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ELP—where X in the VPGXG repeat alternates between alanine and
glycine—that does not undergo its phase transition upon subcuta-
neous injection; this fusion is named ELPgjyple-DRA. This ELP is
predicted to have a T; of >50°C in the concentration range of 25 to
200 uM, which is the concentration range typically injected for the
formation of a subcutaneous depot (27, 33).

Optical turbidity measurements demonstrate a sharp temperature
transition of the depot-forming ELPgepoi-DRA formulation at 27.9°C
(Fig. 4B), while the soluble ELP;pl.-DRA fusion remains soluble up
to ~60°C. In vitro cytotoxicity results show that the ELPsojyble-DRA
has a similar potency as the DRA in the DRA-sensitive Colo205 cell
line, suggesting that appending an ELP to the DRA does not affect the
activity of the DRA (Fig. 4C). The DRA is specific for human DR5, as
previous studies show no interaction of the DRA with the mouse
death receptor (10). Thus, toxicity data were obtained in vitro by
assessing cell viability of a variety of normal human cells upon treat-
ment with the DRA (fig. S4A). In vivo results demonstrate that a single
intratumoral injection of ELPgepo-DRA (30 mg/kg; molar equivalent
of DRA) on day 0 causes growth inhibition of Colo205 subcutaneous
xenografts and improves survival compared with intratumoral
treatment with the other drugs: TRAIL, ELP,jle-DRA, and soluble
DRA—all at a DRA molar equivalent dose (30 mg/kg) (Fig.4, D to F).
A follow-up study was conducted to determine the efficacy of sub-
cutaneous injection of ELPgcp0i-DRA on the contralateral flank of
nude mice xenografted with the Colo205 cell line, as this mode of
administration is more clinically relevant for the treatment of CRC.
Intratumoral injection was administered at the same dose as the

subcutaneous administration at an ELPgepo-DRA dose of the DRA
equivalent (30 mg/kg). Both subcutaneous and intratumoral adminis-
tration were equally effective, and no difference was observed be-
tween the two modes of administration (fig. S5). All subsequent
in vivo depot treatments of the ELPgepoi- DRA were, hence, administered
subcutaneously.

Rationally designed drug combinations overcome
ELPg4epot-DRA resistance in patient-derived xenografts

Prior to in vivo efficacy studies, a series of cell viability assays were
conducted to confirm activity of the intended drug combinations
(Fig. 5A). An improved BCL-X|, inhibitor, A-1331852, had recently
become available; this drug is orally bioavailable and exhibits 10 times
the potency of A-1155463 (36). A small pilot toxicity study was con-
ducted, in which A-1331852 was administered in combination with
BV6 or Palbociclib to nude mice. Unfortunately, Palbociclib was too
toxic in combination with A-1331852 (fig. S6), so we chose to focus the
remainder of our studies on the combination of BV6 and A-1331852
with the DRA. First, testing of A-1331852 in combination with DRA
and BV6 was necessary to ensure in vitro efficacy in DRA-resistant
CRC247 patient-derived cells before proceeding with tumor growth in-
hibition studies. A background dose of 1 uM BV6 and 2 uM A-1331852
(A-13) exhibits no cytotoxicity in CRC247 cells (fig. S7, A and B);
any effect seen in combination treatments with DRA is due to the
sensitization effect of these drugs to DRA treatment. The DRA has
poor efficacy in the patient-derived CRC247 cells across an eight-log
range of concentration up to a maximum concentration of 1 uM,

Fig. 4. ELP4epot-DRA fusions form gel-like depots at body temperature and abolish tumors in vivo. (A) A hydrophobic ELP (35) was fused to DRA (blue) for a depot-
forming formulation (ELPyepot-DRA), and a hydrophilic ELP (purple) was fused to DRA as a soluble, non-depot-forming molecular weight-matched control (ELPsojuple-DRA).
(B) Optical turbidity, measured at 350 nm (OD3so), demonstrates phase transition of ELPyepor-DRA at 27.9°C, while ELPsq)pie-DRA remains soluble up to ~60°C. (C) Cell
viability assay data for DRA-sensitive Colo205 cells show that ELPsojuple-DRA, ELPgepoi-DRA, and DRA lead to similar in vitro cytotoxicity. (D to F) Colo205 subcutaneous
xenografts were injected once on day 0 with ELPgepor-DRA, ELPso1uple-DRA, soluble DRA, TRAIL, or vehicle (n=8 per group). All drugs were injected intratumorally. (E) Tumor
growth data, shown as tumor volume versus time. Data were analyzed using two-way ANOVA of matched values, followed by Fisher’s least significant difference (LSD)
multiple comparisons test to establish significance (P < 0.05) of the difference between groups at each day of treatment. Results indicate statistically significant differences
in tumor volumes between and including days 9 and 18 for depot-forming ELPyepo-DRA compared with other groups, including soluble ELPsbie-DRA. (F) Kaplan-Meier
survival results demonstrate prolonged survival for mice treated with depot-forming ELPgep0-DRA formulation. Evaluation of survival data with log-rank test suggests
significant differences (*P < 0.05) between ELPgepor-DRA and other treatment groups, with approximately 16 days increased median survival for the slow-release formula-
tion compared with the soluble version.
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and addition of the XIAP inhibitor BV6 only has a modest effect on
cytotoxicity. In contrast, combination treatment of the BCL-X} in-
hibitor A-13 with DRA yielded a marked effect on cytotoxicity, as
seen by the cell killing at low picomolar concentrations of the DRA
(Fig. 5A). Treatment with all three drugs, A-13/BV6/DRA (A + B +
DRA), is even more potent than A-13/DRA (A + DRA) treatment,
as it results in subpicomolar ECs for the DRA and >96% cell kill in a
3-day in vitro assay (Fig. 5A). Combination index (CI) calculations
confirm synergism of the triple drug combination in CRC247s (fig. S7C).

To assess in vivo efficacy of the triple treatment compared with
single drugs or double combinations, we next performed a tumor
growth study in highly DRA-resistant CRC247 patient-derived sub-
cutaneous xenografts. Having established the superior efficacy of the
ELP depot for sustained DRA delivery compared with DRA by itself,
we tested the small-molecule inhibitors of BCL-X; and XIAP—A-13
and BV6—in combination with the ELPgepo- DRA formulation in vivo.
The doses for each drug were chosen based on information available
in the literature, observations from a pilot toxicity study, and the DRA
doses known to be efficacious in DRA-sensitive cell lines (10, 17, 36).
The triple drug combination effectively resulted in tumor regression
for 1 week and delayed tumor growth between days 5 and 13 com-
pared with all other groups (Fig. 5, B and C). Treatment with single
drugs—A-13 [25 mg/kg, per os (po), daily], BV6 [5 mg/kg intra-
peritoneally (ip), every 4 days (q4d)], or ELPgcpoi-DRA [30 mg/kg
subcutaneously (sc), weekly] —resulted in slowed tumor growth compared
with mice in the vehicle control group, but the A + B + ELPgepor- DRA
triple drug treatment was much more efficacious at suppressing tumor

A

1.0
—— DRA

-+ B+DRA
—— A+DRA

0.54 —— A+B+DRA

Relative cell viability
(live fraction)

0.0 ey rre——r T —r——r——rT———
-4 -3 2 1 0 1 2 3 4 5 6

(o3 DRS5 superagonist [log (pM)]
—— Vehiclc control

0 O — A+B
= 5 o+ B+ELPyep-DRA
29 * —— A +ELPgepoDRA
5 —— A+B+ELPyDRA
o E
w s

2

P<0.05

3456 7 8 910111213

012
Days (post treatment)

growth (Fig. 5B). Treatment with the double drug combinations
A-13 +BV6,BV6 + ELPgepot-DRA, and A + ELP gepor-DRA was well
tolerated (fig. S8) and slowed tumor growth, but addition of the third
drugin the A-13 + BV6 + ELPgcpoi-DRA treatment group resulted in
more profound tumor growth inhibition over time (Fig. 5C). Survival
data corroborate the advantage of having all three drugs in combina-
tion, as mice in this group outlived those in all other groups (Fig. 5D).
These in vivo results qualitatively recapitulate those seen in vitro,
providing affirmative evidence for the use of this triple drug combi-
nation for treatment of a DRA-resistant PDX in mice.

DISCUSSION

In these studies, we present solutions to the potency, resistance, and
delivery challenges that hinder proapoptotic receptor agonist efficacy.
Maximization of potency was achieved through the use of a hexavalent
DRA that promoted multimeric DR5 receptor cross-linking and ef-
ficient pathway engagement. To address the intrinsic resistance of a
subset of CRCs to DRA treatment, an unbiased CRISPR screen in
a DRA-resistant CRC was carried out, which identified genes that,
when knocked out, overcome intrinsic resistance to the DRA. This
unbiased approach does not tailor combination options to conven-
tional knowledge of signaling pathways associated with the drug of
interest and, instead, scans a plethora of potential cancer death and
survival pathways to evaluate the most important mechanisms of re-
sistance. Among the many cancer pathways interrogated in the screen,
most of the primary hits were genes within the extrinsic/intrinsic
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Fig. 5. Rationally designed drug combinations overcome ELP4cpot-DRA resistance in PDX. (A) Cell viability data for CRC247 show efficacy of triple drug treatment
with A-1331852 (A in figure legend), BV6 (B in figure legend), and DRA (A + B + DRA; green) compared with double drug treatments (red). Data were analyzed using two-
way ANOVA of matched values to establish significance (*P < 0.05) of the difference between A + B + DRA and DRA. (B to D) CRC247 PDX data demonstrate in vivo effica-
cy of the A + B + ELPgepor-DRA compared with other treatment groups. DRA formulation used in these plots was ELPgep0r-DRA and abbreviated to “DRA”in figure legends
in (B) to (D). (B and C) Tumor growth inhibition data; mice (n =7 per group) were treated with A-1331852 (25 mg/kg, daily, po) and/or BV6 (5 mg/kg, g4d) and/or ELPgepoi-DRA
(30 mg/kg, weekly, sc). Data were analyzed using two-way ANOVA of matched values, followed by Fisher’s LSD multiple comparisons test to establish significance
(*P < 0.05) of the difference between groups at each day of treatment. Results indicate statistically significant tumor volumes between and including days 5 and 13 for
triple combination of A-1331852 + BV6 + ELPgepo-DRA compared with every other group. According to P values obtained from a two-way ANOVA followed by Fisher's LSD
test, the tumor sizes of the mice in the ELPyepor-DRA + A + B group are statistically significantly different from those of the mice in the ELPyepot-DRA group (*P < 0.05) from
days 2 to 13. (D) Kaplan-Meier survival analysis comparing key treatment groups indicates that median survival increases from 29 to 38 days when BV6 is added to the
A-1331852 + ELPgepor-DRA combination. A Gehan-Beslow-Wilcoxon test demonstrated statistically significant difference in survival between all single-drug treatment
groups and triple drug combination A-1331852 + BV6 + ELPgepor-DRA (*P < 0.05).
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pathways, suggesting that failure of DRA monotherapies is driven by
an inability to fully engage the cell death machinery. While a number
of regulators of the extrinsic apoptotic pathway are conceivably po-
tential drivers of intrinsic DRA resistance, our rational and unbiased
genetic knockout screen considerably narrowed down the key players
to a shortlist of druggable targets—a task that would be infeasible to
conduct in an in vivo model. The screen nominated the gene for
XIAP, an antiapoptotic protein, as the greatest driver of resistance
to both TRAIL and DRA in the human CRC cell line RKO. The
identification of XIAP as a driver is consistent with studies in the
literature that have suggested XIAP as a key driver of TRAIL resist-
ance (17, 37, 38). The emergence of the antiapoptotic protein BCL-X,
as a hit is also consistent with our mechanistic understanding of
apoptotic signaling.

The genetic screen then streamlined the testing of potential tar-
geted small molecules that specifically inhibit proteins associated with
DRA resistance instead of simply combining DRA with standard-
of-care chemotherapeutics. The “druggable” targets were linked to
associated, clinically viable small-molecule drugs and tested in com-
bination with DRA to identify the cocktails that most effectively over-
come DRA resistance. Most notably, these studies nominated BCL-X,
inhibition, with or without XIAP inhibition, as a potent strategy for
sensitizing tumors to DRA. Although BCL-X} and XIAP are well-
known inhibitors of TRAIL-mediated apoptosis, previous colon
cancer—focused studies have been limited to in vitro studies using
RNA interference knockdown of these targets in just a few cell lines
(9, 18, 39). Our combination studies included the observation that
cancer cells with intrinsic resistance to DRA alone (RKO, CRC247,
and CRC119) could be strongly sensitized to death receptor agonism
using combined IAP and BCL-X| inhibition, whereas normal cells
with similar intrinsic insensitivity to DRA could not. This finding
is not entirely unexpected, as a growing body of studies suggests that
cancer cells are more primed to undergo apoptosis than most normal
cell types (40, 41).

Having addressed the in vitro potency and resistance issues of the
DRA, we then engineered a DRA fusion with a thermally responsive
ELP to create an injectable depot formulation—ELP gepoi- DRA—for
sustained delivery of the DRA in vivo. The efficacy of this depot is
demonstrated by the substantial antitumor activity of the ELP-DRA
gel depot formulation in the DRA-sensitive Colo205 model follow-
ing only a single injection. Notably, the ELPgepo- DRA outperformed
the DRA, which is soluble upon subcutaneous administration and is
rapidly cleared from systemic circulation by renal clearance, high-
lighting the importance of temporally sustained delivery of drugs such
as biologics that are typically systemically injected. Last, we integrated
the two strategies to achieve in vivo tumor growth inhibition of DRA-
resistant patient-derived xenografts (PDX), demonstrating potent
antitumor efficacy when combining BCL-Xy, inhibition with
A-1331852, with or without the XIAP inhibitor BV6, with the ELP-
DRA conjugate. This work is the first example of the pharmacologic
inhibition of BCL-X; and XIAP to overcome resistance to extrinsic
pathway agonism in vivo in PDX models.

A major potential limitation of most combination antitumor ther-
apies such as A-1331852/BV6/DRA is toxicity. The doses used in this
study were based on a small pilot maximum tolerated dose experiment
and were not fully optimized, and a rigorous optimization study may
enable lowering of drug doses. Even so, we achieved encouraging
in vivo results with lower doses of each drug compared with doses
used in the literature. For instance, in one study, A-1331852 was given
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twice daily in combination with venetoclax to achieve effective tumor
growth inhibition in vivo (36), while we administered the drug only
once a day to reduce potential toxicity. Similarly, in a separate study,
BV6 was administered at 10 mg/kg for synergism with another DRA
that had not been modified for improved delivery (17). Here, mice
were treated with only BV6 (5 mg/kg) at each injection. In addition,
instead of daily dosing of the DRA, the slow-release formulation
enabled DRA administration only once per week (10). This aspect of
our work is encouraging, especially because the major reported DLT's
for each class of drug used in this study do not overlap with one
another. For instance, DLT's of IAP inhibitors have been associated
with cytokine release syndrome in patients, while BCL-Xy, inhibition is
limited by thrombocytopenia due to the induction of platelet death
(42, 43). DRAs, on the other hand, have historically been associated
with potential hepatotoxicity concerns (43). Thus, by taking advan-
tage of their highly synergistic antitumor activities, the therapeutic
combinations described here have the potential to be safely admin-
istered to patients at active doses. The importance of the current
study is not intended to be driven by the biological novelty of the
resistance mechanisms, but rather by our modular integration of
solutions to the problems of potency, bioavailability, and drug resist-
ance. To extend our modular platform further, next generations of
this system will combine the ELPgepoi- DRA with small-molecule en-
capsulation to promote targeted tumor uptake and minimize toxic-
ities in nontumor tissues.

Last, the precision medicine approach described here may serve
broadly as a springboard for the design of other protein drug-based
combination therapies that combine highly specific activity, favor-
able delivery properties, and minimal resistance barriers, thereby
unlocking the potential of agents that may otherwise fail to exhibit
single-agent activity.

MATERIALS AND METHODS

Study design

This study was designed to improve the delivery and therapeutic
efficacy of extrinsic apoptotic pathway agonists in human CRC cells.
We addressed this objective by (i) evaluating the potency of a multi-
valent DRA in a panel of CRC cell lines, (ii) performing a CRISPR-
mediated knockout screen in DRA-resistant CRC cells to identify
genetic drivers of DRA resistance and overcome resistance by com-
bining DRA with sensitizers informed by the knockout screen,
(iii) developing a DRA fusion to ELPs form a subcutaneously injectable
gel depot for slow release of DRA into the circulation, and (iv) assessing
the in vivo therapeutic efficacy of the ELPgcpoi-DRA formulation in
combination with the best sensitizers.

Xenograft tumor studies

In the xenograft tumor studies, mice were randomized to groups
according to tumor volume before treatment. The number of mice
per group is specified in the figure legends, tumor sizes were mea-
sured by caliper, and the primary endpoint was survival. All proce-
dures were performed as approved by the Institutional Animal Care
and Use Committee at Duke University. The investigators were not
blinded during the study.

Statistical analysis
Results were expressed as means + SEM and analyzed by one-way
analysis of variance (ANOV A) with Tukey’s post hoc test for grouped
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analyses. For the depot DRA delivery study, n = 8 per group, and for
the drug combination study, n = 7 per group. The exception is in vivo
tumor data analyses, in which matched values were analyzed by
two-way ANOV A with Fisher’s least significant difference (LSD) mul-
tiple comparisons test to establish significance (P < 0.05) of the dif-
ference between groups on each day of treatment. Survival times of
treatment groups were analyzed and compared using the Mantel-Cox
log-rank test. GraphPad Prism 7 Software was used for all statistical
analysis and generation of Kaplan-Meier survival plots. Statistical sig-
nificance of differences was set at *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

In silico gene expression analysis

The mRNA gene expression data were obtained from the CCLE (44).
Gene-centric robust multiarray average-normalized expression val-
ues of the genes of interest were visualized in a heatmap, where lower
expression is represented in blue and higher expression is repre-
sented in red. In addition, scatterplots were generated to show the
individual expression level of each gene in each cell line more clearly
(fig. S3).

Synthesis and assembly of genes

The DNA encoding the monomer of the Tn3 in the DRA encoded
the following amino acid sequence (GAIEVKDVTDTTALITWAK-
PWVDPPPLWGCELTYGIKDVPGDRTTIDLQQKHTAYSIGN-
LKPDTEYEVSLICFDPYGMRSKPAKETFTT) (10). The E. coli
codon-optimized gene was purchased as a “G-block” from the Inte-
grated DNA Technologies (IDT). The gene was purchased with a
(Gly,Ser); linker at the C terminus and designed with restriction sites
compatible with recursive directional ligation (RDL) for seamless
cloning of oligomeric genes (45). The amplified PCR product was
purified using a Qiagen PCR cleanup kit and digested with Bse RI for
insertion into a Bse RI/CIP digested pET-24(+) vector modified for
RDL. The insert and vector were agarose gel purified and ligated with
Quick Ligase to clone the single unit construct. This was followed
by digestion of the single unit construct [Tn3 in pET24(+)] with Bse
RI/CIP and ligation with Bse RI-digested insert (Tn3 monomer) to
clone 2, 4, and 6 Tn3 repeats in the pET-24(+) vector (Novagen,
Madison, WI). EB5a cells (EdgeBio) were used for cloning steps. All
enzymes were purchased from New England Biolabs.

The gene for the depot-forming ELP (ELPgepo;) that encodes the
amino acid sequence (VPGVG);, and the soluble ELP (ELPgyple)
that encodes the amino acid sequence (VPGA/GG);, was recombi-
nantly fused to the hexameric Tn3 fusions using RDL. Both ELP
genes were available from previous studies (35). The DNA sequence
of the ELP genes can be obtained from previous publications (27, 35).
The RDL method for this particular vector called for digestion of the
oligomerized Tn3 in modified pET24(+) with Bse RI and Bgl I and
digestion of ELP in pET24(+) with Acu I and Bgl I. The digested
fragments of DNA were separated using agarose gel electrophoresis,
and the DNA bands of the appropriate molecular weights were ex-
cised and gel purified using the QIAquick Gel Extraction kit (Qiagen).
The purified fragments were ligated using Quick Ligase (New England
Biolabs), and successful clones were identified by DNA sequenc-
ing analysis.

The hexamer ELP4epoi-DRA fusion constructs were expressed
in SHuffle T7 Express cells in 2XYT media in 1-liter shake flasks
(New England Biolabs). Overnight cultures (50 ml) were used to in-
oculate 1-liter Erlenmeyer flasks in a shaker incubator (GYROMAX

Manzari et al., Sci. Adv. 2019; 5: eaaw9162 4 September 2019

747 orbital incubator shaker, Amerex Instruments Inc.), and cells
were grown for 4 to 5 hours at 30°C and then induced with 1 mM
sterile isopropyl-B-p-thiogalactopyranoside (IPTG) and incubated
at 180 rpm at 25°C for another 6 to 12 hours. Cells were pelleted,
resuspended in 50 mM tris (pH 8), sonicated, and centrifuged at
15,000 rpm at 4°C for 15 min to separate cell debris from the soluble
fraction. Proteins were purified from the soluble fraction of the cell
lysate using inverse transition cycling (ITC), a method that exploits
the LCST phase transition of ELP fusions and involves repeated
cycles of protein aggregation and solubilization (46). Specifically, the
“hot spin” of ITC was performed by the addition of <2 M ammonium
sulfate until the solution became turbid and the salt was fully dis-
solved and centrifuged at 14,000 rpm at 35°C for 20 min to pellet the
protein. The phase-transitioned protein pellet was then resuspended
in 20 mM tris, 300 mM arginine at pH 7 and placed in a rotator at
4°C. The “cold spin” of ITC was performed by centrifuging the pro-
tein at 4°C, 14,000 rpm and preserving the supernatant, which con-
tained the ELP gepor- DRA fusion. The hot spin/cold spin process was
repeated twice before further purification by size exclusion chroma-
tography on a Superdex HiLoad 26 60/200 column in PBS on an
AKTA chromatography system (GE Healthcare Life Sciences). Pure
eluate then underwent buffer exchange into 20 mM tris, 300 mM
arginine (pH 7) using 10-kDa Amicon Ultra centrifugal filters (EMD
Millipore). All purified proteins were analyzed by SDS-PAGE on Bio-
Rad Mini-PROTEAN TGX Tris-HCI Stain-Free gels for correct
molecular weight bands.

For DRA expression without fusion to ELP, the DNA sequence
encoding a periplasmic secretion signal, oppA “MTNITKRSLVAA-
GVLAALMAGNVALA,” was appended at the 5’ terminus of the
hexameric DRA gene by the previously discussed RDL method, and
DNA encoding a (His)g tag was appended at the 3’ end of the DRA
gene to create a gene that encodes the following construct—oppA-
DRA-Hisg. This construct was then expressed in BL21(DE3) cells:
50 ml of overnight cultures was used to inoculate 1-liter shake flasks,
and cells were grown at 37°C for 4 to 5 hours, then induced with
1 mM sterile IPTG, and incubated at 37°C in a shaker incubator
(GYROMAX 747 orbital incubator shaker, Amerex Instruments Inc.)
for another 4 to 6 hours. Cells were then pelleted and resuspended in
100 ml of ice-cold 10 mM tris, 1 mM EDTA (pH 8) buffer and placed
on a rotator at 4°C for 1 to 2 hours to complete protein extraction
from periplasmic space. The periplasm extraction samples were then
centrifuged at 14,000 rpm for 15 min at 4°C to pellet cell debris. Pro-
teins in solution were precipitated with ammonium sulfate (60%, w/v)
and centrifuged for 15 min to pellet the precipitated protein. The pro-
tein pellet was then placed on ice and resuspended in ice-cold PBS.
Immobilized metal affinity chromatography (IMAC) on a Nickel-
NTA agarose resin (Thermo Fisher Scientific) was then used to purify
the His-tagged DRA from other periplasmic proteins by following
the manufacturer’s protocol. Pure eluate then underwent buffer
exchange into 20 mM tris, 300 mM arginine (pH 7) using 10-kDa
Amicon Ultra centrifugal filters (EMD Millipore).

TRAIL-Hisg (TRAIL amino acids 114 to 281) was purchased as
a G-block from IDT, cloned into the pET-24(+) plasmid system
(Novagen), and grown in BL21(DE3) cells (EdgeBio). Overnight cul-
tures (50 ml) were used to inoculate 1-liter shake flasks, and cells were
grown at 25°C for 4 to 5 h, then induced with 1 mM sterile IPTG, and
incubated at 16°C in a shaker incubator (GYROMAX 747 orbital
incubator shaker, Amerex Instruments Inc.) overnight. Cells were
pelleted, resuspended in 20 mM tris, 100 uM zinc sulfate, 10 mM
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calcium chloride, 10 mM dithiothreitol (DTT) (pH 7.4), sonicated,
and centrifuged at 4°C at 15,000 rpm for 15 min to separate cell debris
from the soluble fraction. The His-tagged DRA was purified from
other periplasmic proteins protein on a Nickel-NTA agarose resin
by IMAC by following the manufacturer’s protocol (Thermo Fisher
Scientific). Pure eluate then underwent buffer exchange into 20 mM
tris, 100 uM zinc sulfate, 10 mM calcium chloride, and 10 mM DTT
(pH 7.4). All chemicals were purchased from Sigma-Aldrich. The
ECs of the in-house TRAIL was within an order of magnitude of
commercial TRAIL.

All proteins used for the in vivo studies were endotoxin puri-
fied using Pall Mustang E Membrane sterile/endotoxin filters and
tested using the GenScript ToxinSensor Single Test Kit endotoxin
test to ensure levels below the U.S. Food and Drug Administration-
recommended limit of 0.25 EU/ml (47).

Optical turbidity

To determine the T of the ELP fusion proteins, the optical turbidity
at 350 nm of a 25 uM solution of the ELP fusion proteins was mea-
sured at a thermal ramp rate of 1°C/min between 4° and 60°C on a
temperature-controlled ultraviolet-visible (UV-vis) spectropho-
tometer (Cary 300 UV-Vis, Agilent Technologies). The LCST phase
transition is indicated by the sudden increase in optical turbidity,
and the inflection point of the OD35 v. temperature curve was used
to calculate the T;.

MALDI-time-of-flight MS

MALDI-time-of-flight MS was performed for the DRA-Hisg pro-
tein using an Applied Biosystems Voyager-DE Pro system with a
nitrogen laser, and mass spectra were obtained using a-cyano-4-
hydroxycinnamic acid matrix in a 20:1 (v/v) ratio with the analyte.

Cell lines and reagents

All cell lines were grown at 37°C in 5% CO,. Colo205 cells were
cultured in RPMI 1640 [10% fetal bovine serum (FBS), Hepes, pyr-
uvate, 1% penicillin/streptomycin (P/S)]. HCT116 and HT29 were
cultured in McCoy’s (10% FBS, 1% P/S). RKO cells were cultured
in MEM Earle’s [10% FBS, pyruvate, NEAA (nonessential amino
acid), 1% P/S]. LoVo cells were cultured in F-12K (10% FBS, 1%
P/S). T84 cells were cultured in 50/50 mix of HAM’s F-12 and
Dulbecco’s modified Eagle’s medium (DMEM) (2.5 mM L-glutamine,
5% FBS, 1% P/S). Colo320HSR, DLD-1, HCT'15, and patient-derived
cell lines CRC247, CRC12x, and CRC119 were cultured in RPMI
1640 (10% FBS, 1% P/S). All cell lines were purchased within
6 months from Duke Cell Culture Facility (CCF) or the American
Type Culture Collection, and patient-derived lines were obtained from
D. Hsu (Duke University) and passaged less than 10 times. All cell lines
were authenticated using Promega PowerPlex 18D kit for short tandem
repeat (STR) analysis or were purchased within 6 months from
Duke CCF. All cell lines were tested for mycoplasma by Duke
CCEF. FBS was purchased from Gibco, and P/S was purchased from
Thermo Fisher Scientific. Medium was purchased from Gibco or
Sigma-Aldrich.

In vitro cell viability testing

For single-agent cytotoxicity evaluation, DRA and ELP-DRA fusion
proteins were tested in vitro using a colorimetric formazan assay {MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium]} as follows. The cells were plated in
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96-well plates at a density of 2000 to 10,000 cells per well in 90 ul of
complete media (RPMI 1640 + 10% FBS) and incubated for 1 to
18 hours at 37°C with 5% CO,. The cells were then treated with 10 pl of
additional media containing a serial dilution of the drug(s) of interest.
All treatments were performed in triplicate. After 18 to 20 hours, the
Promega CellTiter 96 Aqueous One Solution Reagent G3581 kit was
used according to the manufacturer’s instructions to assay the number
of viable cells. The inhibition of cell viability was determined using
measurements of the absorbance at 490 nm, which is the absorbance
maximum of the formazan product. The dose-response curves
were generated by plotting inhibition as a function of compound
concentration. The dose-response curve was approximated from
the scatterplot using a four-parameter logistic model calculation
(48), and ECs was calculated as the concentration of drug required
to kill 50% of the cells.

For combination treatments, the cell viability assays were carried
out as follows: CRC cells were plated in white 96-well plates at a den-
sity of 2000 cells per well in 90 ul of complete media (RPMI 1640 +
10% FBS) and incubated overnight at 37°C with 5% CO,. Drugs used
to enhance the sensitivity of cells to the DRAs are referred to as
“sensitizing drugs.” Sensitizing drugs were dosed at a single concen-
tration, or “background dose,” which was chosen to be below the GI5
(50% of maximal inhibition of cell proliferation) in each cell line.
The cells were treated with 10 pl of media containing the serial dilu-
tion of DRA and a background dose of sensitizing drug(s). All treat-
ments were performed in triplicate. After 72 hours, the Promega Cell
Titer Glo reagent was used according to the manufacturer’s instruc-
tions to assay the number of viable cells. The cell viability was deter-
mined using measurements of luminescence using a Victor” plate
reader (PerkinElmer). The dose-response curves were generated by
plotting percent viable cells as a function of DRA concentration. The
dose-response curve was approximated from the scatterplot using a
four-parameter logistic model calculation, and ECs was calculated
as the concentration of DRA required to kill 50% of the cells.

Lentiviral production and titration of CRISPR-Cas9

LOF library

Lentiviruses were produced from HEK293T cells, which were grown
to 50% confluence in 6-cm plates and transfected using FuGENE6
(Promega), 5.6 mg of psPAX2, 0.625 mg of pVSVG, and 6.25 mg of
library plasmid. All plasmids were provided by the Wood Lab and
had been cloned by previously described methods (49) and sgRNAs
(50). After 30 min of incubation at room temperature, the trans-
fection mixture was added to the cells and incubated overnight at
37°C. The next day, harvest medium was added (DMEM, 30%
FBS). After the 24- and 48-hour collection points, harvested virus
was passed through a 0.45-pm filter (EMD Millipore). Viral titers
and transductions were performed as previously described (51).
Thus, a pooled library of viral vectors encoding LOF sgRNA in-
serts that targeted a panel of 378 druggable genes and signaling
pathways was obtained.

CRISPR-Cas9 LOF screen

To identify genetic drivers of CRC resistance to DRAs, we performed
a CRISPR-Cas9-based LOF screen, as previously described (15). A
brief overview of the procedure follows. A library of viral vectors
encoding LOF sgRNA inserts were cloned into a lentiviral expres-
sion vector encoding Cas9, packaged with a psPAX2 plasmid, and
pseudotyped with VSVG (vesicular stomatitis virus glycoprotein).
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Once the pooled lentiviral library was produced by transfection of
293T cells, it was titered and used to infect DRA-resistant RKO cancer
cells. RKO cells were seeded at 500,000 cells per well in six-well
plates, incubated overnight, and transduced at a multiplicity of
infection of 0.3 the next day. After puromycin selection, a sample
was taken to verify representation of the various knockout genes.
The transduced population was maintained under puromycin se-
lection for 1 week, after which the library of cells was then exposed
to vehicle, TRAIL, or the DRA (each treatment condition in
duplicate) for 2 weeks. Cell samples were obtained, DNA was ex-
tracted (DNeasy Blood & Tissue Kit; Qiagen), and sgRNA barcodes
were isolated, prepared for sequencing as previously described (49).
The samples were sequenced by next-generation Illumina sequenc-
ing (HudsonAlpha), and the raw data were processed to identify
hits that sensitized RKO cells to each treatment, as evidenced by
their depletion in drug versus vehicle treatment conditions. The
fractional representation (FR) for a given guide in the final condi-
tion after vehicle treatment was compared with its FR final condition
after TRAIL or DRA treatment. The depletion level of each sgRNA
barcode (drug versus vehicle conditions) was calculated as the FR
from treated population normalized to the FR from vehicle control
(both at the final time point). Depleted barcodes represent sensitizer
genes, as they were specifically depleted in the drug-treated cell
populations. Depletion comparisons were used to generate a
scoring metric called the “3-score,” which represents the average
of the three most depleted sgRNAs for a particular gene (52). The
depletion median, mean, and 3-scores for both replicates of all
genes are provided in table S1. The genes were ranked by their
3-scores; top hits are those that sensitized the cells to DRA treat-
ment when knocked out by the CRISPR-Cas9 machinery. Data
are presented as the depletion metric mean of the 3-score per
gene in the library. Hits are genes with a low 3-score, and exam-
ples of the genes representing top hits are denoted in table S2. All
data extractions and calculations were coded and completed us-
ing R. The hits were subsequently filtered to retain genes that
encoded proteins for which specific inhibitors are commercially
available.

Flow cytometry for annexin V apoptosis quantification

Cells were seeded in six-well plates overnight. The next day, cells
were treated with the indicated amount of drug(s) or vehicle control
(DMSO). Incubation time was 15 hours for etoposide or 48 hours
for DRA alone or DRA with sensitizers. To prepare samples for flow
cytometry, each well of cells was washed twice with ice-cold PBS and
resuspended in 1X annexin V binding buffer [10 mM Hepes, 140 mM
NaCl, and 2.5 mM CaCl, (pH 7.4); BD Biosciences]. Allophycocyanin-
conjugated annexin V was used to measure surface exposure of
phosphatidylserine, and 7-aminoactinomycin D was used as a viability
probe (BD Biosciences). Cell samples were analyzed at 20,000 counts
per sample using BD FACSVantage SE.

2D clonogenic growth assay

Cells were seeded in six-well plates at 500 cells per well. The next
day, cells were drugged at the indicated doses, and drug medium
was replaced every 3 to 4 days. Approximately 1 week after treat-
ment, plates were rinsed with PBS and fixed and stained with 0.5%
(w/v) crystal violet in 6.0% (v/v) glutaraldehyde solution (Thermo
Fisher Scientific) for 20 min at room temperature. Plates were
rinsed in deionized water, dried overnight, and photographed the
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following day. Percent colony area covered by crystal violet was
quantified using the Image] Software colony area plugin.

Immunoblotting

Cells were seeded at 500,000 cells per 10-cm dish and treated the next
day. After treatment for 6 and 16 hours, cells were scraped off the
wells in cold PBS, centrifuged at 5000 rpm for 3 min at 4°C, separated
from the supernatant, washed with PBS once, frozen at —80°C, and
then lysed with cold radioimmunoprecipitation assay buffer [20 mM
tris-HCI (pH 8.0), 137 mM NaCl, 10% glycerol, 1% NP-40, 0.1% SDS,
0.5% nadeoxycholate, 2 mM EDTA (pH 8.0)] supplemented with
protease and phosphatase inhibitors (Roche protease inhibitor cock-
tail; Phosphatase Inhibitor Cocktail I and Phosphatase Inhibitor
Cocktail IT from Sigma-Aldrich) and centrifuged at 13,300 rpm at
4°C for 10 min. Protein concentration in supernatant lysates was
determined using the Bradford assay (Bio-Rad). Proteins from each
lysate (10 pg) were resolved on SDS-PAGE (NuPAGE 4 to 12%),
transferred to polyvinylidene difluoride membranes, blocked with
5% milk in tris-buffered saline + 0.1% Tween, and probed with
primary antibodies in 5% bovine serum albumin overnight at 4°C.
Primary antibodies (1:1000 to 1:2000 dilution) recognized BCL-XL
(CST#2764); BIM (CST#2933); BID (CST# 2002); caspases 3, 8, and
9; and B-actin.

Pilot toxicity study of Palbociclib and A-1331852

in nude mice

A small pilot study was conducted in nude mice to evaluate the tox-
icity of the double sensitizer A-1331852 (A-13) and Palbociclib com-
binations at a range of doses. A-13 is an oral drug, while Palbociclib
can be administered orally or intraperitoneally. To avoid potential
trauma associated with multiple daily dosing of these drugs, we ad-
ministered Palbociclib intraperitoneally daily and A-13 dosed orally
daily. We chose a daily oral dose of 25 mg/kg for A-13, as this dose
ensures in vivo activity according to data available in the literature
(36). Daily administration of A-13 at this dosage did not affect body
weight or cause visible signs of toxicity. Palbociclib dosing was first
tested at 50 mg/kg ip in combination with A-13 dosed orally daily at
25 mg/kg. Unfortunately, this combined dose of Palbociclib and
A-13 caused visible toxicity in the mice, resulting in lowered body
temperature, reduced mobility, closed eyes, and/or sudden death.
Thus, lower doses of Palbociclib (25 and 12.5 mg/kg) were tested in
combination with A-13 (25 mg/kg) (fig. S6). However, these doses were
still too toxic, as mice continued to lose weight each day (fig. S6).
Within 1 week, mice lost more than 15% of their body weight; the
doses 25 and 12.5 mg/kg were therefore too toxic for drug combination
studies. A lower dosage (6.25 mg/kg) of Palbociclib was also tested
in combination with A-13 at 25 mg/kg dosed orally daily, and an
introductory test in which ELP-DRA (30 mg/kg) was added to this
combination treatment caused rapid deterioration in body condi-
tion over the course of 2 weeks. Change in dosing frequency was also
considered, but the half-life of Palbociclib was only a few hours,
making this option infeasible (21).

Synergy calculations

Synergy calculations from nonconstant ratio of in vitro CRC247 cell
viability study were conducted using the CompuSyn software, which
uses the Chou-Talalay method for drug combination based on the
median-effect equation (53). The resulting CI-isobologram equation
enables quantitative determination of drug interactions of the double
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and triple drug combinations. CI < 1 (logClI < 0) indicates synergism,
and logCI = 0 indicates additive effect.

Xenograft tumor studies

All tumor studies were carried out in 5- to 7-week-old, athymic nude/
nude female mice (the Jackson laboratory), and treatment commenced
when tumor size reached 100 to 120 mm” (as measured by a digital
caliper and calculated as L x W x 0.5). Colo205 engraftment was
performed by subcutaneous injection of 1 million cells in the right
flank. Colo205 xenografted mice were treated with one single in-
tratumoral or subcutaneous (contralateral flank) injection of the
ELPgepor-DRA formulation or ELPoluple-DRA or DRA or TRAIL on
day 0. DRA fusions and TRAIL were administered at the molar equiv-
alent DRA dose of 30 mg/kg. CRC247 patient-derived cells were
engrafted subcutaneously at 3 million cells per mouse. On day 0,
treatment commenced with daily oral gavage for A-1331852 in pre-
viously described vehicle (36), twice weekly intraperitoneal injec-
tion of BV6 in sterile saline, and/or weekly subcutaneous injection
of ELPgepoi-DRA in the contralateral flank. The ELPgepoi-DRA for-
mulation for in vivo injection was composed of a 1:1 molar ratio of
ELPdepot: ELPgepoi-DRA to promote depot formation. All mice were
monitored daily to ensure that weight loss did not occur beyond
15%; mice were also evaluated for general body condition and mo-
bility. Doses were chosen based on a small pilot study in which drug
combinations were administered, and mice were monitored for vis-
ible distress and unacceptable (>15%) weight loss.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/9/eaaw9162/DC1

Fig. S1. Protein characterization of DRAs.

Fig. S2. Cytotoxicity dose-response curves for TRAIL and DRA in nine human CRC cell lines and
three patient-derived cell lines.

Fig. S3. There is no difference between mRNA expression levels of genes associated with
apoptosis in TRAIL-sensitive and TRAIL-resistant cell lines.

Fig. S4. DRA monotherapy and combination of DRA with sensitizer drugs are selectively
proapoptotic in human cancer cells, sparing normal cells.

Fig. S5. Subcutaneously injected ELPgepor-DRA formulation is as efficacious as intratumoral
injection for in vivo tumor growth inhibition.

Fig. S6. Palbociclib combination with A-1331852 results in unacceptable toxicity in nude mice.
Fig. S7. Cell viability assay of single-agent sensitizers in CRC247 cells and combination
synergy plot.

Fig. S8. Combination of DRA with XIAP and BCL-X_ inhibitors is well tolerated in vivo in nude
mice implanted with PDX.

Table S1. Screen results for TRAIL and DRA in RKO cells.

Table S2. Summary of RKO cell viability results from the combination of DRA with
small-molecule sensitizers informed from top hits of the knockout screen.

Table S3. Flow cytometry data for RKO treatment with drug combinations.
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