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ABSTRACT

The tumor immune microenvironment plays a key role in the regulation of cancer progression. Recent studies have suggested a
relation between diverse tumor genotypes and tumor immune microenvironment phenotypes for cholangiocarcinoma (CCA).
However, the contribution of tumor-infiltrating immune cells to CCA progression has remained unclear, underscoring the need
for genetically defined CCA models in immunocompetent mice. We here aimed to generate genetically engineered and trans-
plantable CCA organoids from C57BL/6 mice and to investigate the role of tumor-infiltrating immune cells in CCA progression
with this model. CCA organoids were generated ex vivo with the use of the CRISPR/Cas9 system. Orthotopic transplantation
of CCA organoids harboring mutations in Smad4, Trp53, and Kras into wild-type C57BL/6 mice resulted in tumor formation
accompanied by distant metastasis. Selective depletion of immune cell types in the tumor-bearing mice revealed an antitumor
action of tumor-infiltrating neutrophils (TINs) that was mediated by direct killing of cancer cells through the production of
reactive oxygen species. Furthermore, administration of recombinant human granulocyte colony-stimulating factor (thG-CSF)
increased the number and cytotoxicity of TINSs, suppressed tumor growth, and prolonged the survival of tumor-bearing mice.
Finally, combination treatment with rhG-CSF and standard chemotherapy resulted in a synergistic attenuation of tumor growth.
Our study therefore provides a syngeneic and genetically defined mouse model of CCA and highlights the therapeutic potential
of targeting TINs with rhG-CSF.

Abbreviations: 7AAD, 7-aminoactinomycin D; CCA, cholangiocarcinoma; CCR2, C-C chemokine receptor type 2; CRISPR, clustered regularly interspaced short
palindromic repeats; DAPI, 4’,6-diamidino-2-phenylindole; DEG, differentially expressed gene; EGF, epidermal growth factor; FACS, fluorescence-activated cell
sorting; FGF10, fibroblast growth factor 10; GO, gene ontology; HGF, hepatocyte growth factor; Krt19, cytokeratin 19; PAM, protospacer adjacent motif; PBS,
phosphate-buffered saline; rhG-CSF, recombinant human granulocyte colony-stimulating factor; ROS, reactive oxygen species; sScRNA-seq, single-cell RNA-
sequencing; sgRNA, single guide RNA; SOD, superoxide dismutase; TGF-f, transforming growth factor-£; TIN, tumor-infiltrating neutrophil; Treg, regulatory T cell;
t-SNE, t-distributed stochastic neighbor embedding; WT, wild-type; aSMA, a-smooth muscle actin
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1 | Introduction

Cholangiocarcinoma (CCA) is a highly malignant tumor of
the biliary tract whose incidence and mortality rates are both
increasing [1, 2]. Although surgical resection remains the pri-
mary curative treatment for CCA, most patients are diagnosed
with advanced disease. Systemic chemotherapy has limited ef-
ficacy in such cases, highlighting the need for more effective
treatments. Given that the tumor microenvironment for CCA
contains a greater abundance of immune cells compared with
normal tissue, and that the extent of the infiltration of these cells
is associated with patient life expectancy [3], tumor-infiltrating
immune cells have been considered a promising therapeutic
target. However, recent genetic studies have revealed diverse
genetic profiles of CCA [4-8], with the corresponding tumors
differing in their sensitivity to immune checkpoint inhibition
[9]. These findings suggest that the nature of the tumor immune
microenvironment differs among CCA genotypes, underscoring
the need for genetically defined models to study the interplay
between cancer cells and stromal cells in CCA.

Among the most frequent genetic aberrations in CCA are con-
stitutively activating mutations of KRAS and loss-of-function
mutations of TP53 and SMAD4 [4-8], with these mutations
often occurring in the same tumors [4, 7]. Of these three genes,
inactivation of Smad4 uniquely promotes biliary prolifera-
tion in response to injury [10]. Genetic alterations of SMAD4,
TP53, and KRAS have been detected in low-grade dysplasia,
high-grade dysplasia, and CCA, respectively [11], suggestive
of a mutational sequence during CCA carcinogenesis. In addi-
tion, these various mutations are associated with shorter over-
all survival and a poor therapeutic response to conventional
chemotherapy as well as to immune checkpoint blockade in
CCA patients [7, 12]. Despite the clinical evidence implicat-
ing SMAD4, TP53, and KRAS mutations in the malignancy of
CCA, no genetically defined CCA models that recapitulate the
sequential acquisition of these mutations have been developed
to date.

The tumor immune microenvironment plays a key role in the reg-
ulation of cancer progression, with anticancer immunity being
considered a promising therapeutic target. Although most stud-
ies of immunotherapy to date have focused on T lymphocytes
and macrophages, recent evidence has suggested the impor-
tance of tumor-infiltrating neutrophils (TINSs) [13]. Neutrophils
are the most abundant myeloid cells in human blood, and they
constitute a heterogeneous cell population in both healthy and
diseased states [14]. They have been shown to perform multifac-
eted functions in a variety of cancer types [15], with protumoral
activities having been demonstrated for these cells in immuno-
deficient mouse models of CCA [16-18]. Although these findings
indicate that TINs might act as a tumor-supportive cell popula-
tion in CCA, their precise functions in the setting of a genetically
defined and immunocompetent CCA microenvironment have
remained largely uncharacterized.

Organoids are miniaturized, self-organizing, three-
dimensional tissue culture systems that faithfully reproduce
various biological aspects of corresponding organs, includ-
ing gene expression, tissue structure, heterogeneity of cellu-
lar components, and stem cell-based hierarchy [19]. Cancer

organoids can be established not only from tumor samples but
also by CRISPR (clustered regularly interspaced short palin-
dromic repeats)/Cas9-mediated stepwise mutagenesis in nor-
mal tissue organoids [20, 21], providing a powerful tool for the
study of carcinogenesis. Mice transplanted with cancer organ-
oids provide a time-saving and readily repeatable in vivo ex-
perimental platform, compared with spontaneous tumors that
develop in genetically engineered mouse models and often re-
quire multigenerational cross-breeding. Much effort has been
expended to establish patient-derived cancer organoids, which
have been shown to retain various functional and pathological
aspects of tumors and which therefore provide a more reliable
human disease model in comparison with conventional cell
lines [22]. On the contrary, given that human organoids re-
quire immunodeficient recipients for xenograft transplanta-
tion, the application of human CCA organoids to analysis of
the tumor immune microenvironment remains a challenge,
highlighting the necessity for a CCA organoid model compati-
ble with transplantation to immunocompetent mice.

We have now generated genetically engineered mouse CCA or-
ganoids by sequential introduction of Smad4, Trp53, and Kras
mutations into normal liver ductal organoids in vitro. Orthotopic
transplantation of these organoids into immunocompetent mice
resulted in the formation of invasive and metastatic tumors with
features of human CCA. Selective depletion of tumor-infiltrating
immune cells in this model revealed that TINs play a protective
role in CCA progression through the production of reactive ox-
ygen species (ROS), whereas regulatory T cells (Tregs), mono-
cytes, and M2 macrophages have little effect on tumor growth.
The antitumor function of TINs was found to be enhanced by
the administration of recombinant human granulocyte colony-
stimulating factor (rthG-CSF), resulting in suppression of tumor
growth, prolonged mouse survival, and an increased response
to chemotherapy. Our findings suggest that enhancement of the
antitumoral properties of TINs is a potential novel therapeutic
strategy for CCA.

2 | Material and Methods

All mice were housed in the specific pathogen-free animal fa-
cility at Kyushu University or Institute of Science Tokyo in
accordance with institutional guidelines. The experimental
procedures included liver organoid culture, genetic manipula-
tion, organoid transplantation, bioluminescence imaging, histo-
logical analysis, flow cytometry, killing assays, and single-cell
RNA-sequencing (scRNA-seq) analysis. Detailed information
can be found in (Data S1).

3 | Results

3.1 | Generation of Genetically Engineered Mouse
CCA Organoids

To model the neoplastic cascade of CCA with mutated SMAD4,
TP53, and KRAS genes, we applied the CRISPR/Cas9 genome
editing system to cultured mouse organoids (Figure 1A). Normal
liver ductal organoids were established from the hepatic hilar
region of wild-type (WT) C57BL/6 mice and were maintained
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FIGURE1 | Exvivo generation of CCA organoids. (A) Schematic representation for the establishment of normal liver organoids and the sequential
introduction of Smad4 (S), Trp53 (P), and Kras (K) mutations by genome editing with the CRISPR/Cas9 system. KO, knockout; KI, knock-in; GFs,
growth factors. (B-E) Growth of normal and genetically engineered liver organoids under the genotype-selective conditions indicated in (A). Scale
bars, 1 mm. (F) Sanger sequencing of the Smad4 locus for liver organoids (S-organoids) grown in medium containing TGF-1. (G) Sanger sequencing
of the Trp53 locus for liver organoids (SP-organoids) grown in medium containing Nutlin-3. (H) Strategy for modification of the Kras locus. A donor
vector harboring the G12D mutation of Kras (red) and a synonymous mutation in the PAM sequence (green) was introduced into SP-organoids to-
gether with the Cas9/sgRNA vector. Successful knock-in was confirmed by Sanger sequencing analysis of SPK-organoids after culture in the selection

medium.

in the presence of Noggin (an inhibitor of bone morphogenetic
protein [BMP] signaling) as well as epidermal growth factor
(EGF), hepatocyte growth factor (HGF), fibroblast growth factor
10 (FGF10), and gastrin (all of which are activators of mitogen-
activated protein kinase [MAPK] signaling). The Smad4 gene
was inactivated by transfection of the organoids with a vector
encoding the Cas9 protein and a single guide RNA (sgRNA)
targeting the Smad4 coding sequence. Given that transforming
growth factor-g (TGF-@) signaling triggers cell cycle arrest and

apoptosis by inducing the translocation of Smad complexes to
the nucleus [23, 24], only Smad4-targeted (S-) organoids were
able to expand after the removal of Noggin and addition of
TGF-£1 to the culture medium (Figure 1B,C). With a similar
strategy, we next targeted the Trp53 gene in S-organoids. The
Trp53-targeted (SP-) organoids were selected in the presence of
Nutlin-3, which inhibits Mdm2-dependent proteasomal degra-
dation of p53 and thereby induces apoptosis in (p53-expressing)
S-organoids (Figure 1C,D). Finally, we introduced a knock-in
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FIGURE2 | Legend on next page.
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FIGURE 2 | CRISPR/Cas9-engineered CCA organoids are tumorigenic and metastatic in C57BL/6 mice. (A) Schematic representation of tumor-
igenicity assays performed for normal, SP-, and SPK-organoids. Organoids expressing retrovirally transduced Venus-Akaluc protein were orthotopi-
cally transplanted in C57BL/6 mice on day —10 and analyzed on days 0, 6, and 12. (B-D) Representative Akaluc bioluminescence (AkaBLI) images of
orthotopically transplanted normal (B), SP- (C), or SPK- (D) organoids in C57BL/6 mice on days 0, 6, and 12. Radiance units are photons per second
per square centimeter per steradian (p/s/cm?/sr). (E) Quantification of bioluminescence of normal, SP-, and SPK-organoids transplanted into the liver
of C57BL/6 mice. Data are means+SEM (n=4 mice per group). (F) Gross appearance of the liver at 22days after transplantation of normal, SP-, or
SPK-organoids. Scale bar, 10 mm. (G) Summary of the incidence of liver tumors and lung metastases in C57BL/6 mice with orthotopically transplant-
ed liver organoids. (H) Quantification of bioluminescence of normal, SP-, and SPK-organoids (n =3, 4, and 3, respectively) transplanted into the liver
of NSG mice. Data are means+ SEM. (I) Quantification of tumor volume for SP- and SPK-organoids injected s.c. into Balb/c-nu/nu mice. Data are
means +SEM (n=5 mice per group). (J,K) Representative hematoxylin-eosin staining of the liver tumor (J) and lung metastases (K) that developed
from SPK-organoids in a C57BL/6 mouse. Arrows indicate lung metastases. Scale bars, 500um (J) or 1 mm (X). (L) Staining of a liver tumor derived
from SPK-organoids with picro-Sirius red. Scale bar, 100 um. (M-0) Immunohistofluorescence staining of liver tumors derived from SPK-organoids
expressing Venus-Akaluc with antibodies to Krt19 (M), to Sox9 (N), and to aSMA (O). Nuclei were stained with 4/,6-diamidino-2-phenylindole

(DAPI). Scale bars, 50 um.

allele for the Kras®'?P mutation into SP-organoids with an
sgRNA targeting exon 2 of Kras as well as a donor vector har-
boring Kras®?P and a synonymous protospacer adjacent motif
(PAM) mutation flanked by ~500-bp homology arms. The
Kras®'?P mutant (SPK-) organoids selectively grew in medium
lacking all MAPK-activating niche factors (HGF, EGF, FGF10,
and gastrin) and containing gefitinib, a tyrosine kinase inhibi-
tor of the EGF receptor, given the constitutive activation of Kras
conferred by the G12D mutation (Figure 1D,E). This sequential
mutagenesis and corresponding selection protocol thus allowed
us to establish liver ductal organoids harboring the desired ge-
netic alterations, as was confirmed by Sanger sequencing of the
Smad4, Trp53, and Kras loci (Figure 1F-H).

3.2 | SPK-Organoids Form Primary Liver
and Metastatic Tumors in Syngeneic Mice

To evaluate the tumorigenicity of normal, SP-, and SPK-
organoids, we introduced a Venus-Akaluc fusion protein into
these organoids by retroviral transduction (which allowed bio-
luminescence monitoring with the AkaBLI system) [25] and
we then injected the modified organoids into the liver of WT
C57BL/6 mice (Figure 2A). Monitoring of bioluminescence re-
vealed that the normal organoids failed to engraft to the liver,
and that, whereas the SP-organoids did manifest engraftment
soon after transplantation, they were subsequently eliminated
over time (Figure 2B,C,E). In contrast, transplantation of SPK-
organoids resulted in marked and sustained tumor growth
after engraftment (Figure 2D,E), leading to the formation of
macroscopic tumors by 22 days after transplantation in all the
recipient mice (Figure 2F,G,J). Similar findings were obtained
for transplantation of the organoids into immunodeficient
NOD.Cg-Prkdc[12rg'™Wil/Sz] (NSG) mice (Figure 2H) and
Balb/c-nu/nu mice (Figure 21), suggesting that Smad4 and p53
inactivation promotes tumor initiation, and that additional
Kras (G12D) mutation plays a key role in the sustained growth
of CCA. Of note, some of the C57BL/6 mice transplanted with
SPK-organoids showed lung metastasis (Figure 2G,K), sug-
gesting that these three carcinogenic mutations are sufficient
to recapitulate the invasive and metastatic features of human
CCA. For primary liver tumors formed by SPK-organoids ex-
pressing Venus-Akaluc, immunohistofluorescence analysis
revealed that Venus* cells expressed the bile duct markers

cytokeratin 19 (Krt19) (Figure 2M) and Sox9 (Figure 2N) at
a high level, and that these cells were surrounded by des-
moplastic stroma (Figure 2L) and o-smooth muscle actin
(aSMA)-positive cancer-associated fibroblasts (Figure 20).
These characteristics are consistent with those often ob-
served for human CCA specimens [26]. Collectively, these
results suggested that SPK-organoids are able to form CCA
tumors in a syngeneic transplantation model that recapitu-
lates both the clinical kinetics and histopathologic features of
human CCA.

3.3 | SPK-Organoids Give Rise to a Tumor Immune
Microenvironment Similar to That of Human CCA

We next investigated the tumor immune microenvironment
within the primary tumors derived from SPK-organoids
(Figure 3A). Flow cytometric analysis and immunohistofluo-
rescence staining revealed a significant infiltration of CD45%
leukocytes in tumors compared with adjacent normal liver
tissue (Figure 3B,C), a finding reminiscent of human CCA
tumors [3]. Detailed analysis of immune cell subsets within
tumor and adjacent normal tissue showed that the numbers
of Tregs, M2 macrophages, and neutrophils were increased,
whereas the number of CD8" T cells was decreased, in tumor
tissue (Figure 3D-L). These findings are consistent with those
for the malignant form of human CCA, in which they are as-
sociated with poor overall and recurrence-free survival, post-
operative distant metastasis, and chemotherapy resistance
[3]. Together, our results indicated that SPK-organoid-derived
tumors recapitulate the tumor immune microenvironment of
human CCA.

3.4 | TINs Suppress CCA Tumor Growth

Given that Tregs, M2 macrophages, and neutrophils have been
shown to play tumor-supportive roles in various cancer types
[27, 28], we postulated that depletion of these cells might have a
suppressive effect on CCA tumor growth. We first depleted Tregs
with 67.9% efficiency by i.p. injection of antibodies targeting the
Treg cell marker CD25 (Figure 4A,B), but such depletion had
no significant effect on the growth of tumors formed by SPK-
organoids in C57BL/6 mice (Figure 4C). To examine the effect
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FIGURE3 | Orthotopically transplanted organoids recapitulate the inflammatory features of human CCA. (A) Schematic representation for anal-
ysis of the cellular composition of liver tumors. SPK-organoids expressing retrovirally transduced Venus-Akaluc protein were orthotopically trans-
planted into C57BL/6 mice on day —10 and analyzed on day 0. (B) Flow cytometric quantification of the percentage of CD45% leukocytes in sham-
operated liver, tumor-adjacent liver tissue, and SPK-organoid-derived tumors. Data are means+ SEM (n=4 mice per group). (C, L) Representative
immunofluorescence staining of CD45 (C) and Ly6G (L) in tumor-adjacent liver and tumor tissue. Nuclei were stained with DAPI. Scale bars, 50 um.
(D, F, H, J) Representative flow cytometry plots for Tregs (D), M2 macrophages (F), neutrophils (H), and CD8* T cells (J) in tumor-adjacent liver and
tumor tissue. SSC, side scatter. (E, G, I, K) Flow cytometric quantification of Tregs (E), M2 macrophages (G), neutrophils (I), and CD8* T cells (K) in

sham-operated liver, tumor-adjacent liver tissue, and tumors. Data are means+SEM (n=4 to 13 mice per group). *p <0.05, **p <0.01, ***p <0.001;

n.s., not significant (Tukey-Kramer test).

of M2 macrophage depletion, we transplanted SPK-organoids
into the liver of C-C chemokine receptor type 2 (CCR2)-deficient
mice (Figure 4D). CCR2 is the receptor for C-C motif chemo-
kine 2 (CCL2, also known as monocyte chemotaxis protein 1),
and is essential for the exit of monocytes from bone marrow
followed by their migration to target tissues and differentiation
into tissue macrophages [29]. In tumors, these cells can trans-
form into tumor-associated macrophages, which are polarized
toward either an antitumor (M1) or a protumor (M2) pheno-
type depending on the tumor microenvironment [28]. Tumor-
infiltrating monocytes and M2 macrophages were depleted in
CCR2-deficient mice with an efficiency of 94.1% and 40.7%, re-
spectively (Figure 4E,F), but such depletion again had no signif-
icant effect on tumor growth (Figure 4G). Finally, neutrophils
were depleted in WT C57BL/6 mice by i.p. injection of antibod-
ies to Ly6G combined with mouse antibodies to rat Igk light
chain that augment neutrophil elimination by anti-Ly6G treat-
ment (Figure 4H) [30], resulting in an 82.5% and 63.1% reduction
in the number of neutrophils in peripheral blood (Figure 4I) or
tumors (Figure 47), respectively. We found that such neutrophil
depletion significantly accelerated CCA tumor growth com-
pared with that apparent in mice treated with isotype control
antibodies (Figure 4K), a finding opposite to that previously
obtained for hepatocellular carcinoma [31]. Collectively, these
data suggested that TINs function as a tumor-suppressive cell
population in CCA.

3.5 | TINSs Directly Kill Cancer Cells in a
ROS-Dependent Manner

Given the unexpected antitumoral activity of neutrophils
apparent in our syngeneic CCA model, we next focused on
the characterization and manipulation of this neutrophil
function. To investigate the mechanism underlying the anti-
tumoral effect of TINs, we isolated these cells by fluorescence-
activated cell sorting (FACS) and cultured them with adherent
SPK-cells expressing Akaluc (Figure 5A). This killing assay
revealed a cell number-dependent cytotoxicity of neutrophils,
with the results suggesting direct killing rather than induc-
tion of cell cycle arrest in the tumor cells (Figures 5B, SI).
Neutrophils produce large amounts of ROS as a result of the
activation of the NADPH oxidase complex (Figure 5C), and
they thereby exert an antimicrobial function against phagocy-
tosed pathogens [32]. Given that neutrophils are also capable
of damaging neighboring cancer cells through extracellular
ROS release [33, 34|, we tested the effect of ROS removal on
neutrophil cytotoxicity for CCA with the use of several antiox-
idants. The cytotoxic activity of neutrophils against SPK-cells

was abrogated in the presence of superoxide dismutase (SOD)
or catalase—both of which mediate the enzymatic degrada-
tion of ROS—or of taurine, which serves as a hypochlorous
acid scavenger (Figure 5D). Together, these results suggested
that TINs directly damage CCA cells in a manner dependent
on ROS production.

3.6 | G-CSF Increases the Number of TINs
and the Survival of Tumor-Bearing Mice

Given that neutrophil production is largely under the control
of G-CSF, a cytokine that stimulates the proliferation of gran-
ulocyte progenitors and facilitates their differentiation into
mature neutrophils [35, 36], we speculated that G-CSF might
play an important role in CCA progression through the regu-
lation of TINs. Kaplan-Meier analysis of gene expression and
prognostic data for human CCA patients indeed showed that
individuals with a higher tumor expression level of the G-CSF
gene (CSF3) had a longer overall survival (Figure 6A), sugges-
tive of a tumor-suppressive function for G-CSF. To investigate
directly the impact of G-CSF on TINs and tumor growth in
CCA, we generated G-CSF-deficient mice that harbor an 8-bp
deletion in exon 2 of Csf3 on both alleles (Figure 6B) and which
manifest chronic and steady-state neutropenia (Figure 6C),
consistent with previous observations [35]. G-CSF-deficient
mice orthotopically transplanted with SPK-organoids showed
a reduced number of TINs (Figure 6D,E) as well as a signifi-
cantly increased tumor volume (Figure 6F) and shortened
survival (Figure 6G) compared with their WT counterparts.
Given that rhG-CSF is commonly administered in clinical
practice, we next examined the therapeutic potential of rhG-
CSF for CCA. In contrast to the results obtained with G-CSF-
deficient mice, daily administration of rhG-CSF to WT mice
transplanted with SPK-organoids resulted in an increase in the
number of TINs (Figure 6H,I), suppression of tumor growth
(Figure 6J), and prolonged recipient survival (Figure 6K).
Collectively, these findings suggested that G-CSF serves as a
protective factor against CCA progression by regulating TIN
counts, highlighting the possibility of rhG-CSF administration
as a novel therapeutic option for CCA.

3.7 | rhG-CSF Administration Shows a Synergistic
Effect With Standard Chemotherapy for CCA

To investigate further the mechanism responsible for the tumor-
suppressive effect of rhG-CSF administration, we isolated TINs
from control and rhG-CSF-treated CCA-bearing mice by FACS
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FIGURE4 | Selective depletion of tumor-infiltrating immune cells reveals an antitumor action of neutrophils. (A-C) WT C57BL/6 mice were or-
thotopically transplanted with Venus-Akaluc-expressing SPK-organoids on day —10 and treated with control IgG1 or antibodies to CD25 on days 0, 6,
and 12 (A). Representative flow cytometry plots and quantification of intratumoral Tregs on day 15 for tumor-bearing mice treated with control IgG1
(n=4) or anti-CD25 (n=4) (B). Relative bioluminescence of liver tumors on day 12 for mice treated with control IgG1 (n=5) or anti-CD25 (n=4) (C).
(D-G) Venus-Akaluc-expressing SPK-organoids were orthotopically transplanted in WT or Ccr2~ mice (D). Representative flow cytometry plots and
quantification of monocytes isolated from tumors of WT (n=4) or Ccr2~ (n=3) mice on day 24 (E). Representative flow cytometry plots and quantifi-
cation of M2 macrophages isolated from tumors of WT (n =4) or Ccr2~ (n=3) mice on day 24 (F). Relative bioluminescence of liver tumors on day 24
in WT (n=7) and Ccr2~ (n=7) mice (G). (H-K) WT C57BL/6 mice were orthotopically transplanted with Venus-Akaluc-expressing SPK-organoids
and treated with antibodies to rat Igk light chain and either control IgG2a or antibodies to Ly6G. Control IgG2a and anti-Ly6G were administered
daily, whereas anti-rat Igk light chain was administered every 2days (H). Representative flow cytometry plots and quantification of circulating neu-
trophils on day 6 for tumor-bearing mice treated with control IgG2a (n =4) or anti-Ly6G (n=4) (I). Representative flow cytometry plots and quantifi-
cation of TINs on day 14 for tumor-bearing mice treated with control IgG2a (n=4) or anti-Ly6G (n=4) (J). Relative bioluminescence of liver tumors
on day 12 in mice treated with control IgG2a (n=16) or anti-Ly6G (n=16) (K). Quantitative data in bar graphs are means+SEM. *p <0.05, **p <0.01,
***p <0.001; n.s., not significant (Welch's ¢ test).
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of H,0, to H,0 and O,, and taurine eliminates HOCI. (D) Quantification of TIN cytotoxicity as in (A) in the absence or presence of catalase, SOD, or
taurine (n =4 independent experiments). *p <0.05, **p <0.01, ***p <0.001; n.s., not significant by Dunnett's test (B) or Welch's ¢ test (D).
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and subjected them to scRNA-seq analysis. Clustering and ¢-
distributed stochastic neighbor embedding (+-SNE) analysis
revealed that rhG-CSF-stimulated and control TINs were clas-
sified into almost completely distinct populations (Figure 7A).
Given that neutrophils have been shown to be a heterogeneous
population composed of immature and mature cells, which
have been associated with protumor and antitumor activity [15],
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respectively, we assessed the effect of rhG-CSF treatment on
the TIN differentiation level with the use of CytoTRACE, an
algorithm for prediction of cell maturity on the basis of the cor-
relation between cell differentiation states and the number of
expressed genes [37]. CytoTRACE analysis revealed that rhG-
CSF-stimulated TINs were more differentiated compared with
control TINs (Figure 7B), suggesting that thG-CSF treatment
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FIGURE 6 | Therapeutic effect of rhG-CSF administration in CCA-bearing mice. (A) Overall survival curves for CCA patients in the E-MTAB-6389 data
set with high (n=56) or low (n=20) levels of CSF3 expression. (B) G-CSF-deficient mice were generated by introduction of an 8-bp deletion in exon 2 of both
alleles of the Csf3 gene. (C) Flow cytometric quantification of peripheral blood neutrophils in WT and G-CSF knockout (KO) mice. Data are means +SEM
(n=8 mice per group). (D-G) SPK-organoids were orthotopically transplanted in WT mice or G-CSF KO mice on day —10, and the mice were analyzed on
day 12 (D). Flow cytometric quantification of TINs on day 12 in WT (n=4) and G-CSF KO (n=4) mice; data are means + SEM (E). Gross appearance of liver
tumors and quantification of tumor weight on day 12 in WT (n=7) and G-CSF KO (n =4) mice; data are means+ SEM (F). Survival curves for WT (n=9) and
G-CSF KO (n=9) mice with orthotopically transplanted SPK-organoids (G). (H-K) WT C57BL/6 mice were orthotopically transplanted with SPK-organoids
on day —10 and were injected s.c. with rhG-CSF or phosphate-buffered saline (PBS) daily for 15days beginning on day 0 (H). Representative flow cytometry

plots and quantification of TINs on day 15 in tumor-bearing mice treated with PBS (n=9) or rhG-CSF (n=9); data are means + SEM (I). Gross appearance of

liver tumors and quantification of tumor weight on day 15 in mice treated with PBS (n=9) or rhG-CSF (n=9); data are means + SEM (J). Survival curves for
tumor-bearing mice treated with PBS (n=16) or rhG-CSF (n=16) (K). *p <0.05 by the log-rank test (A, G, K) or Welch's ¢ test (C, E, F, I, J).

promoted the functional maturation of TINs. Furthermore,
gene ontology (GO) term analysis revealed that genes associated
with cell killing, ROS metabolism, and immune activation were
upregulated in rhG-CSF-treated TINs (Figure 7C,D). Consistent
with these results, culture of TINs with adherent SPK-cells re-
vealed that prior exposure to rhG-CSF in vivo increased the
cytotoxicity of the isolated TINs (Figure 7E). Finally, to exam-
ine the potential synergism of rhG-CSF administration with
standard chemotherapy for treatment of CCA, we treated CCA-
bearing mice with rhG-CSF in combination with gemcitabine
and cisplatin (Figure 7F). Administration of rhG-CSF increased
the number of TINs (Figure 7G) as well as significantly sup-
pressed CCA tumor growth (Figure 7H) in mice receiving che-
motherapy. Collectively, these results suggested that thG-CSF
administration augments the antitumoral function of TINs and
thereby exerts a synergistic effect with standard chemotherapy
on tumor growth.

4 | Discussion

We have here established a genetically defined and trans-
plantable CCA model with the use of CRISPR/Cas9-mediated
genome editing to introduce Smad4, Trp53, and Kras muta-
tions into normal liver ductal organoids. The resulting SPK-
organoids, when transplanted into immunocompetent mice,
formed invasive and metastatic tumors that resembled human
CCA. Our findings revealed that TINs exert antitumor activ-
ity dependent on ROS production. Furthermore, the adminis-
tration of rhG-CSF increased the number and cytotoxicity of
TINS, resulting in suppression of tumor growth and prolon-
gation of survival in tumor-bearing mice. The combination of
rhG-CSF and standard chemotherapy showed a synergistic ef-
fect on tumor growth that was significantly greater than that
of rhG-CSF or chemotherapy alone.

In contrast to previous findings that neutrophils are primar-
ily protumorigenic in CCA [16-18], our study revealed an
antitumor activity of TINs in a genetically defined and immu-
nocompetent CCA model. Several factors might explain this
apparent discrepancy. First, the phenotype of the tumor im-
mune microenvironment has been found to vary with cancer
genotype in CCA [9]. The genetic profile of our CCA model
differs from that of those in earlier studies [16-18], which may
account for the observed difference in TIN phenotype. In ad-
dition, we studied an immunocompetent model rather than

the immunodeficient mice studied previously [16-18], which
might have affected the interplay between cancer cells and
stromal cells. Finally, whereas the previous studies were pri-
marily based on cell lines [16-18], we adopted a genetically
defined organoid model, which may provide a more accurate
representation of the tumor microenvironment.

Previous studies have shown the benefits of combining rhG-CSF
with chemotherapy for various tumor types [38]. Such combina-
tion therapy reduces the risk of neutropenic complications asso-
ciated with chemotherapy, resulting in improved disease control
and survival as a consequence of minimization of chemotherapy
dose reduction and treatment delay. Our study builds on this
foundation by showing that the combination of rhG-CSF and
standard chemotherapy not only leverages these general bene-
fits but also enhances the antitumor activity of TINs in CCA. We
found that rhG-CSF administration increased both the quantity
and quality of TINs, which in turn contributed to the suppres-
sion of tumor growth and an improved survival rate in our CCA
model. These results suggest that the modulation of neutrophil
activity by rhG-CSF is a key factor in the therapeutic synergy
with chemotherapy.

Despite its promising findings, our study has several limitations.
First, although mouse models provide valuable insight into CCA,
they may not fully recapitulate the complexity of the human dis-
ease. The genetic and immunologic differences between mice
and humans may affect the translatability of results obtained
from such models. Second, whereas CCA manifests diverse ge-
netic profiles, our study mimicked only a subset of genetic al-
teration patterns. The properties of TINs might differ according
to CCA genotype, potentially affecting the generalizability of
our findings. Third, Venus-Akaluc expression in organoid cells
and Matrigel use for organoid transplantation may also affect
the tumor immune microenvironment. Lastly, our study did not
investigate the potential interactions between TINs and other
stromal cells within the tumor microenvironment, with char-
acterization of such interactions being likely to provide a more
comprehensive understanding of the CCA microenvironment.

In conclusion, our study provides a novel and genetically defined
model for investigations of CCA and highlights the therapeutic
potential of targeting TINs with rhG-CSF. Our findings under-
score the importance of the tumor immune microenvironment
in cancer progression and treatment, paving the way for innova-
tive approaches to combat CCA.
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**p <0.01, ***p <0.001; n.s., not significant by the Steel-Dwass test (B, H), Welch's ¢ test (E), or the Tukey-Kramer test (G).
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