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MDA-MB-231 cells (1 x 10° in 0. 1 mL PBS) were injected
in the mammary gland. The first three groups received
0.5, 1.5, or 5 mg/kg i.p. injections of purified LZ-TRAIL
daily for 10 days, whereas the fourth group (control)
received PBS. On day 4, the i.v. injection of the asialo-
GM-1 antibody was repeated. After termination of TRAIL
injections, tumor growth was monitored for additional 18
days. Mice were then sacrificed. Tumors were excised,
cleaned from the connective tissue, measured, weighed,
and photographed.

Results

Design, Expression, and Purification of the LZ-TRAIL
Chimera

Because natural TRAIL is a homotrimer (3), we reengi-
neered TRAIL to improve its stability and its activity and
to increase its rate of production by the host. According to
the cocrystal structure, the extracellular domain commenc-
ing with Glu'® is sufficient for a TRAIL complex with the
DR5 receptor (22, 23). In agreement, the soluble 119-281
TRAIL fragment induced apoptosis in tumor cells (24). In
contrast, recombinant TRAIL commencing from either
Thr® or Val''* was used in the earlier studies (9, 10, 25,
26). The formation of a stable recombinant TRAIL trimer
was induced by linking the yeast GCN4-pll LZ sequence
to the NH, terminus of TRAIL (10). Similarly, to prepare
the TRAIL construct, we synthesized, using the P. pastoris
preferred nucleotide codons, the chimera coding for the
modified three-stranded coiled coils GCN4-pll LZ (21) fol-
lowed by a short Gly-Ser-Gly linker and the TRAIL 120-281
fragment. These synthetic constructs were recloned in the
PGAPZo plasmid and electroporated into P. pastoris. For
comparison, we also prepared the 95-281 TRAIL construct,
which was described in the earlier publications (9, 10, 26).
Based on these publications, we expected that the insertion
of this trimer-forming LZ motif would promote the level of
the homotrimerization of our TRAIL 120-281 and that the
LZ-TRAIL chimera would mimic the performance of the
natural TRAIL homotrimer.

To facilitate the efficient secretion and processing of the
construct by the host and to generate the correctly pro-
cessed and folded, secreted LZ-TRAIL protein, the sequence
coding for the signal peptide followed by either Ser-Arg-
Lys-Lys-Arg-Ser or Lys-Arg-Asn-Ser was linked to the
NH, terminus of LZ-TRAIL. The Ser-Arg-Lys-Lys-Arg-Ser
and Lys-Arg-Asn-Ser sequences served as the cleavage
sites for the yeast prohormone processing Kex2 proteinase.
We then evaluated the performance of the multiple signal
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peptide sequences including the signal peptides of human
pancreatic lipase-related protein 2 (27), Aspergillus niger cin-
namoyl esterase (28), Pleurotus sajor-caju laccase 4 (29), As-
pergillus awamori glucoamylase (30), Thermus aquaticus YT-1
aqualysin (31), and 128 kDa pGKL killer protein (32), all of
which were reported to support the efficient secretion of the
recombinant proteins in Pichia. Our tests showed that the
LZ-TRAIL construct, which included the a-factor signal
peptide (which was present in the pGAPZa plasmid) and
the Ser-Arg-Lys-Lys-Arg-Ser cleavage sequence, was the
most efficient (Supplementary Table S1).2

To increase the efficiency of the translation termination of
the LZ-TRAIL construct, we replaced the TAA stop codon
with TAAA (33). We also inserted the AOX1 5’-untranslated
region upstream of the initiation ATG codon of the a-factor
signal peptide (20). To increase the production of TRAIL by
yeast, we reconstituted the original 3’-terminal sequence
(CAAAACACA) of the glyceraldehyde-3-phosphate dehy-
drogenase promoter in the pGAPZa expression vector (34,
35). The constructs of LZ-TRAIL are shown in Fig. 1A.

We then optimized the medium composition for the
growth of the recombinant yeast and the production of
LZ-TRAIL, including the buffer composition and the pH.
As a result, we determined that the YPD medium supple-
mented with 100 mmol/L potassium phosphate buffer
(pH 7.4), 1% casamino acids, 1 mmol/L Tris-(2-car-
boxyethyl)phosphine, 0.3% glycerol, and 0.25 mol/L
(NH,),SO4 was optimal for generating high levels of the se-
cretory, correctly processed LZ-TRAIL construct in the
medium. Our optimization efforts increased the levels of
LZ-TRAIL from a submilligram per liter level to 5 mg/L
(Supplementary Fig. S1).2

Lastly, we streamlined the purification procedures that
led us to isolate the homogenous LZ-TRAIL protein. The
procedure we developed included the removal of yeast by
centrifugation, the concentration of the medium using a Pel-
licon filtration device, and the isolation of LZ-TRAIL by
metal-chelating chromatography (Supplementary Fig. S2).?
Overall, the reengineering we performed combined with
our expression optimization allowed us to produce high
quantities of the purified soluble LZ-TRAIL chimera that
displayed high stability and activity.

LZ-TRAIL Functions as an Active Homotrimer

The fusion of the LZ motif with TRAIL 120-281 resulted
in a highly stable homotrimer. According to an ultracentri-
fugation analysis, the molecular mass of LZ-TRAIL was 73.4
kDa (the calculated molecular mass of the trimer is 69.3
kDa; Fig. 1B). The sedimentation equilibrium data were

Figure 2.

LZ-TRAIL-mediated apoptosis in cancer cell lines. A, subconfluent prostate carcinoma PPC-1 and PC-3, breast carcinoma MDA-MB-231,

glioma U251, lung carcinoma SK-MES-1, and leukemia THP-1 cells were incubated 24 h with the indicated concentrations of LZ-TRAIL 120-281 in
wells of a 96-well plate. For comparison, PPC-1 cells were also treated with LZ-TRAIL 95-281 (boxed, solid line) and commercial TRAIL (boxed, dashed
line). The cytotoxicity was determined using an ATP-Lite reagent and is expressed as a percent relative to the untreated cells. B, detection of LZ-TRAIL-
induced apoptosis in the cells. Annexin V staining. Subconfluent mouse breast carcinoma 4T1 and normal mammary epithelial 184B5 cells were in-
cubated 2 h with the indicated concentration of LZ-TRAIL in wells of a 24-well plate. Cells were detached with an enzyme-free buffer and stained using
an Annexin V Apoptosis Detection kit followed by fluorescence-activated cell sorting analysis. The percent of Annexin V-positive cells is indicated
above the bar M1. C, LZ-TRAIL-mediated induction of caspase-3/7 activity in MDA-MB-231 cells. Subconfluent cells were incubated 24 h with the
indicated concentrations of LZ-TRAIL in wells of a 96-well plate. The caspase-3/7 activity was measured using the Caspase-Glo-3/7 luminescent assay.

RLU, relative luminescence unit.
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analyzed using the Ideal equilibrium and Monomer-Nmer
equilibrium models. Both models suggested that purified
LZ-TRAIL was a homotrimer and that the level of the
monomer was below the detection limits (10 nmol/L) of
the method.

The results of the differential scanning calorimetry also
indicated the presence of a single oligomeric LZ-TRAIL pro-
tein in the samples. The melting temperature (T,,) and the
calorimetric enthalpy (AH) values of LZ-TRAIL were 81.1°C
and 53.3 kcal/mol, respectively, suggesting that the LZ-
TRAIL 120-281 chimera we designed and isolated was
properly folded and highly stable (Fig. 1C). In agreement,
LZ-TRAIL did not lose its activity after 6 months of storage
at 4°C or after multiple freeze-thaw cycles, but the LZ-
TRAIL 95-281 construct consistently and completely lost
its activity under similar conditions (data not shown).
Because LZ-TRAIL 120-281 was missing a potential
N-glycosylation site (Asp'*-Tle-Ser), the construct was not
glycosylated.

2 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

To elaborate on the significance of the Zn-binding Cys**°
residue on the antitumor activity of LZ-TRAIL, we mutated
Cys230 into Gly, Ala, Val, Leu, Ile, His, and Ser. All mutations,
except Cy523011e and Cys230Leu, fully inactivated LZ-TRAIL.
The Cys~Ile and Cys**’Leu mutants displayed a 10- to 20-
fold reduced proapoptotic activity against prostate carcino-
ma PPC-1 cells compared with the original LZ-TRAIL. We
concluded that the presence of Cys* is of critical impor-
tance for the activity or the stability of LZ-TRAIL or both.

Antitumor Activity of LZ-TRAIL 120-281 In vitro

We tested if LZ-TRAIL induced apoptosis in prostate car-
cinoma PPC-1 and PC-3, breast carcinoma MDA-MB-231,
lung carcinoma SK-MES-1, glioma U251, and leukemia
THP-1 cells (Fig. 2A). LZ-TRAIL was efficient in the nano-
gram per milliliter concentration range and this range was
multifold lower compared with the previously reported le-
vels. A direct, side-by-side comparison of our LZ-TRAIL
with the commercially available TRAIL samples confirms
this suggestion (Fig. 2A). In agreement, in earlier studies
by others (36, 37), recombinant TRAIL in concentrations
as high as 50 to 100 ng/mL induced only 40% and only
15% apoptosis in PC-3 and PPC-1 cells, respectively. These
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and similar studies with recombinant TRAIL led to the con-
clusion that PPC-1 cells are TRAIL-resistant. In contrast, our
LZ-TRAIL (1 ng/mL) induced an ~90% level of apoptosis in
PPC-1 and PC-3 cells. Our results using prostate carcinoma
PPC-1 clearly showed that the performance of TRAIL 120-
281 was significantly improved over that of the 95-281 con-
struct (Fig. 2A). Similarly, 3 ng/mL LZ-TRAIL commencing
with Thr”® and purified from the stably transfected Chinese
hamster ovary cells did not affect the viability of MDA-MB-
231 cells (10). In contrast, our 3 ng/mL LZ-TRAIL caused a
70% level of apoptosis of these cells. As a result, the studies
involving the 95-281 TRAIL were not pursued further.

Recombinant TRAIL at 30 ng/mL was reported to induce a
50% level of apoptosis in lung carcinoma SK-MES-1 cells (25).
To directly compare these data with the activity of our LZ-
TRAIL, we specifically used SK-MES-1 cells. We determined
that LZ-TRAIL 120-281 at only 0.3 ng/mL induced the same
50% level of apoptosis in SK-MES-1 cells, confirming the high
specific activity of our LZ-TRAIL chimera (Fig. 2A).

To corroborate these results, we used FITC-conjugated
Annexin V for detection of phosphatidylserine exposed in
the membrane of apoptotic cells and for quantification of
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cells undergoing apoptosis. According to a fluorescence-
activated cell sorting analysis of Annexin V-stained cells,
34% of mouse breast carcinoma 4T1 cells became apoptotic
following the treatment with 30 ng/mL LZ-TRAIL 120-281
(Fig. 2B). In contrast, LZ-TRAIL in concentrations as high as
10 pg/mL did not induce apoptosis in normal mammary
epithelial 184B5 cells. As shown by both Annexin V staining
and cell viability tests with an ATP-Lite kit, LZ-TRAIL was
noncytotoxic to primary human hepatocytes in a concentra-
tion as high as 30 pg/mL and incubation as long as 24 h.

To support our results further, we determined if the cas-
pase-3/7 activity was elevated in MDA-MB-231 cells coin-
cubated with increasing concentrations of LZ-TRAIL.
Consistent with the induction of a significant level of apo-
ptosis by 1 to 3 ng/mL LZ-TRAIL in MDA-MB-231 cells
(Fig. 2A), these low concentrations also induced a major in-
crease of caspase-3/7 activity, again confirming the acute
antitumor cytotoxicity of our optimized chimera (Fig. 2C).

Small-Molecule Inhibitors Sensitize Human Breast
Carcinoma Cells to LZ-TRAIL

Apoptosis resistance commonly occurs in cancers, pre-
venting activation of caspase family cell death proteases.
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Figure 4. Cell surface expression of DR4/DR5 and DcR1/DcR2 in U251, PPC-1, and MCF7 tumor cells and human hepatocytes. A, Western blotting
of DR4, DR5, DcR1, and DcR2. Cells were labeled with biotin and lysed. Labeled cell surface-associated DR4, DR5, DcR1, and DcR2 were captured
by streptavidin-agarose beads. The precipitated samples were analyzed by Western blotting with the specific respective antibodies and horseradish
peroxidase-conjugated secondary antibodies. B, fluorescence-activated cell sorting analysis of DR4, DR5, DcR1, and DcR2. U and S, unstained and
the secondary antibody-stained cell controls, respectively.
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Figure 5. LZ-TRAIL exhibits high antitumor efficiency and an extended half-life in vivo. A, LZ-TRAIL 120-281 represses the incidence and the growth of
the MDA-MB-231 orthotopic breast tumor xenografts in immunodeficient mice. Top, photographs of the tumors from the untreated control mice and from
mice that received 5 mg/kg/d LZ-TRAIL; bottom, tumor weight of the untreated control mice and of mice that received the indicated concentrations of LZ-
TRAIL. Tumor incidence per group is shown below the bars. *, P < 0.05. B, cytotoxic activity of LZ-TRAIL in the plasma samples. Mice received a single
i.v. injection of LZ-TRAIL (5 mg/kg or 100 pg/mouse). At the indicated time, blood samples were withdrawn and heparinized and the plasma was recovered
and diluted as indicated. The ability of the diluted samples to induce apoptosis of the PPC-1 target cells was determined. The samples obtained from intact
mice were not cytotoxic at any level of dilution with PPC-1 cells. C, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity in
mouse serum. The alanine aminotransferase and aspartate aminotransferase were measured using the alanine aminotransferase and aspartate aminotrans-
ferase reagents, respectively (BioQuant) in the serum of untreated (control) and TRAIL-treated mice. The results are expressed as a percentage relative to
the level measured in the untreated control mice (100%; dashed line).

Antiapoptotic Bcl-2 family proteins neutralize the proapop- Apoptotic Activity of LZ-TRAIL Does Not Correlate
totic effects of prodeath effectors including Bax and Bak,  with the Levels of DR4/DR5
hence conferring a growth advantage and resistance to We next determined if the levels of the DR4/DR5 recep-

chemotherapy and radiation on cancer cells (38). The tors correlate with the sensitivity of cells to LZ-TRAIL. For
antiapoptotic XIAP, and specifically the XIAP baculovirus these purposes, prostate cancer PPC-1 (highly sensitive to
IAP repeat 3 (Bir3) domain, is also a promising anticancer TRAIL), glioma U251 (sensitive to TRAIL), and breast carci-
target because XIAP directly binds caspase-9 and inhibits noma MCF7 cells (resistant to TRAIL) and normal hepato-
cell death. Potent small-molecule inhibitors of both antia- cytes (highly resistant to TRAIL) were labeled with
poptotic Bcl-2 family proteins and XIAP are known to revert =~ membrane-impermeable biotin.
cancer cell resistance to chemotherapy (38) and to sensitize Biotin-labeled cell proteins were captured using
cancer cells to TRAIL-induced apoptosis (39). streptavidin-agarose beads. The precipitates were analyzed
To confirm that the inhibitors of Bcl-2 family proteins by Western blotting with the DR4, DR5, DcR1, and DcR2
(apogossypol and BI-21E11) and XIAP (BI-75D2) sensitized antibodies (Fig. 4). Our results suggested that both sensitive
cancer cells to our LZ-TRAIL chimera, we used TRAIL- and resistant cell lines expressed comparable levels of the
resistant breast carcinoma MDA-MB-435 cells (Fig. 3A). DRS5 receptor. The levels of DR4 were low in hepatocytes
The individual compounds, at either 2 or 10 umol/L, and and especially in U251 cells. The level of DcR2 and especial-
10 ng/mL LZ-TRAIL, when tested alone, were inefficient ~ ly DcR1 were significantly higher in hepatocytes relative to
in inducing apoptosis in these cells. In turn, if used jointly =~ tumor cells. Fluorescence-activated cell sorting analysis of
with LZ-TRAIL, the compounds, especially apogossypol, U251, PPC-1, and MCF7 cells and hepatocytes also showed
enhanced the cytotoxic properties of TRAIL in MDA- the high levels of DcR1/DcR2 in the latter and confirmed
MB-435 cells. the data of our immunoblotting studies (Fig. 4). Our data
The isobologram analysis of apogossypol, MLS0092727, are consistent with the earlier observations by others that
and LZ-TRAIL showed a significant potentiation of LZ-  normal cells express high levels of the TRAIL decoy recep-
TRAIL cytotoxicity by MLS0092727 in breast carcinoma tors DcR1/DcR2 and, as a result, are resistant to TRAIL-
MDA-MB-435 (Fig. 3B). Isobologram analysis was done induced apoptosis (41). The permeabilization procedures
according to ref. 40. we used in our fluorescence-activated cell sorting analyses
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allowed us to detect the intracellular DR4 in U251 cells.
Because only the cell surface-associated DR4 was measured
in biotin-labeled U251 cells, the intracellular DR4 was not
observed in our immunoblotting studies. In agreement
with the studies by others (42), we concluded that DR4 is
retained intracellularly in U251 cells.

Antitumor Activity of LZ-TRAIL In vivo

Earlier, the antitumor efficacy of LZ-TRAIL 95-281 had
been determined using the MDA-MB-231 s.c. xenograft
model in mice (10). To determine the antitumor efficacy of
our chimera and to allow a direct comparison of the results,
we also used MDA-MB-231 cell xenografts.

MDA-MB-231 cells were orthotopically xenografted in
immunodeficient mice. In the earlier studies by others, ani-
mals normally received high dosages of TRAIL. Thus,
MDA-MB-231 xenograft mice received ~5 mg/kg LZ-
TRAIL 95-281 twice daily for 10 days (10). Because our
in vitro studies suggested a high activity of LZ-TRAIL 120-
281, we reduced the dosages in vivo. Animals were random-
ized into the four groups. Three groups received the 0.5, 1.5,
or 5 mg/kg i.p. injections of LZ-TRAIL daily for 10 days,
whereas the fourth group (control) received PBS alone.
The 0.5 and 1.5 mg/kg dosages of LZ-TRAIL decreased tu-
mor incidence but did not affect the size of the resulting tu-
mors compared with the control (Fig. 5A). In turn, 5 mg/kg
LZ-TRAIL caused a 2-fold reduction in tumor incidence and
a 4-fold reduction in the tumor size, thus confirming the
high potency of our LZ-TRAIL formulation. Administration
of LZ-TRAIL was not toxic to the normal liver tissues of
mice. Our examination of H&E-stained sections including
liver sections did not reveal any changes to cell morphology
or destruction of hepatocytes.

We suspected that the high efficacy of our LZ-TRAIL 120-
281 in part results from its improved half-life and pharma-
cokinetics in animals. To test this suspicion, we determined
the pharmacokinetics of our LZ-TRAIL in mice. LZ-TRAIL
120-281 (100 pg/mouse or 5 mg/kg) was injected i.v. in
mice. Blood samples (50 pL) were obtained from the tail
vein followed by plasma recovery. The plasma samples
were diluted and the cytotoxicity of the diluted samples
was measured using prostate carcinoma PPC-1 cells as a tar-
get (Fig. 5B). Our measurements showed the presence of
LZ-TRAIL in the bloodstream even 24 h post-injection and
suggested that a half-life of LZ-TRAIL 120-281 exceeded 1 h
in mice. This figure is quite favorable when compared with
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a half-life of only minutes reported earlier for recombinant
TRAIL (26).

To evaluate if the injections of LZ-TRAIL led to acute hep-
atotoxicity in mice, we measured the levels of the liver ala-
nine aminotransferase and aspartate aminotransferase
enzymes in the serum (Fig. 5C). Our measurements sug-
gested that the levels of both enzyme were close to the nor-
mal range. Because, generally, a grade 1 hepatotoxicity is
characterized by a 1.25- to 2.5-fold increase of these enzyme
levels in the mouse serum, we concluded that our LZ-
TRAIL samples did not cause any significant hepatotoxicity
in mice (43).

Discussion

To facilitate the pilot-scale production of TRAIL, we specif-
ically selected the methylotrophic yeast P. pastoris as a host.
The absence of the endotoxic lipopolysaccharides, a feature
of E. coli, and of viral DNA and oncogene contamination,
which is possible in mammalian cells, makes P. pastoris an
attractive system for producing recombinant proteins that
can serve as therapeutic agents.

A recombinant TRAIL monomer frequently displays
toxicity and low specific activity, thus limiting its clinical
applications (9, 44). To make recombinant TRAIL similar
to natural TRAIL, which functions as an active homotrimer
(3), we optimized the previously described LZ-TRAIL 95-
281 construct (9, 10, 45). The presence of the NH,-terminal
LZ sequence stabilizes the LZ-TRAIL homotrimer. The
extracellular domain commencing with Glu'? is sufficient
for TRAIL to form a complex with the receptor DR5
(22, 23). Because of these data, we specifically elected to
express the TRAIL 120-281 fragment. The TRAIL 95-281
was also expressed and purified for comparison purposes.
Our studies clearly revealed that the performance of
TRAIL 120-281 was significantly improved over that of
the 95-281 construct.

In the course of our study, we modified the secretion
and processing sequences of TRAIL as well as the 3’-
and 5’-sequences of the recombinant gene, which were fa-
vorable for the transcription initiation and termination in
yeast. We then optimized the growth conditions, the com-
position of the nutrient medium, and the purification pro-
cedures. In sum, a favorable combination of our structural
and technological improvements resulted in the LZ-TRAIL
120-281 stable homotrimer that exhibited high cytotoxicity
in tumor cells.

Table 1. Our reengineered LZ-TRAIL 120-281 exhibits high activity
Cell line Our LZ-TRAIL from yeast Recombinant TRAIL Host Ref.
Concentration (ng/mL) Cytotoxicity (%) Concentration (ng/mL) Cytotoxicity (%)

PPC-1 0.3 80 100 20 E. coli 50

PC-3 0.3 60 100 25 E. coli 50

SK-MES-1 0.3 55 30 45 E. coli 25

MDA-MB-231 1 40 10 40 E. coli 49
30 40 Chinese hamster ovary cells 10
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Both a comparison of our data with those available in the
literature and with the performance of the LZ-TRAIL 95-281
suggest that the LZ-TRAIL 120-285 homotrimer we
designed and purified exceeds the antitumor activity of
the previously reported TRAIL constructs (Table 1). In our
cell and animal systems, we did not identify any significant
level of toxicity of LZ-TRAIL 120-285 to normal cells, in-
cluding human hepatocytes. It appears that the undesirable
off-target effects are limited with the LZ-TRAIL 120-285
homotrimer especially when compared with those of the
earlier recombinant TRAIL preparations (25, 44, 45). Our
animal studies using an orthotopic xenograft model
of breast cancer confirmed the antitumor activity of
LZ-TRAIL. Treatment of mice with low dosages of
LZ-TRAIL (5 mg/kg/d) resulted in a significant decrease
in tumor incidence combined with a 75% retardation of
tumor growth. Our additional studies showed that
LZ-TRAIL displayed a half-life of over 1 h and retained
its bioactivity in mice as long as 24 h post-injection. These
favorable results are in contrast with the short (3.5 min)
half-life reported for recombinant TRAIL (26). A combina-
tion of LZ-TRAIL with the proapoptotic small-molecule
inhibitors including apogossypol (an antagonist of
antiapoptotic Bcl-2 family proteins) provides an opportunity
to overcome the resistance of tumor cells to apoptosis and
suggests a potential use of the fully human derivatives of
the LZ-TRAIL chimera in a combination therapy.

We believe that our results provide a rationale for trans-
forming the yeast LZ-TRAIL construct into a fully human
trimeric recombinant TRAIL and for the new generation
of TRAIL proteins for preclinical and clinical studies. For
these purposes, we will replace the three-stranded coiled
coils yeast LZ motif with the LZ sequence derived from
human matrilin 1 and coronin Al (46). These redesigning
activities are now in progress. Combination with chemo-
therapeutic agents may further enhance the efficacy of
LZ-TRAIL and overcome tumor resistance to TRAIL
therapies (47-49).
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