved in 1,000 ml distilled water.

Sterilized by autoclave and kept at 4 °C.

Tryptone
Yeast extract

NaCl

15. Solid TYE medium

Dissolved in 1,000 ml distilled water.

Sterilized by autoclave, poured on Petri dish (plate) and kept at 4 °C.

16. 0.05 M carbonate buffer, pH 9.6

Tryptone
Yeast extract
NaCl

Agar

Na2C03

NaHC03
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10 gm

5 gm

8 gm

10 gm

5 gm

8 gm

10 gm
0.159 gm
0.293 gm

Dissolved all ingredients in deionized distilled water and filled up to 90 ml.

Adjusted pH to 9.6.

Adjusted the volume to 100 ml with deionized distilled water and kept at room

temperature.
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17.0.05% Tween20 in PBS (washing buffer for ELISA and Western blot)
Tween20 0.5 ml
Dissolved in 1,000 ml PBS.

Mixed well and stored at room temperature.

18. 2% solution of 3-aminoprppultriethoxysilane in anhydrous acetone
3-aminopropyltriethoxysilane 3 ml
Added anhydrous acetone to 150 ml.
Mixed well.

Prepared freshly before used.

19. Incubation buffer for cleaved caspase-3 analysis using flow cytometry
Bovine serum albumin (BSA) 0.5 gm
Dissolved in 100 ml PBS.

Stored at 4 °C.

20. Hank’s balanced salt solution (HBSS)

NaCl 4 gm
KCl 0.2 gm
KH,PO, 03 gm
D-glucose 0.5 gm
Na,HPO,4 0.2393 gm
NaHCO; 0.175 gm

Dissolved all ingredients in 1,000 ml deionized distilled water and kept at room

temperature.
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APPENDIX C

PRESENTATION AND PUBLICATIONS

List of Presentation

1. Effects of temperature, IPTG and helper phage infection-period on
incorporation of CD147ExgpVIII to phage particle. BioThailand 2003:
Technology for life at Pattaya, Thailand

List of publications

1. Intasai N, Arooncharus P, Kasinrerk W, Tayapiwatana C. Construction of
high-density display of CD147 ectodomain on VCSMI13 phage via gpVIII:
effects of temperature, IPTG, and helper phage infection-period. Protein Expr
Purif 2003;32(2):323-31.

2. Intasai N, Mai S, Kasinrerk W, Tayapiwatana C. Binding of multivalent
CD147 phages on U937 cells induces apoptosis. Intl Imm (manuscript in
preparation) 2005.
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