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ABSTRACT
◥

Purpose: PROCLAIM-CX-2029 is a phase I first-in-human study
of CX-2029, a Probody–drug conjugate targeting CD71 (transferrin
receptor 1) in adults with advanced solid tumors. Although the
transferrin receptor is highly expressed across multiple tumor types,
it has not been considered a target for antibody–drug conjugates
(ADCs) due to its broad expression on normal cells. CX-2029 is a
masked form of a proprietary anti-CD71 antibody conjugated to
monomethyl auristatin E, designed to be unmasked in the tumor
microenvironment by tumor-associated proteases, therefore limiting
off-tumor toxicity and creating a therapeutic window for this
previously undruggable target.

Experimental Design: This was a dose-escalation, multicenter
trial to evaluate the safety, pharmacokinetics, pharmacodynamics,
and antitumor activity of CX-2029. The primary endpoint was
to determine the maximum tolerated dose (MTD) and cycle 1

dose-limiting toxicity (DLT). CX-2029 was administered i.v. every
3 weeks.

Results: Forty-five patients were enrolled in eight dose levels. No
DLTs were reported in the dose escalation through 4 mg/kg. At
5 mg/kg, there were two DLTs (febrile neutropenia and pancytope-
nia). Following expansion of the 4 mg/kg dose to six patients, two
additional DLTs were observed (infusion-related reaction and neu-
tropenia/anemia). Both the 4 and 5 mg/kg doses were declared above
the maximum tolerated dose. The recommended phase II dose is
3 mg/kg. The most common dose-dependent hematologic toxicities
were anemia and neutropenia. Confirmed partial responses were
observed in three patients, all with squamous histologies.

Conclusions: The Probody therapeutic platform enables target-
ing CD71, a previously undruggable ADC target, at tolerable doses
associated with clinical activity.

Introduction
Antibody–drug conjugates (ADCs) aremonoclonal antibodies (mAbs)

conjugated to cytotoxic smallmolecules through a cleavable linker. ADCs
have shown their greatest clinical utility when targeting antigens express-
ed at high levels primarily on cancer cells, exemplified by trastuzumab
emtansine for the treatment of HER2þ breast cancer and brentuximab
vedotin for cluster of differentiation (CD) 30-positive Hodgkin’s disease

and anaplastic large cell lymphoma (1, 2). Other known cell surface
antigens highly expressed on cancer cells are potentially attractive as
ADC targets, but many of these targets have not been pursued because
of concerns regarding their broad expression in normal tissue.

One such target is CD71, also known as transferrin receptor 1
(TfR1). This antigen is highly expressed on rapidly proliferating cancer
cells and is involved in the cellular uptake of iron (3). The high
expression of CD71 allows tumor cells to meet the iron requirement
for proliferation (4, 5). High expression of CD71 has been documented
for many human cancers including cervical, breast, esophageal, pan-
creatic, and renal cancer (6–10). Upon internalization and trafficking
to low pH endosomes where iron is released, CD71 rapidly recycles
back to the cell surface and as such is a highly efficient delivery system.
Furthermore, CD71 cannot be readily downregulated by cancer cells
because they depend on transferrin-mediated iron uptake for their
growth and proliferation. These features can be utilized to enable
efficient delivery of cytotoxic payloads into cancer cells via CD71-
based ADCs. However, the widespread expression of CD71 on many
normal human tissues, including erythroid precursor cells and other
cells with a high iron requirement, leads to on-target off-tumor toxicity
and has precluded the development of CD71-directed ADCs to date.

Probody therapeutic candidates use a novel platform designed to
improve the safety and tolerability profile of mAbs, ADCs, and other
antibody-based therapies. These fully recombinant mAb prodrugs
comprise an active antibody (or antibody fragment) component, a
masking peptide, and a protease-cleavable substrate linker peptide.
Probody therapeutic candidates remain largely intact as an inactive
prodrug in circulation, and by exploiting the dysregulated protease
activity in the tumor microenvironment (TME), the masking peptide
linker is cleaved allowing antibody binding to the target antigen
expressed on tumor (11, 12). The potential for improved safety and
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tolerability with Probody therapeuticsmay allow for dose optimization
and more tolerable combination therapies, allowing us to drug the
undruggable.

CX-2029 is a CD71-targeting Probody–drug conjugate (PDC)
composed of a protease-activatable antibody prodrug targeting the
TfR1 conjugated to the cytotoxin monomethyl auristatin E (MMAE)
via a cysteine protease-cleavable dipeptide linker, valine–citrulline
(vc), with a drug–antibody ratio of 2 (13). The antibody prodrug
portion of CX-2029 is derived from a humanized mAb. In its intact
prodrug form, both light chains of CX-2029 are modified at their N-
terminus by recombinant inclusion of a 47-amino acid prodomain,
which serves to mask the target-binding region of the antibody.
Cleavage of the prodomain by proteases, commonly active in the
TME, releases the mask and yields the activated form of CX-2029. The
mechanism of action for CX-2029 involves binding of the activated
PDC to its target antigen on the cell surface and as seen with other
vcMMAE ADCs, receptor-mediated internalization, and lysosomal
processing of the activated PDC, which releases the cytotoxin (14).
Auristatin toxins including MMAE are microtubule-inhibiting agents
that induce cell-cycle (G2–M) arrest of dividing cells, resulting in cell
death (15). MMAE-containing ADCs have been successfully devel-
oped in the treatment of Hodgkin lymphoma and anaplastic large cell
lymphoma (brentuximab vedotin; refs. 1, 16), relapsed/refractory
diffuse large B-cell lymphoma (polatuzumab vedotin-piiq; ref. 17),
and advanced bladder cancer (enfortumab vedotin-ejfv; ref. 18).

In studies of multiple mouse cell line–derived and human patient–
derived xenograft tumor models, one to two dose administrations
every 2 weeks of CX-2029 between 3 and 6 mg/kg produced complete
regression and durable responses. These models included lung, breast,
ovarian, gastric, esophageal, colorectal, head and neck, diffuse large B-
cell lymphoma, pancreatic, and prostate cancers, as well as multiple
myeloma and mesothelioma (19). CX-2029 exhibited cross-reactivity
with cynomolgusmonkeyCD71 andwas tolerated inmonkeys at doses
of up to 6 mg/kg (the human equivalent, 2 mg/kg after adjusting for
body surface area). In contrast, the unmasked CD71ADCwas lethal at
low doses (2 mg/kg) in cynomolgus monkeys due to principally
neutropenic sepsis but tolerated at 0.6 mg/kg. Whereas the human
equivalent of a tolerable dose of the unmasked CD71 ADC (0.2 mg/kg
after adjusting for body surface area) is well below its projected
biologically active dose (2 mg/kg), the projected biologically active

dose of CX-2029 in humans was similar to its recommended phase II
dose (RP2D).

These preclinical results suggest that CX-2029 may offer significant
potential as a novel therapeutic approach to harness the potential of
CD71 as an ADC target and address currently unmet medical needs in
patients across multiple cancer types. PROCLAIM-CX-2029
(NCT03543813), the first-in-human study of CX-2029, evaluated
tolerability and preliminary antitumor efficacy of CX-2029 in patients
with advanced, unresectable solid tumors. Here, we report safety and
efficacy datawithCX-2029monotherapy during dose-escalation phase
of the trial.

Materials and Methods
Study design

In this open-label study, adult patients with metastatic or locally
advanced unresectable solid tumors without approved life-prolonging
treatment options were recruited at 12 sites in the United States, Spain,
and the United Kingdom. The primary objective of the dose-escalation
phase was to determine an MTD and RP2D.

In the dose-escalation phase, patients received CX-2029 (0.1, 0.25,
0.5, 1, 2, 3, 4, or 5 mg/kg) i.v. over 90 minutes [later increased to 180
minutes to mitigate infusion-related reactions (IRR)] every 3 weeks.
Due to the novelty of this target and unknown potential for toxicity,
the starting dose of CX-2029 was 1/20th rather than the typical 1/6th
of the highest nonseverely toxic dose in monkeys. Starting at 2 mg/kg
(provisionally set by nonclinical data observed in the cynomolgus
monkey), additional patients were enrolled to characterize the pro-
tease activity and measure the cleavage of CX-2029 in tumor biopsies
and peripheral blood. The dose-limiting toxicity (DLT) assessment
period was 21 days. Although the trial was planned to initiate with
single-patient cohorts, the first dose level was expanded to three
patients due to observation of a grade 3 IRR. Dose escalation thereafter
followed standard 3þ3 dose-escalation rules. A continual reassess-
ment method was included in the protocol to begin at 3 mg/kg; how-
ever, as no cycle 1 DLTs were observed up to and including the
4 mg/kg dose level, this methodology was not implemented. The study
incorporated a Safety Review Committee (SRC), which was composed
of active CX-2029 study investigators and the sponsor. An independent
Data Safety Monitoring Board reviewed data from the on-going trial at
regular intervals of no less than every 6 months.

Adverse events (AEs) were evaluated from the start of treatment
until 30 days after the final treatment and were coded using Medical
Dictionary for Regulatory Activities terminology (version 22.0) and
graded using the National Cancer Institute’s Common Terminology
Criteria for Adverse Events (version 5.0). Serum hematology and
biochemistry were evaluated weekly. Physical examination, vital signs,
and electrocardiograms were assessed at regular intervals throughout
the study. Tumor biopsies were collected during the screening period
(baseline) and 3 to 5 days after the first dose of CX-2029 (if the patient
consented to this procedure).

Population
Eligible candidates were aged ≥18 years with Eastern Cooperative

Oncology Group (ECOG) performance status 0 or 1, with archival
tissue or biopsy available for tissue analyses, adequate organ and bone
marrow function, and an anticipated life expectancy of ≥3 months.
Patients with brain metastasis were allowed if they were clinically
stable. Patients in the dose-escalation phase were required to have
metastatic or advanced unresectable solid tumor (measurable or
nonmeasurable disease) for whom there was no approved therapy

Translational Relevance

The Probody therapeutic platform is an innovative approach to
target tumor antigens that are difficult to target due to safety
concerns around expression in normal tissues with resulting on-
target, off-tumor activity. Despite high levels of CD71 expression
across a wide variety of tumor types, attempts to target this antigen
have previously been unsuccessful due to safety concerns related to
normal tissue expression. CX-2029 is a Probody–drug conjugate
targetingCD71 (transferrin receptor 1) designed to be unmasked in
the tumor microenvironment by tumor-associated proteases. In
this article, we established the safety profile and a recommended
dose for future study of CX-2029 as a novel cancer therapeutic
targeting CD71, a previously undruggable antibody–drug conju-
gate target. Our findings demonstrate promising clinical activity at
tolerable doses in patients with squamous histologies supporting
the continued clinical development of CX-2029 in patients with
advanced malignancies.
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with life-prolonging benefit or who were intolerant or not suitable for
other therapy. CD71 positivity by immunohistochemistry (IHC) was
not required for study entry; tumor tissue (archival or fresh biopsy
during the screening period) was requested of all patients. Tumor
types for patients enrolled in the mandatory on-study biopsy cohorts
were limited to head and neck squamous cell carcinoma (HNSCC),
non–small cell lung carcinoma (NSCLC, squamous cell histology
only), or esophageal carcinoma (measurable disease by RECIST
v1.1 was required). These additional patients with selected tumor
types were enrolled into dose levels previously declared to be safe by
the SRC and were limited to dose levels of 2 and 3 mg/kg.

Exclusion criteria included neuropathy grade >1; significant cardiac
disease; HIV-related illness; hepatitis B or C; solid organ or bone
marrow transplant; prior or current autoimmune disease; unresolved
grade >1 acute toxicity from prior anticancer therapy; moderate or
severe hepatic impairment (Child–Pugh B or C); and severe renal
impairment (creatinine clearance < 30mL/min). Patients were exclud-
ed if they demonstrated transfusion-dependent anemia requiring
transfusion of at least one unit of packed red blood cells required
every 90 days to maintain hemoglobin >10 g/dL over the past
12months; use of iron chelators and patients with a history of clinically
significant ironmetabolism disorder (e.g., sickle cell anemia) were also
excluded. This study was conducted in accordance with the Institu-
tional Review Board or independent ethics committee–approved
protocol, and International Conference on Harmonisation Good
Clinical Practice Guidelines. All patients provided written informed
consent.

Outcomes
Safety and tolerability parameters included DLT, AEs, physical

examination, triplicate electrocardiograms, vital signs, and laboratory
assessments.

DLT was defined as grade 4 treatment-related AEs (TRAE; unless
<7 days or without clinical sequelae) or grade 3 TRAEs (with
exceptions including transient uncomplicated hematologic abnor-
malities, electrolyte abnormalities, gastrointestinal toxicity resolv-
ing < 72 hours, fatigue, or tumor flare) occurring during the first
cycle of treatment (21 days). In addition, an IRR lasting greater than
6 hours was also considered a DLT. Events meeting DLT criteria
occurring after the first cycle of treatment were categorized as
“delayed DLT” and were also considered for the determination of
the RP2D.

Primary endpoints were to evaluate the safety and tolerability of
multiple doses of CX-2029 and to determine the MTD and DLTs.
Secondary endpoints were overall response rate (ORR; defined accord-
ing to RECIST v1.1) and duration of response (DOR; defined as the
time from first documentation of objective response to first docu-
mented disease progression by RECIST v1.1 or death from any cause).
Disease control was defined as a confirmed objective response by
RECIST v1.1 or stable disease of at least 16-week (�7 days) duration.
CT or MRI scans were performed to evaluate tumor response every
8 weeks for 12months, and every 12 weeks thereafter until progressive
disease.

Pharmacokinetics
Blood samples were obtained at various time points before and

after CX-2029 administration for pharmacokinetics (PKs) testing
(Supplementary Methods). The following analytes were measured
in human plasma via validated LC-MS/MS assays (Supplementary
Methods): (1) Intact CX-2029 (referring to the masked prodrug
form of CX-2029 � MMAE); (ii) conjugated MMAE (pc-MMAE,

Probody-conjugated MMAE); (iii) unconjugated MMAE (free
MMAE); and (iv) Total CX-2029 (intact and activated forms
of CX-2029 � MMAE). CD71 was assessed by a single central
pathology laboratory by IGC. CD71 expression was defined by
overall tumor staining using a proprietary antibody. Given the
rapid recycling of this cell surface receptor, both membranous and
overall/cytoplasmic expressions were characterized. High CD71
expression was defined as IHC staining of ≥50% tumor cells
at 2þ/3þ intensity for overall staining; low expression was defined
as 1þ (Supplementary Methods).

Statistical analyses
Response-evaluable population (REP) was defined as all patients

in the safety analysis population who have adequate disease assess-
ments with measurable disease by RECIST at both baseline and at
least one postbaseline assessment. The REP was used for efficacy ana-
lyses related to objective response, including ORR, time to response,
and DOR. Time to tumor response and DOR were summarized for
patients with a confirmed response.

Results
Patient population

Patients were enrolled in the dose-escalation phase of the study
between June 18, 2018, and March 12, 2020; data are reported as of
August 14, 2020. A total of 45 patients were enrolled at the following
dose levels: CX-2029 0.1 mg/kg (n¼ 3), 0.25 mg/kg (n¼ 3), 0.5 mg/kg
(n¼ 6), 1 mg/kg (n¼ 3), 2 mg/kg (n¼ 8), 3 mg/kg (n¼ 12), 4 mg/kg
(n ¼ 6), and 5 mg/kg (n ¼ 4), of these 45 patients, nine were entered
into the mandatory biopsy cohorts of 2 mg/kg (n¼ 3) and 3 mg/kg (n
¼ 6). Reasons for treatment discontinuation in the dose-escalation
phase were disease progression [n¼ 30 (68%)], withdrawal by patient
[n ¼ 6 (13%)], symptomatic deterioration [n ¼ 3 (7%)], AE [n ¼ 2
(4%)], and investigator decision [n ¼ 1 (2%)]. Baseline patient
characteristics are presented in Table 1. The median age was 60 years,
and there were more males than females (62% vs. 38%, respectively).
Themost common tumor types included NSCLC [adenocarcinoma (n
¼ 5) and squamous cell carcinoma (n ¼ 4)], HNSCC (n ¼ 8), and
colorectal cancer (n ¼ 7). Patients had received a median of three
prior to cancer regimens (range, 1–16). Most patients had an ECOG
performance status of 1. CD71 expressionwas high in 38%, low in 46%,
and unknown in 16% of patients (tissue unavailable).

Safety
There were 45 patients dosed up to and including 5 mg/kg with

CX-2029 in the dose-escalation phase of Study CTMX-M-2029-001.
Following Data and Safety Monitoring Board input, dose level
0.5 mg/kg was expanded to six patients in order to assess the effects
of premedications on the incidence and severity of IRRs. No DLTs
were reported in the initial dose escalation through 4 mg/kg. At
5 mg/kg, there were two DLTs (febrile neutropenia and pancytopenia
of greater than 7 days’ duration). Following expansion of the 4 mg/kg
dose level to six patients, two additional DLTs were observed (IRR
lasting greater than 6 hours; grade 4 neutropenia with grade 3 anemia
leading to delay of initiation of cycle 2). Both 4 and 5mg/kg dose levels
were declared above theMTDby the SRC. Dose levels of 2 and 3mg/kg
were subsequently expanded in order to better evaluate drug-related
toxicity at these doses (to 8 and 12 patients, respectively). Following
assessment of these two dose levels, the SRC declared the RP2D to be
3 mg/kg every 3 weeks, based on several safety parameters: there were
no cycle 1DLTs, no discontinuations due to toxicity, and the long-term
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tolerability of this dose appeared to be acceptable for chronic admin-
istration with supportive care for anemia. Themedian duration of CX-
2029 treatment in all patients was 9 weeks.

No CX-2029 treatment–related deaths were reported. Treatment-
emergent AEs (TEAEs) occurring in ≥10% of patients are summarized
in Table 2. The most common TEAEs were IRR (87%), anemia (67%),
nausea (36%), decreased appetite (27%), and fatigue (27%). At 3mg/kg
of CX-2029, any grade TRAEs reported in ≥10% patients included
IRRs (75%), anemia (75%), nausea (33%), vomiting (25%), neutro-
penia (25%), white blood cell count decreased (17%), hypoxia (17%),
and fatigue (17%). IRRs, although themost common treatment-related
toxicity, were most frequently grades 1 to 2 in severity, associated with
the first or second infusion, and successfully treated in all but one
patient with prolonging the time of infusion and administration of
premedications (added by protocol amendment) including acetamin-
ophen, antihistamines, corticosteroids, and meperidine.

The most frequently reported grade ≥3 TEAEs related to CX-2029
were anemia (51%), neutropenia (25%), and leukopenia (11%) as listed
in Table 3. These events were most frequently reported at CX-2029

doses of 4 and 5 mg/kg. At 3 mg/kg of CX-2029, related grade ≥ 3
TEAEs were reported in 67% of patients and were predominantly
hematologic events with related grade ≥3 TEAE of anemia reported in
58% and neutropenia in 33% of patients. Overall, TEAEs leading to
CX-2029 discontinuation were infrequent: One patient treated at
0.25 mg/kg discontinued treatment due to pain related to progressive
disease that was unrelated to CX-2029 and one patient treated at
0.1 mg/kg with metastatic involvement of the lung discontinued
treatment due to hypoxia in the setting of an IRR and clinical disease
progression.

Anemia was a dose-dependent toxicity, more frequently reported at
CX-2029 doses of 2 mg/kg or higher. The most common delayed DLT
(occurring cycle 2 and beyond) was grade 3 anemia, with occasional
reports of grade 3 neutropenia and one grade 4 febrile neutropenia in
the absence of growth factor support were also reported. Red cell
transfusion was reported in 26 (58%) patients, with a median of two
transfusions (range, 1–13), and a median time from first infusion to
transfusion was 36 days (range, 15–59). At a starting dose of 3 mg/kg,
drug-related anemia was reported in 11 of the 12 patients of which

Table 2. Treatment-emergent adverse events occurring in ≥10% of patients.

Dose CX-2029 (mg/kg)
0.1 0.25 0.5 1 2 3 4 5 All cohorts

Preferred term, n (%) (N ¼ 3) (N ¼ 3) (N ¼ 6) (N ¼ 3) (N ¼ 8) (N ¼ 12) (N ¼ 6) (N ¼ 4) (N ¼ 45)

Patients with at least one treatment-emergent
adverse event

3 (100) 3 (100) 6 (100) 3 (100) 8 (100) 12 (100) 6 (100) 4 (100) 45 (100)

IRR 2 (67) 3 (100) 5 (83) 3 (100) 8 (100) 9 (75) 6 (100) 3 (75) 39 (87)
Anemia 0 0 2 (33) 2 (67) 7 (88) 11 (92) 5 (84) 3 (75) 30 (67)
Nausea 0 2 (67) 3 (50) 0 2 (25) 5 (42) 3 (50) 1 (25) 16 (36)
Decreased appetite 0 0 0 1 (33) 0 6 (50) 3 (50) 2 (50) 12 (27)
Fatigue 0 0 1 (17) 1 (33) 2 (25) 4 (33) 2 (33) 2 (50) 12 (27)
Constipation 1 (33) 2 (67) 1 (17) 0 1 (13) 2 (17) 1 (17) 0 8 (18)
Neutropenia 0 0 2 (33) 0 0 3 (25) 1 (17) 2 (50) 8 (18)
Vomiting 1 (33) 0 1 (17) 0 0 4 (33) 1 (17) 1 (25) 8 (18)
Dyspnea 0 1 (33) 1 (17) 0 1 (13) 3 (25) 0 1 (25) 7 (16)
Headache 2 (67) 0 1 (17) 0 1 (13) 0 1 (17) 2 (50) 7 (16)
Dizziness 0 0 0 1 (33) 0 3 (25) 0 2 (50) 6 (13)
White blood cell count decreased 0 0 0 0 0 2 (17) 2 (33) 2 (50) 6 (13)
Aspartate aminotransferase increased 0 0 0 0 2 (25) 2 (17) 0 1 (25) 5 (11)
Asthenia 0 0 0 0 0 4 (33) 0 1 (25) 5 (11)
Back pain 1 (33) 0 0 0 1 (13) 3 (25) 0 0 5 (11)
Neutrophil count decreased 0 0 0 0 0 1 (8) 2 (33) 2 (50) 5 (11)

Table 3. Grade ≥3 treatment-emergent adverse events related to CX-2029.

Dose CX-2029 (mg/kg)
0.1 0.25 0.5 1 2 3 4 5 All cohorts

Preferred term, n (%) (N ¼ 3) (N ¼ 3) (N ¼ 6) (N ¼ 3) (N ¼ 8) (N ¼ 12) (N ¼ 6) (N ¼ 4) (N ¼ 45)

Patients with at least one grade ≥3 treatment-emergent
adverse event

1 (33) 0 2 (33) 1 (33.3) 6 (75) 8 (67) 5 (83) 4 (100) 27 (60)

Anemia 0 0 0 1 (33%) 6 (75) 7 (58%) 5 (83) 4 (100) 23 (51)
Neutropenia 0 0 1 (17) 0 0 4 (33%) 3 (50) 3 (75) 11 (25)
Leukopenia 0 0 0 0 0 1 (8%) 2 (33) 2 (50) 5 (11)
IRR 1 (33) 0 0 0 1 (13) 0 1 (17) 0 3 (7)
Acute myocardial infarction 0 0 1 (17) 0 0 0 0 0 1 (2)
Hypoxia 1 (33) 0 0 0 0 0 0 0 1 (2)
Lymphopenia 0 0 0 0 1 (13) 0 0 0 1 (2)
Thrombocytopenia 0 0 0 0 0 0 0 1 (25) 1 (2)
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seven patients experienced grade 3 anemia (there were no reports of
grade 4–5 anemia). The median time to onset of anemia was 42 days
but has occurred as early as 6 days following the first CX-2029 infusion.
Anemia led to CX-2029 dose reduction and dose delay in three and
four patients, respectively. No events of anemia led to discontinuation
of CX-2029. At 3mg/kg CX-2029, 10 of the 12 patients received at least
one red cell transfusion. Of note, an analysis of hemoglobin and
reticulocytes divides the dose range into three groups: at doses of
0.1 to 0.25 mg/kg, there is little change in either hemoglobin or
reticulocytes; at doses of 0.5 to 2 mg/kg, there is a decrease in
hemoglobin levels with a reactive increase in reticulocytes; and at
doses of 3 to 5mg/kg, there is a decrease in hemoglobin levels without a
reactive increase in reticulocytes, suggesting an effect on erythropoiesis
(Supplementary Fig. S1A–S1C). To date, two patients received darbe-
poetin with a resultant reduced frequency of packed red blood cell
transfusions; continued investigation into the utility of darbepoetin or
erythropoietin to treat anemia is planned.

Pharmacokinetics
Preliminary single-dose CX-2029 PK data (Fig. 1) suggested no

trends from dose proportionality following 0.25 to 5.0 mg/kg. Fol-
lowing 0.25 to 5.0 mg/kg, CX-2029 circulated predominantly as intact
CX-2029 (>90%), whereas free MMAE circulated at no greater than
4.3% of total CX-2029. The median terminal half-life spanned 2.3 to
5.8 days. Paired biopsies were obtained in only five patients (dosed at
2–3 mg/kg). Intact/masked CX-2029 was detected in all five samples
using a capillary immunoelectrophoresis assay; however, given the low
doses administered, the amount of activated CX-2029 fell below the
assay quantification limit. Work is ongoing to improve the under-

standing of the pharmacology of CX-2029, including studies aimed at
understanding what tumor environment is optimal for activation of
the Probody therapeutic.

Antitumor activity
Among the 45 patients who were treated, 37 patients were in the

REP (Table 4). Three of four patients with squamous NSCLC had
stable disease (SD) or better including two confirmed partial
responses (PRs) (3 mg/kg, n ¼ 1; 5 mg/kg, n ¼ 1), and seven of
eight patients with HNSCC had SD or better including one con-
firmed PR at 3 mg/kg and one prolonged SD ongoing at approx-
imately 25 weeks as of this data cutoff. In addition, one patient with
ocular melanoma treated at 0.5 mg/kg had durable SD lasting up to
36 weeks. Of the three responders, CD71 expression was considered
high in the patient with HNSCC and low/unknown in both patients
with squamous NSCLC. All patients had received standard-of-care
treatment for their malignancy. Clinical activity by target lesion
reduction was observed at doses of 2 mg/kg and higher, all in
patients with squamous cell histology. Among those treated at
3 mg/kg, disease control was observed in five of the 10 response-
evaluable patients (50%; 95% confidence interval, 18.7%–81.3%).
Best percent change in target lesion size from baseline over time,
along with tumor type among the response-evaluable patients
treated at doses ≥2 mg/kg, is presented in Fig. 2A. Among respon-
ders, decreases in tumor size from baseline were observed in the first
8 to 16 weeks (Fig. 2B). No responses were seen in patients treated
at doses ≤1 mg/kg (Fig. 2C). CT scans of responding patients
treated at 3 mg/kg are presented in Supplementary Fig. S2A and S2B.
Of note, both patients had been dose reduced from 3 to 2 mg/kg, and
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Figure 1.

Preliminary dose 1 intact and total CX-2029 median plasma concentrations versus time following administration of up to 5 mg/kg CX-2029.
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target lesions measurements remained either stable or continued to
decrease at this dose.

Discussion
CX-2029 is a first-in-class PDC targeting CD71 (TfR1), a previously

undruggable, highly expressed cancer antigen involved in cellular iron
transport that is known to be broadly expressed on normal cells (20).
The dose-escalation portion of this first-in-human study provides
preliminary evidence of the tolerability and clinical activity ofCX-2029
monotherapy in previously treated patients with advanced or meta-
static solid tumors.

A dose range of 2 to 4 mg/kg (equivalent to a human dose of
approximately 1–2 mg/kg) had been predicted by monkey toxicology
studies and nonclinical PK as likely to be biologically active. Dose
escalation was uncomplicated up to 3 mg/kg. Although the SRC
primarily used safety data to determine the choice of 3 mg/kg as the
RP2D, the choice of this dose level was further supported by PK data
that suggested that a typical patient receiving a dose of ≥2 mg/kg CX-
2029 every 3 weeks would maintain a targeted drug level throughout
the 3-week dosing interval, based on nonclinical data and systems
pharmacology modeling (21).

Toxicity with traditional MMAE ADCs includes anemia, neutro-
penia, thrombocytopenia as well as MMAE-associated neuropathy.
Although severe drug-related neuropathy was not reported in this
study (observations of neuropathy were restricted to one patient
treated at a dose of 1 mg/kg with one episode of grade 1 paraesthesias),
the median duration of treatment may have precluded observation of
this toxicity (this may also be due to a lower drug–antibody ratio for
CX-2029: 2 compared with 3.5–4 for other approved ADCs with
MMAE as a payload). MMAE-associated hematologic toxicity was
however the primary toxicity observed upon treatment with CX-2029,
occurring in a dose-dependent manner. CX-2029 IRRs were not dose
dependent. They were mostly grades 1 and 2 in severity and resolved 2
to 3 hours after initiation of supportive care measures.

Anemia related to CX-2029 is of interest. This was initially observed
in the toxicology studies prior to this clinical study (decreases in red
blood cell parameters, including RBC mass and reticulocytes, were
observed at a dose of 6 mg/kg in cynomolgus monkeys, equivalent to a
human dose of 2 mg/kg). The etiology of anemia remains under
investigation and is likely multifactorial in nature: CD71 is expressed
in erythroid precursors in the bone marrow (22); MMAE (the cyto-

toxic payload conjugated to the CD71-targeted antibody) is also
associated with anemia (23). Investigation into the utility of darbe-
poetin or erythropoietin to treat anemia is ongoing. Early data on a
dose-dependent lack of reticulocytosis may support a bone marrow
component to the observed anemia.

Although this trial was not designed or powered to assess antitumor
activity, encouraging preliminary clinical activity was observed at
doses of 2 mg/kg and higher in heavily pretreated patients (all activity
was observed in squamous histologies). Going forward, CX-2029 at
3 mg/kg will be studied in four tumor types based on activity observed
in this phase I study, nonclinical CD71 expression analysis, and
xenograft studies. The propensity of responses among squamous
cancers is of interest and is under further investigation. The association
between CD71 expression and efficacy has not yet been fully eluci-
dated, and work is ongoing regarding CD71 parameters (IHC; gene
amplification) versus tumor regression.

As with all phase I dose-escalation studies, limitations include
that the study was open-label with a small sample size and hetero-
geneity of dose levels and tumor types. This makes correlating
CD71 expression with efficacy and defining a cutoff prospectively
for the expansion study challenging. Larger studies are needed to
confirm activity and tolerability findings observed in this phase I
trial and examine the predictive value of CD71 expression for
clinical efficacy. In addition, as a membrane transporter with a
rapid rate of internalization and recycling to the plasma membrane,
the role of CD71 (whether by protein expression, gene amplifica-
tion, or other) in the selection of patients is currently unknown. As a
correlation between any CD71 parameter and biological activity of
this agent in patients is unknown, the phase II dose-expansion
cohorts will continue to enroll an unselected patient population
with a focused effort on better understanding CD71 biology in
different advanced malignancies.

Conclusion
This first-in-human trial validates CD71 as a viable therapeutic

cancer target. The Probody-therapeutic platform is the only platform
that has been successfully applied to enable targeting CD71, a previ-
ously undruggable ADC target, at tolerable doses associated with
clinical activity. CX-2029 will be evaluated in four phase II expansion
cohorts in squamous NSCLC, HNSCC, esophageal and gastroesoph-
ageal junction cancers (adenocarcinoma and squamous), and diffuse

Table 4. Antitumor activity—response-evaluable population.

Dose CX-2029 (mg/kg)
0.1 0.25 0.5 1 2 3 4 5 All cohorts

Category (N ¼ 3) (N ¼ 2) (N ¼ 6) (N ¼ 3) (N ¼ 7) (N ¼ 10) (N ¼ 4) (N ¼ 2) (N ¼ 37)

Confirmed partial response, n (%) 2 (20.0) 1 (50.0) 3 (8.1)
95% CI 2.5–55.6 1.3–98.7 1.7–21.9

Stable disease, n (%) 1 (33.3) 4 (66.7) 1 (33.3) 3 (42.9) 4 (40.0) 13 (35.1)
95% CI 0.8–90.6 22.3–95.7 0.8–90.6 9.9–81.6 12.2–73.8 20.2–52.5

Progressive disease, n (%) 2 (66.7) 2 (100.0) 2 (33.3) 2 (66.7) 3 (42.9) 4 (40.0) 4 (100.0) 1 (50.0) 20 (54.1)
95% CI 9.4–99.2 15.8–100.0 4.3–77.7 9.4–99.2 9.9–81.6 12.2–73.8 39.8–100.0 1.3–98.7 36.9–70.5

Not evaluable, n (%) 1 (14.3) 1 (2.7)
95% CI 0.4–57.9 0.1–14.2

Disease control,a n (%) 3 (50.0) 1 (33.3) 2 (28.6) 5 (50.0) 1 (50.0) 12 (32.4)
95% CI 11.8–88.2 0.8–90.6 3.7–71.0 18.7–81.3 1.3–98.7 18.0–49.8

Abbreviation: CI, confidence interval.
aDisease control was defined as a confirmed objective response by RECIST v1.1 or stable disease of at least 16-week (�7 days) duration.
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large B-cell lymphoma with work ongoing to evaluate CD71 para-
meters for optimal patient selection.
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