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Abstract A novel phagemid (pTat8) was constructed in
this study to improve the quality of a molecule displayed on
filamentous phage. The twin-arginine translocation (Tat)
pathway was chosen for transporting and integrating a
CD147 molecule into a phage particle via gpVIIL. The
parent vector pComb8-CD147Ex was modified by sub-
stituting a Sec signal sequence (PelB) with a twin-arginine
signal sequence from trimethylamine N-oxide reductase
(TorA). The characteristics of the CD 147 displayed on the
phage particle were evaluated by Sandwich ELISA and
Western immunoblotting. A Tat-dependent leader was
found to be superior to the Sec leader for the phage
display of CD!47. Our findings further support the
involvement of an Escherichia coli Tat franslocase in
mediating the integration of a hydrophobic transmembrarne
protein into the inner membrane. This modified phagemid
will be useful in phage display technique when the
correctly folded structure is required (i.e., antibody
libraries and ligand-receptor tracing).
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Introduction

Phage display is a powerful technique for engineering
proteins or peptides. In this technique, a bacteriophage is
used as a vehicle to express diverse polypeptides as part of
a phage coat protein (i.e., gplll or gpVIL}. The strategy for
expressing the fusion protein is to insert the DNA-coding
fragment of intercst between the signal sequence and the
phage coat protein genes. Upon viral infection, recombi-
nant proteins, together with other coat proteins, are
synthesized in the bactenial host and directly translocated
to the inner membrane, where a signal peptide is cleaved
before incorporation into the phage progeny (Barbas et al,
2001).

The peneral secretory (Sec) pathway is a general
bacterial protein translocation system (Pugsley 1993).
The proteins exported via Sec machinery are synthesized
with an N-terminal signal peptide that directs translocation
in an unfolded state by an apparatus consisting of soluble
and membrane-bound Sec gene products (Danese and
Silhavy 1998). The phagemids that are applied in phage
display technique usually contain Sec signal sequences
such as OmpA and OmpT (Manosrol et al. 2001; Heyd et
al. 2003).

The translocation rate of proteins delivered through the
Sec pathway is quite rapid, at about 10,000 amino acids per
minute (Vallejo and Rinas 2004). However, the folding rate
of some heterologously expressed chimertic proteins can be
very fast compared to the translocation that results in an
incompatible substrate for the Sec channel, Consequently,
unfolded proteins, which have not yet buried their hydro-
phobic amino acid stretches or have had the chance to pass
through the Sec channel, tend to form inclusion bodies in
the periplasniic space (Mitraki et al. 1991; Vallejo and
Rinas 2004). Taken together, an efficient protein secretion
pathway is required for displaying an active protein on a
phage particle.

In recent years, it has become clear that most bacteria
posscss a second general protein translocation pathway that
1s quite distinct from the Sec apparatus. This Sec-indepen-
dent pathway has been termed the twin-arginine translo-
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cation (Tat) system (Berks 1996; Sargent et al. 1998). A
signal peptide contains a peculiar motif, including two
consecutive arginine residues (Santini et al. 1998). The
most remarkable characteristic of the Tat pathway is that it
functions in transporting folded proteins of varying di-
mensions across the cytoplasmic membrane (Berks et al,
2000). This pathway exports proteins in their native
conformation, since the folding process occurs before
translocation, thus enabling cytoplasmic chaperones and
foldases to be used, reducing the amount of aggregation
either in the cytoplasm or in the periplasm.

In this study, the Tat system was used to improve the
quality of the displayed molecule CD147 on the phage
particle. CD147 is a human leukocyte surface molecule of
the immunoglobulin superfamily and is found on the
surface of various cell types (i.e., cancer cells and activated
T tymphoeytes) (Kasimrerk et al. 1992, 1999; Biswas et al.
1995). A suitable method to produce functional CD147 is
needed for the study of molecular and cellular CD147
functions.

Materials and methods

Site-directed mutagenesis of pComb8-CD147Ex
phagemid

Site-directed mutagenesis was applied to make an Nsil
restriction site upstream of the PelB signal sequence in the
pComb8-CD147Ex phagemid (Intasai et al. 2003) by using
primers MutPelBa (5'-GAG ACA GTC ATA atg cat TAC
CTA TTG CCT ACG-3") and MutPelBb (5'-CGT AGG
CAATAG GTA atg cat TAT GAC TGT CTC-3"} (the Nsil
restriction site is designated by lower-case letters). Poly-
merase chain reaction {PCR) was carried out using
PfuTurbo DNA polymerase (Stratagene, La Jolla, CA,
USA) according to the QuikChange Site-Directed Muta-
genesis Kit protocol. Subsequently, the mixture was treated
with Dpnl (Promega, Madison, WI, USA) to digest the
nonmutated parental vector. The resulting phagemid was
named MpComb8-CD147Ex. MpComb8-CD147Ex was
digested with Nsil and Xbal (Fermentas, Massachusetts,
USA) to prepare the cloning site. After purification, the 5'-
end was dephosphorylated to prevent the recircularization
and religation of linear-digested MpComb8-CD147Ex,
using calf intestinal alkaline phosphatase (Promega).

TorA signal sequence amplification by PCR

Two oligonucleotides—TatNsilFw (5'-GAG GAG GAG
GTa tge atA ATA ACG ATC TCT TTC AG-3") with an
Nsil restriction site (lower-case [etters) and TatXholRev
(5"-GAG GAG GAG CTc teg agC GCC GCT TGC GCC
GCA GT-3') with an Xhol restriction site (lower-case
letters}—were used as primers for amplifying the TorA
signal sequence gene from the pSPLO4 vector (kindly

provided by Dr. JLH. Weiner, University of Alberta,
Canada)} using ProofStart DNA polymerase. After ampli-
fication cycles, the resulting 126-bp PCR product was
analyzed by gel electrophoresis, subsequently treated with
Nsil and Xhol (Fermentas), and purified with a QLAquick
PCR purification kit (Qiagen).

Construction of phagemid containing 7at-CDI147Ex
gene

The pComb8-CD147Ex phagemid was digested with Xhol
and Xbal. The DNA fragment of digested pCombS$-
CDI147Ex containing the CDI47 gene of 844 bp was
subsequently ligated with a digested TorA signal sequence
PCR product, using T4 ligase enzyme (Roche Molecular
Biochemicals, Mannheim, Germany). The 970-bp ligation
product was named Tat-CD147 fragment, The Tat-CD147
ligated product was further amplified using primers
TatNsilFW and Tat-CD147Rv (5-GAG GAG GAG CTt
cta gaA CTG ACG AGC TC-3'; the Xbal restriction site is
designated by lower-case letters). After purification, the
PCR product was digested with Nsil and Xbal.

The Nsil- and Xbal-digested Tat-CD147 fragment was
ligated with the dephosphorylated Nsil- and Xbal-digested
MpComb8-CD147Ex by the T4 ligase enzyme (Ferment-
as). The newly constructed phagemid was named pTat8-
CD147. The phagemid was transformed into TG-1 wild
type and AtatABC mutant strain (DS5640) (a gift from Dr.
I.H. Weiner, University of Alberta) (Sambasivarao et al.
2001). Transformed cells were selected on Luria—Bertani
agar containing 100 pg/mi ampicillin.

Phage display of CID147Ex via gpVIIl

After transforming TG-1 with pTat8-CD147, the phage
display technique was performed using the phage display
of CD147 through the Sec pathway protocol, as described
previously (Intasai et al. 2003). Briefly, a clone of pTat&-
CD147-transformed TG-1 was grown in 10 ml of 2x
tryptone—yeast (TY) broth [1.6% (wt/vol) tryptone, 1%
{(wt/vol) yeast extract, and 0.5% (wt/vol) sodium chloride]
containing 100 pg/ml ampicillin at 37°C until an optical
density (OD) at 600 nm of 0.8 was reached. Precultured
bacteria were subsequently propagated in 100 ml of the
same medium containing 2 ml of 50% glucose and then
cultured at 25°C until 0.5 OD. Then 30 ml of the culture
was infected with VCSMI13 helper phage. The phage-
infected TG-1 was spun down at 3,000 rpm for 10 min at
4°C. The pellet was resuspended in 30 ml of 2x TY broth
containing ampicillin {100 pg/ml) and kanamycin (70 pg/
ml) and then transferred to 220 ml of the same broth and
shaken at 180 rpm for 16 h at 25°C. Bacteriophages
harboring CD147Ex via gpVII generated by the Tat
pathway ($Tat-CD147gpVIII) were harvested by PEG
8000/NaCl precipitation (Tayapiwatana and Kasinrerk
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Fig. 1 Map of the pTat8-CD147 phagermid. The Nsil- and Xbal-
cloning sites are areas where the Tat-CD147 fragment was inserted.
The origin of replication {(Col El), lac promoter, Tat signal sequence
(TorA), and gpVIIl are shown

2002). Finally, the phages were reconstituted with 2.5 ml of
0.15 M phosphate-buffered saline (PBS), pH 7.2, and
centrifuged at 11,000 rpm for 10 min at 4°C.

Immunoassay for phage-displayed CD147ExgpVIL
by Sandwich ELISA

A microtiter plate (NUNC, Roskiide, Denmark)} was coated
with 50 pl of 10 pg/ml CD147 monoclonal antibodies (mAb)
(M6-1E9, IgGs,; M6-1D4, 1gM; M6-1F3, 1gM; M6-2B1,
[gM; M6-2F9, 1gM) (Kasiwerk et al, 1999) in 4 carbonate/
bicarbonate buffer, pH 9.6. Two of five mAb (M6-1E9 and
M6-1D4) recognize lincar epitopes of human CD147, while
the other three mAb recognize conformational epitopes.
Standard ELISA washing and blocking processes were
performed. Recombinant phages were added to the wells

Optical density at 450 nm
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using the optimized phage amount (50 wl of 10'°-10"" cfu/
ml). Two altemnative sets of anti-M13 mAb were used to
monitor the binding of phage particles. One was horseradish
peroxidase (HRP)-conjugated anti-gpVI1ll mAb (Amersham-
Pharmacia Biotech, Buckinghamshire, UK). The other was
biotinylated anti-gplll mAb (Exalpha Biologicals, Massachu-
setts, USA). HRP-conjugated anti-biotin (Zymed, California,
USA) was applied to trace biotinylated anti-gplll mAb, After
washing, the 3,3',5,5-tetramethylbenzidine substrate was
added and incubated at room temperature for color develop-
ment. OD at 450 nm was determined after adding 1| N HCl to
stop the reaction. Phage-displayed CDI147Ex via gpVIlU
through the Sec pathway ($Sec-CDI47gpVIL), phage-
displayed CDI47Ex via gpVIIl prepared from the TG-I
AtatABC mutant strain {($Tatmut-CD147gpVILD), and the
VCSM13 helper phage were used to compare the absorbance
unit obtained from OTat-CD147gpV1ll by the ELISA system.

SDS-PAGE and Western immunoblotting

Protein components of precipitated phages were scparated
on a 12% polyacrylamide gel by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) in reduc-
ing conditions. For Western immunoblotting, the separated
proteins were electroblotted onto a polyvinylidene fluoride
(PVDF) membrane. The bletted membrane was blocked
with 5% skim milk in PBS, pH 7.2, and then incubated with
pooled CD47 mAb (M6-1E9 and MG-1D4 at 5 pg/ml
each). After washing, HRP-conjugated rabbit—anti-mouse
immunoglobulins (Zymed) were added to the membrane.
[mmunoreactive bands were then visualized using the
chemiluminescent substrate detection system {Amersham-
Pharmacia Biotech).

w6-211 M 6-2F9 No coat

Amti-CDH47 ntAbs

Fig. 2 Comparison of the expression of phage-displayed CD147Ex
via the Tat and Sec pathways by Sandwich ELISA. Anti-CD147
mAb (M6-1D4, M6-1E9, M6-113, M6-2B1, and M6-2F9) were
used to capture recombinant phages. The binding activity of each
tested phage was compared using an arbitrary OD unit at 450 nm.
This experiment was performed twice. $'1at-CD147gpVIIL, phage-
displayed CD147Ex on gpVll via the Tat pathway (first bar),

$Sec-CD147gpVIIL, phage-displayed CD147Ex on gpVIl via the
Sec pathway (second bar); PTaimut-CD147gp V111, phage-displayed
CDI147Ex on gpVIHI produced from the far mutant (third bar);
VCSMI13 phage (forth bar), no phage (last bar). Phages were
prepared from a culture supernatant by standard PEG/NaCl precip-
itation method
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Fig. 3 Detection of CDI47Ex |
presenting on phage particles
through gpVIIl by Sandwich
ELISA. Recombinunt phages
were captured with five anti-
CD147 mAb (M6-1D4, M6-
1E9, M6-1F3, M6-2B1, and
M6-2F9). The biotinylated anti-
gplll mAb/HRP-conjugated
anti-bietin detection system was
used for tracing antibody-bound
phages. The experiment was
performed twice. Bar designa-
tons are the same as those used
in Fig. 2. Phages were prepared
from a culture supernatant by
standard PEG/NaCl precipita-
tion method

Optieal density at 450 nin

Results
Construction of pTat8-CD147 phagemid

To generate the phage expressing a CD147 molecule via
the Tat pathway, the pComb8-CD147Ex phagemid was
medified by substituting the leader sequence from PelB
with that from TorA. The correct nucleotide sequence of
TorA-CD147Ex-gpVIIl was determined according to the
dideoxychain terminator procedure using BigDye Termi-
nator v3.1 Cycle Sequencing Kit (PE Applied Biosystems,
California, USA). The resulting map of the novel
constructed phagemid pTat8-CD147 is shown in Fig. 1.

Comparison of phage-displayed CD147Ex expression
by Sandwich ELISA

The phage-displayed CD147Ex, via gpVIII through the Tat
pathway ($Tat-CD147gpVIIi}, was produced by infecting
the pTat8-CD147-transformed TG-1 with the VCSM13
helper phage. In addition, phage display of the CD147
fusion protein from the TG-1 Atat4BC mutant was
performed o validate the TorA signal peptide directing
the CD147 fusion protein via the Tat pathway The
expression of recombinant CD147Ex-gpVIII through the
Tat pathway was dctermined by Sandwich ELISA in
companson with the Sec pathway. A panel of anti-CD147
mAb (M6-1D4, M6-1E9, M6-1F3, M6-2B1, and M6-2F9)
was used as capture antibodies. By using the HRP-
conjugated anti-gpVIL, OTat-CD147gpVII showed an
absorbance unit higher than that of ®Sec-CD147gpVIII,
with all anti-CD147 mAb (Fig. 2). However, the absor-
bance unit of $Tatmut-CD147gpVIO, which bound to
mAb-coated wells, was comparable to $Tat-CD147gpVIIL
None of the CD147 mAb captured VCSMI13, which
assured assay specificity. In addition, nonspecific binding
of phages was ruled out because the signal could not be
detected in any uncoated well.

AMG-1Dd

M6-219

MG-1E9 M6-113 M6-201 No coul

Anti-CD 147 mADbs

Demonstration of anchored CD147Ex on phage
particles by Sandwich ELISA

To confirm that the CD147 molecule was linked to phage
particles, the biotinylated anti-gplll mAb/HRP-conjugated
anfi-biotin detection system was applied. As shown in
Fig. 3, ®Tat-CD147gpVIII showed a binding activity with
most anti-CD147 mAb (except for M6-1F3 wherein a
similar signal was observed) higher than that of ®Sec-
CDI147gpVIIL $Tatmut-CD147gp VI and VCSM13 were
not recognized by any anti-CD147 mAb, and this result
was also obtained in uncoated wells.

Western immunoblotting

@Tat-CD147gpVII, $Sec-CD147gpVII, and PTatmut-
CDI147gpV1l (10’ cfu each) were fractionated by SDS-

kDa LI L2 L3 L4

40

33

24

17

Fig. 4 Western immuneblotting of phage-displayed CD147Exgp-
VII1. Phages were separated by SDS-PAGE in nonreducing
conditions and transferred 10 a PVDF membrane. An immunoclogical
assay was performed by probing with a combination of anti-CD147
mAb (M6-1D4 and M6-1E9). L/ &Tat-CD147gpVIll, L2 $Sec-
CD147gpVIill, L3 dTatmut-CD147gpVIL, L4 VCSMI13 phage. The
immunoreactive bands were visualized by the chemiluminescence
subsirate dutection system. Molecular weight markers (in kiledal-
tons) are indicated. Phages were prepared from a culture supematant
by standard PEG/NaCl precipitation method



PAGE in reducing conditions, electroblotted, and probed
with pooled CD147 mAb (M6-1D4 and MG6-1E9). An
immunoreactive band with a molecular weight of 28 kDa
was visualized (Fig. 4). The band was considered a fusion
protein of CD147Ex (20 kDa} and gpV1II (6 kDa) (Intasai
et al. 2003). No reactive band was detected in the control
lane wherein VCSM13 phages were used.

Discussion

The delivery of proteins across the cytoplasmic membrane
into the periplasm of Escherichia coli has been applied in
the production of a number of heterolegous proteins. The
oxidizing environmen! in the periplasm promotes disulfide
bend fonmation. The vast majority of proteins are exported
by the Sec pathway, which is therefore responsible for the
targeting and assembly of most proteins in phage display.
However, not every recombinant protein can be success-
fully inserted into the phage particle. Chimeric proteins that
included large peptides or stretches of hydrophobic
residues acting as stop—transfer sequences, which might
be prevented from crossing the membrane, resulted in their
inability to be displayed on their surfaces. To alleviate this
problem, various methods, such as the modulation of
culturing conditions (Chappel et al. 1998; Soltes et al.
2003) and the coexpression of chaperones inveolved in
translocation, have been applied (Bothmann and Pluckthun
1998; Delisa et al. 2004). However, other factors (i.e.,
folding kinetics of individual molecules) have not been
solved. The Sec channel would not facilitate expressed
proteins that completely fold in the cytoplasm.

In 1998, an alternative Sec system, the Tat system, was
reported (Weiner et al. 1998), The translocation of active
green fluorescence protein via the Tat pathway, which
previously failed with Sec machinery, has been described
(Thomas et al. 2001). Therefore, the Tat pathway may be
useful in the phage display system. In this study, the
external domain of the CD147 molecule was selected as a
candidate of a TorA twin-arginine leader fusion protein.
The novel phagemid pTat8-CD147, which contained the
TorA signal sequence, was constructed to employ the Tat
machinery for targeting and translocation to facilitate the
display of CDI147Ex.

The occurrence of CD147 epitopes was evaluated for
five mAb by Sandwich ELISA, with HRP-conjugated anti-
gpV1I mAb as tracer (Fig. 2). This system detected CD147
epitopes presented on phage particles and free-form
CD147Ex-gpVIIl. As hypothesized, CD147Ex-gpVII fu-
sion protein secreted through the Tat machinery showed a
higher positive reactivity with all the anti-CD147 mAb
when compared with that delivered via the Sec pathway.
The folding of two distinct epitopes of CDI47 delivered
via the Tat pathway was more efficient, as demonstrated by
M6-2B1 and M6-2F9. Interestingly, a strong positive
signal was also obtained from the TG-1 AtatABC mutant
transformed with pTat8-CD147. Even though fat was
deleted, the TorA-CD147Ex-gpVIII fusion protcin could
pass through the membrane by a nonspecific pathway.
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We further investigated whether the positive signal was
due to the Sec or the phage-anchoring form of CD147Ex-
gpVIIL To address this question, Sandwich ELISA, using
the biotinylated anti-gplll mAb/HRP-conjugated anti-
biotin detectton system, was used to evaluate the expres-
sion of CD147Ex on the phage surface. The absorbance
values obtained from ®Tat-CD147gpVII and OSec-
CD147gpVIl were considerably different in most of the
mAb tested. Since the positive signal determined the
phage-bound form of CD147Ex, the number of CD147Ex
molecules presented in $Tat-CD147gpVIII was assumed
to be higher than that in $Sec-CD147gpVIIL. Since
gpVII's size is small, we presumed that the structure of
gpV1ll, along with its fusion partner CD147Ex, might be
distorted upon folding. Consequently, the transformed
gpVII lost its efficiency in anchoring into the inner
membrane, and thus was unable to assemble into the phage
particle. For ®Tatmut-CD147gpVIIL, there was no binding
of phage to the solid phase coated with mAb. In contrast,
$Tatmut-CD147gp VIl showed a binding activity compa-
rable with that of $Tat-CD147gpVII when detected with
the HRP-conjugated anti-gpVI1 mAb detection system.
We speculated that, after the TG-1 Atatd BC mutant was
infected with the VCSM 13 helper phage, the recombinant
phage progeny could not be generated. This finding
corresponds to former studies describing defects in the
integrity of the £. coli tat mutant outer membrane (Bruser
and Sanders 2003; Ize et al. 2003). faf mutants showed
leakage of periplasmic profein, while the wild-type £. coli
did not (Stanley et al. 2001). Regarding periplasmic
leakage and defects of the outer membrane, CD147Ex-
gpVIIl fusion proteins that accumulated in the cytoplasm
as well as in the cytoplasmic membrane were directly
released to a culture supemnatant. Since they did not pass
through a specific targeting/translocation systern, CD147Ex-
gpVIIl was not inserted into the inner membrane. Hence,
the majority of CD147Ex-gpVIII detected in the culture
medium from the Adat strain were in a phage-nonpacka-
ging form. Therefore, TorA-CDI147Ex-gpVIIl could be
franslocated to the periplasm and integrated into the
membrane only via a complete Tat machinery. This
pheromenon could be confirmed by normal phage biology,
as the progeny phage will gather only gpVIL, which are
translocated by a specific pathway and correctly integrated
into the membrare.

Very recently, Paschke and Hohne (2005) used the Tat
pathway for delivering a protein of interest to link to the
phage particle. The fusion partner of the displayed
polypeptide in this study was not gpVIIl, but Fos.
Consequently, the exported protein was disfributed in the
periplasmic space 1n soluble form. In contrast, our findings
demonstrate the incorporation of a Tat-delivered heterol-
ogous protein into phage with the fusion partner gpVIII,
which contains a hydrophobic region for incorporation into
the £. coli inner membrane. Our observations here further
support the 1dea that the Tat translocase is involved in
membrane protein insertion (Hatzixanthis et al. 2003).

The CD147Ex-gpVIL fusion protein in phage solutions
was also identified by Western immunoblotting. The correct
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size of the CDI147 fusion protein at 28 kDa was observed
from ®Tat-CD147gpVILl and OSec-CD147gp VI, which
was identical to $Sec-CD147gpVII in our previous study
fIntasai et al. 2003). The immature polypeptide band did not
appear on the membrane. This result confirmed the suitable
delivery of expressed TorA-CD147-gpVII and the specific
processing of the TorA signal peptide. The reactive band at
28 kDa also appeared in the lane lpaded with $Tatmut-
CDI147gpVIlL. Regarding this finding and the Sandwich
ELISA results (Figs. 2 and 3), the CD147gpV1l contained in
the phage preparation from the TG-1 Atat43C mutant culture
was in free form. Although nonspecifically accessing the
periplasim, the TorA signal peptide was apparently removed
from the recombinant molecule.

Various functional proteins, such as antibody fragments
(Fab and scFv) (Hoogenboom et al. 1991), human growth
hormones (Bass et al. 1990), and tissue plasminogen activator
derivatives (Manosroi et al. 2001), have been successfully
displayed on phage particles. Proteins or peptides are fused to
either gpVIU or gplil. Generally, gplll is the protein of choice
for most phage displays due to its tolerance to large insertions.
However, its disadvantage 15 that less than one copy of
recombinant protein is typically displayed per phage particle,
and it is not suitable when functional avidity is required.
Therefore, a gpVIII phage displaying multivalent molecules
is preferred (Sidhu et al. 2000). In our preliminary study,
DSec-CD147gpVIll—in contrast to PScc-CD147gplll—
demonstrated binding to U937 cells. However, gpVIU
phage display is limited to the length of the insert because a
large insert can be less efficiently packaged into the phape.
The large insert may possibly affect the inittation of phage
assembly by disturbing the interaction between gpVIII and
gpV1 (Endemann and Model 1995), or it may be too large in
diarneter to pass through the gplV exit pore in the outer
membrane (Marciano et al. 1999). Recently, phage shock
protein PspA was described in relation to enhancing the
efficiency of protein transportation via the Tat machinery
{DeLisa et al. 2004). While the precise function of PspA 1s not
clearly understood, it appears to maintain the proton motive
force, which is required in the Tat translocase function under
membrane-associated stress conditions, including filarnentous
phage infection. Overall, the Tat pathway appears more
suttable than the Sec pathway in the phage display of
CDI147Ex via gpVIIl. Based on the present data, the Tat
pathway can be applied with candidate proteins, which are
less efficiently displayed using the conventional phage
display.

Here we solved the limitation in using gpVIII as a fusion
partmer. The multivatent phage displaying the precise struc-
ture of CDI47Ex is being applied in further studies to
uncover its signal transduction and ligand—partner roles. The
current findings also identified an alternative route of fusion
protein exportation for packaging into the phage particle,
which is normally transported through Sec components.
Moreover, while the structural domains of the CD147Ex
molecule are homologous to immunoglobulin, expression by
pTat8 could improve the quality of antibody libraries. This
approach may overcome the aggregation that results in the
nonsecretion of ScFv or Fab and, thus, nonattachment to

phage particles. Consequently, the possibility of obtaming
reactive clones in the panning step will be increased.
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Abstract

CD147 Is a broadly expressed cell-surface molecule and serves as a signaling receptor for extracellular
cyclophilins. CD147 also appears to interact with immune cells, but its counter-receptor on these cells
has not been clearly described. In the present report, we displayed multiple copies of the CD147
extracellular domain {CD147Ex) on VCSM13 phage to study the interaction of CD147 with its ligand.
Recognition of phage containing fusion protein of CD147Ex and gpVIll (CD147Ex phage) by four
different anti-CD147 mAbs indicated that at least parts of the CD147 are properly folded. Specific
binding of CD147Ex phage to various cell types was demonstrated by flow cytometry. Morphological
changes, however, were observed only in U937, a monocytic ¢ell line, after 24 h incubation with
multivalent CD147Ex phage. After 48 h, U937 cell propagation ceased. Staining with annexin V and
the presence of cleaved caspase-3 indicated that many of the CD147Ex phage-treated cells had lost
viability through apoptotic cell death. The above results suggest that CD147 induces apoptosis in U973
cells and that at least a portion of this cell death program involves a caspase-dependent pathway.

Introduction

The human leukocyle surface molecule CD147 is & 50- to
60-kDa lype 1 transmembrane glycaprotein that belongs to
the lg superfamity (1). CD147 is composed of two |g domains
in the extracellular region, a single transmembrane domain
and a sheri cyloplasmic domain (2-4). The extraceliutar regicn
contains three glycosylation sites (4), but the glycan portion of
the molecule differs according 1o cell and tissue types. Thus,
the different glycesylation patterns of the 27-kDa core protein
results in its variable molecular weight (2). The CD147
molecule, also known as EMMPRIN (2), basigin (3, 5) and
M6 Ag (B), is broadly expressed on both hematopoietic and
non-hematopoietic cells. Expression of CD147 on T cells
depends on the differentiation state: it is expressed at higher
levels on the cell surface of immature thymocytes than on ma-
ture peripheral T cells (7). CD147 expression is up-reguiated
on activated T cells (2, 3). High expression of CD147 is also
observed on human tumor cells {8-10) and seems to be re-
sponsible for stimulating fibroblast matrix metalloproteinases

{(MMPs} producticn leading to extracellular malrix degrad-
aticn, which results in tumor growth and metastasis (11, 12).
Some CD147 mAbs inhibited homotypic aggregation of
the estrogen-dependeni breast cancer cell ne, MCF-7. as
well as MCF-7 cell adhesion to type IV collagen. fibronectin
and laminin (1). Certain CD147 mAbs also induced hometypic
cell aggregation of a monocytic cell line, U937 {13). This
aclivation depends upen the aclivation of protein kinases
and re-organization of the cyloskeleton {14). Treatment of im-
mature fetal thymocytes by CD147 mAbs caused aggregalion
of their CC147 molecules and inhibited their further devel-
opment into mature T cells {15}. Enhancement of mixed
lymphocyte responses in CD147 knockout mice indicates
a negative regulatory function of CD147 in T cells (16).
Triggering of CD147 molecules on T cells by an inhibitory
mADb resulted in modulation of lipid rafls, impaired signal-
ing and resuited in impaired expression of the IL-2R « chain
CD25 {17}
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Most functional studies of CD147 have relied on specitic
mAbs to induce the celis of interest (11-17). The use of mAbs
to mirnic native ligand-recepter signaling, however, did not
verify the role of CD147 in binding to a membrane ligand to
initiate signal transduction. Recently, purilied native CD147
was shown to induce the production of secreted MMP-1 by
human dermal fibroblasts as well as MMP-2 by a breast
carcinoma cell line (MDA-435) {18). The binding affinity of
CD147 for its figand is presumably weak, as is typical for Ig
superfamily proteins (18).

Phage display technology is a powerful technigue for
presenting proteins or peplides and has been widely used
to identify ligands that bind to a protein of interest (19, 20).
However, glycosylation and cligomerization of expressed
proteins are not achieved by this technique, and some
domains may not fold properly. In an attempt to study the
CD147-ligand interaction, we first generated phage-displayed
CD147 fused to the minor coat protein, gplll {21). However,
this phage did not bind to cells (unpublished resulis),
indicating a lack of receplor activity. Expression of gplll fusion
protein is restricted to less than one molecule per phage
particle (22). Since many molecules of the major coat protein,
gpVill, are present on the phage particle, we have now
constructed a multivalent phage displaying the CD147
exiracellular domain (CD147Ex) via fusion with the majer
coat protein, gpVIIl (CD147Ex phage) (23). Multiple CD147
molecules on phage particies may enhance binding avidity by
muliivalent ligand interactions and mimic the ligand-receptor
interaction in functicnal studies of CD147.

In the present study, the function of CD147 was invesligated
using phage display of CD147. We found that multivalent
CD147Ex phage bound {o, and induced the apoptotic cell
death of, the monccytic cell ling, U837. We address here the
possible role of the CD147-ligand interaction on the induction
of apoptosis.

Methods

Cells and cell lines

The human monocytic cell line (U937), T cell lines (Jurkat and
Molta) and a B cell iine {Daudi), acutc myelogenous lsukemic
cellline (KG1a) and Teell lymphoma (HUT78) were maintained
in RPMI 1640 medium (GIBCO, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS) (GIBCQ),
40 pg mi~! gentamicin and 2.5 pg ml™" amphotericin B in
a humidified atmosphere of 5% CQ, at 37°C. The BW5147
mouse thymoma cell line was maintained in the same medium
and culture conditions.

PBMCs were cbtained from heaithy donors by Ficoll-
Hypaque density gradient centrifugaticn (Pharmacia Biotech,
Uppsala, Sweden).

Multivalent CD147Ex phage preparation

A phage displaying multiple copies of the CD147Ex via the
major coat protein, gpVlll, was produced as previcusly
reported (23). Briefly, a DNA encoding CD147Ex fragment
was amplified from the mammalian expression vector,
pCDMB-CD147 (6). After amplificaticn, the 550-bp PCR proc-
uct of CD147Ex was inserted into the pComb8 phagemid

{(kindly provided by C. F. Barbas, Scripps Institule, USA) to
construct pComb8-CD147Ex, a phagemid expressing the
CD147Ex. The pComb8-CD147Ex was transformed into TG
Escherichia coli host strain [supE hsdAb thia{lac-proABG)
F'{traD36proAB+, lac? lacZAM15)] (kindly provided by A. D.
Griffiths, MRC Cambridge, UK). The pComb8-CD147Ex-
transformed E. coli were grown at 25°C with simullaneous
isopropyl-p-o-thiogalactopyranosicde stimulation and VCSM13
phage infection. Phage particles containing CD147 were
detected by sandwich ELISA {23). Four different anti-CD147
mAbs (MB-1B9, 19Gs ME-1E9, IgGzs M6-1D4, igM and
MG-2F9, IgM} (13, 14) were used as capture antibodies, and
HRP-conjugated anti-gpVIll mAb {Amersham Pharmacia 8io-
tech, Buckinghamshire, UK) was used {o detect these phage
particles.

Identification of CD147Ex phage binding lo various cell
lines by flow cylomelry

Fifty micrcliters of 6 x 10" tu mi™" mullivaient CD147Ex
phages or VCSM13 control phages in RPMI 1640 were mixed
with 50 pul of 107 cells ml™" for each cell line tested, and the
mixture was incubated on ice for 30 min. The incubated cells
were cenirifuged at 12 000 rpm for 10 s and the supernatant
was discarded. Cells were re-suspended in 50 pl RPMI 1640
containing anti-gpVill mAb (10 pug mi~'; Amersham) and
incubaled on ice for 30 min. After incubaiion, cells were
centrifuged and the supernatant was discarded. Cells were
then stained with FITC-conjugated anli-mouse g {Silenus,
Melbourne, Australia) in RPM! 1640 and incubated on ice for
30 min. After centrifugation and aspiration of the supernatant,
the cells were re-suspended in PBS. Flow cytomeiric analysis
was carried out on a FACSCalibur (BD Bicsciences, San Jose,
CA, USA) using CellQuest software (BD Biosciences).

Confirmation of CO147Ex phage binding to U937 cells by
immunoccytochemistry

Three mililliters of 10'% tu mI~' CD147Ex phage or VCSM13
phage in RPMI 1640 were added to 3 ml of 3 x 10° U937 cells
mi~"in RPMI 1640-20% FBS, and the mixture was incubated
at 37°C for 24 h in a 5% CO; atmosphere. After incubation
and low-speed centrifugation and re-suspension in a smaller
volume, 100 p! of 1 % 10° cells mi™" phage-incubated U837
cells were placed on a sitane-coated slide, air dried, and fixed
with 3.7% formaidehyde in PBS containing 50 mM MgCi, for
10 min, Slides were washed three times in PBS conlaining
50 mM MgCl; and blocked with 1% BSA in saline sodium
citrate (SSC) at room temperalure for 5 min. Anti-gpVIIl mAL
(Amersham) was added and incubated at room temperature
for 1 h. After washing, Alexa680-conjugated goat anti-mecusc
lg (Malecular Probes, Eugene, OR, USA) was added 1o the
slide and incubaled at room temperature for 30 min. After
washing, U937 nuclel were counterstained with 4',6-diamidine-
2-phenylindole (DAPI) (Molecular Probes). Image analysis
was carried oul using the Spectra Cube {Applied Spectral
lmaging, Carisbad, CA, USA) on a Zeiss Axiophot 2 micro-
scope (Carl Zeiss Canada Lid., Toronto, Ontario, Canada)
and the SKYVIEW 2.1.1 software (Applied Spectral Imaging).
After spectral image acquisition, the acquired spectral image
was classified using the combinatorial table conlaining the



fluorochrome combinations for the above analyses (24).
This classified image was generated to delineate the cleaved
caspase-3 pcsitive area (classified in red). Inverted DAPI
images represent nuclei.

Effect of CD147Ex phage on various cell types

One hundred microliters af 10'® tu mi~" CD147Ex phage in
RPMI 1640 was added to 100 pl of 3 x 10° celis mi~" of each
cell type in RPMI 1640-20% FBS in the wells of a 96-well flat-
botiom tissue cullure plate (NUNC, Roskilde, Denmark) and
the mixture was incubated at 37°C in a 5% CO, incubator.
VCSM13 phage and phage-displayed green fluorescent
protein were used as ¢onirois. Live cullures were observed
at 1, 2, 3, 4, 8 24 and 48 h of incubation, Images were taken
under a Zeiss Axiovert 100 microscepe (Zeiss).

Antibody nieutralization of CLO147Ex phage in U937 cell
death induction

One hundred microliters of 10'° tu mi=" CD147Ex phage in
RPMI 1640 were pre-incubated with 10 pg ml~" anti-CD147
mAbs, MB-14D and MB-2F9, at 37°C for 30 min. The mixture
was added to 100 pl of 3 x 10° cells mi~' of each cell type in
RPMI 1640-20% FBS in a 26-well flat-botlom tissue culture
plate {NUNC) and incubated at 37°C in a 5% CO, incubator.
The cullures were observed at 1, 2, 3, 4, 8, 24 and 48 h of
incubation. Images were taken under a Zeiss Axiovert 100
microscope (Zeiss).

Cylotoxicity assay

CD147Ex phage-induced U337 cell death was investigated
by mixing 3 ml of 10" tu mi~" multivalent CD147Ex phage
or VCSM13 phage re-suspended in APMI 16840 with 3 ml of
3 x 10° U937 celis mI~" in RPMI 1640-20% FBS, and incu-
bating for 48 h at 37°C in a 5% CO; incubator. After washing,
cells were stained using the LIVE/DEAD Viability/Cytotoxicity Kit
{Molecular Probes) according to the manufacturer's instruc-
tions. Stained cells were washed twice and cytospun onto
microscope slides at a density of 10° cells per slide. Nuclei
were counterstained with DAPI (Molecular Probes). Images
were taken using a Zeiss Axioplan2 microscope (Zeiss) and
FITC (excitation at 494 nm, emissicn at 518 nm), Texas red
{excitation at 595 nm, emission at 620 nm) and DAPI (excitation
at 359 nm, emission at 461 nm} filters (Zeiss). The tlucrescence
intensity was anaiyzed by Northern Eclipse 5.0 (Empix Imaging
Inc., Mississauga, Ontario, Canada} using the NucDen
function,

Annexin V assay

Ug37-CD147Ex phage incubation was performed as de-
scribed for lhe cylotoxicity assay. VCSM13 phage and
phage-displayed survivin {SVV} were included as controls.
After incubation, incubated U937 cells were washed with cold
PBS and re-suspended in 100 pl of binding buffer {10 mM
HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl.). Cne hundred
microliters of 10% cells mi~" of phage-incubated U937 cells
were incubated with 5 wl annexin V conjugated with FITC (BD
Biosciences) for 15 min al room temperature in the dark. Two
microliters of propidium iodice (Pl, 50 ug ml™ '} were added 1o
the incubated cells. Flow cylometric analysis was carried out
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within 1 h on a FACSSort (BD Biosciences) using CellQuest
software (BD Biosciences).

Exarmination of cleaved caspase-3 by flow cytomelry

Incubation of U937 cells with CD147Ex phage was performed
as described previously in the cytotoxicity assay. VCSM13
phage and cisplatin (Sigma-Aldrich, St Louis, MO, USA) were
included as controls. After incubation, U937 cells were
harvested, washed and re-suspended in PBS. Methanol-free
formaldehyde was then added to the re-suspenced cells to
a final concentration of 0.25%, incubated at 37°C for 10 min
and placed onice for 1 min. The cells were then permeabilized
with ice-cold 80% methanol and incubated on ice for 30 min.
One million permeabilized cells were washed twice with 0.5%
BSA in PBS and re-suspended in the same buffer. Cells were
subsequently incubated with rabbit anti-cleaved caspase-3
(ASP175) (5A1) mADb (Cell Signaling, Beverly, MA, USA) at
room temperature for 30 min. Cells were then stained with
Alexad88-conjugated anti-rabbit Ig antibody (Molecular
Probes) at rcom temperature for 30 min. After incubation,
cells were washed and re-suspended with 500 pl of 0.5% BSA
in PBS. Flow cytometric analysis was performed on a Beckman
Coulter EPICS ALTRA (Beckman Coulter, Fullerton, CA, USA).

Detection of cleaved caspase-3 by immunocylochemisiry

U937 cells were incubated with CD147Ex phage for 48 h as
described in the cytotoxicily assay. VCSM13 phage and
cisplatin {Sigrna-Aldrich} were included as controls. After 48 h
incubation, cells were fixed for 10 min with 3.7% formaldehyde
in PBS containing 50 mM MgCly. Fifty microliters of 1 x 10°
cells ml~" fixed ceils were placed on a silane-coated slide and
air dried. The slides were fixed with 3.7% formaidehyde in PBS
cantaining 50 mM MgCl; for 10 min. Following washing, celis
were permeabilized with 0.2% Triton-X 100 for 12 min. Slides
were then washed in PBS containing 50 mM MgCl, and
blocked with 1% BSA in SSC al rcom temperature for 5 min.
Then, the fixed cells were incubated with rabbil anti-cleaved
caspase-3 (ASP175) (5A1) mAb (Cell Signaling) at 4°C
overnight. After washing, cells were blocked and then
incubated with Alexa680-conjugated goat anti-rabbit 1gG
antibody (Molecular Probes) at room temperature for 30 min.
U937 nuclei were counterstained with DAPY. Image analysis
was carried out using the Specira Cube (Applied Spectral
Imaging) on a Zeiss Axiogphe! 2 microscope (Zeiss) and the
SKYVIEW 2.1.1 software {Applied Spectral Imaging). Speciral,
classified and inverted images are generated as described
previously.

Analysis of nuclear translocation of apoptosis-inducing
factor by weslern blot

U937 cells were incubaled for 24 h with CD147Ex phage as
described previously. VCSM13 phage and phage-displayed
SVV were used as controls. Nuclear and cytoplasmic fractions
were extracted using NE-PER® Nuclear and Cyloplasmic
Extraction Reagents (Pierce Biotechnology, Perbio Science,
France). Protein content was quantified by a modified Lowry
assay. kighty micrograms of total protein from ceall lysates were
resolved on 12.5% SDS-PAGE under reducing conditions, and
then electroblotted onto a polyvinylidene fluoride membrane
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{PALL, East Hills, NY, USA). The membrane was blocked at
room temperature for 2 h in 5% skimmed mitk in Tris-buffered
saline (TBS) pH 7.6, and then incubated with rabbit anti-
apoptosis-inducing factor (AIF) antibody (Cell Signaling),
which recognizes both a precursor form of AlF at 67 kDa
and a mature form of AIF at 57 kDa, at 4°C overnight on
a shaking platform. On Lhe following day, the blot was washed
with 0.1% Tween 20 in TBS pH 7.6 and incubated with goat
anti-rabbit Ig-HRP at room temperature for 1 h. After washing,
the immunoreactive bands were then visualized by the
chemiluminescent detection sysiem (Amersham).

Resuits

Muitivalent CO147Ex phage binds lo various cell ypes

Phage expressing multivalent CD147 ectodomain were pro-
duced and assayed for display of the CD147 molecules by
sandwich ELISA using four separate anti-CD147 mAbs.
Similar to our previous repont (23), the CD147Ex phage was
recognized by all these anti-CD147 mAbs (data not shown).

To study the interaction of CD147Ex with molecules on the
cell surface of varicus cell types, CD147Ex phage was
incubated with each cell iype and binding was determined
by flow cytometry. The CO147Ex phage bound o all tested
human hermotopeietic cell lines including U837, Daudi, Jurkat,
Moli4, KGla and HUT78 as well as BW5147 mouse thymoma
cells (Fig. 1). A population of peripheral blogd lymphocyies
was also shown to exhibil positive reaclivity (Fig. 1). In
contrast, wild-type phages did not bind to any cell line tested.
To confirm the flow cytometric results by a different method,
U937 celis were incubated with CD147Ex phages and control
phages for 24 h, stained with anti-gpVlil mAb and followed by
goat anti-mouse 1g-Alexag80. Binding of CD147Ex phage on
U937 cells was also demenstrated by immunocytochemistry
(Fig. 2). Interestingly, the CD147Ex phage-binding cells
harbored apoptotic bodies (Fig. 2B, arrow).

CL147Ex phage induces morphological changes and
inhibits growth of U937 cells

We tested the effects of CD147Ex phages and controls on
a variety of cell tines. These included U337, Jurkat, Daudi and
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Control phage
VCSM13

Fig. 2. Delection ¢l CD147Ex phage binding on U837 cells by
immunocytocnemisiry. U337 cells were incubated with recombinant
pnages or wiid-lype phages for 24 h, stained with anti-gpVlii mAb
followed by goal anti-mouse Ig-AlexatB0. The nuclear morphinlogy
wag verified by DAPI staining. A and D represent spectral images.
8 and E represent inverted DAP! and C and F represent classified
images in which Alexa680 is designated in red. Black arrow snows the
apopiotic bodies ang white arrow indicates the binding of CD147Ex
pnages on U937 ceils.

Moli4. Of these tesled cell lings, only U237 cells exhibited
morphological changes after incubation with CD147Ex phage.
Morphological characteristics of apeptotic cell death such as
cytoplasmic blebbing and nuclear fragmentation (25) were
observed alter 24 h of incubation with CD147Ex phages, bul
not with control phages (Fig. 3A, arrows and Fig. 3B and C,
respeclively). After a 48 h of incubation, the cell density of
U937 cells in wells containing CD147Ex phage (Fig. 3D} was
noticeably lower than in wells containing wild-type phages
or phage-displayed irrelevant protein (Fig. 3E and F). The
U937 cell concentration at the beginning of the experiment
was 3 x 10% cells ml ' By 48 h, the CD147Ex phage-incubaled
cells remained al a similar concentration, 2.8 x 10% + 0.7 x
10°, while the wild-type- and irrelevant protein expressing
phage-incubated ceils increased t0 9.5 x 10° + 0.4 X 10° and
8.4 x 10° = 0.8 % 10° cells mI™’, respectively.

To demonsirate the effect of CD147Ex displayed on phage
particles in triggering cell death, anti-CD147 mAbs, M6-1D4
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and MB-2F2 were pre-incubated with CD147Ex phages before
incubating with U837 celis. Morphological changes of U937
cells were significantly decreased compared with those
induced by CD147Ex phages in the absence of CD147 mAb
(Fig. 3G and H).

Cylotoxic effect of CD147Ex phage on /937 celis

Since the morphological changes of CD147Ex phage-
incubated U237 cells suggested thal cell death had ocourred,
vitality and cytotoxicity staining was performed. In the method
employed, intracellular eslerase aclivity in live cells converts
the non-fluorescent cell-permeable caloein AM (o the intensely
fluorescent calcein, which is retained within live cells. Ethidium
homodimer (EthD-1) enters the permeabilized piasma mem-
branes of dead cells and undergoes a 40-feld increase in red
fluorescence after binding to nucleic acids. Therefore, the
nuclei of the dead cells appear red under the fluorescence
microscope. Thus, celis with an aciive metabolism (calcein
positive) that allow EthD-1 to penelrate ana slain their nucleic
acids most likely correspond to iate-slale apoptosis (26). We
found double staining with calcein and EthD-1 in many
recombinant phage-incubated U937 cells (Fig. 4A-C). In
centrast, wild-type phage-incubated U337 cells were positive
only for calcein (Fig. 4D-F). One hundred cells were examined
in three dependent experimenits for the flucrescence intensity
of calcein and EthD-1. Mean E1hD-1 flucrescence intensity of
U937 cells when incubated with muitivalent CD147Ex phages
was 4.4 times higher than that with wild-type phages, while the
mean calcein fluorescence intensity from both conditions were
not significantly different.

CD147Ex phage induces apoplosis of U937 cells

To confirm that the death of multivalent CD147Ex phage-
incubated U937 cells is due to apoptosis, the annexin V assay
was employed. In the presence of CD147Ex phages, more
annexin V-positive cells were observed compared with un-
induced and those treated with the wild-type phage and
phage-displayed irrelevant protein (Fig. 5). These resulis
suggested that muitivalent CD147Ex phage induces apoptotic
cell death in U937 cells (27-29).

involvernent of caspase-3 activalion in the mechanism of
cell death of U937 cells incubaled with CD147Ex phages

To assess the mechanism of apoptotic cell death in CD147Ex
phage-incubated U937 cells, cleaved caspase-3 was ana-
lyzed by flow cytometry. The level of cleaved caspase-3
observed in recombinant phage-incubated U937 cells (Fig. 6,
thin line) was higher than wild-type phage-ireated U937 cells
(Fig. &, filled histogram). However, the level of cleaved
caspase-3 induced by CD 147 phage was not as high as that
riggered by cisplatin (Fig. 6, thick iine). There was no
difference in the ieve! of cleaved caspusc-3 belween wikd-
type phage-induced U837 cells anc un-induced UB37 ceils
(data not shown).

The intracellular cleaved caspase-3 assay was alse de-
termined by immunacytochemisiry, Un-treated U337 cells and
wild-type phage-treated U337 celis were negative for cleaved
caspase-3, whereas induction of U937 celis by cisplatin and
CD147Ex phage resulted in positive staining (Fig. 7). We noted
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Fig. 3. CD147Ex phages induced morphological change and growth arrest of U837 cells. U937 cells were incubaled with (A) CD147Ex phages
(B) VCSM13 phages or (C) phage-displayed green fluorescent protein (GFP) and observed under an inverted microscope (200x). Morphological
change of U937 cells was observed after 24 1 incubation (arrows). The cell density of UB37 cells in wells containing () CD147Ex phages was
significantly lower than those in the presence of (E) VCSM13 phages and (F) phage-displayed GFP after 48 h of incubation (100X ). Morphotogical
change of CD147Ex phage-incubated U837 cells at 24 h of incubation was substantially reduced when pre-incubated CD147Ex phages with anti-

CD147 mAbs, (E) M6 104 and (F) M6-2F9.
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Fig. 4. Cyioloxicity of CD147Ex phages on U937 celis. US37 cells were incubated with {(A~C) CD147Ex phages or (D-F) VCSM13 phages for 48 h
and stained with LIVE/DEAD Viability/Cytotoxicity reagent. Green arrows indicate live cells and pink arrows represent dead cells Results are

representative of three separate experiments.

that of the CD147Ex phage-treated cells that had apoptotic
nuclei, scme were positive (Fig. 7L) and some were negalive
(Fig. 70) for anti-cleaved caspase-3, whcreas all cisplatin-
reated cells with apoptetic nuclel were positive for anti-
cleaved caspase-3.

AIF is not involved in the death of U937 cells after
incubation with CO147Ex phage

AlF is a mitochondriat protein thal, upon mitochendrial trans-
membrane polential (AY,.) 10ss, is released from mitochondria
and translocaled inlo the nucleus (30). To determine the
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Fig. 5. Annexin V assay of CD 147Ex phage-induced U837 cells. U937
cells were incubated with VCSM13 phages, phage-displayed SVV,
CC147Ex phages or cisplatin for 48 h. Cells were incubated with
annexin V-FITC and Pl and analyzed by flow cylometry. Viable U937
cells are negative for both annexin V and P); early apoptotic U837 cells
are positive for annexin V while being negative for Pl; late apoplotic
U937 cells are positive for both annexin V and Pl and necrotic U937
celis are positive for Pl while being negative tor annexin V (27-29).

Cell number

Cleaved caspase-3

Fig. 6. CD147Ex phage-induced U937 cell death resulted in caspase-3
activation. U937 cells were incubated with CD147Ex phages (thin
line), VCSM13 control phages (filled histogram) or cispiatin (thick ling)
for 48 h. Cleaved caspase-3 was examined by flow cylometry after
intraceilutar staining with rabbit anti-cleaved caspase-3 mab. Resulls
are representative of two separate experiments.

involvement of AIF in the induction of nuciear apoptosis of
CD147Ex phage-treated U937 cells, nuclear and cytoplasmic
fractions of CD147Ex phage-trealed as well as VCSM13
phage-trealed and phage-displayed SVV-treated U937 cells
were separated and the western blot analysis was carried out
to detect AlF In un-induced cells, AlF was present primarily as
its 87-kDa proform and processed to a 57-kDa mature form
when caspase-independenl cell death is activated. Nuclear
translocation of the 57-kDa AIF did not appear to increase in
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CD147Ex phage-treated cells after 24 h incubation (Fig. 8%
in contrast, it appeared to be less than in the un-induced
cells (Fig. 8).

Correlation between binding of CD147Ex phage lo
{1937 ceils and apoplotic nuclei

The binding of CD147Ex phage to individual U937 cells that
harbor apeptotic nuclei was examined by immunocytochern-
istry. Recombinant phage acdhering te individual U937 cells
was visualized on classified image which is shown in red
(Fig. 2A-C). Sixty percent of CD147Ex phage-incubated U237
cells were positively stained with anti-gpVHI mAb, while 42% of
CD147Ex phage-incubated U337 cells had apoptotic nuclel.
In contrast, anti-geVIll mAb did not bind to wild-lype phage-
incubated U937 cells (Fig. 2D-F).

Discussion

After the discovery of the CD147 protein, there was no
concrele evidence linking CD147 with the triggering of
membrane bound molecules. Although recombinant CD147
could be expressed on the surface of other cell types in vilro,
this was not suitable for studying CD147 function in triggering
its cell-surface ligands and leads the signal into the cells, as
other pairs of membrane protein interactions may counteract
or interfere with the signal originating from CD 147 induction. To
overcome this problem, phage display technology is in-
troduced for this purpose. Hence, we previously generaled
phage-displayed CD147Ex via gplil and used il for studying
the CD147 function and characterization of CD147 ligands
(21). However, the binding of these recombinant phages to
cells could not be detected by immunolflucrescence. This is
most likely due to the level of helerologous CD147 proleing
displayed on phage gplll being restricted {¢ less than one
molecule per phage particle (22). High levels of helerologous
protein display can be achieved on gpVill, as each phage
particle contains ~2000 copies of the protein (31, 32). More-
over, multivalent C5147 molecules expressed on the 930-nm
length filamentous phage might overcome the limitation of
CD147 binding to low levels of its ligands on the cell surface.
Thus, we decided to generate phage that displayed mulliva-
lent CD147Ex on its surface (23). With this new approach, the
present swdy demonstrated the binding of multivalent
CD147Ex phages to various cell types and a new function of
CD147 has been uncovered for U937 cells.

The physical association between CD147 and §-1 integrin in
the membrane has been reported (33, 34). Berditchevski ef al.
(33) suggested that asscciation of aaf, inlegrin and «gh,
integrin with CD147 is in lateral fashion, similar to the
interaction of B-3 integrins with CD47, another Ig supedamily
protein (35, 36). It has been reported lhat CD147 also serves
as a signaling receptor for extracellular cyclophilin A (37-39).
Recently, a cyclophilin-binding region in the CD147 molecule
has been identified as the transmembrang domain (40). The
proline residue located at position 211 in the transmembrane
domain was the critical residue responsible for infracellular
inferaction of cyclophilins and CD147 (40). Interaciion
between lactale transporter, MCT1 and CD147 has also been
reported (41, 42). Association between MCT1 and fusicn
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Fig. 7. Apoptotic cell death of U937 cells in CD147Ex phage induction showed both positive and negative of cleaved caspase-3. U937 cells were
incubated with RPMI 1840, VCSM13 phage, cisplatin or CD147Ex phages. Cleaved caspase-3 was determined by intracellular staining using
rabbil anti-cleaved caspase-3 mAb and goat anti-rabbit IgG-Alexag80. A, D, G, J and M represent spectral images,; B, D, H, K and N represent
inverted DAPI images and C, F, |, Land O repraesent classified images. in which Alexa®8( is designated in red. Arrows indicate cleaved caspase-3.
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Flg. 8. Analysis for nuclear translocation of AlF in CD147Ex phage-
treated U937 cells. U937 celis were incubated with RPMI 1640 {un-
induced), YCSM13 phages, phage-displayed SVV or CD147Ex
phages for 24 h. Nuclear (N) and cyloplasmic proteins (C) were
extracted wusing NE-PER® Nuclear and Cytoplasmic Extraction
Reagents. Western blot analysis was performed as described in
Methods by using the antibody against AIF

protein of extracellular domain of CD2 and transmembrane or
cyloplasmic domains of CD147 suggested that transmem-
brane and cytoplasmic domains of CD147 are important for
lateral interaction between MCT and CD147 (41). None of
these studies have reported interactions of the CD147 external
domain with any cell-surface molecule. With our novel
approach, only the external domain of CD147 is expressed
on phage particles; thus, it is unlikely that integrins, cyclo-
philins or MCTs are the CD147 ligand. Recently, the possibility
that CD147 could be an auloreceplor has been suggested
(18}. The first extraceilular ig domain of CD147, which con-
tains a glycosylated site, is required for homophilic counter-
receptor binding activity (18, 43). In contrast, the CD147
displayed on phage surface was in ncn-glycosylated form.
Thus, it should not interact with the naive CD147 on the cell
membrane. This finding suggests further study of the in-
teraction of CD147 with its surface ligand conveying the
molecular signals.

Using the tool we developed in this study, we were able to
show that triggering U937 cells with multivalent CD147Ex
phages resulted in morpholegical changes, that is, apoptotic
nuclei, in contrast to other cell types. Engagement of cell-

surface receptors by multiple ligands might be necessary for
signaling. A similar phenomenoen has been reported in a study
that showed IgE dimers were less effective than larger IgE
oligomers in stimulating cellular responses (44). Dependency
of cellular responses on receptor aggregates alse has been
observed for related receptors, such as the B cell receptor
(45, 46) and TCR (47, 48). Thus, signal transduction by indi-
vidual binding of monovalent CD147 may differ from the cross-
linking of cell-surface ligands with multivalent phage carrying
CD147Ex. Herein, the interaction of multivalent phage dis-
playing CD147Ex and its counter-receptors on U337 celis
mediated the merphological changes characteristic of apo-
ptotic cell death. In addition, pre-incubation of CD147Ex
phages with anti-C0147 mAbs, M&-1D4 and M8-2F9, signifi-
cantly reduced the death of U337 cells compared with U337
cells induced by CD147Ex phage cnly. These mAbs may
hinder the epitope that play an important role in death in-
duction of U837 cells. Thus, interactions between CD147Ex
on the phage perticle and its ligands on U937 cells might
consequently lead to death signals. The death of multivalent
CD147Ex phage-incubated U937 cells did nof resull from
chemical 1oxicity of the phage preparation because this
phenomenon was not abserved when using wild-type phage
or phage expressing irrelevant protein. In addition, cell death
was specifically cbserved in US37 cells but not in other tested
cell lines. In addition to multivalent CD147Ex phage-induced
apoptotic morphological change of U937 cells, growth arrest
of U937 cells was cbserved after 48 h of incubation.

The morphelogical features indicating apoplotic cell death,
that is, double staining with calcein and ElhD-1 and double
staining with annexin V and Pl of U937 cells incubated with the
multivaient CD147Ex phage, suggest a possible invoivement
of caspase activation. To address this question, the presence
of cleaved caspase-3 in U937 cells incubated with multivalent



CO147 phage was examined by flow cytometry and immuno-
cytochemistiry. The level of cleaved caspase-3 in U937 celis
incubated with multivalent CD147Ex phages was higher than
in un-induced or wid-type phage-incubated U937 cells.
However, il was nol as remarkable as levels of cieaved
caspase-3 seen in cisplatin-induced U937 cells. When in-
dividuai U937 cells were analyzed by immunocytochemistry,
the percentage of recombinant phage-induced U937 cells
harbering apoptotic nuclei was 74.3%, but with only 12.8%
containing high level of cleaved caspase-3. Therefore, it is
possible that the apoptotic cell death of CD147Ex phage-
incubated U937 cells is partially explained by an enhance-
ment in cleaved caspase-3 level. The reasons for this
differential reaction of U937 cells to CD147Ex phage are cur-
rently unknown. This may be resulted from different kinetics of
apoplatic induclion andfor cther pathways of program cell death
(PCD). Initiation of caspase-dependent and -independent
cell death in respcnse to a given stimulus has been re-
cenily reporled (49, 50). Triggering of HLA class | molecules
on Jurkat T lymphoblasls results in apoplotic cell death
induction by two paraliel pathways, caspase-dependent and
-independent pathways (50). According to current knowledge,
one ceniral molecule in caspase-independent cell death is AIF
{30). Upon induction of apoptosis, AlF transiocates from
mitochondria to the nucleus and results in DNA fragmentation
and marginal chromatin condensation (30). Thus, analysis of
AlF localization in both nuciear and cyloplasmic fractions of
U237 cells by western blot was performed earlier than
caspase-3 analysis. In this study, we showed that nuclear
lranslocation of Al in CD147Ex phage-treated U937 cells was
not detected, which indicates thal & caspase-independent
pathway via AlF is not involved in cell death mediated by
mullivalent CD147. Since caspase-independent pathway is
not involved in this study, alternative pathways of PCD may
play roles in cleaved caspase-3 negative apoptotic cell death.
This may be apoptosis-like or necrosis-like cell death as
described for other molecules, that is, biNIP3 {51-53). The cell
death resembled apoptcsis, as evidenced by outer mem-
branes phosphalidyl serine exposure and apoptctic nuclei,
bul was cleaved caspase-3 as well as AIF independent.
Therefore, it is suggested by our study that the caspase-
dependent pathway may play a major role of apoptotic cell
death in U337 cells after incubation with CD147Ex phage.
Under physiclogical conditions, interaction of CO 147 with its
counter-receptor may have a very low affinity with an extremely
fast dissociation rate, as has been described for a variety of
cell adhesion receptors, such as CDZ2 with s counter-
receplors CD48 and CD58 (54, 55). The functional conse-
quences of the physical assoclation of these cell adhesion
molecules with their ligands may also require high polyvalent
ligands that are regulated by their expression levels. Thus, itis
tempiing to speculate that the fast and strong up-regulation
and patching of CD147 upon activation of T cells (6, 58)
contrals its interaclion with its counter-receptor. Following
CD147 engagement, firm cell contact was established by p-1
and B-2 integrins, which were characterized as physical
and functional partners of CD147 {13, 33, 34). Evidence for
CD147 as a (-2 integrin ampiifier is given by the enhanced
adhesiveness of leukocyle function-associated antigen-1
upen CD147 triggering by mAbs (13). The cooperaticn be-
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tween CD147 and integrins is conserved among species as
lack of CD147 impairs the integrin-dependent cellular archi-
tecture of Drosophila cells (57). Of physiological relevance, we
suggest that CD147 may play a fundamental role in the
negative regulation of immune responses (17, 58) by induction
of apoptesis in the target cells expressed its counter-receptor.
This is also consistent with the finding that lymphocytes
isolated from CD147 ~/— knockout mice better proliferate in
a mixed lymphocyte reaction than those observed in iympho-
cytes derived from witd-type mice (59).

in conclusion, we introduce here a useful strategy, applying
the phage dispiay technique lo study the interaction of ceil-
surface molecules. A multivalent CD147Ex phage was gen-
erated and used in a functional study of the CD147 molecule.
The resulis clearly demonstrated thata CD147 ligand exists on
various cell types. A function of CD147 in triggering apoptotic
cell death in U937 cells was identified. Since this phenomenon
specifically ocourred with U337 cells, which is a monocytic cell
ling, the invelvement of CD147 in immune segulation of specitic
lineage and developmental stages will be the focus of future
studies.
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Abbreviations

AlF apoptosis-inducing factor
CD147Ex  CD147 extracellular domain

CD147Ex  phage containing fusion protein of CD147Ex and gpVili
phage

DAPI 4'6-diamidino-2-phenylindole
EthD-1 ethidium homodimer

FBS fetal bovine serum

MMP matrix metallcproteinase
PCD program cell death

Pl propidium iodide

SSC saline =pdium citrate

SV SUTVvVIN

TBS Trs-buffered saline
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Abstract

One major obstacle in antibody production is the deficiency of highly purified
immunogen. In this study, we described an alternative strategy for circumventing this
problem. A nucleotide sequence encoding the full length of survivin was cloned into
pAK400cb. After ransforming into an E. coli Origami B strain, survivin-biotin
carboxyl carrier protein (BCCP) fusion protein was generated in the cytoplasm, where
the BCCP domain serves as a target for in vive biotinylation. The biotinylated
heterologous protein was subsequently immobilized on streptavidin coated magnetic
particles and separated from other proteins in a magnetic field. The survivin coated
beads were used to raise immune responses in BALB/c mice for hybridoma production.
A number of hybrid clones were proved secreting anti-survivin antibodies. Three
established clones were selected for single cell cloning. All generated menoclonal
antibodies specifically reacted with the standard human recombinant survivin. Two out
of three monoclonal antibodies recognized survivin in tumor extracts. The present
method has advantages in facilitating monoclonal antibody production in that it makes

antigen purification steps unnecessary.

Keywords: biotin carboxyl carrier protein, # vivo biotinylation, survivin, monoclonal

antibody, hybridema technique, £. coli Origami B strain



1. Introduction

The specificity of an antibody is generally a prerequisite for detection and
discrimination of target substances by means of inmunological assay. Since the
establishment of the hybridoma technique (Kohler and Milstein, 1975), a large number
of monoclonal antibodies (mAbs) have been produced for various purposes, including
diagnostic, therapeutic and structural and functional studies of specific antigens.
However, the currently available mAbs may not be sufficient for the vast requirements
in the proteomic era. One major hurdle is the lack of highly purified immunogen, which
limits the opportunity to acquire the candidate or unique mAbs. The availability of
recombinant DNA technology makes it possible to clone any gene fragment and
express the target protein (Makrides, 1996). The recombinant protein can normally be
purified to near homogeneity from the crude protein mixture using affinity
chromatography by employing fusion protein tags, i.e., glutathione-S transferase (Smith
and Johnson, 1988), 6-histidine (Hochuli et al., 1987), or maltose binding protein (Di
Guan et al., 1988).

Recently, Santala et af. reported the use of biotin carboxy| carrier protein
(BCCP) as a fusion partner of single chain Fv (Santala and Lamminmaki, 2004). The
heterologous hybrid molecule was biotinylated at the BCCP motif in £. coli Origami B
strain (Prinz et al., 1997). Upon high oxiizing condition in the cytoplasmic space, both
disulfide bonding and biotin cenjugation occurred simultaneously. The advantage of a
protein being tagged and made its natural conformation expanded the application in
preparing the immunogen without traditional purification steps. We propose here a
strategy of using the streptavidin coated magnetic particles for immobilizing and
separating the biotinylated target-fusion molecules from the crude bacterial extracts.

The protein coated beads serve as particulate antigens that are strongly immunogenic



for induction of immune responses. Hybridoma producing steps can be followed after
immunizing mice with antigen coated magnetic beads.

Survivin, a member of inhibitor of apoptosis protein (IAP) family, was selected
as a target for monoclonal antibody production. Survivin plays a dual role in both
suppression of cell death and regulation of celt division ((Lietal,, 1998; Lietal,
1999). The overexpression of survivin in varjous malignancies, but not in the adjacent
normal tissues (Ambrosini et al., 1997), makes it an aftractive target for cancer
diagnosis and treatment. Unfavorable clinicopathological features, poor prognosis,
disease progression, low survival and high recurrence rate, as well as therapeutic
resistance, were associated with survivin expression (Adida etal, 1998; Swana et al.,
1999; Adida et al., 2000; Islam et al., 2000, Kato, Kuwabara et al. 2001). Detection of
survivin protein may serve as a molecular marker to diagnose cancer patients, identify
individuals at risk of recurrence, and introduce proper treatment (Altieri, 2003).
According to our approach, three mAbs against survivin were successfully generated
and characterized. The method of using biotinylated fusion protein captured on
streptavidin magnetic beads as an immunogen is rapid and does not require the

purification of recombinant antigen,



2. Materials and methods
Construction of plasmid encoding survivin-BCCP (SVV-BCCP)

Human survivin encoding sequence was amplified from pecDNA3-human
survivin (kindly provided by Professor Dario C. Altieri, Department of Cancer biology,
University of Massachusetts Medical School, USA) using forward primer SVVNde I (5'
GAGGAGGAGGTCATATGGGTGC CCCGACGTTGCCC 3') and reverse primer

SVVEcoR | (5 GAGGAGGAGCTGAATTCATCCATGGCAGC CAGCTG 3" in 100

ul of a PCR mixture containing 5U ProofStart DNA polymerase (Qiagen, Hilden,
Germany). The PCR cycling condition was started at one cycle at 95 °C for 5 min,
followed by 34 cycles at 94 °C for 50 seconds, 50 °C for 50 seconds, and 72 °C for ]
minute. After 35 amplification cycles, the mixture was incubated at 72 °C for 10 min.
The resulting PCR product was subsequently treated with Nde | (Fermentas, Vilnius,
Lithuania) and EcoR I (Fermentas) at 37 °C for 18 h and purified using Ql Aquick PCR
purification kit (Qiagen). The pAK400ch vector, kindly provided Dr. Ville Santala
{University of Turku, Finland) was treated with the same restriction enzymes and
ligated with digested survivin-encoded sequence using T4 ligase enzyme (Roche
Molecular Biochemicals, Indianapolis, IN). The resulting vector was named
pAK400cb-SVV. For plasmid amplification, the pAK400cb-SVV was transformed into
E. coli XL.-1 Blue, which was then selected on LB agar containing 50 pg/ml
chloramphenicol. The chloramphenicol-resistant colonies were selected and cultured in
LB broth containing 50 pg/m! chloramphenicol for plasmid minipreparation. The
inserted gene in the purified plasmid was verified by restriction fragment analysis with
Nde | and EcoR 1, and reamplification by PCR. After the correct clones were selected,
the plasmids were purified and transformed into E. coli Origami B (Novagen, Madison,

WI, USA) for protein expression.



Expression of biotinylated SVV-BCCP protein

E. coli Origami B harboring pAK400cb-SVV was cultured in 30 ml SB medium
(30 g/l tryptone, 15 g/l yeast extract, and 10 g/l MOPS, pH 7.0) supplemented with
glucose (0.05%), tetracycline (10 pg/ml), chloramphenicol (25 pg/m!), kanamycin (15
ug/ml), isopropyi-h-D-thiogalactopyranoside (IPTG, 100 uM), and 4 mM d-biotin
(Sigma, St. Louis, MO). The cultures were incubated at 25 °C, 180 rpm for 22 hours.
Bacteria were harvested by cenfrifugation at 4000 g, 4 °C for 10 min, resuspended in B-
PER Il extracting reagent (Pierce, Rockford, USA) and dialyzed against 25%
ammonium buffer pH 9. The bacterial extract containing biotinylated SVV-BCCP was

further lyophilized and kept at -70 °C.

Detection of biotinylated SVV-BCCP protein by ELISA

Microtiter plate (NUNC, Roskilde, Denmark) was coated with 0.5 pg of egg
white avidin (Sigma) n 50 pl of carbonate/bicarbonate buffer, pH 9.6 at 4 °C for 18
hours. The coated wells were blocked with 2% skim milk in PBS for 1 hour at room
temperature. After heing washed three times with washing buffer (0.05% Tween 20 in
PBS pH 7.2}, 5 ug of lyophilized bacterial extract from pAK400cb-SVV transformed
Origami B in 50 pl of 2% skim milk in PBS was added into each avidin coated well.
After incubation atroom temperature for 1 hour, the plate was washed three times with
washing buffer. The bound SVV-BCCP was traced by adding 50 ul of 10 pg/mt mouse
monoclonal anti-survivin (clone D-8) (Santa Cruz Biotechnology, California, USA).
Subsequently, HRP conjugated rabbit-anti-mouse immuno globulin antibody (DAKO,
Hamburg, Germany) was added. After 1 hour incubation and washing, TMB color

substrate was applied to each well. The plate was mcubated at room temperature for 15



min for color development. The reaction was stopped by adding 1N HC] and the O.D.

measured at 450 nm.

SDS-PAGE and Western immunoblofting

Bacterial extract containing SVV-BCCP or tumor tissue extract or recombinant
human survivin (R&D system, Minneapolis, USA) was separated by SDS-PAGE under
reducing conditions on a 12% polyacrylamide gel. The separated proteins were
¢lectroblotted onto PVDF membrane. The membrane was blocked at 4°C for 18 hours
in 5% skim milk in PBS, pH 7.2, and then incubated with mouse anti-survivin maAbs
and followed by HRP conjugated rabbit anti-mouse immunoglobulin antibedies (Dako)
for 1 hour atroom temperature on a shaking platform. After washing four times with
0.05% Tween 20 in PBS, pH 7.2, the immunoreactive bands were visualized by a

chemiluminescent detection system (Pierce).

Separation of biotinylated SVV-BCCP by streptavidin-coated magnetic beads

Biotinylated SVV-BCCP was separated from crude bacterial extract using
streptavidin-coated magnetic beads (l\/IagnaBindTM Streptavid in Bead, Pierce}. 200 pg
of bacterial extract were mixed with 5x107 washed streptavidin beads and incubated
with gentle agitation for 30 minutes at room temperature. Reacted beads were
subsequently trapped under a magnetic field and washed three times. Finally, beads
were determined for the presence of fusion proteins by immunofluorescence and flow

cytometry.

Detection of survivin coated magnetic beads by flow cyfometry

SVV-BCCP 2.5x10° beads were incubated with 5 pg/ml mouse anti-survivin

mAb (Santa Cruz Biotechnology) in 50 ul total volume at room temperature for 30 min



with gentle agitation. After three-time washing, FITC conjugated sheep anti-mouse
immunoglobulins antibody (Chemicon International, Melbourne, Australia) was added
and incubated with gentle agitation for 30 min at room temperature, The beads were
then washed three times and resuspended with 400 ul of 1% paraformatdehyde in PBS.
The fixed beads were further analyzed using a flow cytometer (FACSCalibur, Becton

Dickinson, Sunnyvale, USA).

Immunization schedule

Two female Balb/c mice were intraperitoneally immunized with 5x107 magnetic
beads coated with SVV-BCCP in 500 pl PBS three times at two-week intervals. Blood
samples were collected from the immunized mice by tail bieeding prior to each antigen

injection. Sera were separated and stored at-20°C.

Analysis of anti-survivin antibodies in mice sera by ELISA

The kinetics of antj-survivin polyclonal antibodies mduced by SVV-BCCP bead
immunization were determined using indirect ELISA. Microtiter plate (NUNC) was
coated with 0.5 pg avidin for overnight at 4°C. The coated plate was blocked with 2%
skim milk in PBS, and then S g of bacterial extract containing SVV-BCCP was added
into the avidin coated wells. After washing three times, various dilutions of mice sera
were added into the wells. Plate was incubated for | hour and washed 3 times. To trace
the antibody binding, HRP conjugated rabbit anti-mouse immunoglobulin antibody
{Dako} was added. After incubation and washing, TMB substrate was added. 1N HCi

was used to stop the reaction and the colorimetric signal was measured at O.D. 450 nm.

Hybrido ma production
Spleen cells were collected from the immunized mouse and fused with P3-

X63Ag8.653 myeloma cells by standard hybridoma technique using 50% polyethylene



glycol (Sigma). After HAT medium selection, culture supernatants from the hybrid
containing wells were collected. The supernatants were then determined for antibody
reactivity against survivin by indirect ELIS A using SVV-BCCP and CD147-BCCP as
antigens. The hybridomas showing positive reactivity with SVV-BCCP but negative
with CD147-BCCP were selected and subcloned by limiting dilution. The isotype of

monoclonal antibodies were determined by using the isotyping ELISA kit (Sigma).

Protein extraction from biopsy tissues

The fresh frozen tumor tissue (0.3 g) was homogenized in 69 mM SDS lysis buffer, n
the presence of protease inhibitors {Roche, Basel, Switzerland) The tissue homogenate
was incubated at 95°C for 10 min and centrifuged at 15,000 gat4 °C for 15 min. The

supernatant was collected and kept at -70°C until used.

Immunofivorescence analysis of survivin

For cell surface staining, cells were washed 3 times with PBS and adjusted to
1X107 cells/m! with PBS containing 1% bovine serum albumin (BSA) and 0.02%
sodium azide (1% BSA-PBS-NaN;). To block the nonspecific Fc receptor- mediated
binding of antibodies, cells were incubated for 30 min at 4 °C with 10% human AB
serum before staining. Fifty microliters of blocked cells were then incubated with
hybridoma culture supernatants or anti-survivin mAb for 30 min at4 °C. After twice
washing with | %BSA-PBS-NaNs, cells were incubated with FITC-conjugated sheep
F(ab’), anti-mouse immunoglobuling (Chemicon International) for 30 min. Membrane

fluorescence was analyzed using a flow cytometer (FACSCalibur, Becton Dickinson).

For intracellular staining, Fc receptor blocked cells were fixed with fixative

medium {Caltag laboratories, Burlingame, USA) for 15 min, and permeabilized using



permeabilization medium (Caltag laboratories). The permeabilized celis were then
incubated for 30 min with hybridoma culture supernatants. Then, FITC-conjugated
sheep anti-mouse immunoglobulin antibady (Chemicon Intemational) was added and
incubated for 30 min. After twice washing, cells were fixed in 1% paraformaldehyde-

PBS and analyzed using a flow cytometer.
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3. Results
Construction of plasmid containing the survivin gene

In order to produce recombinant SVV-BCCP, the plasmid pAK400cb-SVV was
constructed. Primer sets were designed such that Ade [ and EcoR 1 restriction sites were
incorporated into the ends of the survivin coding sequences amplified from the
pcDNA3-human survivin. The PCR product was visualized at approximately 450 bp
(data not shown). The amplified product was further purified, then cleaved with Nde |
and EcoR 1 and subcloned mnto pAK400cb in the correct reading frame. The
recombinant plasmid was subsequently transformed into E. coli XL-1 Blue. Several
colonies from chloramphenicol plates were selected for plasmid extraction and
screened by PCR and restriction analysis. The recombinant ¢lones harboring the correct
amplified product and cleaved insert of human survivin at 450 bp were chosen for
subsequent protein expression. The generated recombinant plasmid was named

pAK400ch-SVV.

SVV-BCCP produced from E. coli Origami B

Heterologous SVV-BCCP was synthesized in the cytoplasm of pAK400cb-SVV
transformed E. coli Origami B. In vivo biotinylation at BCCP occurred along with
enhanced expression of recombinant protein when culturing in biotin and IPTG-
containing medium. The bacterial cell lysate was analyzed for SVV-BCCP by avidin
capture ELISA. Wells coated with avidin followed by crude extract from pAK400cb-
SVV transformed E. coli demonstrated positive signal when traced with anti-survivin

mAb, clone D-8 {Asanuma et al,, 2004) (Table 1). [n contrast, the signal was low when
crude extract from £. coli transformed pAK400cb-CD147 (irrelevant protein) was

substituted for pAK400cb-SVV. These data confirmed that survivin was produced in

11



transformed £. coli. In addition, the data verified that survivin was produced as a fusion
protein with BCCP.

The molecular size of the recombinant product was examined by Western
immunoblotting using anti-survivin mAb. The reactive bands at approximately 30-35

kDa and suspected degraded products at approximately 15 kDa were visualized (Fig.

1.

Coating of SVV-BCCP on streptavidin beads

To prepare survivin coated beads for use as a particulate immunogen, the
produced SVV-BCCP were incubated with streptavidin-coated magnetic beads. The
coated beads were detected by anti-survivin antibedy, clone D-8. All coated beads gave
a positive FITC signal as observed by flow cytometry (Fig. 2). This suggested the
anchoring of biotinylated SVV-BCCP on the magnetic particles. The complex was

further sorted under the magnetic field for using as an immunogen.

Induction of anti-survivin polyclonal antibodies by SVV-BCCP beads imunization
SVV-BCCP beads were injected into two BALB/c mice at bi-weekly intervals.
Antibodies generated in the immunized mice were determined by indirect ELISA using
SVV-BCCP fusion protein as antigens. Antibodies could be detected after the 2™
immunization and slightly increased after the 3" immunization (Fig. 3). Serum titer
after the 3™ antigen immunization was more than 1:320,000 (data not shown). The
results demonstrated that the immunogen-captured beads could be used to induce the

antibody response.

Establishment of hybridoma secreting anti-survivin mAbs
Cell fusion was performed using mouse spleen cells immunized with magnetic

bead-sorted SVV-BCCP. A total of 368 hybridoma clones resulted from 960 plated



wells. Nine of them secreted antibodies which reacted with SVV-BCCP in ELISA but
did notreact with an irrelevant recombinant protein, CD147-BCCP. These results
indicated that the reactive epitopes for these hybridoma clones were located on the
survivin portion. Consequently, three hybridomas secreting anti-survivin antibodies
were selected and re-cloned by limiting dilution. All generated single hybrid clones
were reconfirmed for their antibody activity by ELISA (Fig. 4). These generated clones
were named MT-SVV], MT-SVV2 and MT-8VV3. The isotype of all clones was

identified as IgG1

Western immunoblotiing of anti-survivin mAbs

To test the specificity of the three established anti-survivin mAbs,
immunobloiting was performed using bacterial cell lysate containing SVV-BCCP. As
shown in Fig 5, the immunoblotting patterns obtained from MT-SVV], MT-SVV2 and
MT-SVV3 mAbs and commercial anti-survivin mAb clone D-8 were similar. All mAbs
reacted to a protein band at approximately 30-35 kDa, which was the recombinant
SVV-BCCP (lane 1 A-3A and 6A). None of these mAbs recognize the irrelevant target,
CD147-BCCP (Fig. 5B). In contrast, when CD147 mAb clone M6-1D4 (Kasinrerk et
al., 1999) was used as a detector, no reactive band appeared in lanes loaded with
bacterial lysate containing SVV-BCCP (Fig. 5A, lane 4). The positive bands appeared
only in lane containing CD147-BCCP (Fig. 5B, lane 6). To confirm the specificity of
the generated mAbs, recombinant human survivin purchased from R&D system
(Minneapolis, MN, USA) was applied as a control. MT-SVV1, MT-SVV2, MT-SVV3
as well as anti-survivin mAb clone D-§ reacted with a protein band of approximately 16
kDa (Fig. 6).

The generated mAbs were also used to detect survivin extracted from tumor

tissue. The mAbs MT-SVV1, MT-SVV3, but not MT-SVV2, and anti-survivin mAb

13



clone D-8 reacted with survivin protein, molecular weight of 16 kDa, contained in the
tissue kysate. All mAbs, including control anti-survivin mAb clone D-8, showed an

extra band at the molecular weight of 55 kDa (Fig. 7).

Intracellular survivin detection by flow cytometry

Intracellular survivin expression in a leukemic cell line U937 was determined

using the generated mAbs. As shown in Fig. 8, all generated mAb showed positive
reactivity by intracellular staining. None of mAbs bound to any proteins expressed on

the cell surface.
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4. Discussion

Several fusion tags are generally employed for recombinant protein detection
and purification. In particular cases, the purified product is further used for antibody
production. The inherit characters of tags determine the rate of success in specific
app lications. Some tags, for example HIS (Tucker and Grisshammer, 1296}, have an
advantage in small size; but the specificity for detection or purification purpose is rather
low causing high detection background and contamination by irrelevant proteins. In the
case of maltose-binding protein tag (Kapust and Waugh, 1999), it promotes the
solubility of the recombinant protein by suppressing inclusion body formation. This
feature benefits production of heterologous protein in E. coli. However, the molecular
size of maltose-bind ing protein is high; thus it consumes the substrate for protein
production and may interfere with the function of recombinant protein. The GST tag
also has a bulky size, and tends to form dimers (Waugh, 2005). In addition, the
recombinant protein containing the GST tag is not suitable for preparing an
immunogen, since the tag itself is strongly immunogenic. The possibility of obtaining
specific antibodies to the target portion is, therefore, reduced, Recently, Santala ef o/,
described an alternative fusion tag, i.e., biotin carboxyl carrier protein (BCCP). Biotin
carboxyl carrier protein (BCCP) is the small biotinylated subunit of £. coli acetyl-CoA
carboxylase (ACC) (Chapman-Smith and Cronan, 1999). The biotinyl domain was
fused to an antibody fragment, ScFv, for immunoassay development. A similar concept
was applied to generate a protein with AviTag, a biotinyl domain containing 15 amino
acids. The target was immobilized on streptavidin-coated magnetic beads for phage-
display selection experiments (Scholle etal, 2004),

In this study, the BCCP fusion tag was cloned in frame and downstream to the

human survivin encoding sequence. The SVV-BCCP fusion protein was expressed in £.
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coli Origami B after culturing at 25°C with [PTG induction. The biotinylation of the
recombinant miolecule obtained in bacterial crude extract was verified using ELISA. A
specific anti-survivin mAb clone D-8 (Asanuma et al., 2004) recognized the fusion
protein captured on plate coated with egg white avidin. The reaction bridge confirmed
the presence of SVV-BCCP fusion protein in the transformed bacterial lysate. In
confrast, there was no survivin captured on the wells coated with crude extract from
mock transformed Origami B. This result excluded non-specific binding of anti-
survivin mAb clone D-8 to the irrelevant proteins. In addition, the heterologous
molecule was detected in Western immunoblotting by specific anti-survivin mAb.
CD147 mAb showed negative binding to SVV-BCCP target and assured the specificity
of assays. The expressed survivin in high oxidizing conditions of the Origami B
cytoplasm promoted the correct folding, which was determined by the accomplishment
of in vive biotinylation in BCCP portion (Chapman-Smith and Cronan, 1999). Since the
protein was biotinylated outside the survivin segment, the overall conformation and
native epitopes were preserved. In comparison with chemically performed
biotinylation, the antigenicity of the target molecule may be altered upon conjugation.
The purification process is known to be the most cumbersome step after
obtaining the recombinant protein. Normally, affinity chromato graphy using a column
conjugated with a specific target for capturing the fusion tag domain is required. The
purification yield is usually low, especially when the concentration of heterologous
protein is low. To overcome these problems, in this study, streptavidin coated magnetic
beads were used to sort the SVV-BCCP from bacterial crude extract. The magnetic
field was applied to trap and separate the beads from the solution mixture. The fusion
heterologous molecule linked to the bead surface was proven by flow cytometry. In an

attempt to produce monoclonal antibody to suvivin, the survivin fusion protein coated



beads were used as an immunogen. Regarding single biotinylation motive proximity to
the C-terminal, BCCP formed the stalk for protruding survivin from the bead surface.
This allowed B-lymphocytes to respond to survivin epitopes more efficiently. In
addition, the immunogen was prepared in particulate form, which enhanced the immune
response in contrast to the soluble form. Hy perimmune serum from immunized mouse
showed potent antibody response, which was adequate for conventional hybridoma
technique.

To screen the hybridoma producing anti-survivin antibodies, SVV-BCCP and
CD147-BCCP captured on plates using egg white avidin were used as an antigen. By
this screening system, hybridomas secreting anti-streptavidin antibodies were excluded,
since the egg avidin was used in the ELISA assay whereas streptavidin was used for
capturing SVV-BCCP on beads in the immunization step . Three hybrid clones, MT-
SVVI1, MT-SVV2 and MT-SVV3, were established in this study. All secreted
antibodies directed against survivin antigenic determinants and did notreact with
BCCP. Some other hybrid clones produced antibodies which reacted with both SVV-
BCCP and CD147-BCCP and were assumed to engage the BCCP epitopes (data not
shown). In the Western immunoblotting experiment, all generated anti-SVV mAbs
showed a similar pattern to anti-survivin mAb clone D-8 when recombinant SVV-
BCCP or standard human recombinant survivin was used as an antigen. The
determinants recognized by ali mAbs are presumably linear, since reducing conditions
and heat denaturation were introduced in SDS-PAGE. However, only the survivin mAb
clone D8, MT-SVV1 and MT-5VV3 showed a positive result with survivin at 16 kDa
from the tumor extract. We have no experimental results that bear on the question of
why mAb MT-SVV2 fails to bind to survivin in tumor extract. I'tis possible that mAb

MT-SVV2 binds to a particular epitope, which is destroyed during tissue extraction.
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In leukemic cells, all generated survivin mAbs bound to the intracellular
survivin expressed in U937. As predicted, these mAbs did notreact with any proteins
expressed on the cell surface. These results indicated that the generated anti-SVV mAbs
may have a high potential for applying in the immunohistochemistry technique.

In this study, an alternative strategy of immunogen preparation for mAb
production was demonstrated. The technique overcomes the lack of purified antigen
problem. In addition, the specific domain of the target molecule could be selectively
cloned and expressed with in vivo biotinylation. Further step in a cumbersome
purification processes are, thus, eliminated and substituted by a single antigen capturing
step. Streptavidin coated magnetic beads specifically interact with the recombinant
protein containing the BCCP domain, which is biotinylated. The protein captured beads
can be directly used as particulate antigen for induction of antibody production. The
success in production of mAbs against survivin should be applicable to other target

proteins for which gene cading sequences are known.
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Figure Legends

Figure 1. Western immunoblot analysis of SVV-BCCP produced by £. coli Origami B.
pAK400chb-SVV (lane 1) and pAK400cb-CD147 transformed £. coli(lane 2) crude
lysates were separated by SDS-PAGE under reducing conditions and blotted on a
PVDF membrane. The membrane was incubated with anti-survivin mAb clone D-8.
The reactive bands were visualized using chemiluminescent system. Protein markers

with indicated molecular weight in k Da are shown.

Figure 2. Validation of SVV-BCCP bound on the streptavidin-coated magnetic beads
by flow cytometry. Streptavidin-coated beads were incubated with SVV-BCCP and
harvested under a magnetic field. The SVV-BCCP beads were probed with anti-
survivin mAb clone D-8 (A) or with isotype matched control mAb, Thal N/B (B).

Beads without SVV-BCCP were probed with anti-survivin mAb clone D-8 (C).

Figure 3. The kinetics of antibody responses in mice immunized with SVV-BCCP
coated bead. Plate was coated with egg white avidin followed by crude bacterial extract
containing SVV-BCCP. Mice sera at dilution 1:1,000 were applied to each well. Pre-
immune sera (Pre-immune), sera obtained at 7 days after the first immunization (first
serum), at 7 days after the second immunization (second serum) and at 7 days after the

third immunization (third serum) are shown.

Figure 4. ELISA for verifying the specificity of mAbs MT-SVVI, MT-SVV2 and MT-
SVV3. Plate was coated with egg white avidin followed by crude bacterial extract
containing SVV-BCCP or SVV-CD147. Indicated mAbs were added to the ELISA
plate. mAb D-8 is anti-survivin mAb purchased from Santa Cruz Biotechnology; M6-

1B9 is an anti-CD147 mAb (Kasinrerk et al. 1999),
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Figure 5. Western immunoblotting of mAbs MT-SVV1, MT-SVV2 and MT-SVV3.
Crude extracts of pAK400¢b-SVV (A) or pAK400ch-CD147 (B) transformed £, coli
were separated by SDS-PAGE and bbtted on PVDF membranes. In A, the membrane
was incubated with MT-SVV1 (lane 1), MT-SVV2 (lane 2), MT-SVV3 (lane 3}, anti-
CD147 mAb M6-1D4 (lane 4), myeloma culture supernatant (lane 5), anti-survivin
mAb clone D-8 (lane 6). In B, the membrane was incubated with MT-SVVI (lane 1),
MT-SVV2 (lane 2), MT-8VV3 (lane 3), anti-survivin mAb clone D-8 (lane 4),
myeloma culture supernatant (lane 5), anti-CD147 mAb M6-1D4 (lane 6). Protein

markers with molecular weight indicated in kDa are shown.

Figure 6. Reactivity of mAbs MT-SVV1, MT-5VV2 and MT-SVV3 against
recombinant human survivin. Purified full-length recombinant human survivin was
separated by SDS-PAGE under reducing condition and blotted onto a PVDF
membrane. The membrane was reacted with MT-SVV1 (lane 1), MT-SVV2 (lane 2),
MT-SVV3 (lane 3), anti-survivin mAb clone D-8 (lane 4) and anti-CD45 mAb MT45

(lane 5). Protein markers with indicated molecular weight in kDa are shown.

Figure 7. Reactivity of mAbs MT-SVVI, MT-SVV2 and MT-SVV3 with tumor tissue
extract. Tumor tissue homogenate was separated by SDS-PAGE under reducing
conditions and blotied onto a PVDF membrane. The membrane was reacted with MT-
SVVI (lane 1), MT-SVV2 {lane 2), MT-SVV3 (lane 3), iostyped matched control mAb
Thal N/B (lane 4), myeloma culture supernatant (lane 5) and anti-survivin mAb clone

D-8 (lane 6). Protein markers with indicated molecular weight in kDa are hown.

Figure 8. Immunoflucrescence analysis of the reactivity of anti-survivin mAbs by

intracellular (A) and surface staining (B) of U937 cells. Solid lines represent the
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immunofluorescence profiles of cells stained with indicated mAbs and dashed lines

represent background fluorescence of the conjugate control.
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ble(s)

Table 1. Determination of survivin-BCCP in E. coli crude extracts by avidin captured

ELISA
Egg white avidin'  E. coli extract® mAb’ 0.D.450"
+ pAK400cb-SVV  anti-survivin® 2.30
+ wild-type anti-survivin 0.06
+ pAK400ch-SVV - 0.06
+ wild-type - 0.06
+ pAK400cb-CD147  anti-CD147" 2.66

- pAK400chb-SVV anti-survivin 0.19

'Plate was coated with or without egg white avidin.

*E. coli Origami B strain was transformed with the indicated vector and crude
extracts were tested for the presence of surivivin-BCCP by ELISA.

Y mAbs used: “anti-survivin mAb clone D-8 purchased from Santa Cruz
Biotechnology: "anti-CD147 mAb clone M6-2F9 (Kasinrerk et al. 1999).

“ mean of three independent experiments.
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