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BACKGROUND & AIMS: Fibrolamellar carcinoma (FLC) is a rare
liver cancer affecting young adults without underlying cirrhosis.
Although almost all FLC patients share an immunogenic DNAJB1-
PRKACA fusion oncogene, endogenous antitumor immunity and
clinical response to immunotherapy are limited. We hypothe-
sized that the lack of response to immunotherapy is mediated by
both T-cell exclusion and intratumoral immunosuppression.
METHODS: We used high-throughput single-nucleus RNA
sequencing to explore the tumor immune microenvironment
(TIME) of FLC. We then used multiplex immunohistochemistry,
live imaging, single-cell sequencing, and spatial proteomics in a
human tumor slice culture (TSC) system to dissect and experi-
mentally modulate the FLC TIME. RESULTS: We identified sig-
nificant dysregulation of stromal-immune signaling pathways
within the FLC TIME relative to adjacent nontumor liver, notably
including interactions between CXCL12% myofibroblasts and
CXCR4" lymphocytes. CXCR4 inhibition was sufficient to
mobilize stromal T cells into the carcinoma compartment,
with the addition of PD-1 blockade independently activating
T-cell antitumor effector function. Combination CXCR4 and
PD-1 blockade resulted in a significant increase in tumor cell
death relative to either treatment alone in a human TSC
model. CONCLUSIONS: Our findings demonstrate that im-
mune resistance in FLC is mediated by both local T-cell
exclusion and exhaustion, with combination CXCR4 and PD-1
blockade acting cooperatively to overcome these indepen-
dent mechanisms. These results highlight the versatility of
the human TSC system to aid in the study of rare cancer
types and provide important preclinical evidence for the
rational design of combination immunotherapy in FLC, which
currently lacks any effective systemic therapy.

Keywords: Fibrolamellar Carcinoma; Combination Immuno-
therapy; Tumor Immune Microenvironment; CXCL12.

ibrolamellar carcinoma (FLC) is a rare, aggressive

form of liver cancer in young adults that arises from
otherwise healthy parenchyma, with complete surgical resec-
tion offering the only potential cure.! FLC patients, however,
often present with advanced disease and have high rates of
recurrence after surgery, with systemic chemotherapy
currently offering no demonstrable survival benefit.** Case
reports and retrospective studies have found inconsistent re-
sponses to immune checkpoint blockade, particularly with
single-agent immunotherapy,””’ consistent with the low tu-
mor mutational burden seen in FLC.® Given the lack of effec-
tive systemic treatments and resultant high mortality, there is
an urgent need to deepen our understanding of FLC’s unique
tumor immune microenvironment (TIME) to aid in the
development of new immunotherapeutic approaches.’

FLC is characterized histologically by dense bands of
intratumoral stroma and molecularly by a conserved DNAJ-
PKAc fusion protein that promotes aberrant protein kinase
A signaling.'’"'? This fusion kinase serves as the primary
oncogenic driver for FLC and as a source of targetable tumor
neoantigens.*'* Despite the presence of these immuno-
genic fusion neoepitopes, intrinsic antitumor immunity in

*Authors share co-first authorship; SAuthors share co-senior authorship.

Abbreviations used in this paper: ANTL, adjacent nontumor liver; DC,
dendritic cell; FDR, false discovery rate; FLC, fibrolamellar carcinoma;
HSC, hepatic stellate cell; Ig, immunoglobulin; KRT19, keratin 19; mIHC,
multiplex immunohistochemistry; myCAF, myofibroblastic cancer-
associated fibroblast; NK, natural killer; PDAC, pancreatic ductal
adenocarcinoma; snRNAseq, single-nucleus RNA sequencing; TILs, tu-
mor-infiltrating lymphocytes; TIME, tumor immune microenvironment;
TSC, tumor slice culture.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Fibrolamellar carcinoma (FLC) is a rare type of liver
cancer occurring in otherwise healthy young adults that
currently has no effective systemic treatment options.

NEW FINDINGS

We use an innovative human tumor slice culture system
with a multi-omic approach to experimentally model the
tumor immune microenvironment (TIME) in FLC. We
identify CXCR4 signaling as a key driver of T-cell
exclusion in FLC and show that a rationally designed

combination  immunotherapy  strategy  increases
antitumor effector function.
LIMITATIONS

CXCR4 blockade mobilizes stromal T cells in a model of
the human TIME. Future studies are needed to further
define the role of other chemokine signaling pathways
in defining the spatial distribution of immune cells in the
FLC TIME.

CLINICAL RESEARCH RELEVANCE

We provide evidence for combination CXCR4 and PD-1
blockade as a new therapeutic strategy to overcome
the unique and independent immunosuppressive
mechanisms present in FLC. Our findings directly lay
the groundwork for future immunotherapy-based clinical
trials for a rare cancer type that currently does not have
effective therapies.

BASIC RESEARCH RELEVANCE

We provide evidence that antitumor immunity in FLC is
limited by both T-cell exclusion and immune
checkpoint-mediated immunosuppression. We show
that CXCR4 signaling is a key mediator in the stromal
sequestration of T cells in FLC and that CXCR4
inhibition is sufficient to mobilize these lymphocytes
into the carcinoma compartment. Addition of CXCR4
inhibition to PD-1 blockade cooperatively overcomes
both of these independent immunosuppressive
mechanisms and significantly increases antitumor
immunity in our preclinical model of the human TIME.

FLC is limited. Recent examination of the FLC TIME has
shown that CD4" helper and CD8" cytotoxic T cells are
predominately localized to nontumor liver, liver-tumor
interface, and intratumoral stromal bands.'® Furthermore,
T cells within the tumor core appear to have impaired
effector function with increased markers of T-cell exhaus-
tion."® This is mechanistically supported by the expression
of a variety of immune-checkpoint molecules within the FLC
TIME, notably including PD-1/PD-L1 in a pattern suggestive
of immune-resistance.'® FLC thus appears to create an
immunosuppressive microenvironment through two inde-
pendent mechanisms: T-cell exclusion from the carcinoma
compartment and immune checkpoint-mediated suppres-
sion of tumor-infiltrating lymphocytes (TILs). Despite the
significance of T-cell exclusion in mediating FLC tumor
immune evasion, little is currently known about the
molecular mechanisms that impair lymphocyte migration
toward tumor cells in FLC.
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Therefore, we here generated the largest FLC single-
nucleus RNA sequencing dataset to date comprising 25
adjacent nontumor liver (ANTL), primary tumor, and met-
astatic samples. Comprehensive profiling of more than
250,000 individual nuclei across these samples revealed
significant aberrations in inferred cell-cell communication
within the FLC TIME, notably including a key stromal-
immune interaction between the chemokine CXCL12 and
its receptor CXCR4. We demonstrate that CXCL12 is highly
expressed by myofibroblasts and acts locally to constrain T-
cell migration out of the stroma in a keratin-19 indepen-
dent manner. We then used an innovative human tumor
slice culture (TSC) experimental model in combination with
multiplex immunohistochemistry (mIHC), living tissue mi-
croscopy, single-cell sequencing, and spatial proteomics to
show that CXCR4 inhibition mobilizes T cells from the
stroma and allows for the accumulation of T cells in the
carcinoma compartment. We show that PD-1 blockade
works in tandem with CXCR4 inhibition through indepen-
dent mechanisms to activate intratumoral T cells and
ultimately increase FLC tumor cell death. Together, our
findings provide mechanistic insight into FLC's immuno-
suppressive microenvironment, demonstrate the versatility
of the human TSC model to understand treatment effects in
rare tumor types, and represent an important rational basis
for new immunotherapy approaches in FLC — a devas-
tating cancer that currently has limited treatment options.

Materials and Methods

Specimen Acquisition

After obtaining informed written consent under Institu-
tional Review Board-approved research protocols, sterile
gross specimens were examined in the operating room by the
operating surgeon, on-call surgical pathologist, and research
team. Ensuring that tissue collection would not affect patho-
logic margin assessment, the surgical team procured sterile 6-
mm punch biopsies of FLC tumor core, liver-tumor interface,
and/or ANTL. Live tissue for TSC was placed in ice-cold Belzer
UW Storage Solution (Bridge to Life Ltd.). Additional tumor
samples were placed in RNAlater Stabilization Solution
(Thermo Fisher Scientific, AM7021) and immediately flash
frozen or fixed in 10% formalin.

Tumor Slice Culture

As previously described,’”?° 250-um-thick slices were
sequentially cut from tumor cores using a vibratome (Leica VT
1200S) and cultured in RPMI-based media on permeable poly-
tetrafluoroethylene  membrane  inserts  (MilliporeSigma,
PICM01250). TSCs were incubated overnight at 37°C and 5% CO,
before treatment with 20 ug/mL immunoglobulin (Ig) G1
isotype control (BD Biosciences, 553447), 20 ug/mL of 1gG1 plus
100 pg/mL of AMD3100 (Sigma Aldrich, A5602), 20 ug/mL of
PD-1 blocking antibody (aPD-1, BD Biosciences, 562138), or
combination therapy. Slices were incubated for 3-6 days as
indicated for each experiment and had media changed when
applicable on day 3. Each TSC experiment represents a distinct
FLC resection with at least 3 tumor slices used for each treatment.
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Slice Culture Living Tissue Microscopy

Untreated TSCs were incubated with 10 ug/mL Alexa 405
CK7 antibody (Novus Biologicals NBP2-47944AF405) and 10
ug/mL Alexa 488 CD3 antibody (BioLegend 300415) for 2
hours at 37°C and washed. Slices were transferred into an
8-well culture slide (Ibidi) with fresh, warmed media con-
taining SR-FLICA Caspase 3/7 reagent (ImmunoChemistry)
according to the manufacturer’s protocol. Three-dimensional
time-lapse live imaging was performed using a Leica SP8X
confocal laser scanning microscope (Leica Microsystems) and
a covered stage top incubator (PeCon). Imaging was carried
out for at least 20 minutes before and 60 minutes after
treatment. Image processing and 3D cell-tracking was
performed on Imaris software (Bitplane USA).

Single-Nucleus and Single-Cell RNA
Sequencing

For single-nuclei RNA sequencing experiments, combinato-
rial barcoding and library preparation was performed according
to the manufacturer’s protocol (Parse Bio). Single-cell
sequencing of TSCs after 3 days of treatment was performed
using the Chromium Fixed RNA Profiling Kit and 10X Chromium
Controller (10x Genomics). Sequencing was performed using
either the NovaSeq 6000 or NextSeq platforms (Illumina). Both
datasets were processed according to current bioinformatic
best practices (see Supplementary Methods).

Results

Characterization of the Fibrolamellar Carcinoma
Microenvironment at Single-Nucleus Resolution

We and others have recently used multi-omic ap-
proaches with the goal of better understanding the unique
genetic landscape of FLC tumor cells, however, the dynamic
interplay between tumor, stromal, and immune cells within
the local TIME has not been well characterized.”' ** To
address this, we generated a first-of-its-kind single-nucleus
RNA sequencing (snRNA-seq) dataset encompassing
255,639 high-quality nuclei from 9 ANTL, 9 primary (8
paired), and 7 metastatic FLC samples from a total of 14
patients (Figure 14, Supplementary Table 1). We identified
4 major cell type clusters, corresponding to the expected
epithelial, immune, endothelial, and other mesenchymal
populations (Figure 1B, Supplementary Figure 1). Reas-
suringly, differentially expressed genes between malignant
and ANTL samples were relatively conserved between our
dataset (pseudobulk) and prior bulk RNA sequencing
data®® (Pearson r = 0.63 for all genes, r = 0.94 for differ-
entially expressed genes, Figure 1C). Similarly, a previously
published FLC gene signature”” from bulk RNA sequencing
data separated ANTL and malignant samples (Figure 1D),
establishing the reliability of the snRNA-seq dataset for
further analysis.

Subclustering of the epithelial cluster demonstrated that
ANTL samples, as expected, primarily contained hepato-
cytes and the highest relative fraction of cholangiocytes
whereas primary and metastatic samples had large tumor
cell populations defined by their expression of known FLC
tumor markers®®?® (Figure 1E). Hepatic stellate cells
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(HSCs) were found in both ANTL and tumor samples, with
primary and metastatic tumor samples additionally contain-
ing significantly higher numbers of HSCs undergoing trans-
differentiation into FAP' cancer-associated myofibroblasts
(myCAF), in line with FLC’s characteristic intratumoral
fibrosis (Figure 1F). Similarly, ANTL endothelial cells
included a distinct liver sinusoidal endothelial cell population
whereas both primary and metastatic FLC exhibited signifi-
cantly greater relative abundance of venous, arterial, and
lymphatic endothelial cells (Figure 1G). Although immune
cells were relatively rarer in the FLC TIME, careful immu-
nophenotyping revealed distinct myeloid populations
including macrophages, Kupffer cells, dendritic cell (DC)
subpopulations, and mast cells (Figure 1H). Lymphocytes
clearly divided into a relatively large CD3" T-cell population,
as well as rare regulatory T cell, natural killer (NK) cell, and
B-cell populations (Figure 1H). Overall, this dataset repre-
sents a valuable resource and highlights the rich heteroge-
neity of the FLC TIME.

Altered Chemokine Signaling Pathways in
Fibrolamellar Carcinoma Implicate CXCL12 and
CXCR4

We next compared cell-cell communication patterns
between ANTL and either primary or metastatic FLC sam-
ples. Given the small number of cells captured for certain
cell types, we generalized our annotations to include
consensus clusters for DCs (conventional, plasmacytoid,
regulatory), macrophages (macrophage, Kupffer cells),
endothelial cells (venous, arterial, liver sinusoidal endo-
thelial cells, lymphatic endothelial cells), vascular mural
cells (pericytes, vascular smooth muscle cells), and hepa-
tocytes (hepatocyte, mixed). We first compared pairwise
cell-cell communication strength between these cell types,
identifying that the myCAF and tumor cell populations
were the largest source of differential signal strength in
primary tumors relative to ANTL (Figure 24). To better
understand what pathways were altered in the FLC TIME,
we then calculated the distance between signaling path-
ways in ANTL and primary tumor samples and notably
identified differential use of signaling pathways involved
with fibrosis (eg, growth differentiation factors, activin,
protease-activated receptors), as well chemokine signaling
(eg, CXCL family chemokines, chemerin, leukemia inhibi-
tory factor receptor; Figure 2B).

We similarly compared cell-cell communication in meta-
static FLC samples relative to ANTL, again identifying tumor
cells and myCAFs as the primary sources of differential
interaction strengths across these samples (Figure 2C).
Pathway analysis notably suggested up-regulation of cell
proliferation pathways (WNT, EGF, FGF) and, among
immune-related pathways, appeared to strongly up-regulate
CXCL signaling within metastatic tumors (Figure 2D).
Although other pathways showed changes of greater
magnitude in FLC, the CXCL pathway appeared to have the
strongest immune-related up-regulation in both primary and
metastatic FLC samples. Given that CXCR4 signaling is a key
mediator of immune migration through its primary ligand
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Figure 1. snRNAseq highlights the heterogeneity of the FLC TIME. (A) Schematic overview of snRNAseq workflow. Created with
BioRender.com. (B) UMAP plot for 255,639 cells by major cell type (left) and frequency across all ANTL, primary, and metastatic
samples (right). (C) Regression plot showing log, FC between normal and primary tumor samples for pseudobulk snRNAseq data
and previously published FLC bulk sequencing.?” DGE (P < .01 after correction for multiple hypothesis testing) in both datasets
are shown in red (up-regulated in primary tumors relative to ANTL) and blue (down-regulated in primary tumors). PC1 variance
49%, PC2 variance 11%. (D) PCA for ANTL, primary, and metastatic tumor samples with at least 1000 total cells using genes
included in a previously published FLC signature.?? (E) UMAP plots, frequency barplot, and representative marker genes showing
cell subtypes within the epithelial, (F) mesenchymal, (G) endothelial, and (H) immune populations. E and F share the same size
and color legend as G. cDC, conventional dendritic cell; DGE, differentially expressed genes; FC, fold change; HSC, hepatic
stellate cell; LEC, lymphatic endothelial cell; LSEC, liver sinusoidal endothelial cell; Met, metastatic tumor; mregDC, mature
dendritic cell enriched in immunoregulatory molecules; myCAF, cancer associated myofibroblast; NK cell, natural killer cell; PC,
principal component; PCA, principal component analysus; pDC, plasmacytoid dendritic cell; Pri, primary tumor; Treg, regulatory
T cell; UMAP, Uniform Manifold Approximation and Projection; vSMC, vascular smooth muscle cell.
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CXCL12 in other tumor types, we hypothesized that
CXCL12-CXCR4 signaling could similarly contribute to im-
mune exclusion in FLC. We, therefore, next specifically
inferred the strength of CXCL12-CXCR4 interactions in ANTL,
primary, and metastatic samples. Although HSCs were pre-
dicted to interact with both T cells and DCs in ANTL through
CXCL12-CXCR4, this interaction was weaker than what is
observed in primary tumors between myCAFs and T cells, B
cells, DCs, and mast cells in primary tumors (Figure 2E,
Supplementary Figure 2). Furthermore, metastatic tumors
had significant dysregulation of CXCL12-CXCR4 signaling
originating from myCAFs and to a lesser extent endothelial
cells and macrophages (Figure 2E). Together, these data
suggest the existence of altered chemokine signaling path-
ways in FLC, notably including the CXCL12-CXCR4 axis as a
potential mechanism for T-cell exclusion in FLC.

CD3" T Cells are Preferentially Located Near
CXCL12" Stromal Cells

Prior studies have shown the importance of chemotactic
CXCL12-CXCR4 signaling axis for lymphocyte homing and
modulation of T-cell tumor infiltration in other cancer
types.*’** In pancreatic ductal adenocarcinoma (PDAC)
and other tumor types, CXCL12 is produced by stromal fi-
broblasts but captured onto tumor cells expressing a ker-
atin 19 (KRT19) coat that impairs migration toward tumor
cells through a dimeric form of CXCL12.**7° As prior
studies have found that only ~20% of FLC tumors have
even focal KRT19 expression,37’38 we first asked where
CXCL12 is located within primary FLC tumors by multiplex
immunofluorescent imaging. In contrast to PDAC, we did
not identify detectable KRT19 or CXCL12 on FLC tumor
cells (Figure 34; n = 4/4). Interestingly, cholangiocytes
were strongly positive for both KRT19 and CXCL12, with
CXCL12 expression additionally seen in endothelial cells
that lacked KRT19 (Figure 3B). We also saw that CXCL12
expression was additionally present in stromal cells and
appeared to be enriched in areas of high CD3" T-cell den-
sity at the liver-tumor interface, consistent with a KRT19-
independent CXCL12-CXCR4 interaction between stromal
cells and lymphocytes (Figure 3B).

Given T cells in primary FLC tumors are characteristi-
cally concentrated at the liver-tumor interface and within
intratumoral stromal bands devoid of carcinoma cells,'® we
further explored this potential colocalization between
CXCL12™ stromal cells and T cells. We first annotated liver
(L), interface (I), and tumor (T), as well as the intratumoral
stroma (S) and carcinoma (C) compartments with an expert
liver pathologist (Figure 3C). We used in situ hybridization
to examine CXCL12 expression at the RNA level, confirming
enrichment of CXCL12 transcript production at the liver-
tumor interface and within stromal bands (Figure 3D).
Immunohistochemical costaining for CD3 and CXCL12 dis-
played a clear spatial relationship within stromal areas,
consistent with myCAFs representing the highest pro-
ducers of stromal CXCL2 by snRNAseq (Figure 3E and F).
Objective image analysis showed that CXCL12™" cells had a
greater number of CD3™ cells within 50 um when compared
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with CXCL12°CD3" cells (Figure 3G; P = 6.0 x 10 by paired ¢
test; n = 8 primary tumors). These results suggest that the
myCAF-T-cell interaction mediated by CXCL12-CXCR4 may
be a key contributor to T-cell exclusion.

CXCR4 Blockade Enhances Anti-PD-1
Immunotherapy in a Human Fibrolamellar
Carcinoma Tumor Slice Culture Model

Building on the observed correlation between T-cell
sequestration and stromal CXCL12 expression, as well as
our prior findings that lymphocytes successfully infiltrating
into the carcinoma compartment face a locally immuno-
suppressive microenvironment,'”> we predicted that
combining CXCR4 with PD-1 blockade could be an effective
immunotherapeutic approach for FLC. Cotreatment with
CXCR4 and PD-1 blockade has been shown to be effective at
mobilizing and activating T cells in other tumor types,*®>°
however, this has not previously been demonstrated in
FLC. We have additionally shown that a human TSC mod-
el'”?° can be applied to FLC patient samples, allowing for
the experimental study of the FLC TIME’s response to
immunotherapy.'®

We obtained FLC primary tumor (n = 7) or regional
lymph node metastases (n = 2) from independent opera-
tive resections involving 7 patients and created human
TSCs using these samples (Supplementary Table 2). We
then treated TSCs with either a control IgG1l isotype anti-
body, IgG1 control with the highly specific CXCR4 inhibitor
AMD3100,"° a PD-1 blocking antibody («PD-1), or combi-
nation therapy (Figure 4A). After 6 days of treatment, we
used cleaved caspase-3 staining to assess the efficacy of
each treatment in inducing tumor cell death'”"*°
(Figure 4B). Relative to IgG1 control, we found that both
AMD3100 and «PD-1 monotherapy significantly increased
apoptosis in the carcinoma compartment (mean 30%
apoptosis vs 37% and 41%, respectively, with P = .002 for
each by paired t test). Combination therapy demonstrated
an additive effect (52% apoptosis in the combination
group, P = 3 x 107°,.001, and .002 by 1-way analysis of
variance relative to IgG, AMD3100, and «PD-1 mono-
therapies, respectively; Figure 4C). The effects of both
monotherapies and combination treatment were similar
across primary FLC and metastatic lymph node samples, as
well as patients receiving prior systemic therapy
(Supplementary Figure 3). Of note, our findings that FLC
tumor cells had no detectable expression of CXCR4
(Figure 3F) and that AMD3100 monotherapy resulted in only
a modest increase in apoptosis strongly suggest CXCR4
blockade is not directly cytotoxic to tumor cells. Overall,
these results demonstrate that combination CXCR4 and PD-1
blockade significantly increased tumor cell death in a human
TSC model and suggest that these treatments target inde-
pendent mechanisms that each impede antitumor immunity.

CXCR4 Blockade Mobilizes T Cells From Stroma

to Carcinoma
Our data demonstrated that stromal CXCL12 expression
may mediate T-cell sequestration via its interactions with
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For (B) and (D), error bars represent bootstrapped standard deviation and the CXCL signaling pathway is highlighted in red.
(E) Chord diagrams highlighting statistically significant CXCL12-CXCR4 interactions in ANTL (/eft), primary tumor (middle),

and metastatic samples (right).



April 2026

CXCR4 and that blockade of this interaction using
AMD3100 results in increased tumor apoptosis. We thus
predicted that the observed increase in tumor cell death
was directly related to increased T-cell migration into the
carcinoma compartment enabled by CXCR4 blockade. Given
the high overall rate of apoptosis in TSCs after 6 days of
treatment (Figure 4C), we chose to assess the biological
impact of CXCR4 blockade and «PD-1 after 3 days when we
anticipated that immune effector function would be closer
to its peak (Supplementary Figure 4). We first performed
mIHC on FLC TSCs treated for 3 days (n = 5; Figure 54) to
directly examine the impact of CXCR4 and PD-1 blockade
on T-cell migration. TSCs treated with AMD3100, either
alone or in combination with «PD-1, were found to have a
significantly higher percentage of T cells located within the
carcinoma compartment when compared with IgG1 control
(P=.05and P =.03 by paired t test, respectively) and aPD-
1 monotherapy (P = .05 and P = .01, respectively). Addi-
tion of PD-1 blockade to AMD3100 did not increase the
percentage of T cells within the carcinoma compartment
compared with CXCR4 blockade alone (Figure 5B).

To confirm that CXCR4 blockade increases the number
of T cells within the carcinoma compartment by promoting
migration out of the stroma, we next used time-lapse living
tissue microscopy for 1 hour before and after each treat-
ment. We observed that T-cell migration significantly
increased within the first hour after combination CXCR4
and PD-1 blockade. Quantifying pre- and post-treatment
CD3™" T-cell movement in a total of 4 high-power fields
from 2 independent primary TSC samples revealed a sta-
tistically significant increase in the mean T-cell track length
(P = .03 by paired t test) and a trend toward increased
total T-cell displacement (P = .09) after combination
CXCR4 and PD-1 blockade (Figure 5C-E). Together, these
findings indicate that CXCR4 blockade induces rapid
mobilization of stromal T cells into the carcinoma
compartment.

PD-1 Blockade Increases Tumor-Infiltrating
Lymphocyte Effector Function

To further explore the functional impact of increased T-
cell migration into the carcinoma compartment, we next
used mIHC to compare granzyme B expression across
treatment conditions (Figure 6A4). Quantitative analysis of
mIHC from 5 TSC experiments each treated for 3 days
demonstrated that both «PD-1 and combination therapy
significantly increased the total percentage of cells that
were granzyme B-positive throughout the TSC, including in
both stroma and carcinoma compartments (2.3% and 3.5%
vs 1.0% IgGl; P = .03 and P = .01 by paired ¢t test,
respectively). No increase in granzyme B was observed
after treatment with AMD3100 alone (Figure 6B).
Restricting this analysis specifically to the carcinoma
compartment, we found that combination treatment
significantly increased the percentage of granzyme B™
CD3" T cells (P = .01 by paired t test). Treatment with
aPD-1 monotherapy also appeared to increase the per-
centage of granzyme B* CD3" T cells, although this result

CXCR4-Mediated Immunosuppression in FLC 793

did not achieve statistical significance (P = .06 by paired ¢
test). Combination therapy appeared to have at least an
additive effect relative to AMD3100 or aPD-1 monotherapy
(Figure 60).

We next used living tissue microscopy to assess the
functional impact of these activated intratumoral T cells
(Figure 6D). Again using slices taken from 2 primary re-
sections (Supplementary Table 2), we found that combi-
nation treatment with CXCR4 and PD-1 blockade resulted
in a significant increase in the fraction of CD3% T cells
within 20 um of apoptotic (cleaved caspase-3") tumor cells
within the first hour of treatment relative to pretreatment
slices (P = .006 by paired t test; Figure 6E). These findings
together suggest that PD-1 checkpoint inhibition enhances
T-cell granzyme B expression throughout the tumor
microenvironment. By increasing effector function, PD-1
immunotherapy works in concert with CXCR4-blockade-
induced mobilization of stromal T cells to increase the
number of activated intratumoral lymphocytes and ulti-
mately result in tumor cell death.

CXCR4 and PD-1 Blockade Mediate
Complimentary but Independent T-Cell
Programs

The impact of these therapies within the FLC TIME was
further assessed using the Nanostring PanCancer Immune
Profiling Panel*' to analyze 5 human TSC experiments after
3 days of treatment. Differential gene expression analysis
revealed that, when compared with IgG1-treated controls,
combination therapy resulted in significant up-regulation
of genes associated with tumor immune infiltration, T-
and NK cell effector function, and tumor suppression. Genes
associated with tumor function and tumor-promoting
inflammation were found to be down-regulated after
combination therapy (Supplementary Table 3). Differential
gene expression analysis further suggested increased im-
mune effector function and T-cell infiltration after combi-
nation therapy when compared with «PD-1 or AMD3100
monotherapy, respectively (Supplementary Table 4).
Similar analysis of «PD-1 monotherapy revealed increased
NK and lymphocyte activation markers relative to IgG1l
control, whereas AMD3100 monotherapy resulted in no
significant changes in gene expression (Supplementary
Table 5; P < .05).

Effector function within the FLC TIME after CXCR4 and
PD-1 blockade was further assessed using high-throughput,
droplet-based single-cell sequencing. We obtained a total of
6483 single-cell transcriptomes from dissociated human
TSCs (Patient 5; Supplementary Table 2) treated for 3 days
(Figure 74, Supplementary Figure 5). Focusing our analysis
on immune function within cytotoxic T cells, we performed
gene set enrichment analysis** with the goal of identifying
gene sets that were up-regulated by CXCR4 or PD-1
blockade relative to control. For example, we found that
genes associated with immune response regulation
(GO:0046651) were enriched in CD8™ cytotoxic T cells after
treatment with «PD-1 monotherapy (false discovery rate
[FDR] = 1.4 x 107%) and combination therapy (FDR =
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Figure 3. CD3" T cells colocalize with CXCL12 in the FLC TIME. (A) Representative mIF showing expression of KRT19 (red), CXCL12
(green), and CD3 (white). (B) CXCL12 expression was observed on KRT19 cholangiocytes (leff), as well as KRT19~ endothelial cells
(middlle) and stromal cells (right). High magnification regions of interest correspond to boxed areas in (A). Green arrows highlight
selected CXCL12* stromal cells (right). (C) Representative images of H&E-stained samples showing nontumor liver (L), FLC tumor (T),
and liver-tumor interface (I) (fop), as well as the intratumoral stroma (s) and carcinoma (c) (bottom). (D) In situ hybridization showing
RNA expression of CXCL12 (brown). (E) IHC staining demonstrating colocalization of CXCL12 expressing cells (brown) with CD3™
T cells (blue). The stroma-carcinoma interface (bottom) is a magnified area represented by the box in (D). (F) Dotplot showing
expression of KRT19, CXCL12, and CXCR4 by cell type from snRNAseq dataset (Figure 1). (G) Quantitative proximity analysis of
CXCL12" and CD3" cells within intratumoral regions demonstrated a higher average number of CD3™ T cells within 50 um (n = 8).
Error bars represent standard deviation and P values are reported from paired student t test. IHC, immunohistochemistry.
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Figure 4. Combination CXCR4 and PD-1 blockade increases tumor cell death. (A) Schematic overview of TSC platform.
Created with BioRender.com. (B) Representative IHC images show FLC expression of CC3, a marker of apoptosis, for control
IgG1, AMD3100 (CXCR4 inhibitor), PD-1 blockade (e« PD-1), and combination AMD3100 and « PD-1 treatment groups after 6
days. Higher magnification images (right) correspond to the boxed area for each treatment group. (C) Quantification of the
percentage of apoptotic (CC3™) cells for each treatment group (n = 9). Each individual data point is the average of 2-3
replicates and gray lines indicate tumor slices obtained from the same patient. Error bars represent standard deviation and P
values are reported from 1-way ANOVA. ANOVA, analysis of variance; CC3, cleaved caspase 3.

7.5 x 107°), but not with AMD3100 monotherapy
(Figure 7B). Conversely, the positive regulation of a
chemotaxis-associated gene set (GO:0050921) was seen in
CD8™ T cells after treatment with AMD3100 alone (FDR =
3.9 x 107°) or in combination with «PD-1 (FDR = 6.7 x
10~3), but not with PD-1 blockade alone (Figure 7C). We
then searched for immune-related gene sets that were
similarly up-regulated in our treatment groups. In both
CD8" cytotoxic and CD4" helper T cells, we found that
treatment with AMD3100 up-regulated gene sets involved
in lymphocyte migration, regulation of chemotaxis, and
chemokine-related signaling (Figure 7D and E). We further
found that treatment with aPD-1 up-regulated gene sets
associated with immune effector processes, antigen
receptor-mediated signaling, and the regulation of cytokine

signaling in both CD8" cytotoxic and CD4" helper T cells
(Figure 7D and E).

To directly visualize the spatial impact of CXCR4 and
PD-1 blockade on TILs, we next performed high-resolution
spatial proteomics using the CosMx human immuno-
oncology panel. We examined TSCs from 1 primary FLC
sample (Patient 1; Supplementary Table 2) and treated
with IgG1, AMD3100, aPD-1, or combination therapy for 3
days (n = 3 slice replicates per condition). Consistent with
our prior analysis, we found CD4" and CD8" T cells local-
ized in the stroma with minimal TILs present in TSCs
treated with IgGl control. Treatment with AMD3100
increased the number of CD8" T cells within the carcinoma
compartment; however, few of these infiltrating T cells
expressed granzyme A. Consistent with increased T-cell
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Figure 5. CXCR4 inhibition increases T-cell migration into the carcinoma compartment. (A) Representative mIHC images
demonstrating CD3™ T-cell (red) migration from the SMA™ stroma (cyan) toward cytokeratin 7 (CK7*) tumor cells (gray, DAPI™
nuclei shown in blue) after 3 days of culture with control IgG1, CXCR4 inhibition (AMD3100), PD-1 blockade (« PD-1), and
combination treatment. (B) Quantification of mIHC images demonstrates an increased percentage of CD3" T cells in the
carcinoma compartment in treatment groups containing AMD3100 relative to IgG1 and « PD-1. Symbols correspond to 5
independent FLC specimens; each symbol value denotes the mean value of 3 TSC replicates per treatment group. (C) Living
tissue microscopy T cell tracks before (left) and 1 hour after treatment (right) demonstrated (D) increased mean track length
and (E) mean displacement after treatment with combination CXCR4 and PD-1 blockade from 2 TSC experiments.

activation, PD-1 blockade increased the number of stromal
CD4" and CD8" T cells expressing granzyme A. However,
PD-1 monotherapy resulted in a relatively limited increase
in the number of intratumoral T cells despite the increased
markers of activation, thereby limiting the overall anti-
tumor effect. Spatial proteomic analysis further demon-
strated the additive effect of combination blockade, with
dual CXCR4 and PD-1 blockade resulting in both an
increased number and enhanced activation of intratumoral
T cells (Figure 7F). These findings are consistent with the

known mechanisms of CXCR4 and PD-1 blockade and
demonstrate the distinct and potentially synergistic effects
of combination treatment in overcoming T-cell exclusion
and intratumoral exhaustion in FLC.

Discussion

Despite recent evidence for the immunogenicity of the
DNAJB1-PRKACA fusion sequence in FLC,"*'* the endoge-
nous immune response against FLC is limited and immune
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checkpoint inhibition has been unable to generate consis-
tent antitumor immunity for these patients. We hypothe-
sized that 2 distinct mechanisms are responsible for
mediating immunosuppression in FLC: T-cell exclusion
from the carcinoma compartment and immune checkpoint-
mediated inhibition of TILs. To our knowledge, we have
provided the first evidence that the CXCR4 pathway is a key
mediator of FLC’s characteristic lymphocyte sequestration.
We used a TSC model to experimentally modulate the hu-
man FLC TIME, demonstrating that CXCR4 and PD-1
blockade work through independent mechanisms to coop-
eratively increase tumor cell death. Specifically, our results
show that CXCR4 blockade promotes T-cell migration from
stroma into the tumor and that PD-1 blockade increases
activation of these mobilized lymphocytes.

The role of CXCL12-CXCR4 signaling as a poor prog-
nostic marker and its importance in mediating lymphocyte
tumor-infiltration and metastasis has been well-established
in other tumor types.*” *° In mouse models of PDAC, for
example, depletion of FAP" CAFs was sufficient to induce
antitumor immunity.*” Subsequent work has demonstrated
that the immunosuppressive effect of these myCAFs is
mediated through CXCL12 and can be therapeutically
reversed by CXCR4 inhibition.>*3¢ Although the CXCL12-
CXCR4 interaction acts in a chemoattractant manner
in vitro to inhibit immune cell migration directed by many
other chemokines, dimeric CXCL12 captured onto the sur-
face of tumor cells expressing a KRT19 coat may instead
result in the arrest of T-cell migration toward tumor
cells.***> Although fibroblasts are similarly the dominant
source of CXCL12 in FLC, FLC tumor cells do not charac-
teristically display a KRT19-CXCL12 coat. Our findings are
overall consistent with a KRT19-independent CXCL12-
CXCR4 interaction between stromal fibroblasts and lym-
phocytes resulting in a chemoattractive effect within the
FLC TIME, potentially reflecting differences in monomeric
vs dimeric forms of CXCL12.>**% Intriguingly, our live im-
aging experiments suggest that the effect of CXCR4 inhibi-
tion occurs rapidly and on a similar timescale to the
mobilization of hematopoietic progenitors from the bone
marrow by blocking chemoattractive CXCL12-CXCR4 sig-
nalling.*” Additional work will need to clarify the roles of
the CXCL12 complexed to KRT19 on cholangiocytes and of
CXCL12-expressing endothelial cells, which have been
shown to mediate immunosuppression through the
recruitment of myeloid-derived suppressor cells in a mouse
model of hepatocellular carcinoma.’’

Despite these potential differences in the mechanisms
of CXCL12-CXCR4 signaling-dependent T-cell exclusion
across tumor types, our study similarly demonstrates that
CXCR4 inhibition targets immune exclusion from the TIME
and works in a synergistic manner with immune check-
point blockade in the FLC TIME. Applying several orthog-
onal approaches to human FLC TSCs, including
immunohistochemistry, living tissue microscopy, single-cell
sequencing, and one of the first applications of highly
multiplexed spatial proteomics to human tumor slices
treated ex vivo, we have shown that CXCR4 and PD-1
blockade act through both CD4" and CD8' T cells to
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independently increase migration of stromal T cells into the
carcinoma compartment and activate intratumoral T-cell
effector function, respectively. Notably, because our TSC is
derived only from tumor core specimens, in vivo CXCR4
blockade may result in even greater immune mobilization
from T cells at the liver-tumor interface and from ANTL.
Further work is needed to directly confirm that the
observed increase in tumor cell death after combination
therapy is T-cell-dependent, as shown in PDAC,****°! and
to explore the role of other CXCR4 ligands that are also
inhibited by AMD3100, such as multiplex immunofluores-
cent imaging.”’ The use of in vivo animal models to test
combination CXCR4 and PD-1 blockade may ultimately be
able to aid in further deciphering these FLC-specific
mechanisms, however, current FLC mouse models are
limited by their low penetrance, long growth times, and
crucially the lack of FLC’s characteristic stroma.”*>* The
complex role of CXCR4 signaling in other immune cell
types, which includes both lymphocyte and myeloid pop-
ulations, and thereby the ability of this combination
immunotherapy strategy to promote an integrated immune
response similarly remain incompletely understood.”*>°

In conclusion, FLC remains an aggressive and difficult-
to-treat liver cancer in adolescents and young adults.
With therapeutic targeting of the immunogenic DNAJ-PKAc
fusion kinase of particular interest, the development of new
immunotherapies in this tumor type will need to addi-
tionally address FLC’s characteristic stromal lymphocyte
sequestration and intratumoral immunosuppression. Our
results provide a valuable snRNAseq resource to parse the
unique FLC TIME and establish a rational combination
immunotherapy approach to target 2 independent immu-
nosuppressive mechanisms in FLC, laying the preclinical
groundwork for future clinical trials. Finally, our findings
demonstrate the versatility of the TSC platform as an
experimental system to understand the human TIME,
particularly in rare cancer types.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/j.
gastro.2025.10.006.
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