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Abstract: Paraneoplastic leukocytosis (PNL) in genitourinary cancer, though rare, can indicate aggressive behavior
and poor outcomes. It has been potentially linked to cancer expressing G-CSF and GM-CSF, along with their respec-
tive receptors, exerting an autocrine/paracrine effect. In our study, we successfully established four patient-derived
xenograft (PDX) lines and related cell lines from urothelial cancer (UC), conducting next-generation sequencing
(NGS) for genetic studies. UC-PDX-LN1, originating from bladder cancer, exhibited two druggable targets - HRAS
and ERCC?2 - responding well to chemotherapy and targeted therapy, though not to tipifarnib, an HRAS inhibitor.
Transcriptome analysis post-treatment illuminated potential mechanisms, with index protein analysis confirming
their anticancer pathways. Mice implanted with UC-PDX-LN1 mirrored PNL observed in the patient’s original tumor.
Cytokine array and RT-PCR analyses revealed high levels of G-CSF and GM-CSF in our PDX and cell lines, along with
their presence in culture media and tumor cysts.Leukocytosis within small vessels in and around the tumor, associ-
ated with NETosis and thrombus formation, suggested a mechanism wherein secreted growth factors were retained,
further fueling tumor growth via autocrine/paracrine signaling. Disrupting this cancer cell-NETosis-thrombosis cycle,
we demonstrated that anti-neutrophil or anticoagulant interventions enhanced chemotherapy’s antitumor effects
or prolonged survival in mice, even though these drugs lacked direct antitumor efficacy when used independently.
Clinical observations in bladder cancer patients revealed PNL in 1.61% of cases (35/2162) with associated poor
prognosis. These findings propose a novel approach, advocating for the combination of anticancer/NETosis/throm-
bosis strategies for managing UC patients presenting with PNL in clinical settings.
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their accumulation in the tumor microenviron-
ment (TME) [4, 5]. Within the context of cancer,
tumor-associated neutrophils (TANs) exhibit a
heterogeneous nature, playing a dual role in
the tumor microenvironment. While some TANs
contribute to tumor-promoting inflammation by

Introduction

Tumors can secrete hematopoietic growth fac-
tors like G-CSF and GM-CSF while expressing
their respective receptors, initiating an auto-
crine/paracrine loop that stimulates rapid

tumor growth [1-3]. These tumor-secreted fac-
tors are pivotal in reprogramming the bone
marrow, leading to a bias towards myelopoiesis
expansion. This results in the production and
mobilization of mature and immature granulo-
cytic populations in the peripheral blood and

driving processes such as angiogenesis, extra-
cellular remodeling, metastasis, and immuno-
suppression, others mediate direct tumor Kill-
ing and cooperate in antitumor cellular net-
works [6]. While paraneoplastic leukocytosis
(PNL) is relatively uncommon in bladder cancer
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(BC), it can be observed in up to 10% of solid
tumors [7]. This association is linked to aggres-
sive clinical behavior, systemic inflammatory
response syndrome, and poor outcomes [8, 9].
Notably, leukocyte count and serum G-CSF lev-
els in PNL may return to normal after the surgi-
cal removal of bladder tumors, correlating with
long-term survival. These parameters can serve
as indices for monitoring treatment response
[10].

Neutrophils serve as the frontline defense
against microbial infections, employing mecha-
nisms such as phagocytosis, degranulation,
and NETosis - a process where neutrophils
release extracellular fibers (NETs) composed of
modified chromatin adorned with bactericidal
cytosolic granules and proteins [11]. While ini-
tially identified as an immune response to bac-
terial infections, NETosis is now recognized to
occur abnormally in various inflammatory pro-
cesses, including cancer [12]. In tumor-bearing
animal models, NETosis can awaken dormant
cancer cells by releasing proteases like neutro-
phil elastase and matrix metalloproteinase 9.
These proteases activate the laminin-integrin
pathway and degrade thrombospondin-1 (TSP-
1), inducing cancer cell proliferation [13, 14].
Tumors may secrete chemotactic ligands for
CXCR1/2, recruiting neutrophils to form NETs
that create a physical shield around cancer
cells, protecting them from immune cell
attacks. NETosis inhibition could sensitize
tumors to immune checkpoint inhibitor treat-
ments [15]. NETs promote circulating tumor cell
metastasis by sequestering tumor cells [16],
enhancing migration and invasion [17], and
augmenting treatment, with the NET-digesting
enzyme, DNase |, markedly reducing metasta-
sis [18]. Cancer-related NETosis is also impli-
cated in inducing systemic thromboembolism,
associated with elevated proinflammatory cyto-
kines and adhesion molecules, compromising
the function of distant organs [19].

We successfully established four patient-
derived xenograft (PDX) lines from clinical GU
patients presenting with PNL. Utilizing next-
generation sequencing (NGS) studies, we iden-
tified potential druggable targets, including the
presence of an ERCC2 mutation. Drug screen-
ing using the PDX model confirmed the effec-
tiveness of certain anticancer medications.
Additionally, the PDX-implanted mice exhibited
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PNL, mirroring the condition observed in the
patient from whom the PDX was derived. The
detailed characterization of this PDX line con-
tributes valuable information for clinical man-
agement, offering insights into potential thera-
peutic targets and providing a preclinical plat-
form for testing anticancer drugs specific to the
patient’s condition.

Materials and methods
Drugs

Palbociclib (Ibrance) was purchased from Pfizer
Manufacturing Deutschland GmbH (Freiburg,
Germany). Sunitinib was bought from Pfizer
Italia S.R.L. (Ascoli Piceno, Italy). Ladarixin was
available from Dompé Farmaceutici SpA
(LAquila AQ, Italy). Rivaroxaban was purchased
from Bayer AG (Leverkusen, Germany).

Patients

Blood and tumor samples from patients with
UC for PDX establishment were prospectively
collected after obtaining written informed
consent between January 2017 and July 2021
at CGMH. This study was approved by the
Institutional Review Board of CGMH (IRB No.
201801741A3).

UC PDX establishment

PDX models were generated as described in
our previous study [20].

Whole-exome sequencing

DNA for whole-exome sequencing (WES) was
extracted from PDX and PDX-derived cell lines.
The detailed method has been previously
described [21].

Cell growth assay and animal studies

UC cell lines, U5637 (from ATCC) and UC-LN1
cell line (derived from UC-PDX-LN1 with more
than 60 passages in vitro) were maintained in
RPMI containing 10% fetal bovine serum (FBS).
A cell growth assay and animal studies were
conducted as described previously [20, 22]. All
experiments involving laboratory animals fol-
lowed the guidelines for animal experiments of
Chang Gung Memorial Hospital (CGMH) and
were approved by the IACUC of CGMH (IACUC
no. 2018092107).
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Bulk RNA sequencing and differential expres-
sion analysis

The detailed method has been previously
described [22].

Plasma cytokine array analysis

The ARY022 cytokine array assay kit (R&D
Systems, Minneapolis, MN, USA) was per-
formed according to the manufacturer’s instruc-
tions, as previously described [22].

Antibodies

One hundred micrograms of the protein lysate
per lane were used for Western blot analysis.
Antibodies used in this study were as follows:
G-CSF (Abcam ab197993), G-CSFR (Abcam
ab126167), GM-CSF (Santa Cruz Biotechno-
logy SC-32753), GM-CSFR (Santa Cruz Bio-
technology SC-21764, SC-456), Histone 3
(citrulline R2 + R8 + R17, Abcam ab5103),
Ly6G (eBioscience 17-9668-82), Cleaved
PARP (Cell Signaling Technology 95465),
p-FGFR1/2/3/4 (Proteintech 11935-1-AP),
FGFR2 (Signalway Antibody 32586), p-STAT3
(Cell Signaling Technology 9145), STAT3 (Cell
Signaling Technology 12640), y-H2AX (Santa
Cruz Biotechnology SC-517348), MMP1 (Gene
Tex GTX100534), and B-actin (Santa Cruz
Biotechnology SC-47778).

Statistical analysis

Tumor weight data are presented as mean *
SD. The final tumor volume was compared
using a two-tailed analysis of variance (ANOVA).
Overall survival, which was calculated from
the time of recurrence or metastasis to death,
was examined by plotting Kaplan-Meier curves
and compared using the log-rank test. In all
analyses, p-values were two-tailed, and data
were considered statistically significant at a
p-value < 0.05.

Results

We have recently successfully established
four patient-derived xenograft (PDX) lines and
two PDX-derived cell lines, UC-LN1 and UC-B1,
originating from UC-PDX-LN1 and UC-PDX-B1,
respectively. Both are derived from bladder
urothelial cell carcinoma within the context of
genitourinary (GU) cancers, as illustrated in
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Table 1. Utilizing next-generation sequencing
(NGS) studies, we identified two druggable tar-
gets, HRAS and ERCC2 (excision repair cross-
complementation group 2), in both UC-PDX-
LN1 and UC-LN1. However, no druggable tar-
gets were identified in PDX-B1 and UC-B1. The
HRAS mutation, GIn61Lys, suggests potential
responsiveness to Tipifarnib [23], while the
ERCC2 mutation, Asn238Ser, may exhibit sen-
sitivity to cisplatin treatment [24] as demon-
strated in Figure 1A. Subsequent confirmation
of these mutations through target sequenc-
ing is presented in Figure 1B and 1C. Impor-
tantly, UC-PDX-LN1 faithfully represents the cel-
lular characteristics of its parent tumor from
the patient, as demonstrated in Figure 1D.

The original patient with UC-PDX-LN1 exhibited
intratumor cystic changes and leukocytosis
with a neutrophil-dominant profile, indicative of
paraneoplastic leukocytosis in a clinical set-
ting. In mice implanted with UC-PDX-LN1, we
observed intratumor cystic changes via PET
scan (Figure 2A) and leukocytosis dominated
by neutrophils and splenomegaly (Figure 2B,
2D and 2E). Additionally, the mice exhibited
symptoms such as body weight loss, decreas-
ed appetite and activity, cachexia, and even
sudden death, despite the implanted tumor
not reaching 2000 mm3. We conducted a pilot
drug test for UC-PDX-LN1 to explore poten-
tial therapeutic options. All tested candidate
drugs, except tipifarnib, demonstrated inhibito-
ry effects on xenograft growth with statistical
significance compared to the control, as illus-
trated in Figure 2. The IC50 of cisplatin, gem-
citabine, sunitinib, and tipifarnib were mea-
sured in UC-LN1, UC-B1, and UC5637 cell lines
(see Supplementary Figure 1). Leukocytosis
observed in mice implanted with UC-PDX-LN1
was alleviated through effective anticancer
treatment. This improvement correlated with
drug response, as depicted in Figure 2E. The
antitumor efficacy of chemotherapy with gem-
citabine combined with cisplatin (G+P), target-
ed therapy with sunitinib, or their combination
resulted in significant inhibition of UC-PDX-
LN1 growth, leading to prolonged survival, as
illustrated in Figure 2F and 2G. To further inves-
tigate the drug response, we tested G+P, suni-
tinib, and combination treatments in another
PDX line, UC-PDX-B1, which exhibited gem-
citabine resistance and no leukocytosis in the
PDX-implanted mice. The drug test revealed
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Table 1. Characteristics of total 4 UC patients with PDX and cell lines

. Dignosis Status at biopsy/operation . Overall .
Patient Age Previous ) ) alive/
No. (y/0) Gender primary site cell type Tissue sourece  01OPYBY treatment PDX Cellline - survival from expired

Excision(E) PDX (months)
1 89 female renal pelvis urothelial carcinoma (UC) renal pelvis E no UGUC-PDX1 UGUC-1 4 expired
2 60 male bladder papillary UC bladder E operation UC-PDX1 ucC-1 100 alive
3 67 male bladder uc bone B chemotherapy, UC-PDX-B1 UC-B1 7 expired
radiotherapy
4 53 female bladder uc lymph node B chemotherapy, UC-PDX-LN1 UC-LN1 3 expired
operation
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A UC-PDX-LN1 druggable mutation

Sample Gene Variant Type HGVS LEVEL 3B
UC-PDX-LN1 HRAS Missense Mutation c¢.181C>A Tipifarnib
UC-PDX-LN1 ERCC2 Missense Mutation c¢.713A>G Cisplatin

UC-LN1 HRAS Missense Mutation ¢.181C>A Tipifarnib
UC-LN1 ERCC2 Missense Mutation c¢.713A>G Cisplatin
B HRAS sequencing C ERCC2 sequencing
C181->A A713-->G
GCCGGCCAGGAGGA CCCACAACATTGA
UC-PDX-LN1 UC-LN1 ucse37 UC-PDX-LN1 UC-LN1 uC5637
GCCGGCCAGGAGGA GCCGGCCAGGAGGA GCCGGCCAGGAGGA CCCACAACATTGAC CCCACAACATTGA CCCACAACATTGA
A A A
1 ] 1
AG AIG A
D
patient’s bladder tumor 200x

UC-PDX-LN1 200x

Figure 1. Characterization of a newly established UC-PDX-LN1. (A) NGS, SNP showed two druggable mutations in
HRAS and ERCC2. Targeting sequencing confirmed these HRAS (B) and ERCC2 (C) mutations. (D) H&E staining of

the patient’s bladder tumor and PDX.

G+P resistance but sensitivity to sunitinib, with
no additional synergistic effect in combination
treatment, as exhibited in Figure 2H-J.

Treatment with sunitinib, a multi-kinase inhibi-
tor, in the UC-PDX model influenced multiple
metabolic processes and muscle structure
development, as illustrated in Figure 3A.
Conversely, treatment with gemcitabine plus
cisplatin (G+P) in the UC-PDX model induced
significant upregulation and downregulation of
genes associated with the suppression of met-
abolic processes and cell division, as exhibited
in Figure 3B. In the case of the sunitinib-G+P
combination treatment in the UC-PDX model,
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there was an association between the suppres-
sion of cell migration and the activation of mus-
cle fiber development, compared to the effects
of each agent alone, as illustrated in Figure 3C.
These findings likely reflect the distinct drug
characteristics within the biological context.

Urothelial carcinoma (UC) treated with gem-
citabine plus cisplatin (G+P), a cytotoxic chemo-
therapy known for posing a constant threat to
DNA integrity and cellular processes, display-
ed dysfunctions in y-H2AX, a crucial factor in
the double-strand breaks response, ultimately
driving towards genomic instability [25]. This
observation aligns with signature-enriched
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Figure 2. Drug sensitivity test in UC-PDX. (A-G) UC-PDX-LN1, (A) PDX with cystic change in FDG-PET image. (B) Gross
tumor and spleen, (C) Tumor volume change, (D) Tumor weight in different treatments. Some large tumors had
cystic change with fluid accumulation. (E) Change in peripheral blood white blood cell count in response to different
treatments in (B). (F, G) UC-PDX-LN1 mice survival in response to different treatments. Another UC-PDX line, UC-PDX-
B1, drug sensitivity test (H-J), (H) tumor volume change, (I) Gross tumor, and (J) Tumor weight. Abbreviations: G+P,
gemcitabine + cisplatin; SUN, sunitinib; EVE, everolimus; TIP, tipifarnib.
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Figure 4. Key protein expression analysis of different pathways after different treatments. A. UC-PDX-LN1 and UC
cell lines. UC-LN1 derived from UC-PDX-LN1. B. Immunohistochemistry (IHC) of index protein expression in PDX.

pathways following G+P treatment, which
includes the suppression of chromosomal pro-
cesses. Moreover, the combination of sunitinib
and G+P exhibited a synergistic induction of
apoptosis and DNA damage, evidenced by a
higher level of cleaved PARP and y-H2AX forma-
tion, respectively as shown in right pane of
Figure 4A and 4B. Additionally, treatment of
UC with sunitinibo and G+P effectively sup-
pressed FGFR and STAT3 phosphorylation. The
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activation of FGFR and STAT3 regulates the
expression of downstream proteins associated
with cancer formation, progression, and metas-
tasis [26, 27]. This is consistent with functional
analysis using differentially expressed genes,
indicating that combining sunitinib and G+P
inhibited matrix metallopeptidase 1 (MMP1) as
illustrated in Figure 4A. Therefore, these results
suggest that sunitinib and G+P suppress MMP1
through the FGFR and their downstream STAT3
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Figure 5. G-/GM-CSF and G-/GM-CSFR in PDX and cell lines. (A) NGS, copy number, (B) G-/GM-CSF cytokine array in
different samples and components, (C) mRNA expression in UC PDX, NPC-B13 served as a control. (D) Neutrophil
infiltration around the tumor. (E) G-/GM-CSFR expression in UC PDX and cell line xenograft.

signaling pathway, contributing to the suppres-
sion of cell migration in UC.

Previous literature has proposed that par-
aneoplastic leukocytosis may result from the
autocrine/paracrine effect of cancer cells
secreting granulocyte colony-stimulating factor
(G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) while expressing
their respective receptors, G-/GM-CSFR [7,
28]. However, our NGS studies did not reveal
mutations or increased copy numbers in G-
CSF/GM-CSF and G-CSFR/GM-CSFR genes, as
depicted in Figure 5A.

In UC-PDX-LN1 tumors, intratumor cystic
changes were frequently observed when tu-
mor size exceeded 1000 mmé2. Further investi-
gation using cytokine arrays revealed a rich
presence of G-CSF and GM-CSF in the U5637
cell line culture supernatant and UC-PDX-LN1
cyst as demonstrated in Figure 5B. RT-PCR
confirmed the mRNA expression of myeloid
growth pathway genes in our GU PDX lines and
cancer cell line, as illustrated in Figure 5C.
Additionally, in UC-PDX-LN1 tumors, we ob-
served neutrophil infiltration at the border of
cysts, as exhibited in Figure 5D. Immunohis-
tochemical (IHC) staining further confirmed
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highly expressed G-CSFR and GM-CSFR in
UC-PDX-LN1 and U5637 cell line xenografts, as
displayed in Figure 5E. These results elucidate
that the G-CSF/GM-CSF pathways are actively
involved in the tested UC PDX/cell lines.

Paraneoplastic leukocytosis is characterized
by the rapid production of a large number of
neutrophils in the short term, exhibiting a rela-
tively immature phenotype in peripheral
blood. These immature low-density neutrophils
(LDNs) can be separated from mature high-
density neutrophils (HDNs) after Ficoll-Hypaque
density gradient centrifugation [29]. Some
LDNs may display a ring-shaped nucleus mor-
phology, indicating a relatively immature stage
in neutrophil maturation, as depicted in Figure
6A. LDNs exhibit less stringent regulation of
NETosis in response to stimulation. Following
short-term PMA stimulation, NETosis is more
prominent in LDNs compared to HDNs, as
demonstrated in Figure 6B. RNA-seq analysis
comparing LDNs and HDNs from peripheral
blood leukocytes of a UC patient revealed
upregulated genes in LDNs associated with
cellular response to interleukin-8, cell sur-
face receptor signaling pathways, including
CXCR1/2, immune response, and neutrophil
activation and degranulation (Figure 6C).
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Figure 6. Leukocytosis effect in UC patient and PDX. A. Ring form nucleus of neutrophil existed in peripheral blood
(PB) of UC-PDX mice with leukocytosis before but not after treatment. B. Stimulation of NETosis via PMA treatment
in low-density neutrophil (LDN) and high-density neutrophil (HDN) from PB of leukocytosis in UC-PDX-LN1. C. RNA-
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tumor, and lung of PDX-implanted mouse (arrowhead: thrombus). E. IHC staining, NETosis with fragmentation of
chromosome and histone, and related thrombosis (arrowhead).
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NETosis has been shown to induce thrombosis
at distant organ sites, such as the lung and kid-
ney, leading to compromised organ failure in a
breast cancer model [30, 31]. In our UC
patient’'s tumor and UC-PDX-LN1 implanted
mouse, we observed leukocytosis with a neu-
trophil-dominant presence in small vessels in
and around the tumor, extending to distal
organs like the lung, and associated with th-
rombus formation, as shown in Figure 6D. IHC
staining of UC-PDX-LN1 revealed NETosis with
thrombosis around the tumor vessels, as illus-
trated in Figure 6E. These findings provide evi-
dence that tumor-related leukocytosis may
induce thrombosis not only systemically but
also locally in and around the tumor. The
intra/around tumor thromboembolism could
retain tumor-secreted cytokines, including G-/
GM-CSF, in cysts and further enhance tumor
autocrine/paracrine effects, thereby promoting
tumor progression.

The interplay between paraneoplastic leukocy-
tosis, NETosis, and thrombosis contributes to
enhanced tumor growth and vital organ failure
in the current model. To disrupt this vicious
cycle, targeting all components - tumor,
NETosis, and thromboembolism - emerges as
a therapeutic strategy. Ladarixin, a CXCR1/2
inhibitor, while not inhibiting cancer cell line
growth in vitro, has shown promise in reducing
tumor burden and enhancing immunotherapy
in a pancreatic cancer model [32]. In our estab-
lished UC-LN1 cell line, ladarixin alone demon-
strated limited antitumor efficacy with a high
IC50 (approximately 40 uM), as depicted in
Figure 7A. However, in our UC-PDX-LN1 mo-
del, ladarixin alone, although showing modest
response in gross tumor measurement as illus-
trated in Figure 7B, significantly inhibited tumor
growth when evaluated in the solid tumor por-
tion, as illustrated in Figure 7C. Additionally,
ladarixin treatment reduced neutrophil infiltra-
tion and NETosis formation, as shown in Figure
7E. Furthermore, the combination of chemo-
therapy and ladarixin demonstrated enhanced
inhibition of PDX growth in solid tumor evalua-
tion, correlating with a reduction in white blood
cell count in peripheral blood compared to che-
motherapy alone, as depicted in Figure 7D.

We also investigated the impact of anti-throm-
botic drugs on UC-PDX growth, revealing mini-
mal antitumor response, as depicted in Figure
8A. Subsequently, we evaluated the antitumor
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efficacy of combining chemotherapy with anti-
thrombotic medication in our UC-PDX model.
While this combination did not surpass che-
motherapy alone in terms of antitumor effects
(Figure 8B), it did extend the survival of PDX-
bearing mice, as illustrated in Figure 8C. These
findings may introduce a novel approach for
the clinical management of UC patients with
paraneoplastic leukocytosis.

We conducted a retrospective review of blad-
der cancer (BC) patients at Chang Gung
Memorial Hospital, Linkou, Taiwan, from 2010
to 2020. Patient data were analyzed based on
the following criteria: (1) histologic diagnosis of
urothelial carcinoma of bladder cancer, (2) a
white blood cell (WBC) count of > 20,000 cells/
mL on two separate occasions with a 30-day
interval, and (3) exclusion of identifiable under-
lying causes for leukocytosis. A total of 2,162
BC patients were assessed, revealing paraneo-
plastic leukocytosis in 35 patients (1.61%). The
median overall survival was 449 days for PNL
BC patients, significantly shorter than the 944
days observed for non-PNL BC patients (P <
0.05) as shown in Figure 9. This outcome sug-
gests a poorer prognosis associated with para-
neoplastic leukocytosis in bladder cancer.

Discussion
ERCC2 mutation in GU cancer

ERCC2 encodes the XPD protein, a crucial
component of the TFIIH complex involved in
general gene transcription and the nucleotide
excision repair (NER) pathway [33]. Bladder
cancer has been reported to exhibit around
10% mutation in ERCC2 [34]. Mutations in
ERCC2 often result in a higher mutation load
and increased sensitivity to cisplatin-based
chemotherapy compared to wild-type ERCC2,
particularly in muscle-invasive bladder cancer
(MIBC) [24, 34]. Most reported ERCC2 muta-
tions are situated within or around the heli-
case domain, leading to NER defects, and are
associated with a favorable response to cispla-
tin-based chemotherapy in MIBC [35]. Our
UC-PDX model also validates this trend of cis-
platin sensitivity.

Target therapy in UC

For recurrent/metastatic head and neck squa-
mous cell carcinoma with a mutant HRAS vari-
ant allele frequency of > 20%, tipifarnib, a

Am J Cancer Res 2024;14(8):3694-3710
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Figure 7. Combination of chemotherapy and anti-neutrophil treatment in GU PDX model. (A) IC50 of gemcitabine
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NETosis in tumors, without ladarixin (left panel), with ladarixin treatment (right panel). Abbreviations: G+P, gem-

citabine + cisplatin; LAD, ladarixin.

farnesyltransferase inhibitor disrupting HRAS
function, has demonstrated excellent antican-
cer efficacy [36]. In previously treated/meta-
static urothelial carcinoma (UC) harboring
HRAS mutations, tipifarnib has demonstrated
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some anticancer efficacy with a manageable
safety profile [37]. Despite our UC-PDX-LN1 har-
boring the Q61R mutation in the HRAS gene,
tipifarnib did not exhibit any antitumor effect,
as illustrated in Figure 2.
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Sunitinib, a VEGFR inhibitor and potent multiple
kinase inhibitor, has demonstrated antitumor
efficacy in metastatic UC in clinical trials [38].
Although the combination of gemcitabine and
cisplatin (GC) with sunitinib treatment in meta-
static UC or muscle-invasive bladder cancer
failed in clinical trials due to intolerable side
effects, this regimen still exhibited some antitu-
mor efficacy in select patients [39, 40]. In our
PDX model drug screening, VEGFR inhibition
alone or in combination with chemotherapy
may be another option for patients with para-
neoplastic leukocytosis. We have also demon-
strated that sunitinib can robustly inhibit cispla-
tin-resistant UC PDX growth, as observed in

UC-PDX-B1. tosis.
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Leukocytosis/NETosis/throm-
boembolism in UC

Tumors can secrete a broad
spectrum of cytokines and
chemokines, including G-CSF,
TNF-alpha, interleukin-8 (IL-
8), and CXCL2, which attract
neutrophils, form intratumor-
al NETosis, and induce an
inflammatory tumor microen-
vironment [41]. IL-8 and its
cognate receptors CXCR1/2
can recruit myeloid-derived
suppressor cells and neutro-
phils to the tumor microenvi-
ronment, fostering tumor pro-
gression [42]. In preclinical

models, CXCR1/2 blockers have demonstrated
antitumor effects by inhibiting the accumula-
tion of tumor-associated neutrophils in the
tumor microenvironment [42, 43]. Ladarixin, a
noncompetitive inhibitor of CXCR1/2, has been
shown to decrease neutrophil accumulation in
a murine model of influenza, improve survival
[44], revert tumor-associated M2 macrophage
polarization and migration, and enhance immu-
notherapy in a preclinical pancreatic cancer
model [32]. In the current UC PDX model, we
found that ladarixin alone sequestered neutro-
phils infiltrating the tumor, reduced the solid
part tumor burden, enhanced chemotherapy’s
antitumor effect, and ameliorated

leukocy-
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Figure 10. Summary of innovative treatment targets in paraneoplastic leukocytosis/NETosis/thrombosis in UC Pa-
tients: 1. Cancer cells secrete growth factors, such as G-CSF and GM-CSF, and express their cognate receptors
(G-CSFR or GM-CSFR), initiating autocrine/paracrine loops that enhance tumor growth. 2. Released growth factors
stimulate the bone marrow, resulting in the excessive production of neutrophils, contributing to leukocytosis/NETo-
sis/thrombosis. 3. Systemic NETosis/thrombosis may induce vital organ failure at distant sites, while local NETosis/
thrombosis can retain growth factors, further amplifying the autocrine/paracrine effect. Utilize a combination of
cancer-Killing therapies, anti-neutrophil interventions, and anti-coagulation measures to comprehensively disrupt

the vicious cycle.

Emerging data indicate that NETosis may
induce a hypercoagulable state and increase
thromboembolism events in cancer patients,
either by NETs themselves or NET degradation
products [45]. Low-molecular-weight heparin
(LMWH) has been the first-line therapy for
venous thromboembolism (VTE) in cancer
patients, reducing VTE recurrence [46]. Direct
oral anticoagulants (DOACs), such as edoxa-
ban and rivaroxaban, as alternatives to LMWH,
have demonstrated non-inferiority for VTE but
with a higher incidence of bleeding events [47,
48]. In the present study, we demonstrated
that anticoagulants have no direct anticancer
effect but may prolong animal survival in com-
bination with chemotherapy compared to che-
motherapy alone.

Conclusion

In the present paraneoplastic leukocytosis PDX
model as summary in Figure 10, we discovered
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that (1) cancer cells secrete growth factors,
such as G-CSF and GM-CSF, and express
their cognate receptors (G-CSFR or GM-CSFR),
initiating  autocrine/paracrine  loops that
enhance tumor growth; (2) the released growth
factors stimulate the bone marrow, resulting in
the excessive production of neutrophils, con-
tributing to leukocytosis/NETosis/thrombosis;
and (3) systemic NETosis/thrombosis may
induce vital organ failure at distant sites, while
local NETosis/thrombosis can retain growth
factors, further amplifying the autocrine/para-
crine effect. Utilizing a combination of cancer-
Killing therapies, anti-neutrophil interventions,
and anti-coagulation measures can compre-
hensively disrupt the vicious cycle.
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Supplementary Figure 1. The IC50 of cisplatin ranged from 3.4 to 4.1 uM in the tested cell lines, while gemcitabine
ranged from 0.0054 to 0.0063 uM in UC-LN1 and U5637. However, it was 0.013 uM in UC-B1, which may reflect
a clinical history of treatment resistance (PDX-B1 originated from a clinically gemcitabine-resistant tumor). All the
tested cell lines had a low IC50 for sunitinib ranging from 2.6 to 3.5 uM, but were resistant to tipifarnib treatment.



