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ABSTRACT

Topoisomerase inhibitors are potent DNA damaging
agents which are widely used in oncology, and they
demonstrate robust synergistic tumor cell killing
in combination with DNA repair inhibitors, includ-
ing poly(ADP)-ribose polymerase (PARP) inhibitors.
However, their use has been severely limited by the
inability to achieve a favorable therapeutic index due
to severe systemic toxicities. Antibody-drug conju-
gates address this issue via antigen-dependent tar-
geting and delivery of their payloads, but this ap-
proach requires specific antigens and yet still suf-
fers from off-target toxicities. There is a high unmet
need for a more universal tumor targeting technol-
ogy to broaden the application of cytotoxic payloads.
Acidification of the extracellular milieu arises from
metabolic adaptions associated with the Warburg ef-
fect in cancer. Here we report the development of
a pH-sensitive peptide-drug conjugate to deliver the
topoisomerase inhibitor, exatecan, selectively to tu-
mors in an antigen-independent manner. Using this
approach, we demonstrate potent in vivo cytotoxicity,
complete suppression of tumor growth across mul-
tiple human tumor models, and synergistic interac-

tions with a PARP inhibitor. These data highlight the
identification of a peptide-topoisomerase inhibitor
conjugate for cancer therapy that provides a high
therapeutic index, and is applicable to all types of
human solid tumors in an antigen-independent man-
ner.

GRAPHICAL ABSTRACT

INTRODUCTION

Topoisomerase inhibitors are potent DNA damaging
agents which are used extensively in oncology to treat
a diverse range of cancers (1). Topoisomerases I and II
(TOP1/2) are enzymes which regulate DNA structure by
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cleaving and rejoining DNA during normal cell cycle pro-
gression (2). Multiple TOP1 and TOP2 inhibitors have
been either Food and Drug Administration (FDA) ap-
proved or are in clinical trials for a number of cancers
(1,3). These drugs are active as a monotherapies, but they
also demonstrate robust synergy when combined with DNA
repair inhibitors, including small molecules which target
poly(ADP)-ribose polymerase (PARP) and ataxia telang-
iectasia and Rad3 related (ATR) (4,5).

Exatecan is a derivative of the TOP1 inhibitor camp-
tothecin, with improved potency and robust efficacy across
a broad range of tumor models in vitro and in vivo (6). Ex-
atecan was tested in multiple clinical trials with promis-
ing efficacy signals, however dose-limiting toxicities pre-
vented its further development as a systemically adminis-
tered monotherapy (6). These toxicities included profound
myelosuppression and life-threatening gastrointestinal (GI)
toxicity (1,7,8).

ADC-based delivery strategies have been developed as
an approach to address the unfavorable therapeutic in-
dex associated with cytotoxic drugs, including TOP1 in-
hibitors (1). Trastuzumab deruxtecan (DS-8201a) is a re-
cently FDA-approved ADC which binds to the human epi-
dermal growth factor receptor-2 (HER2) to deliver an ex-
atecan derivative (9). More recently, a Trop-2-directed an-
tibody conjugated to a topoisomerase I inhibitor (SN-38)
was FDA-approved for patients with metastatic breast can-
cer (sacituzumab govitecan) (10). These two examples using
ADCs highlight the ongoing interest in developing tumor-
targeted topoisomerase inhibitors for the treatment of can-
cer. However, ADCs are limited to small subsets of tumors
expressing high levels of specific antigens, which must have
little to no expression in normal tissue for clinical utility
(11). Furthermore, side effects caused by linker instability
and target antigen expression in healthy tissues are major
issues, which likely underlie the persistent dose-limiting tox-
icities seen with ADCs in the clinic.

It is well established that due to the Warburg effect, the
extracellular pH (pHex) in the tumor cell microenvironment
is low and ranges between 6.7 to 7.1 with a pH of 6.0 to 6.5
at tumor cell surfaces (pHsurf) (12). This is in opposition to
the extracellular pH of normal cells, which is about 7.4 (12).
In contrast to the differences in extracellular pH between
healthy and cancerous tissues, intracellular pH exists in a
narrow range of 7.2 to 7.4 for all tissues. Thus, the tumor mi-
croenvironment is characterized by a ‘reverse pH gradient’
relative to normal cells. We recently developed a peptide-
drug conjugate (PDC)-based approach which targets tumor
cell surface acidity, a universal feature of cancers, as a means
to deliver extremely potent, cytotoxic agents directly to tu-
mors in an antigen-independent manner. These conjugates
leverage a variant of a pH-Low Insertion Peptide (pHLIP)
recently published by Wyatt et al. (13), which senses cell sur-
face acidity and forms a transmembrane alpha helix only in
low pH conditions, resulting in directional insertion of the
peptide across cancer cell membranes and yielding delivery
of C-terminal warheads across the membrane with subse-
quent intracellular release of the agent via glutathione re-
duction of the linker (14).

Here, we report the identification and characterization
of CBX-12, a highly active conjugate that can deliver high

doses of exatecan directly to tumors. We demonstrate ro-
bust tumor cell killing across multiple xenograft models
in vivo, with minimal to no bone marrow and GI toxic-
ity. Notably, we find that efficient tumor cell killing can be
achieved with as little as four doses of CBX-12. Finally, we
demonstrate that CBX-12 can be safely and efficaciously
combined with the FDA-approved oral PARP inhibitor ta-
lazoparib (BMN673) to target BRCA1/2-wild-type breast
cancers (15). These data highlight the feasibility and po-
tential of antigen-independent and mutation-independent
tumor targeting based on low pH at the tumor cell sur-
face, which can be utilized to treat essentially all solid tumor
types.

MATERIALS AND METHODS

LC–MS/MS Measurement of exatecan plasma concentra-
tions

A 10 mM stock of CBX-12 or exatecan was prepared in
DMSO then diluted for an intermediate stock of 100 �M
in 1 M Tris pH 7.5 with 1% DMSO. The intermediate stock
was used to spike mouse, rat, dog or human plasma, by di-
luting 1:10 directly in the plasma (300 �l of a 100 �M in-
termediate stock + 2700 �l plasma) to give a final concen-
tration of 10 �M in plasma containing 0.1% DMSO. Sam-
ples were mixed by inversion and a 50 �l time zero sample
was collected and immediately frozen at −80◦C. Remaining
spiked plasma samples were incubated at 37◦C and addi-
tional 50 �l samples were collected at 2, 4, 8 and 24 h and
immediately frozen at −80◦C. Eight aliquots were collected
for each sample at each time point.

For quantification of exatecan, a 20 �l sample was added
to a polypropylene autosampler vial. 20 �l PPT-IS (acetoni-
trile (ACN):H2O (50:50) + 0.5% formaldehyde (FA) con-
taining 1000 ng/mL internal standard) and 20 �l diluent
(ACN:H2O (50:50) + 0.5% FA) was added to each sam-
ple. Followed by addition of 120 �l of ACN + 5% FA. The
vials capped and vortexed for 2 min. The samples were cen-
trifuged for 5–10 min at 3700 rpm then analyzed via liquid
chromatography tandem mass spectrometry (LC–MS/MS).

ELISA measurement of peptide plasma and tissue concentra-
tions

96-well plates were coated with 100 �l/well of 0.1 �M BSA-
labeled peptide prepared in 0.2 M carbonate-bicarbonate
buffer, pH 9.4 and incubated overnight at 4◦C. Plates were
washed 4× with an ELISA wash buffer (PBS + 0.05%
Tween 20), incubated for 2 h at room temperature with
Blocking Buffer (PBS + 5% dry milk + 0.05% Tween 20)
(300 �l/well) and washed again 4× with ELISA wash
buffer. Concurrently, 2× CBX-12 standards (in respective
tissue matrix) or sample plasma, tumor homogenates or
bone marrow samples diluted with antibody diluent (PBS
+ 2% dry milk + 0.05% Tween 20), were pre-incubated with
1–10 ng/mL of 9H6.B3, a primary antibody specific for
the CBX-12 peptide, for 30 min at room temperature. Pre-
incubated samples were added to pre-coated, pre-blocked
assay plates at 100 �l/ well and incubated for 1 h at room
temperature. Plates were washed 4× with ELISA wash
buffer and incubated with 100 �l/well of a secondary goat
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anti-mouse IgG HRP antibody (1:5000 in antibody diluent)
for 1 h at room temperature. Plates were washed 4× with
ELISA wash buffer and incubated with 100 �l/well of Su-
perSignal substrate at room temperature with gentle shak-
ing for 1 min. Luminescence was read from the plate on a
BioTek Cytation 5 plate reader.

Biophysical measurements of CBX-12 interaction with lipid
bilayer of membrane

Large unilamellar vesicles were prepared by extrusion.
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC,
Avanti Polar Lipids, Inc.) dissolved in chloroform was des-
olvated in a rotary evaporator to create a phospholipid film
and placed under high vacuum for 2 h. Lipids were then re-
hydrated in phosphate buffer (pH 8) and extruded through
membranes with pore size of 50 nm.

Absorption spectra of CBX-12 (20, 30 and 40 �M)
in methanol were measured in a cuvette with 1 cm path
length using a Genesys 10S UV–Vis (Thermo Scientific)
spectrophotometer. The linear response in increase of ab-
sorbance was observed with increase of concentration.
Steady-state fluorescence measurements were performed
using a PC1 spectrofluorometer (ISS, Inc.). Circular dichro-
ism (CD) and pH-dependence measurements were per-
formed using a MOS-450 spectrometer (Biologic, Inc.).
Tryptophan fluorescence spectra of pHLIP peptide and ex-
atecan fluorescence were recorded with step of 1 nm at ex-
citation wavelengths of 280, 295 or 360 nm. Excitation and
emission polarizers were set to 54.7◦ and 0.0◦, respectively.
CD spectra were recorded from 210 to 260 nm with step
of 1 nm. The concentration of CBX-12 and POPC were 7
�M and 1.4 mM in fluorescence and CD experiment, re-
spectively.

The pH-dependent insertion of the peptide into the lipid
bilayer of liposomes was studied by monitoring the changes
in the molar ellipticity at 227 nm as a function of pH. Af-
ter the addition of aliquots of HCl to reduce pH from pH8
to pH4, and aliquots of NaOH to raise pH from pH8 to
pH9, the pHs of solutions containing 7 �M CBX-12 and
1.4 mM POPC liposomes were measured using an Orion
PerHecT ROSS Combination pH Micro Electrode and an
Orion Dual Star pH and ISE Benchtop Meter before and
after each spectrum measurement to ensure that equilib-
rium is achieved. Millidegree at 227 nm were plotted as a
function of pH in a normalized form from 0 to 1. The pH-
dependence was fit with the Henderson-Hasselbach equa-
tion to determine the cooperativity (n) and the mid-point
(pK) of a transition:

Normali zed CD signal = 1

1 + 10n(pH−pK)

Fluorescence kinetics were measured using a SFM-3000
mixing system (Bio-Logic Science Instruments) in combina-
tion with the MOS-450 spectrometer with temperature con-
trol set to 25.0◦C. All samples were degassed before mea-
surements to minimize air bubbles in the samples. CBX-12
(14 �M) and POPC (2.8 mM) samples were incubated to
reach equilibrium, when most of the peptide is associated
with liposome lipid bilayers. To follow peptide insertion,
equal volumes of peptide-POPC solution and HCl were fast

mixed (5-ms dead time) to lower the pH from pH 8 to pH
4. To monitor fluorescence intensity changes of the peptide
and exatecan during peptide insertion the emission signal
was observed through a cut off 320 nm filter at an excita-
tion of 295 nm.

All biophysics data were fit to the appropriate equations
by nonlinear least squares curve fitting procedures employ-
ing the Levenberg Marquardt algorithm using Origin 8.5.

Multimer experiments

CBX-12 was dissolved in DMSO (1 mg/�l), diluted in
5% mannitol citrate buffer, pH 10 (to concentration of 6.8
mg/ml) and further diluted in PBS pH7.4 containing phys-
iological concentrations of Mg2+ and Ca2+ ions to obtain
88, 44 and 4.4 �M concentrations of CBX-12. The fluores-
cence and CD spectra were measured after preparation of
samples and next day after dilutions.

Xenograft experiments

All animal studies were approved by the Institutional Ani-
mal Use and Care Committee and performed in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals. All cell lines were maintained in RPMI media sup-
plemented with 10% fetal bovine serum, 50 IU/ml Peni-
cillin, 50 �g/mL Streptomycin, 2 mM Glutamax at 37◦C in
a humidified atmosphere with 5% CO2, with the exception
of the JIMT-1 model, which was grown in DMEM media
supplemented with 10% fetal bovine serum. The cells were
subcultured twice weekly and harvested during exponential
growth for tumor inoculation. Mice were dosed as described
below for each specific model.

Compound administration

Intraperitoneal doses of 2.5, 5, 10 or 20 mg/kg CBX-12
(0.65, 1.3, 2.6 or 5.2 �mol/kg, respectively) or 1.15 or 2.3
mg/kg exatecan (2.6 or 5.2 �mol/kg, respectively) were pre-
pared by diluting 0.1mg/�l DMSO stocks in 5% mannitol
in citrate buffer. Compound was administered each day of
dosing at a volume of 12 mL/kg (300 �l per 25 g mouse).

Xenograft tumor growth measurements

Xenograft tumors were measured by calipers and volume
was calculated using the equation for ellipsoid volume: Vol-
ume = �/6 × (length) × (width)2.

Statistical analysis

Analysis of variance (ANOVA) was used to test for signifi-
cant differences between groups. Post-hoc Bonferroni mul-
tiple comparison test analysis was used to determine signif-
icant differences among means. All statistical analysis was
accomplished using Graph Pad Prism 8.2.0 software.

HCT116 xenografts

Six-week-old female athymic nude Foxnnu mice were ob-
tained from Taconic Labs (Cat# NCRNU-F). Each mouse
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was inoculated subcutaneously with HCT116 tumor cells
(2.5 × 106) in 0.1 mL of PBS with Matrigel (1:1). The tu-
mors were then grown to a mean size of approximately
100–200 mm3 and the mice were then split into groups and
treated as detailed in Table 1.

MDA-MB-231 xenografts

Three to four-week-old female athymic nude Foxnnu mice
were obtained from Envigo Labs. Each mouse was inocu-
lated subcutaneously with MDA-MB-231 tumor cells (2 ×
106) in 0.1 mL of PBS with Matrigel (1:1). The tumors were
then grown to a mean size of approximately 50–100 mm3

and the mice were then split into groups and treated as de-
tailed in Table 2.

JIMT-1 xenograft

Five to six-week-old female NOD.SCID mice were ob-
tained from Beijing Anikeeper Biotech Co., Ltd (Beijing,
China). Each mouse was inoculated subcutaneously with
JIMT-1 tumor cells (5 × 106) in 0.1 mL of PBS with Ma-
trigel (1:1). The tumors were then grown to a mean size of
approximately 100 mm3 and the mice were then split into
groups and treated as detailed in Table 3.

MKN45 xenograft

Six-week-old female athymic nude Foxnnu mice were ob-
tained from Taconic Labs (Cat# NCRNU-F). Each mouse
was inoculated subcutaneously with MKN45 tumor cells (2
× 106) in 0.1 mL of PBS with Matrigel (1:1). The tumors
were then grown to a mean size of approximately 100–200
mm3 and the mice were then split into groups and treated
as detailed in Table 4.

Bone marrow collection

Following tumor collection, mice were euthanized by cer-
vical dislocation under anesthesia in accordance with the
American Veterinary Medical Association (AVMA) Guide-
lines for the Euthanasia of Animals. Femurs were removed,
and bone marrow was extruded into 50 mL conical tubes by
flushing the bones with a 23-gauge needle fitted on a 5cc sy-
ringe containing PBS + 2% fetal bovine serum (FBS). Bone
marrow was homogenized by gentle pipetting and filtered
through 100 �m nylon mesh filters and cells were pelleted
by centrifugation at 1200 rpm for 5 min at 4◦C. Red blood
cells were lysed with 3 mL of lysis buffer for 2 min at room
temperature. PBS was added to a volume of 25 mL and cells
were re-pelleted by centrifugation as described above. Cell
pellets were suspended in 5 mL of PBS and cell count was
assessed by trypan blue exclusion on a TC-20 cell counter
(BioRad).

Xenograft tumor collection

At 6 h after compound administration on day 4, mice were
anesthetized via continuous inhalation with isoflurane ad-
ministered in 2% oxygen and were euthanized by cervical
dislocation under anesthesia in accordance with the Amer-
ican Veterinary Medical Association (AVMA) Guidelines

for the Euthanasia of Animals. Xenograft tumors were re-
moved, weighed, and cut into smaller pieces with a scalpel
blade. Random 100 mg tumor samples were collected in
bead homogenization tubes, snap frozen in liquid nitrogen,
and stored at -80◦C until processed for measurement of
CBX-12 concentrations.

TOP1 assessments

Bone marrow collection for TOP1. Mouse bone marrow
cells were isolated as described above.

Tumor collection for TOP1. Mice were anesthetized via
continuous inhalation with isoflurane administered in 2%
oxygen and were euthanized by cervical dislocation un-
der anesthesia in accordance with the American Veterinary
Medical Association (AVMA) Guidelines for the Euthana-
sia of Animals. Xenograft tumors were excised, weighed,
and minced then were digested to single cells with an en-
zyme mix (Miltenyi; #130-095-929) for 40 min shaking at
37◦C. Enzymes were inactivated by adding equal volume of
DMEM+. Digested cells were sequentially filtered through
70 �m then 40 �m filters and centrifuged at 700 rpm for 7
min at 4◦C. Cells were washed with PBS, RBCs were lysed,
and cell count was assessed by trypan blue exclusion.

In vitro HCT116 cell dosing for TOP1. HCT116 cells were
plated at 2.5 × 105/mL in 2 mL DMEM+ in six-well plates.
Cells were allowed to attach overnight in 37◦C incubator
before compound addition. Exatecan, CBX-12, or vehicle
control were added to wells for final concentrations of 1000
to 0.46 nM (using 3-fold dilutions) for 24 h. Cells were
scraped, washed with PBS and counted.

Ex vivo bone marrow cell dosing for TOP1. Naı̈ve Sprague-
Dawley rat bone marrow cells were plated at 1 × 106/ml in 2
mL of RPMI+ in six-well plates. Cells were allowed to incu-
bate for 3 h at 37◦C before compound addition. Exatecan,
CBX-12 or vehicle control were added to wells for final con-
centrations of 1000 to 0.46nM (using 3-fold dilutions) for 24
h. Cells were harvested, washed with PBS and counted.

TOP1 FACS assay. Tumor and bone marrow cells col-
lected 24 h after dosing were permeabilized and fixed for 20
min on ice in the dark (Cytofix/Cytoperm Becton Dickin-
son; #554714), then washed 2× with Perm Wash. Cells were
stained with rabbit anti-topoisomerase 1 antibody (Abcam;
#109374) at 1 �g/ml on ice in the dark for 30 min and
washed 2×, followed by staining with secondary antibody
goat anti-rabbit IgG AF647 (Jackson ImmunoResearch;
#111-605-144 diluted 1:1000) on ice in dark for 30 min.
After a final 2× wash, the reduction of topoisomerase I
(TOP1) protein levels was evaluated by collecting 10,000
(tumor) or 30,000 (BM) cells and determining the number
of TOP1 positive stained cells on a BD Accuri™ flow cy-
tometer.

�H2AX assay

Tumors were collected as detailed above, and FFPE tumor
slides were created for IF staining. Antigen retrieval was
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Table 1. Information on each group of animals for HCT116 xenograft experiments

Group Treatment Dose Dosing schedule Administration route Number of mice

1 Vehicle (5% mannitol
in citrate buffer)

NA QDx4/wk x 3 i.p. 8

2 CBX-12 10 mg/kg QDx4/wk x 3 i.p. 8
3 CBX-12 20 mg/kg QDx4/wk x 3 i.p. 8
4 exatecan 1.15 mg/kg QDx4/wk x 3 i.p. 8
5 exatecan 2.3 mg/kg QDx4/wk x 3 i.p. 8
1 Vehicle (5% mannitol

in citrate buffer)
NA QDx4 i.p. 8

2 CBX-12 5 mg/kg QDx4 i.p. 8
3 CBX-12 10 mg/kg QDx4 i.p. 8
4 CBX-12 20 mg/kg QDx4 i.p. 8
5 CBX-12 40 mg/kg QDx4 i.p. 8
6 CBX-12 80 mg/kg QDx4 i.p. 8

Table 2. Information on each group of animals for MDA-MB-231 xenograft experiments

Group Treatment Dose Dosing schedule Administration route Number of mice

1 Vehicle (5% mannitol
in citrate buffer)

NA NA i.p. 8

2 CBX-12 5 mg/kg QDx4/wk x 3 i.p. 9
3 CBX-12 10 mg/kg QDx4/wk x 3 i.p. 9
4 CBX-12 20 mg/kg QDx4/wk x 3 i.p. 9
1 None NA NA NA 9
2 Talazoparib 0.33 mg/kg QDx15 p.o. 9
3 CBX-12 5 mg/kg QDx4/wk x 3 i.p. 10
4 Talazoparib CBX-12 0.33 mg/kg 5 mg/kg QDx15 QDx4/wk x 3 p.o. i.p. 8

Table 3. Information on each group of animals for JIMT-1 xenograft experiments

Group Treatment Dose Dosing schedule Administration route Number of mice

1 Vehicle (5% mannitol
in citrate buffer)

NA QDx4/wk x 3 i.p. 8

2 CBX-12 10 mg/kg QDx4/wk x 3 i.p. 8
3 CBX-12 20 mg/kg QDx4/wk x 3 i.p. 8

Table 4. Information on each group of animals for MKN45 xenograft experiments

Group Treatment Dose Dosing schedule Administration route Number of mice

1 Vehicle (5% mannitol
in citrate buffer)

NA QDx4/wk x 2 i.p. 8

2 CBX-12 2.5 mg/kg QDx4/wk x 2 i.p. 8
3 CBX-12 5 mg/kg QDx4/wk x 2 i.p. 8
4 CBX-12 10 mg/kg QDx4/wk x 2 i.p. 8
5 CBX-12 20 mg/kg QDx4/wk x 2 i.p. 8
6 exatecan 1.15 mg/kg QDx4/wk x 2 i.p. 8
7 exatecan 2.3 mg/kg QDx4/wk x 2 i.p. 8

performed using a heat-induced epitope retrieval (HIER)
method, with TRIS-EDTA pH 9.0. Staining with primary
antibody (mouse anti-human �H2AX; 1:500, Invitrogen)
followed by secondary antibody (Goat anti-mouse Ax594;
1:1000, Invitrogen) was then performed. Images were ob-
tained with a Keyence imager. Data analysis was per-
formed in ImageJ and CellProfiler (16). Raincloud plots
and heatmap were generated in R version 4.0.3 (17). Statis-
tical analysis for �H2AX expression was performed using
Kruskal–Wallis test, followed by Dunn’s multiple compari-
son test (GraphPad Prism 9.1.0).

Amnis internalization assay

Rucaparib-peptide conjugates bearing the same peptide
as CBX-12 were synthesized with cleavable and uncleav-

able linkers. HCT116 tumor cells were incubated in vitro
with 5 �M compound, or DMSO vehicle for the indi-
cated time, washed 2× with PBS, then incubated for 5 min
with Cell Mask deep red plasma membrane stain (Invit-
rogen; #C10046), washed 2× with PBS/2% fetal bovine
sera. 3,000 events were acquired from each sample with
an Amnis ImageStream X-MKII imaging flow cytome-
ter (EMD Millipore). Data was analyzed using IDEAS
software for compound co-localization on membrane and
internalization.

Cell viability and synergy assays

Microplate-based short-term viability and synergy assays
were performed as described previously (18).
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Apoptosis dye

Female nude mice with HCT116 flank tumors were dosed
i.p., QDx4/week for 2 weeks with either vehicle or 10 mg/kg
CBX-12. For imaging, mice were administered a single
i.p. 7.3 mg/kg dose of PSVue® 749 (Molecular Target-
ing Technologies, Inc.) immediately following the fourth
dose of CBX-12 in either the first or second dosing cycle.
At 48 h post-administration of PSVue® 749, whole body
imaging of anesthetized mice was performed using the LI-
COR PEARL Trilogy small animal imager to visualize and
quantitate the distribution of the dye. Images were analyzed
using Image Studio Software (version 5.2). At 72 h post-
administration of PSVue® 749, mice were euthanized, and
tumors removed and imaged whole and cut in half to view
distribution of dye throughout the tumor.

Rat plasma pharmacokinetics (PK)

Male Sprague Dawley rats underwent jugular vein cannu-
lation and insertion of a vascular access button (VAB, In-
stech Labs Cat # VABR1B/22) at Envigo Labs prior to
shipment. Magnetic, aluminum caps (Instech Labs Cat #
Cat #VABRC) were used to protect the access port for the
jugular catheters allowing the animals to be housed 3 per
cage on Alpha-Dri bedding for 4–5 days prior to the study.
Rats were administered a single 5 mg/kg intravenous dose
(1.3 �mol/kg) of CBX-12 prepared in a vehicle of 5% man-
nitol in citrate buffer. Blood was collected from fed rats at
1, 2, 4, 8, 24 and 30 h following compound administra-
tion. Exatecan concentrations were determined in plasma
by LC–MS/MS. CBX-12 concentrations were determined
in plasma by an ELISA assay specific for the peptide.

Histology

Duodenal tissue samples were fixed in 10% neutral buffered
formalin, processed and embedded in paraffin. Tissue cross
sections (5 �m) were mounted on positively charged micro-
scope slides and stained with hematoxylin and eosin (H&E)
(PolyScientific R&D, New York). Images were taken of tis-
sue sections by standard light microscopy using an EVOS
FL Cell Imaging System (Life Technologies) for histomor-
phological evaluation of intestinal inflammation.

RESULTS

As presented earlier, pHLIP conjugates directionally insert
across cancer cell membranes in low pH conditions to de-
liver C-terminal warheads across the membrane with sub-
sequent intracellular release of the agent, and a schematic
of this process is shown in Figure 1A (14). The structure of
CBX-12 consists of exatecan conjugated to a pHLIP vari-
ant via a self- immolating, glutathione sensitive linker (Fig-
ure 1B). CBX-12 undergoes a structural change and inserts
directionally across the lipid bilayer of membranes in a pH-
dependent manner (Figure 1C and Supplementary Figure
S1). The midpoint of the transition for CBX-12 insertion in
a membrane in synthetic liposomes is at pH 6.4. Since the
rate constant of CBX-12 insertion into membrane is high
(approximately 42s−1), insertion into tumor cells will occur

even under conditions of fast blood flow and limited ex-
posure time of CBX-12 to acidic cancer cells in vitro (Fig-
ure 1D). Further biophysical characterization of CBX-12
in solution by fluorescence and CD spectra established that
CBX-12 is most likely in a monomeric form at concentra-
tions of 4–5 �M, while forming oligomers at the higher con-
centrations of 44 and 88 �M (Supplementary Figure S2).
The obtained results are in good agreement with previously
published data showing that the pHLIP peptide by itself is
monomeric at concentrations of 7 �M and below (19). Im-
portantly, our previously published data indicate that even
at high concentrations (up to 300 �M) the pHLIP peptide
does not form oligomers larger than tetramers, as estab-
lished by small-angle X-ray scattering (SAXS) (20). Thus,
we expect that CBX-12 will exist as monomers when in-
jected into humans and diluted in the total blood volume,
and therefore that the interactions of the pHLIP peptides
with the membranes of acidic cancer cells will occur as sin-
gle molecular insertion events.

In vitro plasma stability assays identified a CBX-12
peptide/linker conjugate combination which displayed ro-
bust linker stability and undetectable warhead release at 8 h
and only minimal warhead release at 24 h, using mouse, rat,
dog, and human plasma samples (Figure 1E–H). CBX-12
then was further characterized in a series of in vivo phar-
macokinetics (PK) and pharmacodynamics (PD) studies.
In these studies, we used the HER2- colon cancer model,
HCT116, grown as flank xenografts. We demonstrated ro-
bust stability in the plasma of mice after a single injection,
with rapid accumulation in tumor xenograft tissue but not
in the bone marrow (Figure 2A). A similar plasma pharma-
cokinetics profile was observed in rats (Figure 2B).

To further validate that CBX-12 selectively targeted tu-
mor and not healthy tissues, we developed a FACS-based
functional assay to monitor the effect of TOP1 inhibition
on TOP1 protein levels in tumor tissue and bone marrow,
based on previously published methodology (21). In this
assay, TOP1 inhibition directly correlates with loss of pro-
tein levels, such that the term, 50% inhibitory concentration
(IC50) can be used for protein depletion. Using this assay,
we demonstrated that TOP1 protein levels are decreased in
both HCT116 flank tumor tissue and bone marrow follow-
ing unconjugated exatecan administration, while CBX-12
selectively depletes TOP1 in the tumor, with no effect in the
bone marrow (Figure 2C). We then performed bioanalytical
measurements of exatecan in tumor versus bone marrow af-
ter dosing equimolar amounts of either CBX-12 or uncon-
jugated exatecan in vitro and in vivo, and we compared these
data to TOP1 protein levels in the corresponding samples.
Following incubation for 24 h in HCT116 tumor cells and
rat bone marrow cells in vitro, unconjugated exatecan inhib-
ited similar dose-response curves for TOP1 protein levels,
with IC50s of 24.8 nM and 27.3 nM, respectively (Figure
2D). We observed a similar dose-response curve for TOP1
protein inhibition in HCT116 tumor tissue after CBX-12
administration for 4 days in vivo, with an IC50 of 30 nM
(Figure 2D). These data demonstrate a strong PK/PD rela-
tionship between exatecan exposure and TOP1 protein lev-
els in vitro and in vivo. Using these data, we were able to ac-
curately predict the levels of exatecan derived from CBX-12
in tumor, with dosing of CBX-12 resulting in both a dose-
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Figure 1. In vitro pH-dependent membrane insertion and stability of CBX-12 conjugates. (A) Schematic representation of a pHLIP conjugate interacting
with and inserting across a lipid bilayer to deliver a cargo. (B) Design and structure of the CBX-12 conjugate. (C) The pH-dependent insertion of CBX-12
into bilayers of liposomes. (D) Kinetics of CBX-12 insertion into membrane of liposomes. (E) Time course of mouse (E) rat (F), dog (G) and human (H)
plasma concentrations of exatecan after in vitro incubation with 10 �M CBX-12 or 10 �M unconjugated exatecan at 37◦C. The percentage of exatecan
released from CBX-12 or from unconjugated exatecan was calculated relative to unconjugated exatecan values at time = 0, N = 2.

dependent increase in exatecan and decrease in TOP1 pro-
tein levels in the tumor (Supplementary Figure S3a). Subse-
quent studies revealed that a single dose of CBX-12 resulted
in a gradual, time-dependent release in exatecan in the tu-
mor, with values maintained 2- to 3-fold above the IC50 for
TOP1 depletion in vitro (24.8 nM), which persisted for 48 h,
while an equimolar dose of unconjugated exatecan induced
a rapid spike in drug levels in the tumor, which rapidly de-
creased below the in vitro IC50 for TOP1 depletion within
8 h (Figure 2E). Unconjugated exatecan induced a similar
pattern of exposure in the bone marrow, while no detectable
levels of exatecan associated with CBX-12 injection were
observed at any time point (Figure 2F). Together these data
validate the ability of CBX-12 to selectively release active
exatecan in tumor and not normal tissue.

We then sought to assess the extent to which treatment
with CBX-12 can bypass the severe toxicities induced by
dosing unconjugated exatecan. While unconjugated exate-
can induces drastic bone marrow suppression, dosing an
equimolar amount of CBX-12 maintains bone marrow
counts at comparable levels to control animals (Figure 3A).
Concordantly, significant and unrecoverable body weight
reductions were consistently noted in animals treated with
unconjugated exatecan, while minimal effects were noted
with CBX-12 (Figure 3B, C). These effects of unconjugated
exatecan on body weight correlated with significant GI tox-
icity both at the whole organ level (Figure 3D) and mi-
croscopically (Figure 3E). In contrast, animals dosed with
CBX-12 did not display any detectable GI toxicity (Figure
3D, E).
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Next, we assessed the efficacy of CBX-12 in tumor
xenograft models in vivo. As the recently approved ADC
DS-8201a is restricted to HER2+ cancers, we tested HER2-
models to highlight the antigen independence of our tumor
targeting approach. We first utilized the HER2- colon can-
cer model, HCT116 presented above. We confirmed an in
vitro cell killing IC50 of 0.2 nM in HCT116 cells (data not
shown), which is consistent with previously published re-
ports demonstrating broad activity of the drug across mul-
tiple cell lines (22). As shown in Figure 3F, we observed a

dose-dependent tumor killing in HCT116 flank xenografts
with the administration of CBX-12 for three 4-day cycles.
This response was notable for complete tumor regressions
(Figure 3G) and superior efficacy and tolerability relative
to dosing an equimolar amount of unconjugated exatecan
(Figure 3F–H). For example, 50% of the animals in the 2.3
mg/kg unconjugated exatecan group had to be euthanized
before completion of the experiment because of severe mor-
bidity due to drug toxicity. We observed similar efficacy of
CBX-12 in the HER2 negative breast cancer model, MDA-
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Figure 3. CBX-12 preferentially targets tumor xenografts over normal tissue and is highly effective against tumor xenografts as a monotherapy. (A) Bone
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MB-231 (Figure 3I). In these experiments, we did not ob-
serve significant adverse effects on animal weights (Figure
3J). To further demonstrate that this efficacy was due to
selective delivery of unconjugated exatecan to tumors by
CBX-12, we demonstrated that the pHLIP peptide alone
did not have any activity in vivo (Supplementary Figure S4),
and that a non-cleavable control conjugate bearing a flu-
orescent warhead displayed no evidence of warhead entry
from the cell membrane into the cytoplasm, which support
our established mechanism of action of the peptide (Sup-
plementary Figure S2g–i).

In another tumor growth delay study with the HCT116
model, we also assessed CBX-12-induced apoptosis in flank
tumors after two cycles of treatment. These studies re-
vealed a correlation between sustained suppression of tu-
mor growth and homogenous apoptotic staining through-
out the tumor (Figure 3K and L, respectively). We also
demonstrated enhanced DNA damage in HCT116 flank
tumors treated with unconjugated exatecan and CBX-12,
as detected by �H2AX immunofluorescence (Figure 3M).
These experiments were notable for greater levels of DNA
damage with CBX-12 versus unconjugated exatecan (Fig-
ure 3N and O). Treatments after the second cycle led to
a significantly higher �H2AX expression compared to the
first cycle for exatecan (P < 0.001), 10 mg/kg CBX-12 (P <
0.001) and 20 mg/kg CBX-12 (P < 0.001). Treatment with
10 mg/kg CBX-12 resulted in a similar �H2AX expression
as exatecan (cycle 1, P = 0.54; cycle 2, P = 0.22). However,
20 mg/kg CBX-12 treatment showed a significant increase
in DNA damage compared to 10 mg/kg CBX-12 and ex-
atecan after both cycles (P < 0.001), which suggests a dose–
response effect. Collectively, these data highlight the robust
selectivity of these conjugates to target tumor over normal
tissue, with durable tumor growth suppression and minimal
systemic toxicity.

Given the prolonged half-life of CBX-12 in the plasma
and tumor tissue, and our findings indicating that CBX-12
is more efficacious than equimolar doses of unconjugated
exatecan (Figure 3F), we also tested a range of alterna-
tive CBX-12 dosing regimens in the HCT116 flank model.
We found that even a single cycle of CBX-12 infused at 10
mg/kg was sufficient for robust tumor cell killing, with both
efficacy and intratumoral drug concentrations beginning to

saturate at this 10 mg/kg dose (Figure 4A, B). In these ex-
periments, we did not observe significant adverse effects on
animal weights, except for recoverable weight loss in the
very highest 80 mg/kg dosing regimen (Figure 4C).

We then demonstrated that CBX-12 was active in two ad-
ditional flank tumor xenograft models, JIMT-1 (breast can-
cer, intermediate HER2 expression) and MKN45 (gastric
cancer, HER2 negative), using either a two or three dosing
cycle regimen as presented above. The JIMT-1 cells were ob-
tained from a pleural metastasis in a patient who was clini-
cally resistant to the HER2 targeting antibody, trastuzumab
(23). DS-8201 has demonstrated only modest efficacy at
the highest ADC doses in this model (24). In contrast, our
data demonstrates robust anti-tumor activity in the JIMT-1
model, with near complete regression induced by three cy-
cles of the 20 mg/kg dose, and with minimal effects on body
weight (Figure 4D and Supplementary Figure S3b). Simi-
larly, we observed extremely potent and durable anti-tumor
activity in the MKN45 model, in this case with only two
dosing cycles (Figure 4E and Supplementary Figure S3c).
We also compared a dose of unconjugated exatecan that
was equimolar to 20 mg/kg CBX-12 in the MKN45 flank
model (2.3 mg/kg) in these experiments, and we found that
this dose was not tolerated and was lethal in all animals in
this cohort.

Finally, we sought to test whether CBX-12 could be
combined with systemically administered DNA damage re-
sponse (DDR) inhibitors. Previous studies have demon-
strated synergistic interactions between TOP1 and DDR in-
hibitors, which has prompted great interest in testing these
combinations in the clinic (25). In particular, the efficacy
of PARP inhibitors as monotherapies have been limited to
tumors with HR defects (HRD+), but it has been postu-
lated that combinations with DNA damaging agents (in-
cluding TOP1 inhibitors) would extend their activity to
HRD- tumors (1). However, dose-limiting myelosuppres-
sion has been a major barrier to achieving treatment effi-
cacy with these combinations, with up to 30–50-fold dose
reductions required in clinical trials at the maximum toler-
ated dose (MTD) for these regimens (26–28). We hypothe-
sized that a tumor-targeted exatecan would enable the use
of DDR inhibitor-based combinations, thus extending the
activity of DDR inhibitors to HRD- tumors. To this end,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Dissected stomachs of mice dosed with either unconjugated exatecan or CBX-12. (E) Representative H&E staining of rat duodenums from mice treated
with either unconjugated exatecan or CBX-12. Duodenum samples were harvested after the 4th dose (‘post-dose’) and after a 5 day recovery period. (F)
Growth of HCT116 xenografts in nude mice dosed with either unconjugated exatecan or CBX-12 as indicated. Data are represented as mean ± SEM, N
= 8 animals/arm. (G) Images of mice bearing HCT116 flank tumors at day 32 of the study in (F), arrows demonstrate location of xenograft. (H) Body
weight over time of mice in the study in (F); note that 50% of the animals in the 2.3 mg/kg unconjugated exatecan group had to be euthanized before
completion of the experiment because of severe morbidity due to drug toxicity. (I) Growth of MDA-MB-231 xenografts in nude mice dosed with CBX-12
as indicated. Data are represented as mean ± SEM, N = 8–9 mice/arm. (J) Body weight over time of mice in the study in (I). (K) Growth of HCT116
tumor xenografts in mice dosed with vehicle or CBX-12 which were imaged for apoptosis using the PSVue® 749 apoptosis dye at the indicated time-points.
Data are represented as mean ± SEM, N = 8 mice/arm. (L) Representative images demonstrate PSVue® 749 signal distribution in a representative mouse
from each dose group. Inset: Ex vivo bisected tumor of the indicated mouse 72 h after dye injection. (M) Immunofluorescence images (taken at 20×) of
representative xenografts after one (top row) and two (bottom row) cycles treatment with vehicle, 1.15 mg/kg exatecan, 10 mg/kg CBX-12, and 20 mg/kg
CBX-12. Blue and red denote DAPI and �H2AX, respectively. (N) Raincloud plots displaying single cell-level �H2AX expression (x-axis) in xenografts
after different treatments (y-axis). Each group includes 4 xenograft replicates. Individual gray dots represent single cells. Vertical lines in boxplots are
median expression levels and error bars represent 2 standard deviations. Treatments after the second cycle led to a significant higher �H2AX expression
compared to the first cycle for exatecan (P < 0.001), 10 mg/kg CBX-12 (P < 0.001) and 20 mg/kg CBX-12 (P < 0.001; indicated in the corresponding
raincloud plots). (O) Heatmap displays the fold change differences of the median �H2AX expression in single cells compared to table’s minimum (replicate
3, vehicle treatment cycle 1). Left most column denotes all 4 replicates combined and the right 4 columns represent individual replicates. Rep = replicate,
C = cycle.
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Figure 4. Anti-tumor efficacy with CBX-12 using alternative dosing regimens, additional tumor models, and in combination with the PARP inhibitor
talazoparib. (A) Growth of HCT116 xenografts in nude mice dosed with CBX-12. The dashed line indicates the quadrupled initial tumor volume (RTV4).
N = 8 mice/arm. (B) Comparison of time to reach RTV4 to intratumoral CBX-12 concentrations for HCT116 xenografts from (A) in mice treated with the
indicated CBX-12 concentrations. (C) Body weight over time for mice in the study from (A). (D) Growth of JIMT-1 xenografts in SCID mice dosed with
CBX-12. N = 8 mice/arm. (E) Growth of MKN45 xenografts in nude mice dosed with unconjugated exatecan or CBX-12. N = 8 mice/arm. (F) Growth of
MDA-MB-231 xenografts in nude mice dosed with talazoparib (BMN673) or CBX-12 as single agents or in combination. Red line indicates talazoparib
dosing. N = 8–10 mice/arm. All data are represented as mean ± SEM, and arrows represent when the doses of CBX-12 or exatecan were given.

we tested the safety and efficacy of CBX-12 in combina-
tion with the potent PARP-trapping PARP inhibitor, ta-
lazoparib (29), in the (HRD-) MDA-MB-231 model. Of
note, talazoparib has been shown to synergize with TOP1
inhibitors in pre-clinical studies (29,30), but the combina-
tion requires significant dose reductions in the clinic and at
these limited doses has shown minimal efficacy in patients

(31). Short-term viability assays confirmed the activity of
unconjugated exatecan in vitro in MDA-MB-231 cells (with
an IC50 of 0.21 nM), and we observed robust synergy when
this drug was combined with talazoparib (Supplementary
Figure S3e and f, respectively). As shown in Figure 4F, we
observed robust tumor killing with a combination of CBX-
12 at 5 mg/kg and talazoparib at a dose of 0.33 mg/kg in
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vivo, with minimal adverse effects on animal weights (Sup-
plementary Figure S3d). In contrast, similar combinations
of talazoparib with non-targeted versions of DNA damag-
ing agents (in this concentration range) are poorly tolerated
in animals in vivo (32,33). In addition, there is only mod-
est anti-tumor activity when these agents are delivered sep-
arately as monotherapies in this model at doses equimolar
to those used here (32,33).

DISCUSSION

In conclusion, we have described a new approach for de-
livering the potent TOP1 inhibitor exatecan selectively to
tumor cells in an antigen-independent manner via conju-
gation to a variant of pHLIP. The resulting CBX-12 con-
jugate displays pH selectivity, stability in plasma and se-
lectivity to tumor cells versus healthy tissue. Importantly,
CBX-12 displays extremely potent and durable anti-tumor
activity in a variety of xenograft models with minimal to
no side effects relative to the unconjugated exatecan war-
head, equimolar amounts of which are poorly tolerated.
As noted above, these conjugates leverage a variant of a
pH-Low Insertion Peptide (pHLIP), which has been tested
in numerous animal models previously without any evi-
dence of significant toxicity associated with the peptide
alone (reviewed in (14)). Consistent with these findings, we
have not observed any significant toxicities with fluores-
cently tagged versions of the peptide, the data presented
here with CBX-12 reveal no evidence of GI or bone marrow
toxicity.

One limitation of this study is that we did not evaluate se-
quence variants of the pHLIP peptide or the requirement of
the self-immolating linker for delivery and release of exate-
can into tumor cells. However, we did demonstrate that the
pHLIP peptide alone does not have any activity in vivo (Sup-
plementary Figure S4). In addition, a non-cleavable control
conjugate bearing a fluorescent warhead displayed no evi-
dence of warhead release from the cell membrane into the
cytoplasm, which supports the mechanism of action of the
peptide conjugate (Supplementary Figure S2g–i). Nonethe-
less, future structure-activity relationships in the context
of exatecan conjugation will likely shed additional insights
into this interaction.

The significantly enhanced therapeutic window of CBX-
12 relative to unconjugated exatecan enables the possibil-
ity of combinations that were previously too toxic in the
clinic to use at efficacious doses, such as with DDR in-
hibitors. Because highly efficacious doses can be given with
minimal toxicity, it also provides the basis to explore novel
combinations such as with immunotherapies. Moreover,
CBX-12 showcases a powerful approach to targeted tu-
mor delivery that can be adapted to different potent small
molecule warheads and used in an antigen agnostic man-
ner in patients whose tumors cannot be targeted with cur-
rent antibody-based technology. As such, CBX-12 has en-
tered the clinic in 2021 to define a maximally tolerated dose
with monitoring of safety, PK/PD, and preliminary effi-
cacy (NCT04902872).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Cancer Online.
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