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ABSTRACT

Introduction: L-DOS47, a targeted urease–anti-CEACAM6
immunoconjugate, alters the acidity of the tumor microen-
vironment by increasing local ammonia production. In vitro,
the cytotoxic effects of L-DOS47 were additive when com-
bined with pemetrexed and carboplatin.

Methods: This phase I, open-label, dose-escalation study
evaluated the safety and tolerability of up to four cycles of
L-DOS47 (administered on days 1, 8, and 15 of each cycle at
doses ranging from 0.59 to 9.0 mg/kg) combined with
pemetrexed and carboplatin in patients with stage IV non-
squamous NSCLC. Continued L-DOS47 treatment after the
fourth cycle was allowed at the treating physicians’
discretion.

Results: A total of 14 patients received at least one dose of
L-DOS47. Overall, L-DOS47 was well tolerated. Grade
greater than or equal to 3 adverse events (AEs) were
typically neutropenia related. Two grade greater than or
equal to 3 AEs and no serious AEs were considered at least
possibly related to L-DOS47. No dose-limiting toxicities
were reported, so the maximum tolerated dose was not
reached. The objective response rate was 41.7% with a
median duration of response of 187 days. Clinical benefit
was observed in 75.0% of the patients. After the first dose,
L-DOS47 systemic exposure increased in a generally dose-
proportional manner but decreased substantially with
repeat dosing. Anti–L-DOS47 antibodies were detectable in
13 of 14 patients by cycle 2 with titers typically increasing
with continued treatment. There was an apparent associa-
tion between best overall response rate and highest anti–L-
DOS47 antibody titer measured.
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Conclusions: L-DOS47 combined with standard peme-
trexed and carboplatin chemotherapy is well tolerated in
patients with recurrent or metastatic nonsquamous NSCLC
at doses up to 9.0 mg/kg.

� 2022 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: Non–small cell lung cancer; L-DOS47; Immuno-
therapy; Pemetrexed; Carboplatin

Introduction
Lung cancer is the leading cause of cancer-related

death worldwide.1 The outlook is particularly chal-
lenging for those with advanced stage IV NSCLC without
driver alterations or who have exhausted targeted
therapy options; for such patients, platinum-based
doublet chemotherapy is recommended, often in com-
bination with a PD-L1 inhibitor, as clinically indicated.2,3

Manipulation of the tumor microenvironment (TME)
has the potential to improve treatment options for
advanced NSCLC. Solid tumors exist in an hypoxic envi-
ronment owing to inadequate vascularization and
altered glycolysis metabolism, resulting in accumulation
of lactic acid in the TME.4 Cancer cells maintain a
glycolytic phenotype even in the presence of oxygen (the
so-called Warburg effect), causing further acidification of
the TME.5 The hypoxic environment and accumulation of
lactate contribute to tumor plasticity and heterogeneity
and facilitate immune evasion, extracellular matrix
remodeling, angiogenesis, and metastasis.4,5

L-DOS47, a targeted therapeutic immunoconjugate,
consists of an anti-CEACAM6 camelid single-chain
monoclonal antibody conjugated to jack bean urease.
L-DOS47 binds to its cell surface ligand CEACAM6,
which is overexpressed in a range of cancers,6 whereas
the urease enzyme converts urea, an abundant
natural metabolite, into ammonia, which results in an
increase in TME pH. The combined effect of ammonia
toxicity and pH increase is cytotoxic to cancer cells.7

L-DOS47 has been found to be safe and well tolerated
at doses up to 13.55 mg/kg in a previous phase 1
clinical trial.

In in vitro studies, the cytotoxic effects of L-DOS47
against the A549 human lung adenocarcinoma cell
line were additive when combined with pemetrexed and
carboplatin.8 This study was designed to identify the
maximum tolerated dose (MTD) of L-DOS47 in combi-
nation with pemetrexed and carboplatin as a treatment
for NSCLC.
Materials and Methods
This was a phase 1, open-label, dose-escalation study

to evaluate the safety and tolerability of escalating doses
of L-DOS47 in combination with standard doublet
chemotherapy of pemetrexed (500 mg/m2) plus carbo-
platin (area under the curve [AUC] 6 mg/mL) in patients
with stage IV (TNM M1a and M1b) nonsquamous NSCLC.
The study used a standard “3 þ 3” design for cohorts 1,
2, 6, and 7 and an accelerated “1 þ 2” design for cohorts
3 to 5.9 The study was performed in accordance with the
Declaration of Helsinki and Good Clinical Practice
Guidelines, along with applicable local regulatory re-
quirements and laws. The study protocol and patient
information documents were approved by the institu-
tional review board or independent ethics committee at
each study center. All patients provided written,
informed consent.

Patients
Adults (at least 18 y old) with histologically or

cytologically confirmed stage IV (TNM M1a or M1b)
nonsquamous NSCLC who were either chemotherapy
naive or experiencing a recurrence after previous sur-
gery, radiation, with or without adjuvant chemotherapy,
and for whom pemetrexed plus carboplatin would be an
appropriate therapy were eligible to participate. Patients
also had to have at least one site of measurable disease
per Response Evaluation Criteria in Solid Tumors
version 1.1, an Eastern Cooperative Oncology Group
performance status of 0 or 1, a life expectancy of at least
3 months, adequate bone marrow, cardiac, renal, and
liver functions, and to test negative for human immu-
nodeficiency virus and hepatitis B and C. Patients with
an uncontrolled serious medical condition or mental
illness or with peripheral neuropathy were excluded
from participation, as were those with recurrent disease
within 6 months of completing previous adjuvant
chemotherapy. Patients with treated and stable (�1 mo)
brain metastases per magnetic resonance imaging had to
be off steroids and not taking antiepileptics.

Study Design
Study participants received up to four cycles of L-

DOS47 (on days 1, 8, and 15 of each cycle) in combina-
tion with pemetrexed and carboplatin (on day 1 of each
cycle). Patients whose disease had not progressed by the
end of the fourth cycle and who had experienced no
unacceptable toxicities had the opportunity to receive
continued L-DOS47 on the same schedule until there was
no longer a clinical benefit. Patients who were unable
to complete the four cycles owing to pemetrexed and
carboplatin-related toxicity had the opportunity to
continue receiving L-DOS47 after discontinuation of
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Table 1. Patient Demographics and Baseline Characteristics
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pemetrexed and carboplatin while there remained clin-
ical benefit without unacceptable toxicity.
Characteristics Overall

Number of patients, N (%) 14 (100.0)
Mean (SD) age, (y) 63.5 (7.4)
Female, n (%) 7 (50.0)
Race, n (%)

White 11 (78.6)
Black or African American 2 (14.3)
Asian 1 (7.1)

ECOG performance status, n (%)
1 10 (71.4)
0 4 (28.6)

Histopathology, n (%)
Adenocarcinoma, NOS 9 (64.3)
Nonsmall cell carcinoma 5 (35.7)

Median (range) duration of disease, (mo) a 8.9 (13.4)
Reason for discontinuation of study drug, n (%)

Death 2 (14.3)
Disease progression 7 (50.0)
Unacceptable toxicityb 2 (14.3)
Investigator decision 1 (7.1)
Other 2 (14.3)

aDuration of disease is calculated from the date of first diagnosis to the date
of informed consent.
bOne patient was taken off-study treatment owing to unacceptable toxicity
(superior vena cava syndrome), which was assessed as not related to the
study treatment but related to the disease under study.
ECOG, Eastern Cooperative Oncology Group; NOS, not otherwise specified.
End Points
The primary end point was treatment-emergent

adverse events (TEAEs), with severity graded accord-
ing to the National Institutes of Health Common Ter-
minology Criteria for Adverse Events version 4.0.
Adverse events, performance status, vital signs, and
clinical laboratory parameters were assessed regularly
throughout the study (see Supplementary Table 1 for
the schedule). Other end point included tumor response,
assessed according to Response Evaluation Criteria in
Solid Tumors version 1.1 at baseline, the start of each of
the first four treatment cycles and every other cycle
thereafter, and 7 days after the end of cycle 4. The
objective response rate (ORR) and proportion of pa-
tients achieving a complete response (CR), partial
response (PR), or stable disease (SDi) were derived from
these measures. For patients to be assessable for SDi,
the duration of SDi had to be at least 42 days from the
first dose of study treatment. Exploratory evaluations
included L-DOS47 pharmacokinetics, anti–L-DOS47
antibody titer, and plasma CEACAM6 levels. Venous
blood samples for pharmacokinetic analysis and for
anti–L-DOS47 antibody testing were drawn on days 1
and 8 of cycles 1 to 4. Anti–L-DOS47 testing was also
performed at the start of each subsequent cycle, 7 days
after the end of cycle 4, and in cases of early termina-
tion. Assessment of CEACAM6 levels was performed on
day 1 of cycle 2 and day 8 of cycle 4. Further details of
the timing of assessments and assay methods are pro-
vided in Supplementary Table 1.
L-DOS47 Dose Selection
L-DOS47 was administered by a 30-minute intrave-

nous infusion on days 1, 8, and 15 of each 21-day
treatment cycle at planned doses ranging from 0.59 to
12.0 mg/kg (Table 1). Body weight was determined on
day 1 of each cycle and used to calculate dose for that
cycle. All patients in each dose-level cohort had to
complete cycle 1 before dosing of the next cohort could
proceed, and intracohort patient dosing occurred at least
24 hours apart to allow for assessment of possible
infusion-related or allergic reactions. The dose level for
the next cohort was determined by the Safety Review
Committee after a review of the available safety data,
and dose escalation was based on evaluation of dose-
limiting toxicities (DLTs).

Further information, including definitions for DLTs,
is provided in the Supplementary Data. Within each
cohort, dose delays and modifications were proscribed
for subsequent treatment cycles if relevant safety
criteria were met (Supplementary Tables 2-6). Patient
concomitant medications are provided in Supplementary
Table 7. The MTD was defined as the highest dose level
at which less than or equal to one of six patients expe-
rienced a DLT during the first treatment cycle. Once the
MTD for L-DOS47 was defined, a confirmation cohort
would be enrolled at that dose to assess its appropri-
ateness as the dose for evaluation in a subsequent phase
2 study.
Statistical Analysis
The study was designed with the intention of

enrolling up to 37 patients.
The intent-to-treat (ITT) study population was

defined as all patients enrolled in the study regardless of
whether they met the eligibility criteria or received the
study treatment. The safety population consisted of
those patients in the ITT population who received any L-
DOS47 or pemetrexed premedication. The efficacy pop-
ulation was those patients in the safety population with
baseline measurable disease who completed a minimum
of two cycles of study therapy and had at least one
postbaseline tumor assessment. Patients in the safety
population who completed less than two cycles of study
therapy but had clear evidence of clinical progression
were also included. End points were analyzed descrip-
tively using counts and percentages for binary or
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categorical variables and mean, SD, median, quartiles,
minimum, and maximum for quantitative variables.
Time-to-event data were analyzed using the method of
Kaplan-Meier.
Results
Study Population

A total of 14 patients were enrolled between April
2015 and July 2019 and were included in the ITT and
safety study populations. Of these, 12 patients met the
criteria for inclusion in the efficacy population. The
mean (SD) age was 63.5 (7.42) years, 50% were female,
and most were white (Table 1). Previous cancer ther-
apies consisted of chemotherapy (three patients),
immunotherapy (three patients), radiotherapy (two
patients), and surgery (13 patients). The study was
terminated in August 2019 for slow recruitment owing
to immunotherapy becoming part of standard of care, at
which time all patients had discontinued study treat-
ment (Table 1).
Table 2. Overall Summary of TEAEs, by Cohort

Treatment Emergent Adverse
Events

L-DOS47 Dose Cohort (mg/kg) þ

0.59 (n ¼ 3) 0.78 (n ¼ 6)

Duration of exposure, d,
median (range)

2 (1–8) 8 (2–19)

Number of cycles, median
(range)

36 (15–177) 165 (30–398)

Percentage compliance,
median (range)

99.0 (95.2–100.0) 97.3 (83.2–101.

Number of patients with
�1 TEAE, n (%)

3 (100) 6 (100)

Number of patients with �1
L-DOS47–related TEAE,a n (%)

2 (66.7) 5 (83.3)

Number of patients with �1
TEAE, n (%)

3 (100) 5 (83.3)

Number of patients with �1
grade � 3 L-DOS47–related
TEAE,b n (%)

0 2 (33.3)

Number of patients with �1
serious TEAE

0 3 (50.0%)

Number of patients with �1
serious L-DOS47–related TEAEb

0 0

Number of patients who died due
to a TEAE

0 0

Number of patients who
discontinued any study drug
owing to TEAEs, n (%)

2 (66.7) 0

Number of patients who
discontinued L-DOS47 owing to
�1 related TEAE,a n (%)

1 (33.3) 0

Note: TEAEs were defined as all AEs that occurred from the first dose until 30 da
National Institutes of Health Common Terminology Criteria for Adverse Events v
aDose levels grouped for convenience of reviewing.
bConsidered to be at least possibly related to L-DOS47 administration or definit
AE, adverse event; TEAE, treatment-emergent adverse event.
Duration of Exposure
Patients were exposed to a median of four cycles of

the study drug over a median of 78 days (Table 2).
Six patients continued to receive L-DOS47 beyond the
end of the four protocol-mandated cycles for up to 19
treatment cycles. There was no apparent relationship
between dose level and time on study drug.
Safety
All 14 patients in the safety population experienced

at least one TEAE, and 12 (85.7%) experienced at least
one event that was grade greater than or equal to 3 in
severity (Table 2). The grade greater than or equal to 3
TEAEs observed in more than or equal to 20% of pa-
tients were neutrophil count decreased (four patients,
28.6%), white blood cell count decreased (three patients,
21.4%), and neutropenia (three patients, 21.4%). The
most frequent TEAEs considered at least possibly related
to L-DOS47 were pyrexia, rash, and constipation (two
patients each; 14.3%). Two patients experienced grade
Pemetrexed and Carboplatin

Overall (N ¼ 14)1.5/3.0/6.0a (n ¼ 3) 9.0 (n ¼ 2)

2 (2–6) 5 (2–8) 4 (1–19)

57 (50–127) 102.5 (43–162) 78 (15–398)

8) 100.1 (100.0–100.1) 89.5 (83.3–95.7) 98.4 (83.2–101.8)

3 (100) 2 (100) 14 (100)

0 0 7 (50.0)

3 (100) 1 (50.0) 12 (85.7)

0 0 2 (14.3)

2 (66.7%) 1 (50.0%) 6 (42.9%)

0 0 0

0 0 0

1 (33.3) 0 3 (21.4)

0 0 1 (7.1)

ys after the last dose of study medication. Event severity was graded using the
ersion 4.0.

ely related to carboplatin or pemetrexed administration.
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greater than or equal to 3 events considered at least
possibly related to L-DOS47: one with neutropenia and
one with hypertension (Supplementary Tables 8–10). Six
patients (42.9%) experienced a serious TEAE, none of
which were considered at least possibly related to L-
DOS47, and no patient died owing to a TEAE.

Three patients had TEAEs leading to discontinuation
(one case of pneumonitis, considered possibly related to
L-DOS47, one case each of superior vena cava syndrome
and neutropenia, both considered unrelated to L-
DOS47). There were no notable trends observed in
clinical and laboratory parameters, vital signs, and
electrocardiogram or physical examination findings.

No DLTs were reported during the study.
Efficacy
Of the 12 patients with assessable efficacy data, five

(41.7%) had a PR, four (33.3%) had SDi as their best
response to therapy, and three (25.0%) had progressive
disease (Fig. 1). The ORR (CR þ PR) was 41.7% (95%
confidence interval [CI]: 15.2%–72.3%) with a median
duration of response of 187 days (95% CI: 92–337 d).
Clinical benefit (CR þ PR þ SDi) was observed in 75.0%
(95% CI: 42.8%–94.5%) of patients with a median
duration of 141 days (95% CI: 54–337 d)
(Supplementary Table 11). There was no apparent
relationship between L-DOS47 dose level and overall
response. Of the five patients with PR, four were
chemotherapy naive and one had two previous lines of
chemotherapy; two of the patients with SDi were
chemotherapy naive, another one had previous treat-
ment with pembrolizumab, and a fourth had one previ-
ous line of chemotherapy in combination with
Figure 1. Best percentage change in lesion size from baseline. I
population are presented, including best overall response asses
Criteria in Solid Tumors version 1.1.
pembrolizumab. The three remaining patients who
experienced progressive disease were all chemotherapy
naive. Two patients did not meet the efficacy assessable
criteria owing to posttreatment radiologic assessment
being less than 42 days from the start of the study
treatment.

Pharmacokinetics
Overall, systemic L-DOS47 exposure (maximum

observed plasma concentration after dosing, or Cmax, and
the area under the plasma concentration versus time
curve from the start of dose administration to the time
after dosing at which the last quantifiable concentration
was observed, or AUCtlast) increased with increasing
dose on cycle 1 day 1 (Supplementary Table 12).
Exposure was dose proportional except between 0.78
and 1.5 mg/kg, where the increase was greater than dose
proportional. Although the low number of patients with
quantifiable data for subsequent cycles made interpre-
tation challenging, AUCtlast decreased substantially for
most patients with repeat dosing, with individual accu-
mulation ratios ranging from 0.00765 to 0.987. Indi-
vidual T1/2 ranged from 6.59 to 9.21 hours, and Tmax

occurred between 0.5 and 1.0 hours postdose for all
dose levels and treatment cycles evaluated
(Supplementary Table 12).

Immunogenicity
Anti–L-DOS47 antibodies were undetectable in all

patients before the first dosing and were detectable in
13 of 14 patients (92.9%) by the start of cycle 2. There
was no apparent relationship between L-DOS47 dose
level or specific batch of L-DOS47 drug product and
ndividual results for the 12 patients in the efficacy-assessable
sed using the RECIST v1.1. RECIST v1.1, Response Evaluation



Figure 2. Association was observed between BORR and
highest ADA titer measured. The line and box represent the
median (interquartile range) ADA titer, and the whiskers
represent the minimum and maximum titer values per BORR.
ADA, antidrug antibody; BORR, best overall response; NA, not
assessable; PD, progressive disease; PR, partial response;
SDi, stable disease.
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antibody titer. Antidrug antibody (ADA) titer typically
increased over time, although in four of the six patients
who continued on-study beyond four cycles, the titer
dropped just before the patient went off-study or at the
follow-up visit. ADA levels were not followed long
enough after the end of the study to determine whether
this drop was sustained, however, as the patients who
went off-study did so due to disease progression or
death. Interestingly, an apparent association was
observed between best overall response (BORR) and
highest ADA titer measured (Fig. 2). None of the patients
whose ADA levels were in the lowest quartile were able
to complete four treatment cycles, and patients who
made the strongest responses typically also exhibited the
highest ADA titers. It should be noted that the ADA assay
measured total binding antibodies to L-DOS47 but was
not specific for neutralizing antibodies (Supplementary
Data).
Tumor Antigen (CEACAM6)
Samples for assessment of circulating levels of the

tumor antigen and ligand for L-DOS47, CEACAM6, were
collected on cycle 2 day 1 and on cycle 4 day 8 or the end
of the treatment visit (whichever occurred sooner) for
patients in all dosing cohorts. Plasma levels of CEACAM6
were below the limit of assay quantitation (20 ng/mL)
for all samples collected.
Discussion
L-DOS47 is a novel antibody-urease immunoconju-

gate designed to increase local ammonia production in
CEACAM6-expressing solid tumors, applying both a
direct cytotoxic effect and constraining the normally
acidic TME. In this study, repeat doses of L-DOS47
ranging from 0.59 to 9.0 mg/kg, administered to patients
with recurrent or metastatic nonsquamous NSCLC in
combination with the standard doublet chemotherapy of
pemetrexed plus carboplatin, were well tolerated with
no DLTs reported. Most L-DOS47–related TEAEs re-
ported were grade less than or equal to 2 and manage-
able with supportive care or dose interruptions,
consistent with the results from a previous phase 1/2
trial as monotherapy in a similar patient population.

The ORR and clinical benefit rates reported here
(41.7% and 75%, respectively) are encouraging. Previ-
ously, ORRs in the range of 20% to 51% have been re-
ported for pemetrexed plus carboplatin alone in similar
patient populations.10–15 In patients with previously
untreated metastatic nonsquamous NSCLC, the addition
of pembrolizumab to pemetrexed-platinum chemo-
therapy increases overall efficacy.12

A robust, nondose-dependent immunogenic response
to L-DOS47 was detected in most patients by the start of
cycle 2, with antibody titers typically increasing as
treatment progressed. This is consistent with the results
of the previous phase 1/2 monotherapy study and is also
expected given the structure of L-DOS47, as there is no
human endogenous counterpart to urease and while
single-chain antibodies may not be highly immunogenic
individually, the immune response could be increased in
this case owing to the presence of multiple antibody
copies per L-DOS47 molecule. The apparent correlation
between ORR and ADA titer was unexpected, and the
significance is unclear. In previous in vitro studies, L-
DOS47 reduced PD-L1 expression on acidified MDA-MB-
231 breast cancer cells and reduced programmed cell
death protein 1 levels on acidified primary T cells.16

Taken together, these findings suggest that L-DOS47
may also contribute to the ability of the patient’s im-
mune system to respond to the cancer and suggests an
intriguing potential avenue of research for L-DOS47 in
combination with checkpoint inhibitors.

The study has some limitations. It was not designed
or powered to determine efficacy, though the activity
found is encouraging. Owing to slow patient enrollment,
recruitment was stopped during dosing cohort level 9
mg/kg, and therefore, MTD was not reached. This is
consistent with the results from a previous phase 1 trial
of L-DOS47 monotherapy in which MTD was not
reached at the maximum dose tested (13.55 mg/mL).17

In addition, although the patients were monitored for
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infusion-related hypersensitivity reactions, because L-
DOS47 was administered after pemetrexed and carbo-
platin on day 1 of each cycle, it was challenging to
attribute causality for any reactions observed. Capture
of any potential delayed hypersensitivity reactions was
also limited to standard monitoring of adverse events.
Furthermore, premedication with oral dexamethasone
from the day before until the day after each pemetrexed
dose may have minimized infusion reactions. It should
be noted, however, that because L-DOS47 was admin-
istered alone on days 8 and 15 of each treatment cycle,
and on all days for cycle 5 onward, a more granular
determination of its potential to cause such reactions
could be made and no AE associated with hypersensi-
tivity reactions was judged related to L-DOS47. Analysis
of biomarkers was limited to circulating CEACAM6
levels. CEACAM6 overexpression is generally associated
with worse OS and DFS in a variety of solid tumors,18

and serum CEACAM6 has been reported as a potential
biomarker in pancreatic adenocarcinoma and plasma
cell disorders.19–21 In addition, Cao et al.22 evaluated
differentially expressed genes including CEACAM6 in
peripheral blood exosomes as potential biomarkers for
lung cancer; although the study was not quantitative,
CEACAM6 exosome expression was higher in lung
adenocarcinoma than in squamous cell carcinoma. In the
L-DOS47 monotherapy study, although plasma CEA-
CAM6 levels varied between less than the lower limit of
quantitation (LLOQ, 20 ng/mL) to 276 ng/mL with no
apparent relationship between concentration and ORR
or number of treatment cycles received, in the current
study, plasma CEACAM6 level was below LLOQ in all
patient samples.17 Although these seem to be the first
reports of plasma CEACAM6 in patients with NSCLC, its
potential role as a prognostic biomarker is unclear.

Although the use of a binding ADA assay rather than
both a binding and a neutralizing ADA assay is typical for
this stage of clinical development, given the intriguing
apparent association between ADA titer and BORR,
future efforts will focus on development and imple-
mentation of a neutralizing antibody assay.

This multiple ascending dose study provides pre-
liminary evidence that L-DOS47 administered in combi-
nation with standard pemetrexed and carboplatin
doublet chemotherapy is well tolerated with encour-
aging antitumor activity in patients with recurrent
or metastatic nonsquamous NSCLC at doses up to
9.0 mg/kg.
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