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Abstract

Background Breast cancer is the most common cause of cancer death among women and frequently metasta-
sizes to the brain. Up to 30% of patients with breast-to-brain metastases will develop leptomeningeal disease (LMD),
with poor survival, rapid neurologic decline, and no durable treatment options. The novel agent QBS72S, also known
as QBS10072S, is designed to leverage the high expression of L-type amino acid transporter 1 (LAT1) on breast cancer
cells and the blood-brain barrier. By conjugating an amino acid analogue with a DNA alkylating moiety, QBS72S can
exploit LAT1 for specific delivery into the brain and metastatic tumor cells.

Methods We designed a single-arm, Phase 2a study to test the preliminary efficacy and safety of QBS72S for breast-
to-brain metastasis in two distinct cohorts: intraparenchymal metastasis (Cohort 1; no LMD), and LMD (Cohort 2;

with or without intraparenchymal metastasis). The primary endpoint is overall response rate across evaluable par-
ticipants in Cohort 1. Secondary endpoints include progression-free survival, overall survival, duration of response,
and treatment-related adverse events in Cohort 1. Exploratory endpoints include correlation of LAT1 expression in for-
malin-fixed paraffin-embedded samples with treatment response, CSF pharmacokinetics, perfusion MRI, and novel
CSF-based biomarkers.

Discussion Adaptive clinical trial design enables rapid enrollment and tailored endpoints for patient cohorts

with baseline disparate outcomes. Our LAT1 staining protocol will allow ongoing trials in glioblastoma (NCT02977780)
and future studies in brain metastases to correlate LAT1 expression to drug efficacy. Our exploratory endpoints may
facilitate identification of more rapid and reliable biomarkers of LMD treatment response and resistance.

Trial registration ClinicalTrials.gov NCT05305365.
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Background

Brain metastases (BrM) are the most common type
of brain tumor, with an estimated incidence of up to
300,000 new cases diagnosed each year [1]. BrM are par-
ticularly challenging to treat because the blood-brain
barrier impedes entry of the vast majority of systemic
therapeutic agents. In women, breast cancer is the sec-
ond most common cause of cancer death, and up to
40% of women with advanced breast cancer will develop
BrM [2-4]. Breast-to-brain metastases impart short sur-
vival times (6—9 months from BrM diagnosis) and a sig-
nificant decrease in quality of life due to BrM treatment
sequelae [5, 6]. Limited systemic therapeutic options
exist with sufficient brain permeability, and those avail-
able tend to target specific receptor subtypes (e.g., HER2)
[7]. Although some patients have isolated BrM, many
have parallel progression of their systemic disease which
would not be alleviated by neurosurgery, brain radia-
tion, or intrathecal therapy. This highlights the need for
improved systemic therapy with high central nervous
system (CNS) penetration.

Breast-to-brain metastases remain the most common
etiology of leptomeningeal disease (LMD) [8], in which
cancer cells disseminate on the surface of the brain and
spinal cord, along exiting nerves, and within the cer-
ebrospinal fluid (CSF). LMD diagnosis portends a dis-
mal prognosis with acute decline in neurologic function,
quality of life, and survival [9, 10]. LMD’s diffuse nature
requires systemic therapy or craniospinal irradiation
(CSI); yet current FDA-approved drugs have limited effi-
cacy in LMD, and many patients cannot tolerate the tox-
icity and neurologic sequelae of CSI [11]. Likewise, given
the insensitive nature of MRI and cytology, biomarkers to
track LMD response and resistance to therapy are criti-
cally needed.

The L-type amino acid transporter 1 (LAT1) is nor-
mally expressed on the endothelial cells that form the
blood-brain barrier, where it facilitates the transport
of neutral branched chain and aromatic amino acids
[12-14]. LAT1 has been leveraged pharmacologically for
entry into the brain by commonly known amino acid-
based drugs, such as L-Dopa for Parkinson’s disease and
gabapentin for seizures [15, 16]. Metastatic cancers, and
particularly BrM, express high levels of LAT1 [17]; triple
negative breast cancer (TNBC), has high levels of LAT1
expression [18], high risk of BrM including LMD, and
generally lacks targeted treatment options [18].

QBS72S, also known as QBS10072S [18], is a novel
amino acid analog integrated with a DNA alkylating
moiety that leverages LAT1 for active transport into the
brain, and cancer targeting due to elevated LAT1 expres-
sion in metastatic cells. Our preclinical study shows
that QBS72S selectively kills TNBC cells in vitro, and
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effectively decreases tumor growth and prolongs survival
in vivo in an aggressive human TNBC BrM mouse model
that includes LMD [18]. Given elevated LAT1 expression
on metastatic cancer in general (i.e., not necessarily spe-
cific to BrM), if QBS72S were to prove efficacious in BrM,
it should be likewise active against the patient’s systemic
disease.

We developed an adaptive, single-arm, Phase 2a study
to test the preliminary efficacy and safety of the cytotoxic
agent QBS72S for the treatment of breast-to-brain metas-
tasis and separated patients in two distinct cohorts: intra-
parenchymal metastasis (Cohort 1; no LMD), and LMD
(Cohort 2; with or without intraparenchymal metasta-
sis). Since patients with BrM and LMD do not routinely
undergo CNS biopsy, we developed a novel LAT1 stain-
ing protocol and grading scale used post hoc, to test any
available patient sample and correlate with treatment
response, we developed a novel LAT1 staining protocol
and grading scale. Finally, given the challenges of diag-
nosis and monitoring of LMD, we developed exploratory
endpoints to identify more rapid and reliable biomarkers
of treatment response and resistance, to help increase
throughput of future LMD-focused clinical trials.

Methods/design

Study design

We designed a prospective, open-label, non-randomized,
Phase 2a clinical trial at Stanford Health Care investi-
gating the use of QBS72S in patients with either intra-
parenchymal metastases (Cohort 1, no LMD) or LMD
(Cohort 2, + intraparenchymal metastases). The interven-
tion model of this study was single group assignment and
employs a Simon’s two stage design [19] (Fig. 1). This pro-
tocol was approved by the Stanford Institutional Review
Board (IRB no. 63041), and all patients provided written
informed consent.

The first stage of Cohort 1 consists of 15 patients with
at least one untreated brain metastasis>3 mm and no
radiographic evidence of LMD. Given challenges with
disease monitoring (insensitive cytology and MRI), rapid
neurologic symptom progression, and severely limited
survival in patients with breast cancer LMD, we cre-
ated Cohort 2 to allow for the inclusion of patients with
progressive LMD, an underserved population generally
excluded from clinical trials. Cohort 2 allows 10 partici-
pants with breast cancer LMD (with or without intra-
parenchymal brain metastases). In both groups, evaluable
participants are defined as having received at least one
complete dose of QBS72S at 18 mg/m?% and one addi-
tional MRI scan at least one month following dosing. If
the patient does not show treatment response and LAT1
Expression Score=0 (see below; no target expression) in
a metastatic cancer FFPE specimen, then the patient can
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Cohort 1 (n =15 - 25)

Cohort 1
(Stage 1)

15 breast cancer patients with
parenchymal metastasis

10 additional patients with
parenchymal metastasis

Stop Early

Type | Error

0.0328

Power

0.8017
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Cohort 2 (n = 10)

Cohort 2

10 breast cancer patients with LMD
(with or without parenchymal
metastasis)

Cohort 1
(Stage 2)

Evaluate

Probability of Early Stopping

19.5 0.5490

n is the total number of subjects
n1 is the total subjects accrued during Stage 1

Ry, if r1 or fewer responses are observed during Stage 1, the trial is stopped early for futility
R:, if r2 or fewer responses are observed by the end of Stage 2, then no further investigation of the drug is warranted
ENo is the expected sample size for the trial when response rate is po

Fig. 1 Protocol schema. Cohort 1 was designed for patients with breast-to-brain intraparenchymal metastases and no LMD. If at least 2 of the first
15 evaluable patients met the primary endpoint (Overall Response Rate) in Cohort 1, then an additional 10 patients would be included and proceed
to the second stage. To allow for the inclusion of patients with LMD, Cohort 2 was created to include patients with breast-to-brain LMD (with

or without intraparenchymal metastases)

be replaced post hoc with an additional patient. The pri-
mary endpoint of tumor response is based on Cohort 1
alone; if one or fewer responses in the 15 evaluable par-
ticipants is observed, the study will be stopped. If there
are two or more responses, then 10 evaluable additional
participants will be accrued for the second stage to form
Cohort 1 Stage 2 for a total of 25 evaluable participants in
Cohort 1.

Study objectives

The primary endpoint of this trial is to determine the
preliminary intracranial anti-tumor activity of QBS72S

through the overall response rate (ORR) across evaluable
participants in Cohort 1. Secondary endpoints include
measurement of progression free survival (PES), overall
survival (OS), durations of response (DoR), and a safety
event listing from all Cohort 1 participants, regardless
of primary objective evaluability. Exploratory endpoints
include: i) PFS, OS, and durations of CNS response
(Cohort 2); ii) ORR, PFS, DoR of systemic disease; iii)
the relationship between LAT1 expression and response
to treatment; and iv) MRI perfusion metrics, CSF phar-
macokinetics, and CSF biomarker development. Upon
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completion of the trial, patients will continue with the
current standard of care, including radiation. For many
patients with LMD, this trial represents a final treatment
option prior to consideration of WBRT, CSI, or palliative
care only. Patients with treatment response are permitted
to continue on trial provided they maintain a favorable
functional status, experience limited treatment toxicity,
and show no signs of disease progression.

Enrollment prediction

Although the study will be open to any patient with
breast-to-brain metastases, patients with BrM tend to
have advanced disease, extensive treatment history, and
with LMD, neurologic symptom burden, which would
limit travel. As such, we created a collaborative recruit-
ment strategy including potential participant streams
from Stanford, UCSE, and UC Davis, combined with
active communication with the patients’ local medical
oncology teams. Researchers consulted Stanford Medi-
cine’s database of archival patient visits to Stanford Can-
cer Center's Neuro-Oncology and Neuro-Radiology
clinics for incidence of potentially eligible participants
from 2008 to 2018, then added UCSF’s Breast Oncology
Division’s potential participant estimates. This combined
tally was then lowered to account for 50% of potentially
eligible participants choosing to pursue other options.

Informed consent and safety

The Stanford Institutional Review Board (IRB) approved
the study protocol. All study personnel qualified to con-
duct the informed consent process completed Human
Subjects Protection training. Written informed consent
will be required prior to the conduct of any study-spe-
cific procedures in accordance with institutional policies.
The participant may withdraw consent and discontinue
participation in the study at any time without negative
impact on further treatment. For eligible participants
with a disease condition limiting capacity to provide full
informed consent, consent may be obtained by Legally
Authorized Representatives (LAR) upon verification of
appropriate documentation permitting LAR to act on
behalf of the participant. All eligible participants who
provide informed consent will be registered, assigned
a unique participant identification number, and stored
in HIPAA-compliant eCRF database (REDCap) on an
encrypted, password protected computer. The Principal
Investigator (PI) and the Stanford Cancer Institute (SCI)
Data Safety Monitoring Committee (DSMC) will conduct
data and safety monitoring activities.

Patient eligibility criteria
Adult patients with untreated or progressive intraparen-
chymal or LMD BrM will be referred and pre-screened
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for enrollment (Table 1). Specifically, Cohorts 1 and 2
will both be comprised of participants having previ-
ously received at least one cytotoxic chemotherapy
regimen with 1) histologically confirmed breast can-
cer primary or metastatic tumor, and 2) intraparenchy-
mal or LMD BrM. Patients will be placed in Cohort 1
if intraparenchymal tumors>3 mm? are identified on
gadolinium contrast weighted MRI scan with no LMD.
Patients will be placed in Cohort 2 if they have a diagno-
sis of LMD (diagnosed by MRI or cytology), with or with-
out the presence of intraparenchymal BrM. All patients
must have a Karnofsky Performance Status (KPS) of > 60.
Washout criteria include 28 days from radiation or any
major surgery, variable time from systemic therapy (Sup-
plemental Table 1), and 1 week from minor procedures
(including the placement of a ventricular access device
— VAD, or ventriculoperitoneal shunt). Exclusion criteria
include insufficient blood cell counts (e.g., platelet < 100),
other active malignancy within 3 years prior to enroll-
ment (except for adequately treated basal cell or squa-
mous cell skin cancer or carcinoma in situ). All Cohort
2 LMD patients are required to have a VAD. For detailed
inclusion and exclusion criteria, refer to Supplemental
Table 1. Patients can elect for a pre-screening video visit
and consultation with the Clinical Research Coordina-
tor to help ensure eligibility, reduce travel burdens, and
streamline enrollment.

Brain metastases are not generally biopsied prior to
treatment, and no CSF test exists to determine the gene
expression profile of LMD. In addition, given the frag-
mented nature of our patients’ care, tissue source vari-
ety (e.g., primary breast, lymph node, other metastatic
site) and scarcity/exhaustion, potentially long interval
between primary or metastatic cancer diagnosis and
the development of BrM and LMD, rapid BrM disease
progression, insufficient data on the direct relationship
between LAT1 expression and QBS72S efficacy, and the
lack of a standardized LAT1 staining protocol, we do not
require confirmation of LAT1 expression prior to trial
enrollment. While evidence of LAT1 expression is not
required for enrollment in the trial, patients who are later
found to have no LAT1 expression (Score=0, see below)
in available tissue will not be considered evaluable.
Accordingly, our statistical model allows for replacement
of subjects with no LAT1 expression with an evaluable
patient.

Treatment

QBS72S will be administered IV as a single dose of 18
mg/m? to all enrolled participants in Cohorts 1 and 2,
every 28 days + 3 days. This dose and schedule is based on
the Phase 1 clinical trial Cohort Review Committee [20].
In subsequent cycles, participants can be dose reduced to
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12 mg/m? if needed, or the full dose delayed by up to 28
calendar days, to allow for events such as palliative radia-
tion, minor surgical intervention, or drug-related toxic-
ity (e.g., bone marrow suppression). All participants can
receive infusions of QBS72S until confirmed disease pro-
gression, unacceptable toxicity, participant preference,
or the medical team’s discretion acting in the patient’s
best interest. If progressive disease occurs, continuation
of study drug will be allowable if the multidisciplinary
medical team finds evidence of clinical benefit, absence
of any serious toxicity, participant preference, and after
discussion with the PI. It should be noted that patients in
Cohort 2 (LMD) frequently will have exhausted all viable
treatment options; given the likely transition to pallia-
tive treatment only, end of treatment visits have limited
assessments and can be performed over video visit to
reduce patient hardship.

Outcome assessments
The primary endpoint of overall response rate (ORR)
across evaluable participants in Cohort 1 is based on
the modified Response Assessment in Neuro-Oncology
for Brain Metastases (MRANO-BM) and RECIST 1.1
response criteria [20, 21]. MRI tumor measurements
are obtained at Stanford’s MRI facilities by board certi-
fied neuroradiologists using Stanford’s standard of care
brain tumor scan protocols. This protocol at a minimum
includes the following sequences: T1-weighted images
(T1WI) with and without contrast, T2-weighted images
(T2WI), Fluid Attenuated Inversion Recovery (FLAIR)
images as well as perfusion imaging. Participants have a
minimum of one to a maximum of five target lesions >3
mm indexed and measured for baseline maximum diam-
eter. The number of target lesions may increase during
data collection if new lesions measuring >3 mm develop
while the participant is on study. Percentage growth or
reduction in sum total diameter of target lesions is meas-
ured by comparing baseline MRI tumor measurements
to MRI tumor measurements taken at each timepoint
following C1D1 until the participant was removed from
study. A successful response is defined as >30% decrease
in sum total diameter of all target lesions compared with
baseline across two or more sets of scans, provided that
steroid dose is lower or the same as baseline, and neu-
rological evaluations were stable or improved. Response
is broken down into the following categories: complete
response, partial response, progressive disease, and sta-
ble disease. Both complete and partial response qualify
as responses for the purposes of this study (Table 2).
Patients with stable disease are categorized with respond-
ing patients as garnering CNS benefit.

The interim ORR will be evaluated for the first stage
after the 15th Cohort 1 participant completed treatment
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Table 2 Overall response rate criteria for primary objective
evaluable study participants (Cohort 1). Participants would
have one to five target lesions (>3mm) measured for baseline
maximum diameter

State of disease Change in maximum diameter of

lesion

100% decrease

100% decrease for 4 +weeks

Preliminary complete response
Confirmed complete response

Preliminary partial response >30% decrease

Confirmed partial response >30% decrease for 4 +weeks

Preliminary progressive disease >25% increase

Confirmed progressive disease >25% increase for 6+ weeks

Stable disease Any response not complete, partial,

or progressive

Pseudoresponse Any preliminary complete or pre-
liminary partial response that does
not evolve into confirmed complete
response or confirmed partial

response on the following scan

Pseudoprogression Any preliminary progressive disease
that does not evolve into confirmed
progressive disease on the follow-

ing scan

and tumor growth was assessed; if there are <2 responses
the study will be stopped. The ORR for the full study will
be determined after the 25th participant completes treat-
ment and tumor growth is assessed. This stopping rule
was set to ensure the given study design provides 80%
power and >5% type I error rate (Fig. 1). We will sum-
marize ORR for all participants with a binomial response
rate. The Clopper-Pearson method [22] will be used to
estimate the two-sided 95% CI. According to Simon’s
two-stage design, the null hypothesis will be rejected if
six or more responses are observed in 25 evaluable par-
ticipants (Fig. 1).

Secondary objectives include PFS, OS, DoR for all
Cohort 1 participants, and will be estimated using
Kaplan—-Meier techniques [23, 24]; time from diagno-
sis or C1D1 to event distribution for PFS, OS, and DoR
Median survival time along with a 95% CI will be con-
structed [25, 26]. Rates at fixed time points will be derived
from the Kaplan Meier estimate and corresponding con-
fidence interval will be derived based on the Greenwood
formula [27]. For both Cohorts, PFS is defined as the
length of time that participants did not experience con-
firmed disease progression measured from the time of
study enrollment until disease progression is observed,
or the participant passes away. Confirmed progressive
disease will be determined by either the PI or one of the
research physicians. OS will be measured from the date
of diagnosis of (progressive) study disease until the par-
ticipant passes away. Durations of response (DoR) is
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divided into two: DoR,,,, and DoRpqp. DOR,, is to be
measured from first dose of QBS72S until disease pro-
gression; DoRpgp, is to be measured from first dose of
QBS72S until the participant passes away. Both BrM and
systemic disease progression will be recorded.

Safety is defined as a listing of all adverse events,
graded according to CTCAE v5.0 [28], and all events will
be recorded. The safety analysis set will include all partic-
ipants who are enrolled into the study and who received
the planned Cycle 1 dose of QBS72S, and either were
assessed at both of the Cycle 1 safety assessments (Days
14 and 28) or withdrew due to treatment related toxicity.
All baseline characteristics, safety, immunogenicity, and
efficacy analyses will be conducted based on the safety
analysis set.

VADs are standard of care in patients with LMD to
allow for CSF access; VAD is an inclusion criterium for
Cohort 2. Patients in Cohort 2 will undergo CSF access at
each clinic visit. On C1D1, patients will have CSF access
prior to and after QBS dosing, to allow for exploratory
CSF pharmacokinetic (PK) specimen analysis. CSF bio-
availability of QBS72S will be measured by CSF mass
spectrometry, and compared to serum levels, with results
expressed as the CSF to plasma drug ratio [29]. Sub-
sequent CSF access will be sent for exploratory devel-
opment of CSF biomarkers, including comprehensive
cellular and cell free gene and protein expression analyses
[30]. Additional exploratory endpoints will include MRI
perfusion imaging to differentiate between parenchymal
lesion enlargement and radiation necrosis (Fig. 2). LAT1
expression profile of all available tissue (see below) will
be determined and correlated with patient treatment
response and molecular biomarkers.
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LAT1 expression scale development

To explore the relationship between LAT1 expression
and response to treatment, we developed an immunohis-
tochemical (IHC) based analysis of FFPE archival tumor
specimens, using a monoclonal antibody against LAT1/
SLC7A5. In brief, sections are cut from FFPE tissue
blocks at a thickness of 4 pm sections and incubated with
anti-LAT1/SLC7A5 antibody (1:500, clone EPR17573,
Abcam ab208776). A biotinylated secondary antibody is
then applied, followed by avidin—biotin-peroxidase com-
plex (VectorLabs, PK-6101). Staining signal is further
developed using DAB substrate (3,3’-diaminobenzidine)
(VectorLabs, SK-4100).

To generate the initial LAT1 grading scale, we tested
LAT1 expression in 13 patients with breast cancer metas-
tases sampled from the lung, cervical lymph node, eye
muscle, pleural fluid, uterus, ovaries, cervix, axilla, spine,
liver, bone marrow, or brain. Using a four-tiered qualita-
tive grading scale, LAT1 staining was evaluated for signal
intensity and location (cytoplasm vs membrane) [31] to
create a composite score of 0=negative, 1=cytoplas-
mic stain or weak overall stain, 2=medium membra-
nous stain, 3=strong membranous stain (Fig. 3). The
composite score depended upon the most prevalent
positive staining pattern of the tumor on the tissue. Tis-
sue was considered LAT1-positive if>10% of the tumor
demonstrated a staining pattern of 2 or 3; otherwise, it
was classified as negative. All IHC analysis was indepen-
dently verified by a board-certified neuropathologist. For
the trial, any available tissue will be obtained and tested,
including primary tumor, lymph node, non-CNS meta-
static site (e.g. bone, liver, lung, pleural fluid), and brain
metastasis.

ASL Fused T1+C and ASL

vd

Fig. 2 Top row: A solid and cystic metastasis in the right cerebellum with high blood flow on ASL perfusion and fused post-contrast T1 and ASL
images (red arrows). Bottom row: Enlargement of the cystic lesion with thicker but irregular rind of enhancement, 13 months after initial stereotactic
radiosurgery. No elevated blood flow is seen on ASL perfusion and fused post-contrast T1 and ASL images (white arrows). Surgical resection

of the suspected metastasis performed immediately after the post-stereotactic radiosurgery MRI revealed extensive radiation necrosis and absence
of tumor
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Fig. 3 Immunohistochemical quantification of LAT1 expression at different metastatic sites in patients with primary breast cancer. IHC

was performed on sections from FFPE slides of metastatic breast cancer tumors to determine LAT1 expression. LAT1 staining was evaluated
for signal intensity and location (cytoplasm vs membrane) to create a composite score from 0-3. Representative scores of 0=negative,
1=cytoplasmic stain or weak overall stain, 2=medium membranous stain, 3=strong membranous stain are represented by panels A - D,
respectively. A Upper lung mass. B Cervix, C Lymph node, D Brain tumor. Arrow heads identify regions of positive staining

Discussion

Current options for brain metastasis treatment are
insufficient

Current FDA-approved options for treating breast can-
cer BrM, especially TNBC and LMD, are severely limited
(Table 3). In patients with breast cancer, current sys-
temic therapies with CNS penetration mainly target the
human epidermal growth factor receptor (HER2), such
as tyrosine kinase inhibitors (e.g., laptinib, neratinib, and
tucatinib), monoclonal antibodies (e.g., trastuzumab),
and antibody—drug conjugates (e.g., trastuzumab-emtan-
sine, and trastuzumab-deruxtecan). Although a com-
bination of tucatinib, trastuzumab, and capecitabine
improved PFS in patients with HER2-positive BrM [32],
median PFS was only 7 months and patients with LMD
were excluded. Hormone receptor-positive BrM may
respond to endocrine therapies such as tamoxifen, letro-
zole, and cyclin dependent kinase inhibitors like abe-
maciclib [33]. Unfortunately, most patients with BrM will
have already progressed on hormone or HER2 targeted

therapy. TNBC lack specific targets, limiting options
mainly to chemotherapeutic agents with blood brain bar-
rier permeability like capecitabine, platinum compounds,
and temozolomide, though efficacy is limited, particu-
larly in LMD [34]. Ongoing Phase 2 trials are exploring
bevacizumab, an antibody against vascular endothelial
growth factor receptor (VEGF) in combination with
other cytotoxic chemotherapy agents such as etoposide
and cisplatin, or carboplatin [35]. Treatment and tri-
als for breast cancer LMD are even more scarce, limited
mostly to case series and a small number of early phase
clinical trials [36, 37].

Novel targeting of LAT1 in brain metastases by QBS72S
QBS72S represents a novel approach to BrM treatment
due to its targeting of DNA repair defects and lever-
aging LAT1-mediated transport into the brain [18].
These features may enable increased tumor cytotoxic-
ity while mitigating systemic and neuro toxicity. An
amino acid moiety within QBS72S facilitates transport
across the blood-brain barrier as well as targeting of
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Table 3 Current treatment options for breast cancer brain
metastases. Many systemic therapies have poor blood-brain
barrier penetrance, limiting treatment options for brain
metastases [37, 41]. CThis challenge is magnified in TNBC and
LMD where approved therapies are especially limited [42]

Treatment modality Treatment

Systemic therapy

HER2-positive Tyrosine kinase inhibitors:

- Laptinib

« Neratinib

- Tucatinib

Monoclonal antibodies:

« Trastuzumab
Antibody-drug conjugates:
- Trastuzumab-emtansine
- Trastuzumab-deruxtecan
Adjuvant chemotherapies:
- Capecitabine

Hormone receptor-positive - Endocrine-based agents (fulvestrant,
tamoxifen, aromatase inhibitors)

- CDK inhibition (abemaciclib)

- PI3K inhibition (alpelisib)

« PARP1 inihibition (talazoparib),

if BRCA1/2 mutation-positive

- Chemotherapies (capecitabine, eribulin,
carboplatin)

- PARP1 (talazoparib), if BRCA1/2
mutation-positive
- Chemotherapies (paclitaxel, eribulin)

TNBC

Local therapy

Surgical resection - Surgery

- Laser interstitial thermal therapy

Radiotherapy - Whole-brain radiotherapy

- Stereotactic radiotherapy

LAT1-overexpressing cells. In addition, QBS72S contains
a nitrogen mustard group that induces DNA inter-strand
crosslinking [38, 39], resulting in increased sensitivity of
cells with reduced DNA repair to the compound. Impor-
tantly, TNBCs are known to have DNA repair defects
[40-43], with more than 70% of cases being affected by
a mutation in homologous repair [42, 43]. This bifunc-
tionality provides the basis for the therapeutic window
of QBS72S, potentially allowing for preferential killing of
breast cancer cells while sparing healthy tissue. Investi-
gation of QBS27S in vitro using a human TNBC cell line
and a brain-tropic variant cell line demonstrated reduced
cell growth following drug treatment [18]. Furthermore,
in a rodent model of TNBC CNS metastasis, systemic
administration of the drug resulted in increased animal
survival and delayed tumor progression [18]. Due to
these characteristics, QBS72S has potential as a single-
agent treatment for both solid parenchymal BrM and dif-
fuse LMD.
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Adaptive clinical trial design and implementation
for progressive brain metastases and LMD
Clinical trials for BrM face numerous design, implemen-
tation, and interpretation challenges (Table 4), which we
have explicitly attempted to overcome. For example, BrM
clinical trials encounter challenges in tracking response
to therapy, disparate outcomes for patients with intra-
parenchymal vs leptomeningeal disease, confirmation of
target expression, and speed of enrollment given rapid
clinical progression. Alisha et al. conducted a systematic
review in 2023 examining the proportion of Phase 3 clini-
cal trials for patients with metastatic breast cancer, lung
cancer, and melanoma that included patients with LMD
[44]. Of the 244 Phase 3 randomized clinical trials exam-
ined, 27.5% explicitly excluded LMD patients, 69.3% did
not specify LMD in inclusion/exclusion criteria, and 3.3%
allowed enrollment of LMD patients under the condition
that they be asymptomatic or previously treated; none
of the breast primary trials included patients with LMD
[45-47]. We designed our trial for rapid identification
and enrollment of patients with BrM and LMD, with sta-
tistical allowances for post hoc LAT1 expression testing.
Initial trial design considerations included allowing for
effective treatment of cancer growth in both the brain
and body; intrathecal therapies also do not address sys-
temic tumor burden. Systemic administration of treat-
ment for BrM may both mitigate the risk of “re-seeding”
compared with CNS local therapies (e.g., radiotherapy,
laser interstitial therapy, intrathecal chemotherapy, sur-
gical resection), and has the potential to simultaneously
treat systemic disease [48-51]. This is particularly rel-
evant to LMD, given its diffuse nature and hematogenous
and/or CSF spread [52]. A blood-brain barrier permea-
ble systemic therapy such as QBS72S is promising due to
its potential for treatment of both BrM and systemic dis-
ease. Likewise, although initially focused on triple nega-
tive breast cancer, our research team rapidly recognized
the need to include all breast cancer subtypes given the
demand expressed by our Patient Advocates and medi-
cal oncology collaborators, bypassing subtype restric-
tions increasingly common in BrM clinical trials [53]. A
key aspect of the design is the inclusion of two concur-
rent patient cohorts—those with BrM parenchymal dis-
ease only and those with LMD, given the distinct survival
and symptom profiles. LAT-1 expression status was not
required given 1) many patients did not have primary
tissue available at the study site, having received care
at other facilities, 2) available tissue varied widely (e.g.,
primary tumor, lymph node, non-CNS metastatic site,
brain metastases, LMD cells) with heterogenous progres-
sion and duration of treatment, 3) no LAT1 expression
grading system previously existed, 4) the level of LAT1
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Table 4 Common challenges in clinical trials for brain metastases. Our adaptive trial design for patients with brain metastases and

LMD seeks to overcome these challenges

Challenge

Potential solution

Differentiating pseudoprogression from true progression
on follow-up imaging

Rapid CNS disease progression during washout period

- Inclusion of a“preliminary disease progression” category, with consecutive scans
showing sustained increase in lesion diameter required for confirmed progression

- Rapid recruitment and enrollment by using a phone line to streamline trial referrals

« LAT1 status not required for enrollment

Poor blood-brain barrier penetration of chemotherapy drugs

- Use of LAT1-targeting to both cross the blood-brain barrier and facilitate transport

into tumor cells

Limitations of radiographic follow-up

- Alternative biomarkers obtained through CSF biopsy

- Quality-of-life survey

Evaluating treatment response of CNS vs. systemic disease
Small sample size

+ Routine CNS and systemic imaging

- Expansion to all breast cancer subtypes

- Regional academic center collaboration

expression had not yet been correlated to QBS72S thera-
peutic response, and 5) the total time required to acquire
tissue and test for LAT1 expression would be prohibitive
for rapid enrollment. Finally, given an intervention at the
point of LMD is unlikely to be curative, the collection of
quality-of-life survey data may support another domain
of response determination in this complex patient
population.

Patients with BrMs rapidly progress, particularly in
LMD where survival is limited to mere months and
symptoms can worsen over days to weeks. Recognizing
most patients would not have received primary breast
cancer treatment at Stanford, we sought to overcome
delays in accrual and limit barriers to enrollment by: 1)
creating a collaborative network across Stanford, UCSE,
and UC Davis for patient referrals while centralizing the
administrative burden, 2) establishing a department-sup-
ported phone line, with live and immediate access during
normal business hours to an administrative facilitator,
3) enabling video visits for pre-screen assessments of
patients by Clinical Research Coordinators, 4) rapid and
direct communication between the PI and local refer-
ring physicians, 5) allowing for post hoc determination
of LAT1 target expression, 6) reimbursing patient travel
expenses to help defray financial hardship and increase
the enrollment and retention of historically underrepre-
sented populations, and 7) tailoring washout periods for
radiation and systemic therapy.

Response criteria must effectively measure the impact
of the intervention specifically on BrM, considering
patients may have no, stable, or progressive systemic dis-
ease. Endpoints like PFS and ORR may be dominated by
non-CNS disease if not contextualized, and death from
neurologic causes can be difficult to determine in a frag-
mented healthcare system. Additionally, heterogeneity
among enrolled patients, prior and subsequent treatment
modalities, has hampered previous BrM trials from

efficiently gauging treatment effects [5, 54]. We sought to
overcome these limitations through data interpretation
novelty that included exploratory endpoints including
radiographic perfusion protocols, a novel LAT1 grad-
ing scale, and the development of novel CSF biomarkers
[55]. Pseudoprogression and premature trial termination
requires more refined MRI and cytology tools, which we
seek to address with perfusion MRI [56], and allowing for
a “preliminary disease progression” outcome category.
In the LMD cohort, we required a VAD for CSF access
to avoid lumbar puncture logistical challenges, allow for
testing of intracranial pressure, and determine CSF bio-
availability of the drug. To address the question of treat-
ment response and LAT-1 expression, we developed and
validated an IHC protocol to assay for relative expression
in patient tumor samples. Quantification of LAT1 trans-
porter expression will enable correlation with treatment
response to the drug in this and future studies targeting
LAT1.

Novel biomarkers of LMD response assessment are
critically needed

Patients with LMD have highly variable disease burden,
which cannot be assessed given limitations in the sen-
sitivity and specificity of currently available diagnostic
methods (e.g., MRI, cytology) [45, 57, 58]. For example,
cytology has a sensitivity of only 50-60% [59-62], with
10% of patients remaining negative despite repeated test-
ing and large CSF volumes [57, 60, 63]. Yet, due to a lack
of valid alternatives, clinical trials for LMD have relied
upon cytologic analysis of CSF for diagnosis and moni-
toring [64, 65].

This trial design sought to not only test the efficacy of
QBS72S, but also to leverage novel CSF biomarkers to
understand disease response, resistance, and toxicity.
These tools would allow a more effective and streamlined
approach to clinical trials targeting LMD. For example,
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tumor-associated cell free nucleic acids (cfDNA, cfRNA)
have been identified in patient CSF [30, 55, 66—69].
Recent advances in spatial transcriptomics, proteomics,
glycoproteomics, single cell RNAseq, and metabolomics,
when adapted to CSF, all hold great potential to increase
our understanding and treatment of BrM and LMD. We
will pursue CSF biomarker development correlated to
therapeutic response and resistance. These biomarkers
may support more rapid and effective LMD diagnosis and
monitoring, overcoming sensitivity limitations of current
approaches. The absolute amount of a biomarker of inter-
est (e.g. nucleic acid, protein, cytokine) in CSF is low, but
the signal-to-noise ratio may be advantageous in com-
parison to blood, due to the abundance of genetic mate-
rial from nonmalignant tissue [70-73]. For example, CSF
cfDNA testing has recently been explored for diagnosis
of LMD at two large, tertiary medical centers, where it
was shown to outperform conventional cytologic assays
in sensitivity and accuracy [66]. Therefore, our study’s
intentional incorporation of novel CSF-based biomarker
development may provide more sensitive measurements
of treatment response, resistance, and neurotoxicity

Conclusions

In summary, there is a large unmet need for effective
drugs to treat patients with breast cancer BrM and LMD,
with few new compounds currently in development.
Adaptive trial design allows for rapid evaluation and
enrollment, and post-hoc evaluation of target expression.
Novel biomarker tools are needed to determine response
to therapy, identify disease progression, and mitigate
neurotoxicity in patients with BrM. Blood-brain barrier
permeable drugs such as QBS72S hold great promise
for patients with currently few treatment or clinical trial
options.
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