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ABSTRACT
◥

Probody therapeutics (Pb-Txs) are conditionally activated
antibody–drug conjugates (ADCs) designed to remain inactive
until proteolytically activated in the tumor microenvironment,
enabling safer targeting of antigens expressed in both tumor and
normal tissue. Previous attempts to target CD71, a highly expressed
tumor antigen, have failed to establish an acceptable therapeutic
window due to widespread normal tissue expression. This study
evaluated whether a probody–drug conjugate targeting CD71 can
demonstrate a favorable efficacy and tolerability profile in preclin-
ical studies for the treatment of cancer. CX-2029, a Pb-Tx conju-
gated to maleimido-caproyl-valine-citrulline-p-aminobenzyloxycar-
bonyl-monomethyl auristatin E, was developed as a novel cancer
therapeutic targeting CD71. Preclinical studies were performed to
evaluate the efficacy and safety of this anti-CD71 PDC in patient-
derived xenograft (PDX) mouse models and cynomolgus monkeys,

respectively. CD71 expression was detected at high levels by IHC
across a broad range of tumor andnormal tissues. In vitro, themasked
Pb-Tx form of the anti-CD71 PDC displayed a >50-fold reduced
affinity for binding to CD71 on cells compared with protease-
activated, unmasked anti-CD71 PDC. Potent in vivo tumor growth
inhibition (stasis or regression)was observed in>80%of PDXmodels
(28/34) at 3 or 6 mg/kg. Anti-CD71 PDC remained mostly masked
(>80%) in circulation throughout dosing in cynomolgus monkeys at
2, 6, and 12 mg/kg and displayed a 10-fold improvement in toler-
ability compared with an anti-CD71 ADC, which was lethal. Pre-
clinically, anti-CD71PDCexhibits a highly efficacious and acceptable
safety profile that demonstrates the utility of the Pb-Tx platform to
target CD71, an otherwise undruggable target. These data support
further clinical development of the anti-CD71 PDC CX-2029 as a
novel cancer therapeutic.

Introduction
In recent years, antibody–drug conjugates (ADCs) have emerged as

attractive options for the treatment of patients with cancer. As of this
writing, nine ADCs have received U.S. FDA approval for a variety of
hematopoietic and solid tumors, andmore than 80ADCs are currently
under evaluation in clinical trials (1, 2).

ADCs comprise three components: an mAb directed to a tumor
antigen, a cytotoxic payload, and a cleavable or noncleavable linker
that joins the first two components (3). Upon binding of an ADC to its
target antigen, the ADC is internalized, and the payload is released
intracellularly to mediate its cytotoxic effects (4). The payload of an
ADC, typically a chemotherapeutic agent that inhibits microtubule
assembly or disrupts DNA, is usually extremely potent with a narrow

therapeutic window such that these agents cannot be used as free
drugs. The efficacy and safety of an ADC depends on the potency of
the payload and the ability of the antibody to specifically target
high antigen-expressing tumor cells with a suitable therapeutic
window (5).

Candidate ADC targets must be carefully selected with attention to
numerous properties that can influence efficacy and safety. ADCs have
shown their greatest clinical utility when targeting antigens that are
expressed at high levels on cancer cells (6) with minimal target
expression in normal tissue (7). Furthermore, antibody binding to
the target antigen must lead to rapid effective internalization and
lysosomal targeting (3). Given these requirements for ADC approaches,
identifying candidate targets can be challenging.

CD71, also known as transferrin receptor 1 (TfR1), is involved in the
cellular uptake of iron and is expressed at high levels on rapidly
proliferating cells, such as cancer cells (8). Upon internalization and
trafficking to the low pH endosome where iron is released, CD71
recycles back to the cell surface. These features enable efficient delivery
of cytotoxin into the cell with a CD71-targeted ADC. Many cancers
that are sensitive to microtubule inhibitor (MTI) drugs, such as
esophageal, non-Hodgkin’s lymphoma [NHL; mostly diffuse large
B-cell lymphoma (DLBCL)], breast, lung, ovarian, and endometrial
cancers, have a prevalence of high CD71 expression andmay represent
indications that would respond to a CD71-targeted MTI (9–12). The
development of a CD71-targeted ADC has been limited by safety
challenges (13), resulting in on-target toxicity in normal tissues,
leading to the notion that CD71 may represent an “undruggable”
ADC target.
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Probody therapeutics have recently been developed as a novel
approach to target attractive tumor antigens that are difficult-to-treat
due to high or widespread tissue expression (14, 15). These recom-
binant, proteolytically activatable antibody prodrugs contain an
anticancer monoclonal IgG antibody, a masking peptide linked to
the N-terminus of the light chain and a protease-cleavable substrate
linker peptide (16, 17). Although the Probody therapeutic remains
mainly intact and masked and thus blocked from target binding in
normal tissue, the presence of tumor-specific protease activity results
in “un-masking” to allow binding of the antibody to the target within
the tumor. Probody therapeutics can potentially improve the thera-
peutic window for validated targets and create a therapeutic window
for difficult-to-drug targets. The Probody therapeutic approach can be
applied to safely target numerous antibody-based therapies, including
ADC approaches. Thus, a Probody–drug conjugate (PDC) approach
allows enhanced tumor-specific binding of the ADC, potentially
facilitating improved efficacy and safety over the ADC approach.

The PDC approach overcomes a key limitation of traditional ADCs,
which is a requirement for low expression of the target in normal
tissues. Because of their restricted potential for target engagement
outside the tumor environment, moderate to high target expression in
normal tissue can be acceptable for PDCs. Therefore, PDCs can enable
targeting of tumor antigens whose normal tissue expression presents a
barrier to the development of conventional ADCs. Preliminary results
of PDC clinical evaluation have shown early signs of efficacy and
encouraging safety profiles (18).

To assess whether the PDC approach can be applied as a novel
therapeutic strategy to target CD71, CX-2029, a monomethyl auris-
tatin E (MMAE)-conjugated PDC with a purified drug-to-Probody
ratio (DPR) of 2, was developed. MMAE is an antimitotic agent that
causes metaphase arrest of dividing cells, resulting in cell death (4).
Normal noncancerous tissues are expected to be spared from the
cytotoxic effects of this anti-CD71 PDC due to impaired binding to
CD71. In contrast, high-affinity binding of the activated anti-CD71
PDC to CD71 in a protease-rich tumor microenvironment (TME)
should result in potent cytotoxic activity in cancer tissues. High
expression of CD71 across numerous types of cancers suggests that
an anti-CD71 PDC may be particularly effective as a cancer thera-
peutic. The objective of this study was to assess the therapeutic
potential of the anti-CD71 PDC CX-2029 for the treatment of cancer
by evaluating its efficacy and safety in preclinical models.

Materials and Methods
Animal studies

All animal studies were executed in compliance with institutional
guidelines and regulations and after approval from the appropriate
Institutional Animal Care and Use Committees. Mouse xenograft
studies were performed by Champions Oncology, Crown Biosciences,
or CytomX Therapeutics, and cynomolgus monkey studies were
performed by Charles River Laboratories. All animal studies followed
regulations set forth by the USDA Animal Welfare Act and the Guide
for the Care and Use of Laboratory Animals.

Test articles
Test article descriptions are provided in Supplementary Table S1. CX-

051 is a humanized IgG1 kappa mAb to CD71-derived from a mouse
hybridoma generated by immunizingmice with the extracellular domain
(ECD) of the CD71 protein.

CX-2014 and CX-2030 are anti-CD71 ADCs composed of
CX-051 conjugated to maleimido-caproyl-valine-citrulline-p-

aminobenzyloxycarbonyl-monomethyl auristatin E (vcMMAE) with
a DAR of nearly 3.5 or 2, respectively.

CX-151 is a protease-activatable antibody prodrug (Probody pro-
tein) derived from CX-051. The two light chains in CX-151 are
N-terminally extended to include a 47-amino acid prodomain, which
serves to mask the target binding region of the antibody. The primary
amino acid sequences for the CX-151 heavy chain and the modified
light chain are available in the published US patent publication as
SEQ ID No. 167 and SEQ ID No. 20, respectively (19). Both coding
sequences were synthesized de novo, inserted into a CHO expression
vector, transfected into a CHO cell line to establish stable pools from
which a clone was selected for cell bank generation. CX-151 was
produced in a culture and purified.

CX-2029 is an anti-CD71 PDC composed of CX-151 conjugated to
vcMMAE. Partially reduced CX-151 was conjugated via its free thiols
to vcMMAE, then highly enriched by Butyl Sepharose HP hydropho-
bic interaction chromatography for PDC specieswith aDPRof�2 (E2;
Supplementary Fig. S1; Supplementary Table S2). High purity was
achieved for CX-2029 with aggregate levels less than 1% (by SEC-
HPLC), unmasked CX-2029 levels less than 1% (by reduced CE-SDS),
and an overall DPR of 1.9.

CD71 IHC
IHC for CD71 was performed using formalin-fixed paraffin-

embedded tissuemicroarrays for humanmultiple organ normal tissue,
primary tumor tissues, andmetastatic disease (US Biomax) or patient-
derived xenograft (PDX) microarrays from Champions Oncology.
Microarrays for primary and metastatic tumor tissues included sam-
ples from esophageal cancer, gastric cancer, pancreatic cancer, NHL,
lung cancer, breast cancer, colorectal cancer, and head and neck
squamous cell carcinoma (HNSCC). IHC was performed using the
D7G9X rabbit mAb directed against the ECD of CD71 (Catalog No.
13113; Cell Signaling Technology) and a biotinylated donkey anti-
rabbit secondary and an avidin-biotin complex HRP detection system.
Placenta and prostate tissue were included as positive and negative
controls, respectively. Standard IHC protocols were used (Supple-
mentary Materials and Methods).

In vitro cytotoxicity
Human tumor cell lines representing 10 cancer types were pur-

chased from ATCC, European Collection of Authenticated Cell Cul-
tures (ECACC) or Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures and grown in complete media of
RPMI supplemented with 10% FBS or according to themanufacturer’s
recommendations. No additional authentication of cell lines or myco-
plasma testing was performed after purchase. Cells were propagated
according to the manufacturer’s guidelines, generating working cell
banks of up to no more than passage 3 to 5. Working cell banks were
stored in liquid nitrogen and, upon thaw, propagated for nomore than
10 to 15 additional passages. Suspension or adherent cells were plated
at a density of 1,000 cells/well in 50-mL complete media in a 96-well
white-walled tissue culture plate and used immediately or allowed to
adhere overnight. Cells were then incubated with 50 mL of a 2� final
concentration of test article for 3 to 5 days at 37�C and 5% CO2. Cell
Titer Glo reagent (Promega) was then added to each well, and
luminescence (RLU) was measured on a SpectraMax M5 plate reader
(Molecular Devices). Duplicate wells were tested for each condition,
and data were graphed as a percent of control in GraphPad Prism
(GraphPad Software). Data were expressed as % control¼ (mean RLU
test article/mean RLU untreated control) � 100, where untreated
control consists of cells incubated in complete media without any test
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article. Data were analyzed by nonlinear regression, and EC50 values
were determined using a four-parameter logistic curve fit, where EC50

is the concentration of test article that gives half-maximal response.

Indirect binding ELISA
Indirect ELISA was performed using recombinant human CD71

(rhCD71, R&D systems or made in-house) or recombinant cynomol-
gus CD71 (rcCD71, Sino Biologicals). Briefly, 96-well high-binding
plates were coatedwith 200 ng/well of rhCD71 ECDprotein or rcCD71
ECDprotein overnight at 4�C. Plateswerewashed, blockedwith PBSþ
0.5% BSA, washed again, then incubated in 100 mL of indicated
concentrations of test article or isotype ADC in block buffer for 1 hour
at room temperature. Plates were then washed again and incubated in
100 mL of detection antibody (Peroxidase AffiniPure anti-human IgG,
Jackson ImmunoResearch) at a 1:25,000 dilution in block buffer for
1 hour at room temperature. After washing, plates were incubated
with 100 mL/well of 1-Step Ultra TMB ELISA Substrate (Thermo
Fisher Scientific) for 10 minutes at room temperature, followed by
100 mL/well of 1 M hydrochloric acid to stop the reaction. Absorbance
was then measured on a SpectraMax plate reader (Molecular Devices)
and reported as optical density (OD) at 450 nm. Data were graphed in
Graphpad Prism (Grahpad Software), and apparent equilibrium bind-
ing constants (Kapp) were determined using nonlinear regression four
parameter logistic (4-PL) analysis. Full method details as well as
methods for direct binding ELISAs can be found in Supplementary
Materials and Methods.

For protease activation, anti-CD71 PDC was diluted to 1 mg/mL in
PBS and incubated with 10% volume of matriptase (R&D Systems,
No. 3946-SE; 0.25 mg/mL) or PBS for approximately 4 to 5 hours at
37�C. Reactions were performed in a final volume of 200 to 300 mL.
Confirmation of cleavage was assessed by SDS-PAGE.

Cell binding assays
HCC1806 cells were obtained from ATCC and grown in complete

media. CHO-K1 cells expressing cynomolgusmonkey CD71 cells were
generated at AbbVie and grown in Hybridoma SFM þ L-glutamine
media supplemented with 1% FBS, 1 mmol/L HEPES, Pen-Strep, and
2 mg/mL Geneticin. Cells were harvested using Versene cell dissoci-
ation buffer and washed with PBS pH 7.2 þ 0.5% BSA. Cells were
incubated with the indicated concentrations of test article in PBS þ
0.5% BSA for 1 hour on ice. After washing 3� with PBS þ 0.5% BSA,
cells were incubated with a goat anti-human IgG secondary antibody
conjugated to Alexa Fluor 647 (Jackson ImmunoResearch, Catalog
No. 109–605–098) for 45 minutes on ice. Cells were then washed 3�
with PBS þ 0.5% BSA and fixed with 1% formaldehyde. Bound
antibody was detected using a Guava EasyCyte cytometer. Data were
graphed in Graphpad Prism, and apparent equilibrium binding con-
stants (Kapp) were determined using nonlinear regression 4-PL
analysis.

In vivo efficacy studies
Female BALB/c nude mice used for esophageal, gastric, pancreatic

models, and NOD/SCID, NPG, or NOGmice used for DLBCLmodels
were sourced fromBeijing Anikeeper Bio-Technology Co. Ltd. or Vital
River, China, and used at ages 5 to 7 weeks. Seven- to 8-week-old
female Athymic Nude-Foxn1nu mice were used for breast, HNSCC,
and NSCLC models (Envigo). Human cancer cell lines or tumor
fragments 2 to 3 mm in diameter from stock mice inoculated with
primary human tumor xenografts were harvested and used to inoc-
ulate study mice by subcutaneous injection into the right flank. When
tumors reached approximately 100 to 200mm3,micewere randomized

into treatment groups based on tumor volume and body weight.
Dosing started on the same day for all groups, and dosing volume
was adjusted for each mouse based on body weight on day of dosing.
PDX models were intravenously dosed with vehicle (PBS), 1.5 mg/kg,
3 mg/kg, or 6 mg anti-CD71 PDC on day 0 and day 7. Mice were
checked daily for morbidity and mortality. Tumors were measured
twice weekly via calipers.

Nonclinical safety studies
Groups of cynomolgus monkeys (6/sex/group) ranging from 2.4 to

2.7 years in age (2.1–3.7 kg) received intravenous (i.v.) bolus injections
of vehicle or anti-CD71PDCat 2, 6, or 12mg/kg onday 1 (12mg/kg) or
days 1 and 22 (vehicle, 2 and 6 mg/kg). Scheduled animals were
euthanized from 1 to 6 weeks after the last dose. In a separate study
using cynomolgus monkeys 2.6 to 3.5 years in age (2.6–3.8 kg), anti-
CD71 ADC was administered to a single animal at 2 mg/kg on day 1
and to one animal/sex at 0.6 mg/kg on days 1 and 22 with necropsy on
day 29. Three animals were dosed with vehicle on days 1 and 22;
necropsywas on day 29. Toxicity assessments for both studies included
clinical observations, body weight, food consumption, clinical pathol-
ogy, and anatomic pathology. Blood samples were collected through-
out each study for toxicokinetic analysis. Additional details regarding
bioanalytical methods for toxicokinetic analyses can be found in the
Supplementary Materials and Methods.

Data availability statement
All data relevant to the study are included in the article or uploaded

as online Supplementary Information. The datasets used and/or
analyzed during this study are available from the corresponding author
upon reasonable request.

Results
CD71 is highly expressed across multiple cancer types

To assess whether CD71 could serve as a potential PDC target for
the treatment of cancer, CD71 cell surface expressionwas evaluated via
IHC across a wide panel of tumor and normal tissue microarrays.
Expression was evaluated in primary tumor and metastatic disease
tissues from a variety of tumor types, including those with previously
reported high levels of CD71 expression and responsiveness to MTIs.
Moderate to strong CD71 expression was detected in most tissues
tested, including from esophageal cancer, gastric cancer, pancreatic
cancer, NHL, non–small cell lung cancer (NSCLC), breast cancer, and
HNSCC (Fig. 1A and B; Supplementary Table S3).

We also examined CD71 expression in normal tissues. Among 27
human tissues examined, all samples containedCD71-expressing cells.
Tissues with strong to moderate CD71 staining include adrenal gland,
bone marrow, cerebrum, colon, esophagus, heart, kidney, liver, lung,
nerve, small intestine, spleen, stomach, testis, thyroid, thymus, and
uterus (Fig. 1C; Supplementary Tables S4 and S5).

Anti-CD71 ADC demonstrates potent in vitro cytotoxic activity
across cancer cell lines

To confirm that targeting CD71 with an ADC approach could lead
to antitumor effects, in vitro cytotoxicity assays were performed on a
panel of 65 human cancer cell lines across 10 cancer types using an
anti-CD71 antibody directly conjugated toMMAE. All cell lines tested
displayed strong to moderate sensitivity to the CD71 ADC (Fig. 2).
Among the cell lines tested, 8/8 gastric, 7/8 esophageal, 3/5 pancreatic,
7/8 CRC, 5/7 HNSCC, 2/6 small cell lung (SCLC), 6/7 NSCLC, 3/3
NHL, 6/7 triple-negative breast (TNBC), and 6/6 ERþ breast cancer
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cell lines displayed EC50 values of ≤0.5 nmol/L (Supplementary
Table S6).

Anti-CD71 PDC binding to human and cynomolgus CD71 is
impaired by masking in vitro

Given the broad tumor expression and sensitivity of a wide
variety of human cancer cell lines to an anti-CD71 ADC, devel-
opment of a CD71-targeted PDC proceeded. The CX-2029 was
designed as a CD71-targeting PDC composed of an anti-CD71

Probody therapeutic conjugated to the auristatin toxin MMAE via
a valine-citrulline (vc) protease-cleavable linker with a DPR of 2
(E2 purified; Fig. 3A). In its intact prodrug form, this anti-CD71
PDC contains a prodomain composed of a mask that inhibits
target binding and a protease-cleavable linker that can be cleaved
by selected proteases, including the serine protease matriptase.
Cleavage of the prodomain by proteases commonly activated in
the tumor microenvironment releases the mask and yields the
activated form of the anti-CD71 PDC. This design is intended to
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Figure 1.

CD71 is highly expressed across multiple cancer types. IHC for CD71 expression using a rabbit mAb directed against the ECD of CD71 revealed moderate to strong
staining localized to the membrane and cytoplasm of all tumor types examined as well as the majority of normal tissues. A, Percentage of primary and metastatic
samples on tumormicroarrayswithmoderate to strong staining. Number of cores tested shown above bar graphs.B and C,Representative IHC images for tumor (B)
and normal (C) tissues.
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minimize interaction of the anti-CD71 PDC with CD71 in normal
tissues while effectively targeting CD71 in tumors.

To assess the binding capacity of the anti-CD71 PDC to CD71,
ELISA and flow cytometry assays were performed to evaluate
binding of intact or unmasked, activated anti-CD71 PDC to human
and cynomolgus CD71. For these studies, the protease matriptase
was used to activate the anti-CD71 PDC in vitro by cleaving
the prodomain substrate linker peptide. The complete in vitro
activation of the anti-CD71 PDC by matriptase was confirmed by
SDS-PAGE.

Anti-CD71 PDC binding to recombinant human CD71 ECD
protein (rhCD71) was evaluated by indirect ELISA (Fig. 3B, panel
A; Supplementary Table S7). The binding activity of anti-CD71 PDC
(CX-2029) was comparable with that of the unconjugated Probody
therapeutic (CX-151), with apparent Kd (equilibrium dissociation
constant; Kapp) values of 2.58 and 1.94 nmol/L, respectively. The
binding activity of activated CX-151 (Kapp¼ 0.06 nmol/L) was similar
to that of the unconjugated antibody (CX-051; Kapp ¼ 0.03 nmol/L),
demonstrating that vcMMAE conjugation did not alter antigen bind-
ing. Compared with the parental native antibody (CX-051), the
masked Probody therapeutic protein (CX-151) and the anti-CD71
PDC (CX-2029) demonstrated an approximately 65-fold reduced
affinity for binding to rhCD71. Protease cleavage of the anti-CD71
PDC prodomain restored binding activity (Kapp ¼ 0.05 nmol/L) to a
level comparable with that of the parental native antibody.

Binding of the anti-CD71 PDC to recombinant cynomolgus mon-
key CD71 (rcCD71) was also evaluated (Fig. 3B, panel B; Supple-
mentary Table S7). The parental antibody bound to rcCD71 with a
Kapp of 0.03 nmol/L. The activated form of the anti-CD71 PDCbound
similarly with aKapp of 0.04 nmol/L. In contrast, the “masked” formof
the anti-CD71 PDC demonstrated a 26-fold reduced affinity for
binding to rcCD71 (Kapp ¼ 1.02 nmol/L).

The capacity of the anti-CD71 PDC to bind to CD71-expressing
cells was evaluated by flow cytometry using human cancer cell lines,
including HCC1806 human breast cancer, HT-29 human colorectal
cancer, NCI-H292 human lung cancer, and NCI-H520 human lung
cancer cell lines (Fig. 3B, panel C; Supplementary Table S7). The
parental antibody bound to these cell lines with an affinity of approx-
imately 1 nmol/L, and matriptase-activated anti-CD71 PDC bound
with similar low affinities that ranged from 1.5 to 2.8 nmol/L. In
contrast, the masked form of the anti-CD71 PDC showed an approx-
imately 50-fold reduced binding affinity compared with the unmasked
matriptase-activated form.

The ability of the anti-CD71 PDC to bind to cynomolgus monkey
CD71 expressed on the cell surface was assessed using CHO K1 cells
stably transfected with cynomolgus monkey CD71 (Fig. 3B, panel D;
Supplementary Table S7). Flow cytometry indicated that the parental
antibody bound to these cells with an affinity of 0.3 nmol/L, whereas
the binding affinity of the anti-CD71 PDCwas approximately 100-fold
lower at 35 nmol/L. Matriptase activation led to increased binding of
the anti-CD71 PDC with a Kapp value of 0.7 nmol/L.

Binding of the parental native antibody and protease-activated anti-
CD71 PDC was comparable for human and monkey recombinant
CD71 and within threefold on CD71-expressing cells. The Probody
therapeutic peptidemask prevented binding of the PDC toCD71 in the
absence of tumor-associated proteases. The data furthermore dem-
onstrate the restoration of binding toCD71uponprotease activation of
the PDC.

Protease-activated anti-CD71 PDC demonstrates in vitro
cytotoxic activity

To assess the in vitro cytotoxic activity of the anti-CD71 PDC,HT29
and H520 cell lines were treated with increasing concentrations of the
anti-CD71 PDC, matriptase-activated anti-CD71 PDC, or isotype
control (Supplementary Fig. S2). In both cell lines, the anti-CD71
PDC and isotype control showed minimal cytotoxicity (EC50 values
>50 nmol/L), whereas the matriptase-activated PDC demonstrated
cytotoxicity with EC50 values of 1.3 and 1.2 nmol/L in HT29 andH520
cells, respectively, suggesting that protease activation substantially
increases the cytotoxic effects of the PDC.

Anti-CD71 PDC competes with transferrin for binding to CD71
We next evaluated whether the humanized IgG1 monoclonal anti-

CD71 antibody component of the anti-CD71 PDC competes with
human holo-transferrin (hTf) for binding to CD71. This analysis used
the parental antibody (CX-051) for the anti-CD71 PDC and a non-
binding isotype control antibody. Binding of hTf to recombinant
human CD71 was evaluated by ELISA in the presence of the parental
antibody (Supplementary Fig. S3). Biotinylated hTF (6 nmol/L) was
incubated in the presence of increasing amounts of the parental
antibody, and binding of hTf to plate-bound rhCD71 was measured
following the addition of streptavidin-HRP. Compared with the
isotype control antibody, increasing concentrations of the parental
antibody led to a reduction of hTF binding, indicating a concentration-
dependent blockade of hTf binding to rhCD71. However, the antibody
did not compete as effectively as unlabeled hTf, which was included as
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Figure 2.

CD71 ADC has potent subnanomolar EC50 cytotoxic
activity across many human cancer cell lines in vitro.
Human cancer cell lines were treated with increasing
concentrations of the anti-CD71 ADC CX-2014 (anti-
CD71-mc-vc-MMAE) for 3 to 5 days in vitro, and cell
proliferation was measured using a Cell Titer Glo Prolif-
eration Assay. Assays were performed in duplicate or
triplicate, and median EC50 values were calculated for
each cell line. The EC50 of a nonbinding matched isotype
antibody conjugated to MMAEwas not measurable with-
in the range of the assay tested formany cell lines.Where
measurable, EC50s of the isotype control were ≥10-fold
greater than the anti-CD71-vcMMAE activity.
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a positive control. These data suggest that the parental antibody for the
anti-CD71 PDC is a partial competitor with hTf for binding to human
CD71.

Anti-CD71 PDC demonstrates broad, potent in vivo activity in
preclinical xenograft models

The in vivo efficacy of the anti-CD71 PDC as an anticancer agent
was examined in a wide variety of PDX tumor models (Fig. 4;
Supplementary Fig. S4). PDX tumor-bearing mice were dosed with
vehicle control (PBS), or 1.5, 3, or 6 mg/kg anti-CD71 PDC via i.v.
injection on days 0 and 7 (n ¼ 3 per group). PDX models included
those representing gastric cancer, esophageal cancer, NSCLC, breast
cancer, DLBCL, HNSCC, and pancreatic cancer. Among 34 PDX

models tested, 30 models expressed high levels of CD71, and four
(one gastric, one pancreatic, and two esophageal) models expressed
low levels of CD71.

As shown inFig. 4, anti-CD71PDCdemonstrated significant tumor
growth inhibition at 3 or 6 mg/kg in seven tumor models representing
seven tumor indications tested. In most cases, this inhibition lasted for
60 days or longer at the 6 mg/kg dose level. In Fig. 4 and Supple-
mentary Fig. S4, tumor recurrence was observed at the 3 mg/kg dose
level in several tumor lines starting at 40 days after initial treatment.
The 1.5 mg/kg dose, which was tested in eight models, was ineffective
in most models tested. Three of the four models that expressed low
CD71 did not respond to the anti-CD71 PDC, suggesting that high
target levels may be needed for anticancer activity, and consistent with
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the requirement of high target expression for ADC activity (20).
Among the 34 PDX models tested at 3 or 6 mg/kg, 28 (82%) models
responded with tumor regression or stasis.

In an additional study, an anti-CD71 ADC and PDC (bothMMAE-
conjugated, DAR�3) demonstrated comparable efficacy when eval-
uated in the HCC1806 xenograft tumor model (Supplementary
Fig. S5). The anti-CD71 PDC used in this study differs from CX-
2029 by a single amino acid change in the Probody. The data indicate
that the Probody mask is effectively removed in the tumor microen-
vironment and does not impede efficacy. Collectively, the xenograft
data indicate that the anti-CD71 PDC is a potent inhibitor of tumor
growth across a wide variety of cancers and provide preclinical
evidence of efficacy.

Pharmacokinetics of the anti-CD71 PDC in cynomolgusmonkeys
The toxicokinetic profile of the anti-CD71 PDC was evaluated

following i.v. administration to cynomolgus monkeys (Fig. 5; Sup-
plementary Table S8). Four analytes were quantified to describe the
toxicokinetics and activation state of the anti-CD71 PDC in cyno-

molgus monkey plasma; intact anti-CD71 PDC (referring to the
masked, prodrug form), total anti-CD71 PDC (referring to the sum
of intact and activated anti-CD71 PDC), Probody-conjugated MMAE
(pc-MMAE), and nonconjugated MMAE (MMAE).

Dose-proportional exposure of the anti-CD71 PDC was observed
across the dose range tested (2–12mg/kg), based onCmax andAUC for
the major analytes total anti-CD71 PDC, intact anti-CD71 PDC, and
Probody therapeutic-conjugated (pc)-MMAE. Exposure values for
total and intact anti-CD71 PDC were similar, suggesting limited
activation of the Probody therapeutic in healthy tissues or in circu-
lation. Deconjugation of theMMAEpayload from the anti-CD71 PDC
occurred over time, but the exposure of unconjugatedMMAEwas low
at 12 mg/kg (Cmax < 0.13% of the maximal pc-MMAE concentration)
and not detectable at the 2 and 6 mg/kg dose levels.

Nonclinical safety of the anti-CD71 PDC and anti-CD71 ADC in
cynomolgus monkeys

The cynomolgus monkey was identified as a pharmacologically
relevant toxicity species for the anti-CD71 PDC based on the similar
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binding affinities of the parental antibody and activated PDC tohuman
and monkey CD71, the similar concentrations of hTf (endogenous
competitor for binding to CD71) in human and monkey serum (21),
and the broad expression of CD71 in normal tissues of both species.

The relative safety of the anti-CD71 PDC and its nonmasked
counterpart anti-CD71 ADC was evaluated in cynomolgus monkeys.
The anti-CD71 ADC was tolerated as a repeat dose of 0.6 mg/kg
administered on days 1 and 22, whereas the one animal receiving a
single 2 mg/kg dose of this anti-CD71 ADC was found dead on day 9.
The major and dose-limiting toxicity of anti-CD71 ADC was hema-
tologic; findings included dose-dependent decreases in reticulocytes,
red blood cell mass (red blood cell count, hemoglobin concentration,
and hematocrit) and leukocytes, most notably neutrophils (Fig. 6A;
Supplementary Fig. S6).

The tolerability of the anti-CD71 PDCwas substantially higher than
that of the anti-CD71 ADC, consistent with the expected reduction in
binding to normal tissues. Repeat dosing of anti-CD71 PDCat 2mg/kg
was essentially a no-effect dose level. Anti-CD71 PDC-related changes
in clinical pathology parameters at ≥ 6 mg/kg were generally dose-
dependent and reversible. At 6 mg/kg, anti-CD71 PDC-related hema-
tology findings were similar to those observed with anti-CD71 ADC at
0.6 mg/kg (Fig. 6B; Supplementary Fig. S6). Anti-CD71 PDC admin-
istration at 12 mg/kg resulted in a more profound reduction in
neutrophil, reticulocyte, and hemoglobin levels, and three of 12 animals
were either founddead orwere euthanized on day 10 or 11. These deaths
were attributed to septicemia based onmicroscopic evidence of bacterial
infection that was considered secondary to immune suppression. Other
animals in the 12 mg/kg dose group developed skin lesions consistent
with infection. Also noted at 12mg/kgwere clinical chemistry indicators
of acute phase response (decreased albumin and cholesterol; increased
globulins, total bilirubin, and triglycerides). Most hematology findings
recovered or rebounded by day 21, with the exception of a red blood cell

mass in the 12 mg/kg group, and all clinical pathology findings had
reversed after a 6-week recoveryphase.Microscopic changesnoted at the
terminal necropsy included bone marrow hypocellularity (erythroid
and/ormyeloid) at 6 mg/kg, decreased cellularity in the thymus at 6 and
12 mg/kg, and cortical hypertrophy in the adrenal gland at 12 mg/kg.
Findings in animals that died early were similar to those observed at
terminal necropsy with additional findings of decreased cellularity in
spleen andmandibular andmesenteric lymph nodes. All findings were
reversed in the recovery animals. The 10-fold improvement in toler-
ability of the anti-CD71 PDC comparedwith the unmasked anti-CD71
ADC is consistent with the expected attenuation of binding to CD71 in
normal tissues.

Discussion
The goal of this series of studies was to assess the preclinical efficacy

and safety of the anti-CD71 PDC CX-2029 and evaluate the potential
for a PDC to successfully address a highly desirable but previously
undruggable ADC target. The data presented here confirm that CD71
is a potentially attractive ADC target, with high membrane expression
across a broad array of tumor indications. However, CD71 is also
highly expressed in many normal tissues, necessitating a novel
approach to specifically target the antigen in tumor tissues and create
an acceptable therapeutic window. Using the Probody Therapeutic
technology, masking of the target-binding epitope impaired binding of
the anti-CD71 PDC to both human and cynomolgus CD71, and
protease-mediated unmasking in vitro restored binding to levels seen
with the native parental anti-CD71 antibody. The anti-CD71 PDC
displayed potent inhibition of tumor growth across a broad range of
PDX preclinical models. Furthermore, the tolerability of the anti-
CD71 PDC in cynomolgus monkeys indicates substantially improved
safety compared with the corresponding anti-CD71 ADC.
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Consistent with the results of this study, CD71 has previously been
shown to be highly expressed in malignant tissues and may contribute
to tumor progression in a variety of cancers including those that are
sensitive to MTI drugs, such as esophageal, NHL (mostly DLBCL),
lung, HNSCC, breast, ovarian, and endometrial cancers (9–12). In
many cases, CD71 expression is many times higher in malignant cells
than normal cells, and higher expression levels have been associated
with advanced tumor stages or cancer progression (9, 10, 22–24). This
elevated expression reflects the increased tumor demand for iron,
which functions as a cofactor in many metabolic processes including
DNA synthesis and cell proliferation. However, the data presented
here and elsewhere have shown that CD71 is ubiquitously expressed in
normal tissues, particularly rapidly proliferating cells, and is essential
for erythropoiesis and hematopoiesis (25, 26). This expression and
requirement of CD71 in normal tissues thus limits the potential
therapeutic window achievable with an ADC approach.

Previous efforts to target CD71 or Tf using conjugated toxins have
been unsuccessful in the clinic. The 454A12-RTA immunotoxin, in
which a murine IgG1 targeting CD71 was conjugated to the catalytic
subunit of the plant toxin ricin (RTA), was assessed for antitumor
efficacy in two clinical trials. In one study of local treatment of
metastatic intraperitoneal carcinoma with 454A12-RTA, no antitu-
mor effects were observed, but systemic toxicity was reported,
including a fatal encephalopathy with cerebral edema (13). In the
second trial, local intraventricular 454A12-RTA treatment of patients
with leptomeningeal systemic neoplasia resulted in reduced tumor
cell counts in the cerebrospinal fluid with no systemic toxicity (27).
Similarly, local treatment of patients with malignant brain tumors
with Tf-CRM107, a conjugate of human Tf with diphtheria toxin that
lacks native toxin binding (CRM107), resulted in a reduction in tumor
volume in 60% of patients and peritumoral toxicity in 20% of
patients (28). Despite previous efforts to deliver a wide variety of

cytotoxic compounds, including chemotherapeutics, toxins, radio-
isotopes, polymers, gene therapy vectors, and nanoparticles via target-
ing Tf or CD71, none have thus far shown an acceptable risk-benefit
profile in clinical trials (29).

The PDC approach described here represents a promising strategy
for leveraging the attractive properties of CD71 as anADC target while
limiting the on-target/off-tumor toxicities that have hampered previ-
ous efforts to drug this target. The data presented here demonstrate
that the prodomain of the anti-CD71 PDC reduced binding to human
CD71 by approximately 50-fold compared with the parental antibody
and that protease activation restores full binding capacity. Because the
PDC is designed to be activated by protease activities associated with
tumor microenvironments, the binding of the anti-CD71 PDC to
normal tissues should be limited, thereby enhancing the risk–benefit
profile.

The parental antibody of the anti-CD71 PDC partially competes
with hTF when binding to human CD71 (Supplementary Fig. S3).
Given the profound toxicity observedwith a low dose of the anti-CD71
ADC in cynomolgus monkeys, the competitive binding epitope of the
parental antibody with hTF to CD71 may represent a favorable safety
consideration.

In vivo, anti-CD71 PDC treatment resulted in potent tumor
growth inhibition (stasis or regression) at 3 or 6 mg/kg dose levels
in 28 of 34 PDX models tested, including seven different tumor
types (pancreatic, gastric, esophageal, NSCLC, HNSCC, breast, and
DLBCL). Most models expressed moderate to high levels of CD71.
Three of four CD71 low-expressing models showed poor activity
when treated with anti-CD71 PDC, consistent with the view that
higher expressing tumors may respond better (20). The robust
activity observed across multiple cancer types supports the potential
for broad efficacy of the anti-CD71 PDC across multiple tumor
indications in the clinic.

CX-2030 (anti-CD71 ADC)A
Reticulocytes BGHslihportueN

Reticulocytes BGHslihportueN
Vehicle (n = 12)
CX-2029, 2 mg/kg (n = 12)
CX-2029, 6 mg/kg (n = 12)
CX-2029, 12 mg/kg (n = 9−12)

Vehicle (n = 3)
CX-2030, 2 mg/kg (n = 1)
CX-2030, 0.6 mg/kg (n = 2)

CX-2029 (anti-CD71 PDC)B

C
ou

nt
 ×

 1
03 /m

L 10

1

−10 0 10
Study day

20 30 −10 0 10
Study day

20 30 −10 0 10
Study day

20 30

−10 0 10
Study day

20 30 −10 0 10
Study day

20 30 −10 0 10
Study day

20 30

0.1

0.01

C
ou

nt
 ×

 1
03 /m

L 10

1

0.1

0.01

1,000

100

C
ou

nt
 ×

 1
09 /m

L

10

1

1,000

100

C
ou

nt
 ×

 1
09 /m

L

10

1

20

15

10

g/
dL

5

0

20

15

10

g/
dL

5

0

Figure 6.

Effects of anti-CD71 PDC and anti-CD71 ADC on hematology parameters in cynomolgus monkeys. Cynomolgus monkeys were administered 2 or 0.6 mg/kg of anti-
CD71 ADC (CX-2030), and 2, 6, or 12 mg/kg of anti-CD71 PDC (CX-2029) by i.v. injection. Neutrophil count, reticulocyte count, and hemoglobin concentration (HGB)
are shown for anti-CD71 ADC (A) and anti-CD71 PDC (B). Figures show mean values with SD.

Singh et al.

Mol Cancer Ther; 21(8) August 2022 MOLECULAR CANCER THERAPEUTICS1334



Dose-proportional exposure of the anti-CD71 PDC was observed
over the 2 to 12 mg/kg dose range tested, and most anti-CD71 PDC in
circulation was intact. Exposure of unconjugatedMMAEwas very low,
suggesting stability of the vc linker and limited potential for toxicity
due to circulating unconjugated MMAE.

Anti-CD71 PDC demonstrated a 10-fold improvement in tolera-
bility compared with the DAR-2 purified anti-CD71 ADC, as seen by a
right-shift in the dose–response curve for hematologic toxicity. MTDs
for anti-CD71 PDC and anti-CD71 ADC were 6 and 0.6 mg/kg,
respectively. Early deaths at doses exceeding the MTD for anti-CD71
PDC or anti-CD71 ADC were consistent with sepsis that was con-
sidered secondary to immune suppression. Toxicity findings for anti-
CD71 PDC, which included dose-dependent decreases in red blood
cell mass, reticulocytes, and all leukocyte subsets, were generally
consistent with publicly available cynomolgus toxicity data for other
MMAE ADCs (30, 31) and were largely reversed within 3 weeks after
dosing.

Together, these studies demonstrate potential of the PDC approach
to target otherwise “undruggable” tumor antigens and provide a sound
scientific basis for the development of this anti-CD71 PDC as a novel
therapeutic for the treatment of cancer. CX-2029 is now being
investigated in a phase I/II clinical trial in patients with metastatic
or locally advanced unresectable solid tumors or DLBCL.
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