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Abstract: Heterologous proteins expressed on the sur- Surface expression of proteins can decrease systemic side
face of cells may be useful for eliciting therapeutic re-  effects and efficiently elicit the biological activities of en-

sponses and engineering new extracellular properties. . ) . . . . :
We examined factors that control the membrane target- zymes, single-chain antibodies (scFv), and cytokines. Sev

ing of a-fetoprotein (AFP) and a single-chain antibody  €ral applications employing the surface expression of pro-
(scFv). Chimeric proteins were targeted to the plasma  teins have recently been developed. We have recently
membrane by employing the transmembrane domain  shown that anti-CD3 scFv expressed on the surface of tumor
g';/')haunﬂ :Xt%slzlt'glz'_l d(:r?\"'/gg”grgeﬁﬁ (fZZ:-tlz'rﬂr]ch.\oﬂtg: cells can activate naive T cells to kill the genetically modi-
(PDGFR), the glycosylphosphatidylinositol anchor en-  fied tumor cells (Liao et al., 2000). In addidon, membrane-
coded by the C-terminal extension of decay-accelerating bound anti-CD28 scFv molecules with (de Ines et al., 1999)
fat_:tc|>r (IlDAF), artwd_ the TMtof t(TSIgP;L;erF\iF:c o;:_the human  orwithout (Hayden et al., 1996; Winberg et al., 1996) mem-
asilalo coprotein rece . - i i i
o c%?wltaif]ing the 87,%2{:’ ASGPR. or PD(CEszrrgeEc)irr\Og brane-bound anti-CD3 scFv generated signals to activate T
domains displayed half-lives of 12.2, 3.8, 2.4, and 1.6 h,  CEllS- A surface scFv against CTLA-4 has recently been
respectively. The newly synthesized B7 chimera was rap-  Shown to attenuate the response of activated T cells (Griffin
idly transported and remained on the cell surface. Gly- et al., 2000).
cosylphosphatidylinositol-anchored chimeras reached Enzymes have been expressed on the surface of mamma-
e ST Tore o Sonicert amatie were lian celks for various applicatons. Carboxypepidase G2
were rapidly degraded, whereas ASGPR chimeras were ~ WaSs recently fused to the TM oferb B2 for expression on
retained in the endoplasmic reticulum (ER). The surface the surface of tumor cells (Marais et al., 1997). Breast car-
expression of both AFP and scFv chimeric proteins fol-  cinoma cells expressing cytosolic carboxypeptidase G2
lowed the order (highest to lowest) of B7 > DAF >>  \yere only slightly sensitive to a prodrug that can be con-
Eaff%ﬁftrreogﬂgﬁtffnﬂnaag'Ece;rﬁatfﬁcvéfnmsi'?v(Q'nndgm verted to an antineoplastic agent by carboxypeptidase G2
dramatically reduced cleavage of the chimeric protein, because the prodrug did not readily enter the cells. In con-
increased surface expression, and produced biologically trast, cells that eXpreSSGd surface-tethered Carboxypeptidase
active scFv. Our results indicate that transgenes de- G2 were sensitive to prodrug (Niculescu Duvaz et al., 1998,
signed for the expression of active scFv on cells should  1999). Surface expression of enzymes, in contrast to cyto-
Lr;ﬁz;p%ftien?a?:ﬂ ;Sf;&gi;?gtﬁggzﬁao zﬂgog‘g::éss's'”é solic expression, should provide bystander killing of non-
spacer to reduce cleavage and retain b’iological activity. transfected tumor cells, similar to that found in antibody-
© 2001 John Wiley & Sons, Inc. Biotechnol Bioeng 73: 313-323,  directed enzyme prodrug therapy (Cheng et al., 1999).
2001. Membrane-anchorefl-lactamase (Moore et al., 1997) and
Keywords: transmembrane domain; spacer; surface ex-  neomycin phosphotransferase (Mohler and Blau, 1994)
pression; chimeric protein; single-chain antibody have been engineered and shown to retain enzymatic activ-
ity. A novel membrane-bound form of GM-CSF in which
INTRODUCTION this cytokine was fused to the TM of human platelet-derived
Expression of heterologous proteins on the surface of spegrowth factor receptor (PDGFR) retained biological activ-
cific target cells may be useful for the therapy of diseasesity, and elicited protective antitumor immunity (Soo Hoo et
al., 1999). A membrane-bound M-CSF precursor produced

superior antitumor activity compared with secreted M-CSF
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tion by macrophages (Stabila et al., 1998). Expression obeen described previously (Chou et al., 1999; Liao et al.,

heterologous or engineered proteins on the surface of cel®000). To create pAFP-PDGFR-AA, the pAFP-PDGFR

may therefore represent a rich source for the development afonstruct was mutated using the Quick-Change Site-

novel biotechnology and therapeutic applications. Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with
A major hurdle to the expression of heterologous proteingrimer P1 (ATG CTT TGG CAG_GCG GCE&CA CGT

on cells is the difficulty of achieving high expression levels. TAG GCG GCC) and primer P2 (GGC CGC CTA ACG

Surface expression of chimeric proteins has ranged frolfGG CGC CGCCTG CCA AAG CAT) to change KK

almost undetectable levels (Chesnut et al., 1996; de Ines @iysine®>®and lysin€®® to AA (underlined) in the truncated

al., 1999; Moritz and Groner, 1995; Rode et al., 1996) tocytosolic tail of the PDGFR TM (AVGQDTQEVIVVPH-

high levels (Brocker et al., 1993; Hayden et al.. 1996; LiaoSLPFK VVVISAILALVVLTHSLILIMLW QKK PR, TM

et al., 2000; Roberts et al., 1994), but the factors resulting ims underlined). The 2C11scFv cDNA fragment in p2C11-

efficient surface expression have not been characterize@®DGFR was excised witBfil and Sal restriction enzymes

We have generated a panel of chimeric proteins composeahd subcloned into pAFP-DAF in place of the AFP cDNA

of a-fetoprotein (AFP; Chou et al., 1999) or scFv (Liao etto obtain p2C11-DAF. ASal fragment containing the

al., 2000) fused to different TM. In this study we investigate hinge, CH, and CH, region ) of the human IgG1 heavy

the mechanisms responsible for the differential expressioohain from pAFPy1-B7 was inserted into the uniquial

of these chimeric proteins on mammalian cells. The resultsite in p2C11-DAF to produce p2Chit-DAF. All trans-

of this study may aid in the rational design of chimeric genes were fully sequenced.

proteins that are efficiently expressed on cells in a biologi-

cally active form.
Transfection of Transgenes

EXPERIMENTAL PROCEDURES A total of 2.5 x 16 BHK or BALB/3T3 cells were cultured
overnight in six-well plates before transfection withug
plasmid and 1QuL lipofectamine according to the manu-
facturer’s instructions (Gibco Laboratories, Grand Island,
Monoclonal antibody (MAb) S5A8 against 38C13 lym- NY). BALB/3T3 cells transfected with pcDNA3, p2C11-
phoma cells was kindly provided by Dr. Mi-Hua Tao (Aca- B7, or p2C11y1-B7 and BHK cells transfected with AFP-
demia Sinica, Taipei, Taiwan). Anti-HA MAb (12CA5, TM transgenes were also selected in 0.5 mg/mL G418 (Cal-
against an epitope of the hemagglutinin protein [HA] of biochem, San Diego, CA) for 2 weeks to produce stable
human influenza virus) and antiroycMADb (9E10, against  transfectants.

the EQKLISEEDL epitope derived from the humamg<c

protein) were purchased from Boehringer Mannheim (Mann-

heim, Germany). Polyclonal rabbit serum against AFP andFlow Cytometer Analysis

anti-AFP MAb 36.2 were produced as previously described

(Chou et al., 1999). Anti-COP (Sigma, St. Louis, MO) andA total of 5 x 1@ transfected cells were washed and sus-
anti-BiP (Affinity Bioreagents, Golden, CO) antibodies were pended in DMEM containing 0.5% bovine serum and first
used for intracellular fluorescence immunostaining. FITC-antibody for 60 min at 4°C. Cells then were washed and
conjugated goat anti-mouse IgG (Pgtand FITC-conjugated incubated with FITC-conjugated second antibody for 60

goat anti-rabbit IgG, IgA, and IgM were from Organon min, and Subsequently washed and Suspended in PBS con-
Teknika (Turnhout, Belgium). taining 5 pg/mL propidium iodide before the surface im-

munofluorescence of fOriable cells was measured with a
) ) FACScaliber flow cytometer (Becton Dickinson, Mountain
Cell Lines and Tissue Culture View, CA). Dead cells, identified by red propidium iodide

BHK-21 (baby hamster kidney) cells were obtained from fluorescence, were gated out. Fluorescence intensities were

Veteran's General Hospital (Taipei, Taiwan). BALB/3T3 analyzed with @.LQuEesT software (Becton Dickinson).
cells were obtained from the National Health Research In-

§t|tutes Cell 'Bank _(Hsm Chu, Talwan): Cells were CUIturedlnternalization of AFP-TM Chimeric Proteins from

in Dulbecco’s minimal essential medium (Sigma) supple-¢he Plasma Membrane

mented with 10% bovine serum, 100 U/mL penicillin, and

100 pg/mL streptomycin at 37°C in an atmosphere of 5%staple transfectants were incubated with MAb AFP 36.2 (5
CO.. ng/mL) or control antibody MAb 5A8 (ug/mL) on ice for

60 min. The cells were then split into three fractions. The
first fraction was incubated at 4°C, whereas the other two
were incubated at 37°C for 30 min or 60 min, respectively.
The construction of p2C11-PDGFR, p2C41-PDGFR, Cells were then placed on ice for 30 min before FITC-
p2C11-B7, p2C1k1-B7, and pAFP-TM transgenes has conjugated goat anti-mouse 1gG was added for 60 min. The

Reagents

Plasmid Construction
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cells were washed and the surface fluorescence of the celscience, Boston, MA) following the manufacturer’s instruc-
was measured by flow cytometry. tions before drying. Gels were exposed to Kodak X-ray film
for 1 to 3 days. Band intensities were measured by scanning
the X-ray films with a computing densitometer (Molecular

Fluor nce Immunostaining of Intracellular . L
sorescence unos g0 ceflu Dynamics, Mountain View, CA).

Chimeric Proteins

One day afte5 x 10" cells were seeded on a glass coverslip, . .
the cells were washed with PBS, fixed with 4p  Protein Sorting Rate

formaldehyde, and permeabilized Wi.th 1% Triton X-I00 in Next, 10 stable baby hamster kidney (BHK) transfectants
PBS at room temperature for 10 min. Cells were Washequre’ labeled with 15Q.Ci of Pro-mix L-[*S] for 30 min

with PBS and poly-anti-AFP (1:500), anti-BiP (8y/mL),
. ) o efore the cells were chased for 0 to 6 h. The cells were then
or mouse anti-COP (1:500) antibodies were added for 6(\5/)vashed three times with physiological buffer (12Mm

min. Cells were further washed extensively in PBS beforeNaCI 4.4 MM KH,PO,, and 20.6 M Na,HPO,) and sur
L 2 4 . 4, -

FITC-.conJl.Jgated second antibodies (.1:500) were added fofrace proteins were biotinylated with 1 mg sulfo-NHS-biotin
60 min. Finally, cells were washed in PBS, mounted on Pierce, Rockford, IL) at 4°C for 30 min. The cells were

slides in 50% glycerol/PBS, and viewed under a confoca ashed with physiological buffer three times before they

MICroscope. were harvested by vercence treatment and lysed in lysis
buffer. After immunoprecipitation with poly-anti-AFP Ab,

Pulse Chase and Immunoprecipitation Protein A Gel-bound AFP-TM chimeric proteins were

) eluted by boiling in 50uL of reducing SDS-PAGE buffer.

Atotal of 5 x 10° stable transfectants were labeled with 100y, g permatant was incubated with p@ streptavidin-

pCi/mL Pro-mixL-[**S] in vitro cell labeling mix (Amer- 5451650 heads (Pierce) overnight. Supernatant (unbound

sham Pharmacia Biotech,_Piscataway, Ni) in cysteine- angep T chimeric protein) was collected and streptavidin-
methionine-free DMEM (Sigma) 18 h at37°C. Cells were agarose beads were washed in 1 mL of wash buffer and 1

washed with PBS and harvested by treatment with Verceng | wash buffer containing 0.128 NaCl and 0.05% SDS.
(0.6 MM ethylene-diamine tetraacetic aC"?' [EDTA], ,140 Bound biotinylated AFP-TM chimeric proteins were eluted
mM NaCl, and 5.4 v KCI [pH 7.4]) or incubated in by boiling in reducing SDS-PAGE buffer. Total proteins

DM!EM supplemented with 100 M methionine and 1.0% _(streptavidin-agarose bound and unbound fractions) were
bovine serum for 2 to 8 h. Cells were washed three times idenarated on 10% SDS-PAGE.

1 mL ice-cold buffer (10 vl Tris-HCI [pH 7.4] and 0.125

M NaCl) and suspendedrf@ h in 300p.L of ice-cold lysis

buffer (AFP-B7: 20 nvl sodium phosphate [pH 7.4] 0.68 Immunoprecipitation of AFP-DAF from
sucrose, 0.1%1 NaCl, 5 mvl EDTA, 5 mM sodium pyro-  Culture Medium

phosphate, 1 mg/mL BSA, 1% Triton X-100, and protease . .
inhibitor cocktail [Boehringer Mannheim]; AFP-PDGFR A total of 7 x 10 cells were labeled with 30Q.Ci of

and ASGPR[Y]-AFP: 0.8 NaCl, 0.02M Tris-HCI [7.4] Pro-mixL [*°S] for 10 h and then chased for 15 h. Culture
0.5% Triton X-100, protease ink;ibitor cocktail, and 1\/I,m medium was collected and the cells were lysed with lysis

DTT; AFP-DAF: 150 nM NaCl, 10 nM Tris-HCI [pH 7.4] buffer. The cell lysate and culture medium were centrifuged
2% Triton X-114, and protease inhibitor cocktail). Insoluble at 100,000g for 45 min before the supernatant was immu-

proteins were removed by centrifugation at 100,§@6r 45 noprecipitated with anti-AFP antibody.

min. Under these conditions, >90% of chimeric protein was

solubilized as determined by immunoblotting. Samp|eslmmunoblotting of Chimeric Proteins

were precleared twice with 2L normal rabbit serum before

30 pL of Protein A Sepharose CL-4B gel (Pharmacia, BHK cells were harvested 48 h after transfection with
Uppsala, Sweden) was added foh toreduce nonspecific 2C11scFv-TM transgenes. The cells were washed in PBS
binding. Five micrograms of rabbit anti-AFP Ab (IgG frac- and 5 x 10 cells were boiled in reducing SDS-PAGE
tion) was added fol h before 50uL of Protein A Sepha- buffer. Proteins were electrophoresed on 8% SDS-PAGE
rose CL-4B Gel was added overnight. The Protein A Geland transferred to two sheets of nitrocellulose paper (Gel-
was washed once with 1 mL of wash buffer (108riris-  man Sciences, Ann Arbor, MI) in transfer buffer (1Qvim
HCI [pH 8.0], 1% Triton X-100, 0.2% sodium deoxycho- Tris-HCI [pH 7.5], 50 nM NaCl, 2 mM EDTA, and 0.5 nM

late, 10 nM EDTA, 1 mg/mL BSA, 0.5M NacCl, and pro- 2-mercaptoethanol) by capillary diffusion. The blots were
tease inhibitor cocktail) and five times with 1 mL of wash blocked with 5% skim milk and probed with jog/mL anti-
buffer containing 0.1251 NaCl and 0.05% sodium dodec- HA or antiimyc antibodies. The blots were washed exten-
ylsulfate (SDS). The Protein A Gel was boiled in gQ of sively, incubated with HRP-conjugated goat anti-mouse
reducing SDS-polyacrylamide gel electrophoresis (PAGE)gG (Fab), (1:2000), and washed and visualized by ECL
buffer before electrophoresis on a 10% SDS-PAGE. Thaletection according to the manufacturer’s instructions
polyacrylamide gel was treated with #rance (NEN, Life  (Pierce).
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Splenocyte Proliferation 400r

BALB/3T3 cells were transfected with pcDNA3, p2C11- * %
B7, or p2C11y1-B7 48 h before they were lethally irradi-

ated and serially diluted into round-bottom 96-well plates. 300

Splenocytes from BALB/c mice (5 x fOcells/well in
RPMI-1640 supplemented with 10% FBS and 10Mm
HEPES) were added to wells for 2 days. One microcurie of
[*H]-thymidine was added to wells for 16 h, cells were
harvested, and the radioactivity was measured on a Top-
Count Microplate Scintillation Counter (Packard, Meriden,
CT).

200

100

Statistical Analysis

Surface Expression (% AFP-PDGFR)

Statistical significance of differences between mean values
was estimated with the shareware prograraH@LSTAT

(White Ant Occasional Publishing, West Melbourne, Aus- 90
tralia), using the independetitest for unequal variances.

RESULTS

Figure 1. Mean surface fluorescence of chimeric proteins. BHK cells

were transfected with AFP-TM transgenes and 48 h later the surface im-
munofluorescence of 10,000 cells was determined. Results show mean
fluorescent intensities of three independent experiments relative to AFP-

AFP was employed as a reporter protein to investigate thBDGFR _(100%). Significant di_ffer_ences between surface expression com-
ability of different TM to direct chimeric proteins to the i‘:%rii‘;tzvghEAFp'PDGFR are indicatedP*< 0.05; ™*P = 0.005. Bars
surface of mammalian cells. The TM and cytosolic tail of '

murine B7-1 and the GPIl-anchor signal sequence from de-

cay-accelerating factor (DAF) allowed high surface expresKKXX Signal at C-Terminal of PDGFR TM Is Not

sion, whereas the TM of the human platelet-derived growtHnvolved in ER Retention of AFP-PDGFR

factor receptor (PDGFR) or the human asialoglycoproteifiry getermine whether the low surface expression of AFP-
receptor (ASGPR) H1 subunit produced low surface expreéSppGER was related to ER retention by a KKXX motif
sion of AFP (Fig. 1). Mutation of a tyrosine residue (TyrS) ocated at the C-terminus of the truncated cytosolic tail of

in the cytoplasmic tail of the ASGPR H1 subunit to alanine,« pDGER TM employed in this study, KK was mutated to
(ASGPRIAJ-AFP) did not increase the surface expressiol\a ~ Flow-cytometric analysis of BHK cells transfected

of chimeric protein (Fig. 1). Accumulation of chimeric pro- i, these constructs, however, did not reveal a statistically
teins on the cel! surface did not correlate with the Ievell Of,significant difference between their surface expression
protein expression (Chou et al., 1999). These results indi Fig. 2).

cate that the TM can dramatically alter surface expression o

chimeric proteins.

Surface Display of Chimeric AFP-TM Proteins

Localization of AFP-TM Chimeric Proteins in
Transfected Cells

Internalization of ASGPR(Y)-AFP and , o ,
ASGPR(A)-AFP from the Cell Surface The cellular location of AFP-TM chimeric proteins was

examined in fixed and permeabilized transfected BHK cells

Because the ASGPR can undergo endocytosis, the intemaly immunofluorescence detection under a confocal micro-
ization of ASGPR(Y)-AFP and ASGPR(A)-AFP from the

plasma membrane was examined. AFP-B7 surface expres- o o _
sion was relatively stable with 76% of the chimeric protein Table I Internalization of AFP-TM chimeric proteins.
remaining on the surface after 1 h at 37°C (Table I). In

Surface expressiér(% initial)

contrast, only 29% of ASGPR(Y)-AFP was retained on the Mean fluorescence
plasma membrane after 1 h. ASGPR(A)-AFP was internal- Cell line 30 min 60 min intensity’ at 60 min
ized at a slower rate, with 42% of the chimeric protein Arp-B7 84 76 65
remaining on the cell surface after 1 h. Comparison of theASGPR(Y)-AFP 45 29 20
fluorescent intensities of antibody-coated cells rafteh at ~ ASGPR(A)-AFP 54 42 9.8

N .
37°C showed that the surface expression of AFP-B7 was 2Surface fluorescence after 30 or 60 min at 37°C compared with surface
greatest, followed by ASGPR(A)-AFP and ASGPR(Y)- fiuorescence of cells maintained at 4°C.

AFP (Table 1). PMean fluorescent intensity of cells after 60 min at 37°C.
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scope. Figure 3 shows that AFP-PDGFR (A), AFP-B7 (B), I
and AFP-DAF (C) were present in the Golgi apparatus ag
shown by the similarity of their staining pattern geCOP
(F), a resident Golgi protein. AFP-B7 (B) and AFP-DAF
(C) were also evident on the plasma membrane. In contras
ASGPR (Y)-AFP (D) was primarily present in the endo-
plasmic reticulum as shown by the similar localization of
BiP (E), a resident ER protein.

AFP-TM Chimeric Protein Half-Lives

To determine whether the different TM influenced the half-
lives of the AFP-TM chimeric proteins, stable BHK trans-
fectants were pulsed witf'S-[Met + Cys] and chased for 0 |L®
to 8 h. AFP-TM chimeric proteins were solubilized and
precipitated by anti-AFP polyclonal antibodies. Specific
bands on X-ray film (Fig. 4A) were scanned on a densitom-
eter and the intensities were plotted versus time. No signifi-g8
cant band was present in lane 6 in which untransfected BHK
cells were immunoprecipitated with anti-AFP antibodies,
showing that imrnunoprecipitation was specific. All chi- Figure 3. Intracellular localization of AFP-TM chimeric proteins. Stable
meric potins exfied apparen rs-order al v (Fig 27 PESTR ) 47727 ©) AFE0A" O, i eor om0
4B). The half-lives of AFP-PDGFR, AFP-B7, AFP-DAF, body and FITC-conjugat’eg second antit;ody. The stable ASGPR(Y)-AFP
and ASGPR(Y)-AFP were 1.6, 12.2, 3.8, and 2.4 h, respeCgansfectant was also stained with anti-BiP (E) or anti-COP (F) antibody.
tively. The cells were viewed under a confocal microscope.

- - Sorting Rate of Chimeric Proteins to
A D Plasma Membrane

To investigate the rate that chimeric proteins were sorted to
4 . the plasma membrane, AFP-TM transfectants were labeled
with 3°S-[Met + Cys] for 30 min and cell surface proteins
were then biotinylated after different chase periods. AFP-
TM chimeric proteins on the cell surface were separated
from the intracellular chimeric proteins by binding to strep-
tavidin-agarose beads. The upper part of each panel in Fig-
ure 5 shows surface chimeric proteins, whereas the lower
panel shows intracellular AFP-TM proteins. AFP-PDGFR
was slowly transported to the cell surface; surface AFP was
only detected after a 2-h chase. Although surface expression
of AFP-PDGFR was minimal, this chimeric protein did not
accumulate intracellularly, suggesting that rapid intercellu-
lar degradation of AFP-PDGFR contributed to low surface
expression. In contrast, the majority of newly translated
AFP-B7 was transported to the cell surface within 1 h. In
addition, substantial amounts of AFP-B7 remained on the
plasma membrane for at least 6 h. AFP-DAF was trans-
ported to the cell surface more slowly than AFP-B7, but the
101 102 103 104 101 102 103 104 majority of newly synthesized chimeric protein reached the
. surface within 2 h. Surface expression of AFP-DAF, how-
Fluorescence Entensﬂy ever, decayed rapidly, with only marginal AFP-DAF re-

_ _ maining on the plasma membea h after translation. A
Figure 2. Surface expression of AFP—PDGFR—AA. Untransfected BHK minor fraction of ASGPR(Y)-AFP was transported rapidly
cells (A, D) or BHK cells that were transfected with pAFP-PDGFR (B, E) L . .
or pAFP-PDGER-AA (C, F) were stained with control MAb S5A8 (a—c) 1O the cell surface witii 1 h oftranslation, but the majority
or MAb 36.2 (D-F), followed by FITC-conjugated second antibody. Cell Of this chimeric protein was retained and degraded intracel-
surface expression of 10,000 cells was determined on a flow cytometer.lularly. No band was apparent when untransfected BHK
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A Lane

AFP-PDGFR |

AFP-B7

AFP-DAF
ASGPR(Y)-AFP

X is

ASGPR(Y)-AFP
(Y) o t |

1000

Figure 5.  AFP-TM chimeric protein sorting rate is TM-dependent. BHK
100 ¢ cells (lane 1) or stable BHK transfectants (lanes 2—6) were pulsed with
35S-[Met + Cys] for 30 min and surface proteins were biotinylated after 4
h (lane 1) 0 h (lane 2)1 h (lane 3) 2 h (lane 4)4 h (lane 5), 06 h (lane
0 5 10 6). Solubilized AFP-TM proteins were immunoprecipitated with anti-AFP
Time (h) antibody and surface AFP chimeric protein was separated by binding to
streptavidin agarose beads. AFP-TM chimeric proteins were electropho-
resed on a 10% reducing SDS-PAGE and exposed on X-ray film. The
upper part of each panel shows the biotinylated surface chimeric protein
(S), whereas the lower part of each panel shows intracellular chimeric pro-
tein (1).

Band intensi

Figure 4. Half-lives of AFP-TM chimeric proteins. (A) Stable BHK
transfectants were pulsed withS-[Met + Cys] for 3 h and chased for 0 h
(lane 1) 1 h (lane 2) 2 h (lane 3) 4 h (lane 4), or 6 h (lane 5) before
solubilized proteins were immunoprecipitated with AFP-specific antibody.
Untransfected BHK cells were also labeled, chased for 4 h, and immuno-

precipitated (lane 6). (B) Specific bands on X-ray film were scanned on a

densitometer and intensities were quantified by ImageQuant software. RéSurface Display of Chimeric 2C11-TM Proteins

sults show the band intensities of AFP-PDGHR),(AFP-B7 ©), AFP-

DAF (A), and ASGPR(y)-AFP ¢) versus time. To examine the generality of the differential surface expres-

sion produced by different TM, the cDNA of a single-chain

cells were processed in an identical fashion (lane 1), show@ntibody (2C11 scFv) was fused to the PDGFR TM, the GPI

ing that immunoprecipitation reactions were specific. signal sequence of DAF, and the TM and cytosolic tail of

murine B7-1. In addition, the hinge—GH-CH; region

AFP-DAE Is Released into the Culture Medium (yl) of human IgG1 was inserted between the scFv and the
TM to allow expression of disulfide-linked dimers on the

The stability of AFP-DAF and AFP-B7 on the cell surface plasma membrane. These transgenes were transfected into

was examined by labeling stable AFP-B7 and AFP-DAF

transfectants and untransfected BHK cells witB-[Met +

Cys] for 10 h and then chasing overnight in methionine- 1 2 3 4 5 6
containing medium. Immunoprecipitation of the culture me-

dium with anti-AFP antibody revealed specific bands for l

AFP-B7 and AFP-DAF (Fig. 6, lanes 2 and 3). No band was

visible in lane 1 in which the culture medium of untrans- . ¢
fected BHK cells was immunoprecipitated. AFP-B7 and o .

sates (Fig. 6, lanes 5 and 6). The molecular weights of
AFP-B7 and AFP-DAF in the culture medium (lanes 2 and
3) were smaller than the same proteins immunoprecipitategigure 6. AFP-DAF chimeric protein is released into the culture me-
from total cell lysates (lanes 5 and 6), indicating that thedium. Stable transfected BHK cells were pulsed WitB-[Met + Cys] and
release of these chimeric proteins into the culture mediunghased overnight. Cell lysates and culture medium were immunoprecipi-
was due to Cleavage at a site between AFP and the B7 T,\tﬁted with poly-anti-AFP antibody. Lane 1, untransfected BHK cell culture
. medium; lane 2, AFP-B7 transfectant culture medium; lane 3, AFP-DAF
G_Pl anchors. The amount of AFP-DAF in the culture me'transfectant culture medium; lane 4, untransfected BHK cell lysate; lane 5,
dium was about 2.8-fold greater than the amount of AFP-B7arp_g7 transfectant cell lysate; lane 6, AFP-DAF transfectant cell lysate.
released into the medium. The position of the intact AFP-DAF protein is indicated by an arrow.

=y

AFP-DAF could also be immunoprecipitated from cell ly- '
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BHK cells and surface expression of scFv was measured o
a flow cytometer. Similar to the results found for AFP, the
GPI signal sequence of DAF and the TM of murine B7-1
allowed high surface expression (Table II). Only minor sur-| « *, bt
face expression of 2C11-PDGFR chimeric protein was ob{; 4 “
served. Introduction ofyl between the scFv and TM pro- '
duced significantly higher surface expression of all chimerict. P ] | . e : |
scFv compared with the monomeric proteins.

Stability of 2C11-B7 on Stable Transfectants -

2C11-B7 chimeric protein was expressed on the surface of
transfected BALB/3T3 cells as determined by flow cytom- ; )
etry 48 h after transfection (Fig. 7A). After selection of i T T T T ]
stable transfectants in G418 for 2 weeks, however, 2C11-B7 101 102 10° 10* 1o’

could not be detected on the cells (Fig. 7B). 2G11B7 Fl Intensit
dimers were highly expressed on the surface of BALB/3T3 uorescence Intensity

fibroblasts 48 h after transfection (Fig. 7C). In contrast toFigure 7. Surface imunofluorescence of transient and stable 2C11-B7
2C11-B7, 2C11y1-B7 was also present on the surface ofang 2c1141-B7 transfectants. BALB/3T3 cells were transfected with

fibroblasts after cells were selected in G418 medium for ZocDNA3 (dashed line), p2C11-B7 (A and B, solid line), or p2GiitB7
weeks (Fig. 7D). (C and D, solid line). The transfectants were selected in G418 for 2 weeks
(B, D) or were immediately stained (A, C) with MAb 12CA5 against the
HA epitope followed by FITC-conjugated goat anti-mouse 1gG (Fab
before the immunofluorescence of“ldiable cells was measured with a

FACScaliber flow cytometer.

I -1
102 10° 10%

v1 Spacer Reduces Cleavage of 2C11 scFv
Chimeric Proteins

The cleavage of chimeric scFv proteins was examined b)é , )
transfecting scFv transgenes into BHK cells and immuno2C11v1-PDGFR (lane 1) was present in the intact form.
blotting total cell lysates 48 h later. Figure 8A shows thatThe degradation product_s retained thgcepitope, '”‘?"C&t'
only about 10% of 2C11-B7 (lane 2) possessed the expectéag that the cleavage site was between thgc epitope
molecular size of 34 kDa, whereas 90% was present in 41d TM-

degraded form with a molecular size of 26 kDa. In contrast,

about 60% of 2C11y1-B7 (lane 1) was present in the intact 41 Spacer Allows Expression of Active scFv

form (60 kDa) with 40% present as a degradated produc€himeric Protein

(52 kDa). scFv chimeric proteins were cleaved at the CBALB/3T3 cells transiently transfected with p2C%1-B7

terminal end because the degradation products retained th L _ ; . ; )
HA epitope present at the N-terminal of the chimeric pro_|r(1aduced significant® = 0.0005) proliferation of naive sple

teins. To further localize the cleavage site, chimeric proteins

containing a anyc epitope between the scFv and PDGFR A B

TM were immunoblotted with antinycantibody. Figure 8B 2

shows that, similar to B7 chimeric proteins, about 90% of 1 2 1 KDa

2C11-PDGFR (lane 2) was degraded, whereas 50% of KDa

fane 2) s 6o ° -~ > -5
58 — —485
48.5 —
Table Il.  Surface display of 2C11-TM chimeric proteins. —36.5
i i 365 — — - >
Transgene Surface dispfay

2C11-PDGFR 1.7+0.9 26.6— - - s

2C11+1-PDGFR 3.6+02°

2C11-DAF 52+0.8

2C11+1-DAF 83+1.00¢ —

2C11-B7 8.2+0.32

2C11+1-B7 12.2+1.5¢ Figure 8. Degradation of membrane-bound scFv. (A) p2GitB7

(lane 1) or p2C11-B7 (lane 2) were transfected into BHK cells. Forty-eight

@Mean fluorescence of cells transfected with the indicated transgendours latey 5 x 10" cells were electrophoresed on an 8% reducing gel,

divided by the mean fluorescence of cells transfected with pcDNA3.
bSignificantly higher than 2C11-PDGFR, < 0.05.
“Significantly higher than the corresponding transgene withoytla
domain,P = 0.05.
dSignificantly higher than 2C144-DAF.
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transferred to nitrocellulose paper, and probed with anti-HA antibody. (B)
BHK cells were transfected with p2CHit-PDGFR (lane 1) or p2C11-
PDGFR (lane 2) and 48 h later total cell lysates were electrophoresed on an
8% gel. A blot was probed with antityc antibody. The positions of the
intact chimeric scFv are indicated by arrows.

319



nocytes compared with pcDNAS3 (Fig. 9). In contrast, 2C11-of ASGPR-AFP proteins was likely induced by crosslinking
B7 did not induce significant T-cell proliferation compared of chimeric protein with anti-AFP antibody. No difference
with pcDNAS3, even though 2C11-B7 fusion protein was in the expression of ASGPR(Y)-AFP and ASGPR(A)-AFP
expressed on the surface of transfected cells (results netas found on cells when the proteins were not crosslinked
shown). T cells bound to BALB/3T3 cells transfected with (Fig. 1), suggesting that basal internalization of the ASGPR
p2C1141-B7, but not to cells tansfected with p2C11-B7, chimeras is low. Internalization of ASGPR(Y)-AFP, there-
indicating that 2C11-B7 was unable to bind CD3 on T cellsfore, does not account for the low surface expression of this
(results not shown). chimeric protein. Rather, low surface expression is likely
due to improper folding and retention of the chimeric pro-
tein in the ER (Fig. 3D). This hypothesis is supported by the
DISCUSSION results of pulse-chase experiments that showed the majority
In the present study, we found that the murine B7 TM andg;?se\é\llzl?/gsyér;thesized ASGPR(Y)-AFP was retained within
cytosolic tail tethered the most AFP or scFv protein to the g . .
cell surface. The C-terminal extension of DAF also resulted AFP-PDGFR possesses a KKXX signal at the C-terminal

in high expression of AFP and scFv on cells. The type Il TMend of the truncated cytoplasmm tail of thg PDGFR TM.
and cytosolic tail of the human ASGPR H1 subunit, as We”Because membrane proteins with a KKXX signal located at

as the TM and truncated cytosolic tail of PDGFR, directedtlhgegg —tleégnénus can be.retjunid tlr? thteh_ER (i?CkSOﬂ gt é;e
only low levels of chimeric protein to the cell surface. The A t f),)\lrziesgg:glg bW N ter 'S Mo 'f C}?;)S& i
various TM affected ER retention, half-life, sorting rate, ang'etention o § )y mutagenesis o 0

. Lo : s AAXX. The surface expression of AFP-PDGFR-AA, how-
degradation of the chimeric proteins. In additioyl, re- i ter than that of AFP-PDGER (Fia. 2
duced cleavage of scFv chimeric proteins and enhanceglver’ Watls tr_'O %Le? ?rz Ian a fo i . (flgAFIZ)"
their surface expression, emonstrating that the low surface expression o -

Previous studies have shown that mutation of Tyr5 toPDFGR was not due to ER retention of the chimeric protein

Ala5 in the N-terminus of the ASGPR H1 subunit can re-2Y :Ee KKXX s_tigne:cl.tlr_]ac::lgl;g(l? rettin:iort]hcarllpg%;a:tgit?ru,\;ed
duce its internalization (Fuhrer et al., 1991). We analyze 0 the proximity of the motit to the

the internalization of ASGPR(Y)-AFP and ASGPR(A)-AFP (Viiaya et al., 1988). Confocal image analysis also con-

from the plasma membrane and found that mutation of Tyrgwmed that AFP-PDGFR was.not retained in th'e ER (Fig.
to Ala5 at the N-terminus of the ASGPR H1 subunit Ole_3A). The low surface expression of PDGFR chimeric pro-

creased the internalization of ASGPR(A)-AFP and allowedte'ns could be attributed to the short half-life (1.6 h), slow

higher surface expression of ASGPR(A)-AFP relative tosorting to the surface (Fig. 5), and poor retention of chi-

ASGPR(Y)-AFP (Fig. 4). In this experiment, internalization _menc_protem on the plasma membran_e (Fig. 5). Se_veral
investigators have suggested that sorting elements in the

cytoplasmic domain of proteins assist in the translocation of
proteins (Bremnes et al., 1994; Hobert and Carlin, 1995,
Odorizzi et al., 1994; Potter et al., 1999). Thus, low surface
expression of PDGFR TM-chimeric proteins may be due to
the truncated cytoplasmic tail of the receptor.

Formation of GPI-anchored chimeric proteins by append-
age of the C-terminal sequence of DAF to AFP and scFv
allowed relatively high surface expression, although at
lower levels than B7 TM chimeras. AFP-DAF required
twice as long as other AFP-chimeric proteins to reach the
cell surface (Fig. 5). This may reflect the time required for
proteolytic processing of the C-terminal tail and synthesis of
the GPI anchor. Pulse-chase experiments revealed that
AFP-DAF was rapidly modulated from the plasma mem-
brane (Fig. 5). Previous studies found that intact GPI-
anchored protein can be transferred to neighboring cells in

1 2 4 8 16 vitro and in vivo (Anderson et al., 1996; McHugh et al.,
Dilution 1995). The decreased molecular weight of soluble AFP-
Figure 9. The bioactivity of 2C11-B7 chimeric proteins. Serial dilutions DAF (Fig. 6, lane 3), however, shows that intact AFP-DAF
of lethally irradiated BALB/3T3 cells transfected with p2C41-B7 (), was not released in detectable quantities. GPl-anchored pro-
p2C11-B7 (), or pcDNA3 (O) were cultured with syngeneic splenocytes teins can be enzymatically cleaved from the cell surface by
for 2 days. Cells were pulsed withdCi of [3H]—thymiQine for 16 h before GPI-specific phospholipase D (Metz et al., 1994). Because
thg nonat_tached cells were harvested and rat_jloacywty was measured. SI&-P|-anCh0r9d proteins can be easily released from the cell
nificant differences between splenocyte proliferation induced by BALB/ . . ) e
373 cells transfected with p2CHit-B7 or p2C11-B7 are indicatedf*=  surface, this anchor is not suitable for applications that re-
0.0005). Bars indicate SE. quire stable surface expression. However, GPI-fusion pro-
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teins can be purified from transfected cells and subsequenttgase binding to the chimeric protein. Removal of carbohy-
incorporated into the plasma membrane of target cellglrate chains often increases the degradation of glycopro-
(Brunschwig et al., 1995; McHugh et al., 1995, 1999). Theteins (de Virgilio et al., 1999; McCracken and Brodsky,
GPI anchor may therefore be useful for ex vivo incorpora-1996; Toki et al., 1997; Wicker Planquart et al., 1999).
tion of proteins on cells; for example, to coat primary cellsSecond, dimerization of chimeric proteins ¢ (Chou et
that are difficult to culture and transduce with a transgeneal., 1999) may help conceal susceptible cleavage sites from
The high levels of surface expression achieved with theproteases. Finally, the flexibility 61 may enhance correct
chimeric proteins that were fused to the murine B7 TM andfolding of scFv, reducing degradation in the ER. These pos-
cytosolic tail can be attributed to several factors. First, thesibilities are currently under investigation. Reduction of
chimeric protein was not retained in the ER/Golgi as showmproteolytic cleavage is important because functional scFv
by the rapid sorting of AFP-B7 to the cell surface (Fig. 5). released from cells could interfere with the activity of sur-
Examination of the cytoplasmic tail of B7-1 did not reveal face scFv. For example, soluble anti-CD3 (Falblocks
ER/Golgi retention signals (Pfeffer and Rothman, 1987;T-cell activation, whereas immobilized (surface-bound)
Rothman, 1987). Second, AFP-B7 displayed a long half-lifeanti-CD3 antibodies activate T cells (Geppert and Lipsky,
(12.2 h), indicating that the chimeric protein was stable andl987; Woodle et al., 1991).
correctly folded. Although some AFP was released into the The+vy1 spacer was also required for surface scFv activity;
medium of cells transfected with pAFP-B7, this chimeric 2C11«1-B7 induced T-cell proliferation, whereas 2C11-B7
protein was stably expressed on cells for a prolonged periodias inactive (Fig. 9). Addition of a 42-amino-acid spacer
(Fig. 5). The major difference between the PDGFR andwas found to increase the binding of an anti-phOx scFv to
B7-1 constructs was the presence of an intact cytoplasmiphOx-coated magnetic beads (Rode et al., 1999). Moritz and
domain in the B7-1 chimeras. As previously mentioned,colleagues also demonstrated that spacers (derived from
elements present in the cytoplasmic domain of TM protein€€D4 and CD8 molecules) were required to increase the
may be important for efficient translocation of proteins to distance of an anti-ErbB2 scFv from the plasma membrane
the cell surface (Bremnes et al., 1994; Hobert and Carlinto maintain scFv binding activity (Moritz and Groner,
1995; Odorizzi et al., 1994; Potter et al., 1999). The intactl995). The requirement for a spacer to allow expression of
cytoplasmic domain of B7-1 may thus be required to allowactive scFv on cells may reflect the need to extend the scFv
high expression of heterologous proteins on the plasm&om the cell membrane to allow unrestricted access with its
membrane. This suggestion is supported by the observatiarellular target. This hypothesis is supported by the finding
that chimeric proteins that exhibit high surface expressiorthat the activity of chimeric scFv is cell-dependent (Moritz
usually contain an intact cytoplasmic tail (Brocker et al.,and Groner, 1995). Alternatively, a flexible spacer may help
1993; Hayden et al., 1996; Liao et al., 2000; Roberts et al.retain proper folding and activity of surface scFv.
1994). In contrast, truncation of the cytoplasmic domain In summary, the choice of TM affects the half-life, sort-
often results in low surface expression (Alvarez Vallina anding rate, and surface retention of chimeric proteins resulting
Hawkins, 1996; Chesnut et al., 1996; de Ines et al., 1999n significant differences in surface expression. Introduction
Liao et al., 2000; Rode et al., 1996). Definitive confirmation of y1 between scFv and TM dramatically reduced cleavage
of the role of an intact cytoplasmic tail on the efficient of chimeric protein and resulted in increased surface expres-
surface expression of B7 chimeric proteins will require sion of scFv. Theyl domain was also required for retention
swapping the B7 and PDGFR cytosolic tails. of scFv activity. Our results indicate that transgenes de-
We previously found that AFP-TM chimeric proteins signed for high surface expression of active chimeric scFv
were susceptible to proteolytic cleavage (Chou et al., 1999%xhould incorporate a TM that does not undergo endocytosis,
In the present study, we found that scFv—TM proteins werenclude an intact cytoplasmic domain, and contain a spacer
also cleaved at a site between the scFv and TM based dretween the scFv and TM to reduce cleavage and retain
immunoblotting analysis of 2C11-PDGFR (Fig. 8B). de biological activity.
Ines and colleagues also found that chimeric proteins com-
posed of an scFv and the interleukin-6 (IL-6) TM were
susceptible to degradation at a site near the I1L-6 TM, reNOMENCLATURE
sulting in undetectable surface expression of chimeric pro-
tein (de Ines et al., 1999). We found that introductiorybf 2C11 scFv constructed from the 145.2C11 antibody

between the scFv and TM dramatically reduced cleavage 261187 ;;i:ggli’;rf;ﬁi” between 2C11 scFv with B7 TM and
(Fig. 8), allowing mcregsed expression of <_:h|mer|c protein 2C1141-B7 fusion protein between 2C11 scRd, and B7 TM
on the cell surface. This was especially evident after trans- and cytosolic tail

fected cells were drug-selected for stable expression; 2C11-2C11-DAF fusion protein between 2C11 scFv and DAF C-
v1-B7 was expressed on stable transfectants, whereas 2C11- terminal extension

B7 could not be detected on cells (Fig. 7). There are several 2C1171-DAF  fusion protein between 2C11 scFy], and DAF
ible mechanisms that may explain howfiereduces C-terminal extension

poOssIbIe | > that may €xp ki _ 2C11-PDGFR fusion protein between 2C11 scFv and PDGFR TM

degradation of the chimeric scFv. First, carbohydrate chains and truncated cytosolic tail

present in the Ckldomain ofyl may sterically hinder pro- 2C11+1-PDGFR fusion protein between 2C11 scg, and PDGFR
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TM and truncated cytosolic tail human T4 cells stimulated by immobilized monoclonal antibodies to

AFP a-fetoprotein CD3. J Immunol 138:1660-1666.

AFP-B7 fusion protein between AFP and B7 TM and cyto- Graf MR, Jadus MR, Hiserodt JC, Wepsic HT, Granger GA. 1999. De-
solic tail velopment of systemic immunity to glioblastoma multiforme using

AFP-DAF fusion protein between AFP and DAF C-terminal tumor cells genetically engineered to express the membrane-associated
extension isoform of macrophage colony-stimulating factor. J Immunol 163:

AFP-PDGFR fusion protein between AFP and PDGFR TM and 5544-5551.
truncated cytosolic tall Griffin MD, Hong DK, Holman PO, Lee KM, Whitters MJ, O'Herrin SM,

AFP-PDGFR-AA fusion protein between AFP and PDGFR TM and Fallarino F, Collins M, Segal DM, Gajewski TF, Kranz DM, Bluestone
mutant (K°5855° to ASS8A559) truncated cytosolic JA. 2000. Blockade of T cell activation uisng a surface-linked single-
tail chain antibody to CTLA-4 (CD152). J Immunol 164:4433-4442.

ASGPR asialoglycoprotein receptor Hayden MS, Grosmaire LS, Norris NA, Gilliland LK, Winberg G,

ASGPR(A)-AFP  fusion protein of ASGPR TM with mutant {Yo Tritschler D, Tsu TT, Linsley PS, Mittler RS, Senter PD, Fell HP,
A®) cytosolic tail and AFP Ledbetter JA. 1996. Costimulation by CD28 sFv expressed on the

ASGPR(Y)-AFP  fusion protein of ASGPR TM with wild-type cyto- tumor cell surface or as a soluble bispecific molecule targeted to the L6
solic tail and AFP carcinoma antigen. Tissue Antig 48:242-254.

B7 CD80 Hobert M, Carlin C. 1995. Cytoplasmic juxtamembrane domain of the

DAF decay-accelerating factor human EGF receptor is required for basolateral localization in MDCK

GPI glycosylphosphatidylinositol cells. J Cell Physiol 162:434-446.

HA hemagglutinin _ Jackson MR, Nilsson T, Peterson PA. 1990. Identification of a consensus

PBS phosphate-buffered saline motif for retention of transmembrane proteins in the endoplasmic re-

PDGFR platelet-derived growth factor receptor ticulum. Eur Med Biol Org J 9:3153-3162.

™ transmembrane domain Jackson MR, Nilsson T, Peterson PA. 1993. Retrieval of transmembrane

scFv single-chain antibody proteins to the endoplasmic reticulum. J Cell Biol 121:317-333.

Y1 H—CH,—CHj region of human IgG1 Liao K-W, Lo Y-C, Roffler SR. 2000. Activation of lymphocytes by anti-

CD3 single-chain antibody dimers expressed on the plasma membrane
of tumor cells. Gene Ther 7:339-347.
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