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Purpose: Pancreatic ductal adenocarcinoma (PDAC) cells exist
on a spectrum of epithelial (E) and quasi-mesenchymal (QM)
transcriptional states, with differences in sensitivity to FOLFIRINOX
(FFX). Glycogen synthase kinase 3B (GSK-3p) is a key regulator of
PDAC cell epithelial-to-mesenchymal transition (EMT).

Patients and Methods: In vitro analysis of PDAC cell lines
combined with multiomic analysis of data from a GSK-3B in-
hibitor trial (NCT05077800) was conducted to evaluate treatment
effects on EMT.

Results: GSK-3B inhibition with elraglusib (ELRA) drives QM
PDAC cells toward an E state, demarcated by decreased transcription
of QM genes FNI and TGFBI and an induction of E genes KRT8 and
CEACAMS. A comparison of differentially expressed genes (DEG) in
PDAC cell lines with tumors from patients with PDAC treated in a
safety cohort combining FFX, ELRA, and losartan demonstrated

Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains a recal-
citrant disease with a 5-year survival rate of 13%. Combination
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97 overlapping DEGs with concordant directional changes. ELRA
treatment consistently suppressed EMT pathway expression. The
synergy of ELRA with cytotoxic doses of FFX in 3D culture was
observed only in QM PDAC lines. The FFX/ELRA combination
demonstrated initial evidence of clinical benefit, with three of six pa-
tients experiencing a partial response (PR) for a duration of at least
20 months. Interestingly, PRs were observed in patients with tumors
demonstrating a baseline high proportion of QM cells that transitioned
to E predominant tumors with ELRA treatment. Lastly, the influx of
M1 tumor-associated macrophages, CD4/CD8 lymphocytes, and NK
cells was observed with ELRA clinical response using a combination of
GeoMx, snRNA-seq, and ferumoxytol-enhanced MRI.

Conclusions: GSK-3p blockade synergizes with FFX by mod-
ulating PDAC plasticity while promoting the development of a
tumor-suppressive immune microenvironment.

cytotoxic chemotherapy was originally demonstrated to benefit
patients with metastatic disease over a decade ago, with FOL-
FIRINOX [FFX; 5-fluorouracil (5-FU), oxaliplatin, and irinote-
can] in 2011 (1) and gemcitabine combined with nab-paclitaxel
in 2013 (2). These combination therapies both have response
rates around 30% with generally nonoverlapping effects in pa-
tients with PDAC.

A series of genomic and transcriptomic studies has resulted in the
classification of PDAC cells into two specific transcriptional sub-
types: a classical epithelial (E) subtype and a quasi-mesenchymal
(QM; also known as basal or squamous) subtype (3-6). The
COMPASS trial provided initial evidence of the clinical importance
of these transcriptional subtypes as predictive therapeutic bio-
markers. Specifically, this study demonstrated that in patients with
locally advanced and metastatic PDAC, the expression of the E cell
transcription factor GATA6—associated with the E phenotype—
resulted in improved progression-free survival (PES) in response to
first-line FOLFIRINOX compared with patients with QM-
predominant tumors (7, 8). Similarly, our prior work has demon-
strated that FOLFIRINOX treatment of PDAC cells induces
epithelial-to-mesenchymal transition (EMT), leading to the en-
richment of QM phenotype persister PDAC cell populations in
preclinical models and neoadjuvant FOLFIRINOX-treated PDAC
tumors (9, 10). Although there are some genomic features that track
with these transcriptional phenotypes, including SMAD4 loss (11)
and KRAS or GATA6 copy-number gain (12), E and QM states are
driven primarily by a combination of epigenetic changes—mediated
by tumor intrinsic and extrinsic signaling—that lead to single-cell
heterogeneity along the spectrum of these states (9, 10, 13-16).
Together, these observations provide supportive evidence for a
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Translational Relevance

This study provides initial evidence highlighting the potential of
targeting pancreatic ductal adenocarcinoma (PDAC) plasticity as a
treatment strategy. Specifically, glycogen synthase kinase 3 (GSK-
3B) inhibition with elraglusib promotes PDAC cell transition from
quasi-mesenchymal to epithelial transcriptional states to abrogate
FOLFIRINOX resistance. Additionally, the tumor growth inhibi-
tory effects of GSK-3f blockade coincide with the development of
a tumor-suppressive immune microenvironment.

therapeutic strategy targeting chemotherapy-induced PDAC EMT
as a cellular mechanism of acquired resistance.

Prior work by Brunton and colleagues (16) identified enrich-
ment of glycogen synthase kinase 3p (GSK-3pB) in QM PDAC
models, and small-molecule inhibitors of GSK-3p have previ-
ously demonstrated sensitivity in QM PDAC cell lines. GSK-3p
promotes PDAC EMT by suppression of E-cadherin-p-catenin
complex formation via B-catenin phosphorylation, in addition to
direct modulation of NF-kB-mediated transcription of EMT
transcription factors snail family zinc finger 1 and 2 (SNAII and
SNAI2), zinc finger E-box binding homeobox 1 (ZEBI), and
lymphoid enhancer-binding factor 1 (LEFI; refs. 17, 18).
Meanwhile, prior preclinical work with the angiotensin II re-
ceptor blocker losartan (LOS) had shown improved tumor vas-
cularization by modulating the stromal microenvironment,
thereby enhancing chemotherapy delivery in PDAC mouse
models (19). This led to a phase II trial of FOLFIRINOX plus
LOS in locally advanced PDAC, with a striking median PFS of
17.5 months and median overall survival (OS) of 30.0 months
(20). We hypothesized, therefore, that the addition of a GSK-3
inhibitor to FOLFIRINOX plus LOS would greatly enhance re-
sponse rates and outcomes in patients with PDAC.

Elraglusib [(ELRA) 9-ING-41, Actuate Therapeutics, Inc.] is a
GSK-3p small-molecule inhibitor with antitumor activity (21). Pre-
clinical evaluation demonstrates that combination treatment with
gemcitabine led to significant growth inhibition in vitro and in vivo
through impaired ATR activation and degradation of the ATR-
interacting protein TopBP1 (22). In a recently reported randomized
phase II study, the addition of ELRA to gemcitabine and nab-
paclitaxel as first-line therapy improved the OS of patients with
metastatic PDAC in comparison with gemcitabine and nab-paclitaxel
(HR = 0.63, log-rank P = 0.01; ref. 23). Here, we show, using a
preclinical model, that ELRA shifts PDAC cells from a QM to E state
and synergizes with FOLFIRINOX therapy. Furthermore, we present
early data from a clinical trial highlighting the potential efficacy of
combining ELRA with FOLFIRINOX plus LOS for the treatment of
metastatic PDAC. Applying spatial transcriptomics and molecular
phenotyping techniques, we found changes toward the E state in
clinical trial samples concordant with preclinical cell line models.
Finally, we combined the aforementioned molecular analysis with
single-nucleus RNA sequencing (snRNA-seq) and ferumoxytol-
enhanced MRI (F-MRI) to clinically evaluate changes in the tumor
immune microenvironment in these patients. This proof-of-concept
study provides initial evidence that GSK-3p blockade has a multi-
modal effect of modulating PDAC plasticity while promoting the
development of a tumor-suppressive immune microenvironment to
enhance the effects of cytotoxic chemotherapy.
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Patients and Methods

Patient selection

All patients were enrolled after providing written informed
consent to study team members. The study was conducted in ac-
cordance with the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use Good
Clinical Practice guidelines to ensure the ethical treatment of all
patients participating in clinical research. We enrolled patients at
least 18 years old with histologically or cytologically confirmed
untreated metastatic PDAC, Eastern Cooperative Oncology Group
performance status <1, and adequate organ function who had no
prior therapy for PDAC in any form. Participants were required to
have measurable disease as defined by RECIST 1.1. Prior treatment
with angiotensin receptor blockers (ARB) for hypertension was
allowed. Patients assigned to a non-LOS-containing treatment arm
were changed to an antihypertensive medication that is not in the
class of ARBs. Patients with known or suspected deleterious
germline or somatic BRCA-mutated PDAC, with known tropomy-
osin receptor kinase fusion-positive PDAC, or with known deficient
mismatch/microsatellite instability or high tumor mutation burden
PDAC were excluded. Please refer to the protocol for a full list of
inclusion/exclusion criteria.

Study design and treatment

The presented data were from six patients treated in a safety
cohort of an open-label, multiarm, randomized phase II clinical
trial, NCT05077800, conducted at the Massachusetts General Hos-
pital Cancer Center in Boston, MA. A total of seven patients were
enrolled between March 9, 2022, and June 10, 2022. One patient
experienced disease progression and transitioned to comfort care
prior to starting study treatment. Six patients treated in the inde-
pendent safety cohort were directly assigned to treatment with the
combination of modified FFX, ELRA, and LOS in a 14-day cycle.
Modified FOLFIRINOX consists of day 1 intravenous administra-
tion of oxaliplatin 85 mg/m’, leucovorin 400 mg/m?, irinotecan
150 mg/m2 and 5-FU continuous intravenous infusion (CIVI)
2,400 mg/m” over 46 hours every 14 days per standard of care.
ELRA 9.3 mg/kg was administered on days 1 and 8 of each 14-day
cycle. ELRA was administered intravenously prior to CIVI 5-FU
pump connection. LOS was administered orally daily at a dose of
50 mg. LOS was dosed at 25 mg orally daily for days 1 to 7 of cycle 1.
LOS was titrated to 50 mg daily on day 8 if blood pressure criteria
were met. Pegylated or nonpegylated granulocyte stimulating factor
(e.g., Neulasta, Neupogen, Udenyca, Granix) was administered per
institutional standards. Patients transitioned to maintenance CIVI
5-FU therapy plus a biologic agent within 2 weeks after completion
of 12 cycles of FOLFIRINOX (complete therapy 1) without evidence
of disease progression. Patients restarted FOLFIRINOX (complete
therapy 2) at the time of disease progression on maintenance
therapy (MT) within 2 weeks of completion of the last cycle of MT.
Treatment withdrawal for disease progression was based on disease
progression occurring while the patient received complete therapy
unless the patient could no longer receive complete therapy due to
toxicity. Patients underwent biopsy of the metastatic tumor site at
baseline, prior to cycle 5 day 1 (cycle 4 days 9-14), prior to starting
MT (cycle 12 days 9-14), and at the time of disease progression,
resulting in the patient going off study treatment. Patients also
underwent F-MRI at the same time points as the metastatic tumor
biopsy. Blood was obtained for biomarker analysis on day 1 of cycles
1, 2, 3, and 4 and day 1 of odd-numbered cycles beyond cycle 4. In
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addition, blood was obtained at the transition to MT, disease pro-
gression (start of complete therapy 2), and off treatment. Following the
evaluation in the safety cohort, 50 patients were enrolled for a multiarm
noncomparator phase II study, with patients randomly assigned in a
1:3:3:3 manner to receive treatment with FFX alone (n = 5), FFX + LOS
(n = 15), FEX + ELRA (n = 15), or FEX + LOS + ELRA (n = 15).

Assessments

Participants were seen weekly for clinical assessments and were
evaluated for radiographic response every four cycles. Patients were
followed every 6 months for survival until death, withdrawal of
consent for follow-up, or up to 5 years. All adverse events (AE) were
monitored from registration until 30 days after treatment and
were graded according to the NCI Common Terminology Cri-
teria for Adverse Events, version 5.0. Following disease pro-
gression, patients were followed per protocol for survival (details
in the protocol).

Study endpoints

The primary endpoint of the safety cohort was to evaluate the
treatment-related AEs and determine the recommended phase II
dose of the combination therapy of FOLFIRINOX, ELRA, and LOS.
The six patients were treated with the standard dose of FOLFIR-
INOX (Table 6.1), LOS, and ELRA. If more than one dose-limiting
toxicity (DLT) occurred within the first two cycles of treatment, six
patients were treated at dose level —1 of FOLFIRINOX, LOS 25 mg,
and ELRA 7 mg/kg. If two or more DLTs were noted within the first
two cycles of treatment, no further patients would be treated with
the combination. Secondary endpoints include PFS, time on MT,
objective response rate (ORR), and OS. PES is defined as the time
from study entry to the earliest occurrence of progressive disease
while receiving complete therapy with FOLFIRINOX-based therapy
or death due to any cause. Progressive disease must be documented
objectively in one or more local and/or distant sites. Patients re-
ceiving maintenance 5-FU-based therapy who develop disease
progression will return to FOLFIRINOX-based therapy and will not
be censored for PFS outcome estimation. Time on MT is defined
from the start of maintenance 5-FU-based therapy to the time of
objective disease progression. ORR is defined as the proportion of
patients who have a partial response (PR) or complete response per
RECIST 1.1 criteria.

Statistical analysis

Six patients in the safety cohort were evaluated independently
to assess the safety of the combination therapy of FOLFIRINOX,
ELRA, and LOS. Secondary endpoints to be evaluated in the
multiarm portion of the study will include PFS, ORR, time on MT,
and OS. If a patient is lost to follow-up or withdraws from the
study or the study is ended prior to progression/death, the patient
will be considered censored at their last recorded follow-up. The
distribution of PFS and OS will be calculated with 95% confidence
intervals using Greenwood’s formula and depicted using Kaplan—
Meier survival curves. Survival curves will be compared with
historical data using a one-sample log-rank test. Because the study
sample size is not powered for comparing the OS, comparisons
with historical data will be performed for exploratory purposes.
Radiographic ORR per RECIST 1.1 will be reported along with the
corresponding binomial exact 95% confidence intervals. Statistical
analyses were performed using SAS version 9.4 (SAS Institute,
RRID: SCR_008567).

AACRJournals.org

Targeting Cellular Plasticity in Pancreatic Cancer

Cell lines

Patient-derived PDAC cell lines (PDAC3, PDAC6, and PDAC9)
were derived from metastatic ascites from patients under a dis-
carded tissue protocol in accordance with the Massachusetts Gen-
eral Hospital Institutional Review Board (IRB) protocol
2011P001236, as previously described (24). Cells were cultured in
DMEM (Gibco, cat. #11995065) supplemented with penicillin
(100 U/mL) and streptomycin (100 pg/mL; 1x; Gibco, cat.
#15140122) and 10% fetal bovine serum (FBS). Cell cultures were
regularly tested for mycoplasma contamination with the MycoAlert
PLUS Mycoplasma Detection Kit (Lonza, cat. #LT07-705).

In vitro drug treatment studies

PDAC3, PDAC6, and PDACY cells were plated at a density of
1 x 107 cells/well (100 pL media) in 96-well clear round-bottom ul-
tralow attachment (ULA) microplates (Corning, cat. #7007). After
24 hours of incubation, cells were treated with different concentrations
and combinations of drugs and/or vehicle at a total volume of 20 uL
drug/well. After 7 days of drug treatment, luminescence cell viability
assays were performed using CellTiter-Glo 3D (Promega, cat. #G9683),
in accordance with the vendor’s recommendations. After 5 minutes of
incubation on a shaker at ambient temperature, microplates were read
using a SpectraMax Multi-Mode Microplate Reader (Molecular De-
vices) and SoftMax software. Luminescence reading matrices were
exported as Excel (RRID: SCR_016137) files to calculate the percent
inhibition values and then further exported either to GraphPad Prism
10.2.3 (RRID: SCR_002798) or the SynergyFinder Plus web application
(https://synergyfinder.org; ref. 25) for final data analysis. The drugs used
were ELRA (MedChem Express, cat. #HY-113914) and FOLFIRINOX
(FFX), a chemotherapy combination including 5-FU (Invitrogen, cat.
#sud-5fu), Irinotecan (Cayman Chemical Company, cat. #14180), and
Oxaliplatin (Sigma-Aldrich, cat. #09512). A 1x dose of FEX is com-
posed of: 5-FU 43.4 umol/L, Irinotecan 0.4 pmol/L, and Oxaliplatin
0.323 umol/L. Two types of dose-response studies were performed. In
both studies, the drugs were administered in 8 doses of ¥ serial dilu-
tions. For ELRA, the range of 8 doses of ¥ serial dilutions was from
0.625 to 1.0 pmol/L/vehicle (DMSO, Sigma-Aldrich, cat. #D8418). For
FFX the range of 8 Y serial dilutions were from 1x to 0x/vehicle
(regular media). In the first type of dose-response study, cell lines were
treated with three conditions: FFX alone, ELRA alone, and a combi-
nation of FFX and ELRA. The study was performed in three biological
replicates, each with three or four technical replicates per cell line
(PDAC3, PDAC6, PDACY). The Excel results (% Inhibition) were
imported into GraphPad Prism 10.2.3 for nonlinear regression analysis
(curve fit), with the X values representing log, concentrations of the
FFX ¥ dilution series and the Y values representing cell viability re-
sponses. In the second type of dose-response study, a 64 combination
microplate layout was used, with each well representing a unique drug
combination resulting from the 8 x 8 Y% serial dilution matrix (with
constant FFX doses in columns and constant ELRA doses in rows). The
study was performed in two or three biological replicates per cell line.
The Excel results (% Inhibition) were uploaded to the SynergyFinder
Plus web application (https://synergyfinder.org; ref. 24) to generate
dose-response matrices and synergy distributions using the Loewe
additivity model. Wells with a synergy score >10 were considered to
represent a synergistic effect for the corresponding dose combinations.

Bulk RNA-seq

PDAC3, PDACS6, and PDACY cells (2 x 10° per well) were
prepared—in triplicate—in six-well ULA culture dishes in 3D media
to allow tumorsphere formation. Similar to above, after 24 hours of
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incubation, cells were treated with ELRA (at 0.625 and 1.25 umol/L)
or vehicle (DMSO). After 10 days of treatment, tumorspheres were
collected, and RNA was extracted using the miRNEasy Mini Kit
(QIAGEN), including the optional on-column DNase treatment
(QIAGEN). RNA quality was analyzed using the Bioanalyzer 2100
(Agilent Technologies). To generate libraries for total RNA-seq, the
Ilumina Smarter Stranded Total RNA-seq kit version 2 (cat. #634413)
was used according to the manufacturer’s instructions. Pooled li-
braries were sequenced on an Illumina NextSeq 500 sequencer.

Raw Illumina reads were quality-filtered and aligned as per prior
studies in the lab (2). The downstream analysis was carried out in R
(RRID: SCR_001905), using DESeq2 for differential expression
analysis (3). The R package clusterProfiler (RRID: SCR_016884) was
used for gene set enrichment (pathway) analysis (4). Heatmaps were
plotted using the R package ComplexHeatmap (RRID: SCR_017270;
ref. 5).

RNA in situ hybridization

Formalin-fixed, paraffin-embedded (FFPE) tissue sections from
four patients were stained using RNA in situ hybridization (RNA
ISH; ACD RNAscope 2.5 LS Duplex Reagent Kit - RED/BROWN,
RRID: AB_2136278) on a Leica BOND RX automated stainer, with
epitope retrieval performed under EDTA-based pH 9 conditions. A
PDAC xenograft control was included with each batch of patient
slides as a staining control. Probes for the EMT ISH Pancreatic
Cancer Pool (Epi-C1 QM-C2, cat. #321762) were used. The E probe
pool (CDH1, EPCAM, KRT5, KRT7, KRT8, KRT19) was visualized
using the DAB chromogen (Leica BOND Polymer Refine Detection,
DS9800), whereas the mesenchymal probe pool (FN1, SERPINEI,
CDH2) was labeled with the Fast Red chromogen (BOND Polymer
Refine Red Detection, DS9390). Whole images of stained slides were
acquired at 40x (0.26 pum/pixel) resolution using a MoticEasyScan
Infinity digital pathology scanner.

RNA-ISH quantification

The EMT dual ISH stained images were analyzed using the
HALO digital image quantification software platform (RRID:
SCR_018350). Annotated tumor regions were verified by a pathol-
ogist (B.K. Patel). Large folds, debris, fat, muscle, and normal tissue
were excluded from quantification. The HALO AI DenseNet con-
volutional neural network classifier was trained to distinguish tumor
glands from stroma within the annotated tumor regions and was
manually validated afterward. The HALO ISH module version
4.2.11 was used to quantify ISH markers. Nuclear detection was
performed using either the default artificial intelligence (AI) nuclear
segmentation classifier or a custom AI nuclear segmentation clas-
sifier (HALO AI version 4.0.5107.318) for cases in which hema-
toxylin nuclear staining was weak. RNA-ISH positivity was based on
signal intensity and dot size within a cell, with brighter and larger
dots having more weight and staining patterns of the color-
deconvolved image component of each chromogen (DAB, E probe
pool; FastRed, mesenchymal probe pool). Cells that were double-
positive for E and mesenchymal stains were considered QM.

Following analysis, object tables were exported into GraphPad
Prism 10.2.3. The QM percentage per patient case was calculated as
the ratio of double-positive cells (brown and red) to the total
glandular E/single-positive cells (brown) and represented as part of
a whole via a pie chart. For each patient case, representative tumor
regions, with and without the classifier mask, were captured using
the Figure Maker tool option and exported as .jpg files.

872 Clin Cancer Res; 32(5) March 1, 2026

Specimen acquisition and histologic review

This discarded excess tissue study was approved by the IRB at the
Dana-Farber Harvard Cancer Center (IRB 21-350). Serial sections
from FFPE blocks were then made, with the first section stained
using hematoxylin and eosin (H&E) and evaluated by a pathologist
(B.K. Patel).

Spatial transcriptomics data generation

We used the GeoMx Digital Spatial Profiler platform (NanoString
Technologies; RRID: SCR_021660) to collect genetic information
from transcribed mRNA. This involved staining the slide with the
GeoMx Human Whole Transcriptome Atlas (a mix of unique oligo-
labeled probes against 18,676 mRNAs). This was followed by
staining with fluorescent morphology markers, PanCK (Nano-
String), CD45 (NanoString), and alpha-smooth muscle actin (clone
1A4; Novus Biologicals, cat. #IC1420R, RRID: AB_3654722, con-
jugated with lyophilized Alexa Fluor 647 mix ab274049, Abcam) to
visualize the E, immune, and fibroblast compartments, respectively,
at different emission spectra. After staining, multiple regions of
interest (ROI) were marked out with H&E as a reference. A total of
72 ROIs were marked out, following which the instrument accu-
rately segmented the ROIs into distinct immune/E/fibroblast “areas”
of interest (AOI). This was followed by the collection of the barc-
odes (attached to oligos by ultraviolet light-cleavable bonds) onto a
96-well collection plate. The sampled oligos were then pooled fol-
lowing the NanoString GeoMx-NGS Readout Library Prep User
Manual (MAN-10117-03). Illumina’s i5 X i7 dual indexing system
was used for amplification and ligation of the adapters. Quantitation
of the final library was done by qPCR using KAPA estimation
(KAPA code: KK4854, Roche, cat. #07960298001) with the Roche
LightCycler 480 program and was eventually sequenced with a 1%
PhiX spike-in on a NextSeq 500/550 using a 2 x 75-cycle Mid-
Output version 2.5 flow cell, following instructions in the Illumina
NextSeq manual (15048776, version 16). The generated FASTQ files
were processed to generate target probe-specific count files and
saved in Data Coordination Center (DCC) format.

Nanostring computational methods

Probes were collapsed to the geometric mean of each target after
removing outliers using a Grubbs test per gene across AOIs. AOIs
with low read alignment quality, low total read counts, and low
segment area were excluded from the analysis. The data were
quantile normalized such that each AOI has the same 75th per-
centile of expression. AOIs were grouped by segment (epithelial,
immune, fibroblast) and clustered using the unweighted pair group
method with arithmetic mean (UPGMA) on the top 900 most
variable genes. Clear distinctions were observed for the immune and
E segments, and groups were defined based on the first and second
dendrogram separations, respectively.

The epithelial compartment

Differential expression analysis was then performed on every
combination of the three epithelial groups using a Mann-Whitney
test, and significant genes were defined as having an FDR-adjusted P
value of less than 0.05 and at least a twofold change in mean ex-
pression. Gene set enrichment analysis (GSEA) was performed us-
ing the clusterProfiler R package (RRID: SCR_016884). Gene set
meta scores were then generated for the Moffitt EMT gene set by
calculating the difference in mean z-score of the genes from the two
Moffitt subtypes for each AOL
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The fibroblast compartment

Differential expression analysis was performed as above. In ad-
dition, an inflammatory cancer-associated fibroblast (iCAF)/myofi-
broblastic CAF (myCAF) gene subset was utilized to specifically
assess CAF subtypes in available AOIs.

The immune compartment
Immune cell subtype composition was estimated using the Spa-
tialDecon R package version 1.6.0 (RRID: SCR_026836).

snRNA-seq library preparation

snRNA-seq was performed by the Mass General Brigham (MGB)
Biobank Genomics Core. Sample preparation for snRNA-seq was
performed using the Evercode Low Input Cell and Nuclei Fixation
version 3 (Parse Biosciences, #£CLN3301) and Evercode Whole
Transcriptome version 3 (Parse Biosciences, #ECWT3300) Kkits.
First, tumor biopsies were lysed and nuclei isolated on a per-sample
basis. For tumor biopsy lysis and nuclei isolation, Salts + Tricine
(STc) and NP40 + Salts + Tricine + Polyamines (NSTcPA) buffers
were prepared as previously described (25). Frozen tissues were
then transferred into 500 pL of NSTcPA buffer containing DNA
and RNA inhibitors (New England Biolabs, #M0303L, and Mil-
lipore Sigma, #3335402001) and minced for 8 minutes. Minced
tissues were pipetted over a 40 pmol/L filter (Corning, #431750)
into a 50 mL conical tube. The well was washed twice with 1 mL of
NSTcPA buffer and twice with 1 mL of Salts + Tris (ST) buffer and
pipetted over the same filter for each subsequent wash. Subse-
quently, 1 mL of ST buffer was pipetted over the filter twice to
further dilute the sample. The sample was then transferred to a
15 mL conical tube and centrifuged at 500 x g for 5 minutes at 4°C,
with deceleration set to 5. The supernatant was removed, and the
pellet was resuspended in 100 to 200 pL of PBS (Corning, #21-040-
CV) /1% BSA (Sigma-Aldrich, #A9418) and then pipetted through a
35 mmol/L FACS tube.

Nuclei were quantified using a disposable C-Chip hemocytometer
(VWR, # DHCNO15), and up to 100,000 nuclei per sample were
immediately fixed using the Evercode Low Input Cell Fixation kit
according to the manufacturer’s instructions. Nuclei samples were
then stored at —80°C until all samples were ready to proceed with
library preparation. Sequencing library preparation with 12,500 cells
per library was performed with the Evercode Whole Transcriptome
version 3 kit according to the manufacturer’s instructions. Sub-
library quality control and quantification were performed using a
Qubit fluorometer (Qubit 4: Thermo Fisher Scientific, #Q33226, and
Qubit Flex: #Q33327), Agilent 4200 TapeStation (Agilent,
#G2991BA), and KAPA qPCR analysis (Roche, #07960140001), and
sublibraries were then pooled to 4 nmol/L for sequencing based on
qPCR results. Seven sublibraries were pooled and submitted for
sequencing in total.

snRNA-seq

snRNA-seq was performed by the MGB Biobank Genomics Core.
Pooled snRNA sequencing sublibraries were sequenced using a
NovaSeq 6000 S2 flow cell with 200 cycles (65 + 8 + 8 + 58). Samples
were loaded onto the sequencer at 450 nmol/L with a 5% PhiX
spike-in.

snRNA-seq data processing

FASTQ files were prepared using bcl2fastq2 conversion software
version 2.20 via Illumina BaseSpace sequencing hub. Preprocessing
and alignment of FASTQ files were performed using the Parse
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Trailmaker Pipeline module version 1.4.1. Briefly, FASTQ files were
provided to the pipeline, and transcript sequences were aligned to
the GRCh38 reference genome. Count matrices filtered according to
sample-specific barcode thresholds established within the pipeline
were then downloaded for downstream analyses in R.

snRNA-seq cell type annotation

snRNA-seq analysis was performed using Seurat. For quality
control filtering, count matrices were filtered to include only genes
with minimum expression in greater than or equal to 100 cells and
log;oGenesPerUMI greater than or equal to 0.8. Additional quality
control filtering was performed to include cells with 7 anscripts and
genes > 300, Myanscripts < 15,000, genes < 5,000, and mitochondrial
genes <10%. Doublet identification was performed using
scDblFinder (12), and doublets were removed prior to further
analysis. Subsequently, the counts matrix was normalized using
NormalizeData (normalization.method = “LogNormalize” and
scale.factor = 10,000), the top 2,000 variable features were identified
using FindVariableFeatures (selection.method = “vst”), and the
counts matrix was scaled using ScaleData.

For cell type annotation, iterative subclustering was performed
across multiple rounds, and cell type labels were assigned to clusters
based on marker gene signatures (25-29).

During the first round of annotation, E and non-E cell clusters
were identified. First, dimensionality reduction was performed using
principal component analysis (PCA), followed by Uniform Mani-
fold Approximation and Projection for Dimension Reduction
(UMAP) to visualize individual nuclei. For clustering, a K-nearest
neighbor graph was first constructed to delineate cellular neigh-
borhoods based on similar features using the FindNeighbors func-
tion, followed by the identification of distinct cellular clusters using
the FindClusters function with Louvain clustering.

The malignancy of epithelial cells was confirmed using
infercnvpy (https://github.com/icbi-lab/infercnvpy). To that end,
the raw counts matrix and gene and cell type annotations were used
to create an AnnData object in Python, and the data were nor-
malized and logarithmized using the sc.pp.normalize_total and
ss.pp.loglp functions from Scanpy (30). The cnv.tl.infercnv function
was run with all non-E cells used as reference cells. Based on the
infercnvpy analysis, all E cells were treated as malignant cells.

Non-epithelial cells were isolated and further subtyped into
fibroblast, immune, endothelial, and hepatocyte classes over
multiple rounds of subclustering. Immune cells were further
subtyped into lymphoid and myeloid groups, which were then
each subclustered into specific lymphoid and myeloid cells. For
each round of subclustering, the top variable features were rei-
dentified, the data were rescaled, and dimensionality reduction
by PCA was again performed. Following PCA, batch correction
was performed for all rounds of nonmalignant subtyping using
Harmony (31) with parameters theta = 10, lambda = 0.5, and
12 iterations of clustering. Nuclei were visualized by UMAP, and
clusters were identified by FindNeighbors and FindClusters as
described above. For UMAP and Leiden clustering, the resolu-
tion and number of dimensions were empirically determined.
Unclassified or noisy cells were removed from further analysis
across multiple rounds.

Cell type annotation was performed for patients 2, 3, 4, 6, and 7,
in addition to an additional baseline sample. Due to unacceptably
low cell counts for patient 3 cycle 4 day 1 and the additional baseline
samples, patient 3 and the additional sample were not included in
downstream analyses.
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Figure 1.

GSK-3p inhibition with ELRA modulates EMT plasticity in PDAC cell lines. A, Heatmap depicting DEGs (1,605 total DEGs with adjusted P value < 0.1, z-score
shown by color) by cell line and treatment, with unsupervised hierarchical clustering. E and QM baseline cell types are designated. B, Volcano plot showing
significant DEGs in QM cell lines treated with ELRA (red) vs. DMSO (blue), with selected genes of interest labeled. NS, nonsignificant. C, Bar plot of significantly
altered Hallmark (MSigDB) pathways via GSEA of DEGs in QM cell lines in ELRA (orange) vs. DMSO (blue). D, Significantly altered Hallmark EMT genes with
hierarchical clustering ordered by cell line and treatment condition. E, PDAC cell viability with increasing doses of FFX alone, ELRA alone, or both. Full (1x) FFX
dose = 5-FU 34.4 umol/L, irinotecan 0.4 umol/L, oxaliplatin 0.323 pmol/L. Full (1x) 9-ING-41 dose = 0.625 umol/L. F, Synergy plot demonstrating dose-based
synergy score (Loewe model) between FFX and ELRA, in which scores >10 represent synergy, by PDAC cell line.
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MRI imaging protocol

Ferumoxytol (Feraheme, AMAG Pharmaceuticals) is an ultra-
small iron oxide nanoparticle with unique pharmacokinetics,
metabolism, and imaging properties. Previous studies have dem-
onstrated that ferumoxytol induces signal changes on MRI, which
correspond to macrophage accumulation of the nanoparticle,
24 hours after injection (32).

F-MRI was obtained at baseline (prior to cycle 1 day 1), after four
cycles of therapy [prior to cycle 5 day 1 (C5D1)], and at the time of
documented disease progression.

Ferumoxytol administration

Ferumoxytol was administered intravenously as a slow infusion at
a dose of 6 mg/kg. The solution, available in a 30 mg/mL concen-
tration, is provided in single-use vials, each containing 510 mg of
elemental iron in 17 mL. It is stored at controlled room tempera-
tures between 20°C and 25°C (68°F and 77°F), with acceptable ex-
cursions ranging from 15°C to 30°C (59°F to 86°F). For this study,
ferumoxytol was diluted with 20 cc of saline and administered over
a 15-minute period via slow injection.

Image acquisition

Imaging was conducted at two consecutive time points. The first
time point (day 0) involved an upper abdominal MRI using a standard
protocol with anatomic sequences. Additionally, high-resolution, nar-
row field-of-view diffusion-weighted imaging sequences (ZOOMit,
Siemens Healthineers) were acquired both before and after ferumoxytol
administration. T2* maps were generated after injection. To comple-
ment this, a free-breathing, high-resolution, post-contrast T1-weighted
sequence (GRASP VIBE, Siemens Healthineers) was captured during
dynamic ferumoxytol infusion. The second time point (24-48 hours
after ferumoxytol injection) involved a repeat of both the narrow field-
of-view images and ZOOMit sequences.

Image analysis

Imaging was analyzed using a standard clinical PACS (Visage
Imaging Client, version 7.1, Visage Imaging) with all clinically
available image manipulation tools (window and level, cross-
correlation, zoom, and scrolling, for example). T2* maps were
generated, and values were measured using a standard two-
dimensional 1 cm ROI placed over the pancreatic lesion and in
the normal pancreas. Absolute T2* values were obtained from the
lesion at time point 1 (the day of ferumoxytol injection) and time
point 2 (24-48 hours after injection). In addition, the difference in
T2 * values between time point 1 and time point 2 was obtained.
These values were also obtained for hepatic metastases. A repre-
sentative lesion that corresponded to the lesion percutaneously
sampled prior to cycle 1 day 1 initiation of therapy was chosen.

Results

GSK-3p inhibition with ELRA can shift the EMT state in PDAC
cell lines

To understand the effect of ELRA on PDAC cells, we utilized 3D
tumorspheres of PDAC cell lines comprising both E and QM states
(E: PDAC6; QM: PDAC3, PDACY) for which we have previously
described EMT heterogeneity and response to therapy (10). We
treated cells with ICs (0.3125 pmol/L) and IC;4q (1.25 pmol/L)
doses of ELRA (Supplementary Fig. S1A). We next analyzed gene
expression patterns in response to treatment using bulk RNA-seq.
We found that gene expression varied significantly between cell
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Table 1. Demographic and baseline characteristics of patients.

Treated patients

(N=6)

Age, years

Median (range) 63.5 (51-66)
Sex, n (%)

Male 3 (50)

Female 3(50)
Race/ethnicity, n (%)

White/not Hispanic 5 (83.33)

Black/African American 1 (16.66)
Eastern Cooperative Oncology

Group performance status, n (%)

0 4 (66.66)

1 2 (33.33)
Pancreatic tumor location, n (%)

Body/tail 5 (83.33)

Head/neck 1 (16.66)
Biliary drain or stent, n (%)

Yes 1(16.66)

No 5 (83.33)
Metastatic sites, n (%)

Liver 6 (100)

Lymph nodes 3(50)

Peritoneum 1 (16.66)

Lung 1(16.66)
Level of carbohydrate antigen 19-9, n (%)

Normal 2 (33.33)

Elevated, <59 x ULN 0 (0)

Elevated, >59 x ULN 4 (66.66)

Abbreviations: n, number of patients; N, total number of patients; ULN, upper
limit of normal.

lines (Supplementary Fig. S1B), with ELRA-induced changes more
apparent at the higher IC,oo dose. With ELRA treatment, there were
719 differentially expressed genes (DEG), which revealed a shift in
the transcriptomic profile in QM cell lines PDAC3 and PDAC9
toward the E cell line PDAC6 (Fig. 1A). Among these DEGs were
multiple downregulated genes involved in EMT promotion in cancer,
including LOX, IGFBP5, FNI1, SERPINE2, ICAMI, and TGFBI
(Fig. 1B). Furthermore, genes associated with the E state, including
KRT8 and CEACAMS, were upregulated with GSK-3p inhibition. Other
notable treatment-induced genes included ALDHILI and HIFIA,
which are involved in cell metabolism. In summary, we observed that
ELRA is able to shift PDAC cells to an E cell state away from stem-like
mesenchymal features enriched in 3D tumorsphere culture.

We then performed GSEA, revealing a strong downregulation of
EMT along with IL6 and TNFa signaling (Fig. 1C). In contrast,
ELRA led to the upregulation of oxidative phosphorylation and the
IFNy response. When visualizing gene expression among genes
from the Hallmark EMT gene set, there was a clear dose-dependent
shift in the QM cell lines PDAC3 and PDAC9 (Fig. 1D).

ELRA treatment synergizes with cytotoxic therapy in QM cells

Given that EMT has been previously shown to underlie chemo-
resistance to cytotoxic therapy, we hypothesized that combination
therapy with ELRA could sensitize PDAC cells to FOLFIRINOX. To
test this, we exposed PDAC cell lines to increasing doses of ELRA,
FOLFIRINOX, and ELRA plus FOLFIRINOX. We found that al-
though FOLFIRINOX monotherapy resulted in significant (>45%)
resistance even at full dose in QM cell lines, the addition of ELRA
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Figure 2.

ELRA in combination with FOLFIRINOX and LOS demonstrates clinical activity in patients with metastatic pancreatic adenocarcinoma. A, Clinical study design
and timed serial tissue collection for downstream analysis using Nanostring (GeoMx) and EMT-ISH. B, Tissue sample collection and downstream processing
timeline. C, Swimmer’s plot of treatment duration and response in sampled patients with PDAC. D, Percentage change in the size of the target lesion by CT scan
measured over time compared with baseline. Short-term (red) and long-term (blue) responders with historical median PFS of FOLFIRINOX shown (dotted black
line). E, CA19-9 values (U/mL) and percentage change from baseline trend by patient over time (months). F, Representative CT staging scans at baseline and
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Table 2. Overview of TEAEs in the safety population.

Grade 1/2 Grade 3/4

n/N (%) n/N (%)

Hematologic
Neutropenia
Thrombocytopenia

1/6 (16.66%)
6/6 (100%)

1/6 (16.66%)
0/6 (0%)

Anemia 2/6 (33.32%)  3/6 (50%)?
Nonhematologic

Fatigue 3/6 (50%) 2/6 (33.32%)

Nausea 3/6 (50%) 1/6 (16.66%)

Vomiting 3/6 (50%) 0/6 (0%)

Diarrhea 5/6 (83.33%)  0/6 (0%)
Neuropathy

Paresthesia (cold sensitivity) 6/6 (100%) 0/6 (0%)

Peripheral sensory neuropathy 4/6 (66.66%) 0/6 (0%)

(neuropathy)

Transaminitis 6/6 (100%) 0/6 (0%)

Thromboembolism 1/6 (16.66%) 1/6 (16.66%)

Vision changes 5/6 (83.33%) 0/6 (0%)

Hypotension 1/6 (16.66%) 2/6 (33.32%)°

Abbreviations: n, number of patients; N, total number of patients; TEAE,
Treatment-emergent AE.
20ne patient with duodenal hemorrhage.

(at ICso dose) led to a synergistic effect at half dose FFX (Fig. 1E and
F). In the E cell line PDACS6, however, most of the killing effect was
driven by FFX alone, with no additional benefit from ELRA.

Clinical activity of ELRA in patients with metastatic pancreatic
cancer

The observation that ELRA synergizes with FOLFIRINOX by
modulating EMT plasticity and shifting QM cells to a more E state
provided a rationale for the combination of ELRA with FOLFIR-
INOX in patients. As part of a larger open label, four-arm, non-
comparator phase II clinical trial studying the effects of combination
therapy including FOLFIRINOX, ELRA, and LOS, we treated six of
seven enrolled patients with treatment-naive metastatic PDAC in a
safety run-in cohort to assess treatment-related toxicities. Safety
cohort characteristics are listed in Table 1. Clinical response, serum-
based tumor marker assessments, and biopsy samples were obtained
for further study (see “Patients and Methods”; Fig. 2A and B).

The combination of ELRA, LOS, and FOLFIRINOX achieved
stable disease or better in 5 of 6 safety cohort patients during the
first 6 months of therapy (Fig. 2C). In addition, a long-term
(>6 month) response was observed in 3 of 6 patients, all of whom
achieved a PR by RECIST criteria (Fig. 2C and D). This response
was also maintained during the maintenance phase of therapy (5-
FU, ELRA, LOS). The duration of response was at least 20 months
in each of the long-term responders. There was a robust decline
in the tumor marker CA19-9 in the partial responders (Fig. 2E).
There was a mild increase in CA19-9 during the MT phase in
these patients, but this was subsequently reduced by the re-
sumption of complete FFX-based therapy (Fig. 2E). Radiologic
response was clearly demonstrated in patients 2, 3, and 7 with
aggressive forms of metastatic PDAC (Fig. 2F). Genomic data,
available in 5 of 6 patients, showed driver KRAS oncogenic mu-
tations in each patient, along with other known genetic aberra-
tions (Supplementary Table S1). Importantly, the combination of
FOLFIRINOX with ELRA and LOS was well tolerated, with no
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serious grade 3 or 4 AEs. One patient developed grade 3 venous
thromboembolism, which was attributed to underlying pancreatic
cancer. The temporary induction of a blue-black visual hue that
spontaneously resolves within 24 hours represents a unique
toxicity associated with ELRA administration. There were no
grade 3 or 4 visual adverse effects (Table 2). Overall, these results
provide early evidence that the addition of ELRA and LOS to
FOLFIRINOX is safe and has potential clinical efficacy in patients
with metastatic PDAC.

Treatment with ELRA, LOS, and FOLFIRINOX alters EMT and
TGFp signaling in patients with metastatic PDAC

To further characterize treatment-induced changes, we performed
Nanostring (GeoMx), spatial transcriptomic profiling, and snRNA-seq
on biopsy specimens from safety cohort patients. Slides were stained
and divided into epithelial, immune, and fibroblast “AOI” or com-
partments for sequencing analysis (see “Patients and Methods”). There
were significant global gene expression changes before and after the
completion of cycle 4 treatment and prior to starting MT in both
epithelial (tumor) and immune compartments (Supplementary Fig.
S2A-S2C; Supplementary Table S2). The stromal compartment did not
reveal any significantly altered genes after treatment with ELRA, though
each patient and condition were not evenly represented (Supplementary
Fig. S3A). Utilizing a subset of markers for inflammatory CAFs and
myCAFs, patient 3 demonstrated increased myCAF gene expression
before treatment, but this was not seen in patient 2 (Supplementary
Fig. S3B).

Within the epithelial compartment, there were 8,264 significantly
altered genes with treatment (Fig. 3A). When compared with
ELRA-induced changes in PDAC cell lines (Fig. 1), there were
97 overlapping DEGs that were also concordant in the direction of
change. These genes not only demonstrated a clear treatment effect
but also indicated cell populations (cluster 1 vs. cluster 2) that may
have differential responses to treatment. GSEA of biopsied tumors
demonstrated downregulation of the previously identified ELRA-
altered EMT pathway in the PDAC cell lines, as well as decreased
TGFp signaling (Fig. 3B). Of note, some significant pathways, in-
cluding the DNA repair and coagulation pathways, were reversed in
posttreatment biopsies compared with our PDAC cell lines treated
with single-agent ELRA.

Clinical responsiveness to GSK-3p inhibition correlates with
QM tumor state

Given the concordant changes in EMT after ELRA treatment in
both preclinical and clinical settings, we hypothesized that the degree
of clinical response may be correlated with an underlying QM tumor
state. To investigate this, we analyzed the transcriptomic profiles of
patients after treatment with ELRA. Interestingly, we found natural
gene clusters that seemed to vary based on response status (Fig. 3C).
Cluster 1 was enriched for genes upregulated in responders, which
were associated with upregulated pathways including complement,
fatty acid metabolism, and decreased KRAS signaling (Supplementary
Fig. $2D). In contrast, cluster 2 seemed to represent genes upregulated
in a nonresponder, patient 6. Further analysis using gene set en-
richment highlighted pathways that were upregulated in this patient,
including EMT and TGF signaling (Fig. 3D).

To validate our spatial transcriptomics analysis, we performed
EMT RNA-ISH on baseline biopsy specimens from patients. We
found that the two deep long-term responders, patient 2 and patient
3, had higher degrees of QM marker expression (60.35% and
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Figure 3.

Treatment response correlates with molecular features pertaining to the EMT state. A, Venn diagram demonstrating 97 concordant (same direction of change)
overlapping DEGs (filtered by |log, fold change| > 0.5, adjusted P value < 0.01) between PDAC cell lines and patients before and after treatment. Heatmap
depicting gene expression (z-score) of these 97 DEGs by patient AOI and treatment condition, with unsupervised (Continued on the following page.)
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48.41%, respectively) compared with the others studied (Fig. 3E).
Moreover, patient 7, who had a ~30% response throughout the
duration of follow-up, had a very small degree of QM marker ex-
pression at 2.93%. snRNA-seq analysis of biopsied tumors obtained
prior to MT transition demonstrated the maintenance of the E
transcriptional state in the long-term responder population (Fig. 3F;
Supplementary Fig. S4A and S4B).

Overall, these data provide a clinical proof of concept that GSK-
3B inhibition with ELRA in combination with standard cytotoxic
therapy and potentially LOS may be an effective therapeutic strategy
in metastatic PDAC of predominantly QM subtype.

Response to GSK-3p inhibition promotes a tumor-suppressive
tumor immune microenvironment

Next, we aimed to quantitate dynamic changes in macrophage
density in hepatic metastases using F-MRI as a clinical assay to
monitor tumor-associated macrophage (TAM) trafficking associated
with treatment. F-MRI was safely administered to the six patients
treated in the safety cohort, with all patients receiving pre- and
postinjection imaging, with the exception of patient 4 due to the
development of back pain with injection. F-MRI quantification fo-
cused on liver metastases from which biopsies were obtained for
spatial transcriptomics analysis. A representative imaging series
from patient 2 is shown in Fig. 4A with an axial CT scan showing a
liver metastasis (arrow), the same lesion seen on the T1 F-MRI
image after contrast administration, and a subsequent ultrasound-
guided liver biopsy for tissue analysis. A response to treatment was
associated with an influx of macrophages, depicted by a decrease in
T2* value at cycle 5 day 1 (Fig. 4B and C). Conversely, an efflux of
macrophages was associated with treatment resistance and tumor
growth (Fig. 4D). Long-term response to therapy was associated
with at least a 40% decrease in T2* value at cycle 5 day 1 (Fig. 4D).
Notably, the analysis of primary tumors and liver metastases across
patients lacked concordance. Next, mixed cell deconvolution of the
spatial transcriptomic profiling obtained from tumor biopsies after
cycle 4 treatment demonstrated that the predominant cell type in the
microenvironment of PDAC liver metastases was macrophages, but
the proportion of macrophages was not consistently altered by
treatment (Fig. 4E). snRNA-seq analysis of immune cells at cycle
12 prior to transition to MT (Supplementary Fig. S4C and S4D)
demonstrated a trend toward a proportional increase in M1 TAMs in
the long-term responder patients; however, due to the limited sample
size, this observation will need to be confirmed in the phase II study
(Fig. 4F). In addition, increased numbers of CD4 T cells, CD8 T cells,
and NK cells were observed in the tumors of long-term responder
patients (Fig. 4G). In summary, these data support the hypothesis that
GSK-3p blockade-induced tumor growth inhibition coincides with
the promotion of a tumor-suppressive immune microenvironment.

Discussion

The incorporation of combination chemotherapy regimens—
FOLFIRINOX and gemcitabine plus nab-paclitaxel—as effective

Targeting Cellular Plasticity in Pancreatic Cancer

chemotherapy backbones for metastatic PDAC provided a prom-
ising foundation for the use of adjunct therapies to enhance re-
sponse. Unfortunately, no new agents have demonstrated
significant added benefit to these chemotherapy regimens since
their introduction into the treatment paradigm over a decade ago.
Still, the results of the COMPASS, PASS-01, and NeoPancONE
trials provided a link between PDAC transcriptional subtyping
and differential response to FOLFIRINOX in the metastatic and
resectable disease settings (7, 8, 30, 33). In this article, we present
preclinical and early clinical data supporting the targeting of EMT
states with the GSK-3p inhibitor ELRA to shift PDAC from QM to
E state and enhance FOLFIRINOX efficacy. The population of
patients presented here are part of the initial safety cohort of
clinical trial NCT05077800. We demonstrate that clinically
achievable doses of ELRA induce an E transcriptional phenotype
in QM PDAC cell lines (PDAC3 and PDAC9) but have little effect
on an E PDAC cell line (PDACS6) in 3D tumorsphere cell culture.
Furthermore, ELRA treatment of PDAC3 and PDAC9 was asso-
ciated with the downregulation of TGFBI and other mesenchymal
genes. In addition, there was downregulation of IL6 and TNFa
signaling, both of which activate JAK/STAT3 and NF-kB pathways
that lead to EMT, cancer progression (31, 34), and decreased
sensitivity to FOLFIRINOX in cell culture.

Although based on a small number of patients, the results
from the six patients treated in the NCT05077800 safety cohort
receiving FOLFIRINOX, ELRA, and LOS provide early confir-
matory patient data supporting our preclinical studies. Long-
term responses associated with deep PRs for at least 20 months
were observed in patients with predominantly QM tumors.
Spatial transcriptomic analysis of tumor cell compartments
from pre- and posttreatment biopsies revealed a reduction in
EMT gene expression with an associated decrease in TGEFp,
glycolysis, and proliferation signatures that are linked with
more aggressive behavior. Interestingly, the third long-term
responder (patient 7) had a tumor that comprised 97% E-type
cells (Fig. 3E). This patient experienced a prolonged PR of ~30%
reduction in tumor burden, which supports the possibility that
FOLFIRINOX was the primary driver of therapeutic response in
this patient, similar to our PDAC6 cell line culture data (Fig. 1E
and F). In this case, ELRA may be functioning to suppress ac-
quired FOLFIRINOX resistance by preventing the development
of a substantive QM persister population over time. These ob-
servations support a model of chemically induced synthetic le-
thality, in which GSK-3p inhibition by ELRA drives QM PDAC
tumor cells to an E transcriptional state, making E-predominant
tumors more susceptible to FOLFIRINOX. The prolonged PFS
observed in the long-term responders supports a hypothesis that
targeting PDAC cell plasticity can suppress acquired resistance
to FOLFIRINOX, which will be more comprehensively assessed
upon the completion of this multiarm noncomparator phase II
trial, NCT05077800.

GSK-3p is also a key regulator of the cellular components of both
adaptive and innate immunity. As such, we sought to demonstrate the

(Continued.) hierarchical clustering. B, GSEA depicting significantly altered Hallmark (MSigDB) pathways after three cycles of complete combination therapy. C,
Hierarchical clustering heatmap depicting overall gene expression patterns after treatment with complete combination therapy, marking short-term (red) and
long-term (blue) clinical responses. D, Bar plot showing upregulated Hallmark pathways after GSEA of cluster 2 genes (enriched in nonresponders). E, EMT
status by EMT-ISH staining, by patient, quantified via HALO-AI. Representative stained tumor histology images, with or without superimposed automated cell
identification (right), are provided for each patient. Pie charts depicting the distribution of E vs. QM markers for each patient are shown. F, snRNA-seq UMAP of
malignant cells from patients at cycle 12, with pie charts depicting the distribution of E vs. QM cell proportion for each patient shown to the right.
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Figure 4.
Immune cell characterization of PDAC liver metastases by imaging, spatial transcriptomics, and snRNA-seq. Representative imaging from patient 2. A, Axial contrast-
enhanced portal venous phase CT (left) prior to the initiation of therapy demonstrates multifocal hepatic metastases, including a lesion in the right lobe of the liver
(arrow). The same lesion is seen on T1 after F-MRI imaging (middle) and was biopsied for tissue analysis by ultrasound guidance (right). B, T2* signal from F-MRI over
time for this lesion with initial low values (represented as dark blue on color-compressed maps) and increasing T2* at cycle 5 day 1and at progression (blue to green/
red). Increasing T2* values suggest macrophage absence initially and subsequent recruitment at the metastatic disease sites. C, Quantification of absolute T2* signal
in liver metastases in each patient over time. D, Percentage change of T2* from baseline to cycle 5 day 1. E, Proportion of tumor microenvironmental cell types using
spatial transcriptomics immune AOI mixed cell deconvolution, by patient before and after treatment. Macrophages are the primary immune infiltrate in all samples.
snRNA-seq of biopsies at cycle 12 of patients showing (F) M1 and M2 macrophage counts per sample and (G) CD4 T-cell, CD8 T-cell, and NK cell counts.
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feasibility of utilizing integrated spatial transcriptomic analysis and
snRNA-seq of serial tumor biopsies coordinated with F-MRI to
clinically characterize TAM trafficking in a prospective interven-
tional clinical trial. Our molecular analysis of biopsies from PDAC
liver metastases revealed an immune microenvironment domi-
nated by macrophages at 2 and 6 months of GSK-3P blockade.
Interestingly, the prolonged exposure to ELRA over a 6-month
period promoted M1 polarization of TAMs in long-term re-
sponders, whereas M2 TAMs predominated in the short-term
responders. F-MRI T2* mapping demonstrated that tumor re-
sponse to therapy was associated with an influx of macrophages.
Conversely, the efflux of macrophages from patient tumors was
associated with resistance to therapy. Thus, we demonstrate the
feasibility of clinical monitoring of macrophage trafficking within
patient tumors and the potential for understanding macrophage
response to different therapeutic interventions. Similarly, snRNA-
seq of biopsied tumors demonstrated the predominance of CD4"
and CD8" tumor-infiltrating lymphocytes and NK cells in long-
term responders. These findings, along with markers of clinical
benefit such as a reduction in disease burden measured by RECIST
and the prolonged time on MT with 5-FU in long-term re-
sponders, implicate the role of antitumor immunity associated
with GSK-3p blockade via ELRA. In fact, Mahalingam and col-
leagues (23) observed the induction of CD8" tumor-infiltrating
T cells in a subset of patients with a prolonged response to ELRA,
gemcitabine, and nab-paclitaxel in the randomized phase II study.
Together, these data support a model in which GSK-3f blockade
with ELRA modulates the function of cellular components of
adaptive and innate immunity to facilitate a tumor-suppressive
immune microenvironment.

In summary, our findings in this limited patient population
support the hypothesis that leveraging GSK-3B blockade to
target alterations in PDAC plasticity associated with chemotherapy
exposure offers a unique strategy to pharmacologically induce
synthetic lethality with FOLFIRINOX. Simultaneously, GSK-3(
blockade may modulate immune cell function to develop a tumor-
suppressive microenvironment. NCT05077800 has now completed
patient enrollment, and its multiarm design will allow for the de-
termination of the relative contributions of ELRA and LOS to
FOLFIRINOX sensitivity in patients with metastatic PDAC.

Data Availability

RNA-seq data and NanoString GeoMx are available at NCBI Gene Expression
Omnibus, GSE311574 study. Please contact D.T. Ting for raw data inquiries.
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