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Abstract: Vessel co-option correlates with resistance against anti-angiogenic agents and 

chemotherapy in colorectal cancer liver metastasis (CRCLM). We previously identified higher 

intensity of neutrophils in the tumour microenvironment of vessel co-opting CRCLM lesions 

compared to their angiogenic counterparts. Herein, we demonstrated that over 50% of the 

neutrophils in vessel co-opting lesions are expressing pro-apoptotic markers including cleaved 

caspase-3 and poly (ADP-ribose) polymerase-1 (PARP-1). Our previous publications suggested 

upregulation of transforming growth factor-beta (TGFβ1) in the microenvironment of vessel co-

option CRCLM. Therefore, we examined the effect of TGFβ1 on the expression of cleaved caspase-

3 and PARP-1 in neutrophils in vitro. Significantly, we noticed the upregulation of pro-apoptotic 

markers upon exposure to TGFβ1. This finding might pave the way to determine the role of 

neutrophils in developing vessel co-option in CRCLM in the future.  
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1. Introduction 

Colorectal cancer (CRC) is the world’s third most deadly cancer, and 50% of CRC patients 

develop metastasis to the liver [1]. Colorectal cancer liver metastasis (CRCLM) presents in two main 

histopathological growth patterns (HGPs), and they have been identified as desmoplastic HGP 

(DHGP) and replacement HGP (RHGP) [2]. In DHGP lesions, a desmoplastic stromal ring separates 

the cancer cells from normal liver parenchyma. However, the cancer cells in RHGP lesions infiltrate 

through normal liver parenchyma and replace the hepatocytes near the tumour periphery [2]. Beyond 

the histology, the DHGP and RHGP tumours exist many differences in vascularization and the 

immune landscape [3]. In this context, the DHGP tumour are characterized by sprouting angiogenesis 

to obtain blood supply, while the RHGP tumours utilize vessel co-option vascularization [2]. In vessel 

co-option, the cancer cells hijack the pre-existing blood vessels to obtain blood supply and are not 

responsive to anti-angiogenic therapy [2,4]. Therefore, the DHGP tumours are known as angiogenic 

tumours, whereas the RHGP tumours are known as vessel co-opting tumours [2,5].  

Neutrophils are the most abundant innate immune cells [6] and have multifaceted roles in cancer 

[7,8]. They can promote tumour cell proliferation and stimulate angiogenesis, also playing an 

essential role in matrix remodeling [7,9]. We previously reported higher levels of neutrophils in 

RHGP tumours compared to their angiogenic counterparts [10]. Moreover, we found runt related 

transcription factor-1 (RUNX1) mediates neutrophil infiltration in CRCLM through angiopoietin-1 

(Ang1) [11]. Importantly, the neutrophils in RHGP lesions were discovered to express high levels of 

lysyl oxidase-like 4 (LOXL4) protein, which is mediated by transforming growth factor beta-1 

(TGFβ1) [10].  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2023                   doi:10.20944/preprints202305.0396.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202305.0396.v1
http://creativecommons.org/licenses/by/4.0/


 

LOXL4 is primarily involved in extracellular matrix remodeling, and its expression has been 

found to be elevated in different types of cancer including hepatocellular carcinoma (HCC) [12] and 

head and neck squamous cell carcinoma (HNSCC) [13]. The upregulation of LOXL4 in tumour is 

linked to cancer cell migration and invasion, and this function of LOXL4 is mediated by the activated 

FAK/SRC pathway [14]. The upregulation of LOXL4 facilitates immune evasion by cancer cells that 

lead to the establishment of an immunosuppressive microenvironment in various cancers [15].  In 

this context, Tan et al. [16] have suggested that the injection of LOXL4 induced intratumoral 

infiltration of macrophages and accelerated tumour growth in HCC. Additionally, exposure of 

macrophages to LOXL4 invoked their immunosuppressive phenotype and induced the expression of 

programmed death ligand 1 (PD-L1), which plays a key role in the suppression of CD8+ T cells [16]. 

A recent study by Görögh et al. [17] demonstrated the therapeutic effect of anti-LOXL4 monoclonal 

antibody in HNSCC xenografts. Accordingly, the injection of anti-LOXL4 monoclonal antibody into 

inoculated mice with HNSCC resulted in extensive tumour destruction [17].  

The role of LOXL4 in tumour vascularization is poorly studied and requires further 

investigation. Opposite to our previous study [10], the majority of studies suggested a positive 

correlation between the upregulation of LOXL4 in the tumour microenvironment and tumour 

angiogenesis. In this context, the upregulation of LOXL4 in keratocystic odontogenic tumour (KCOT) 

stromal tissue and primary KCOT stromal fibroblasts promoted tumour angiogenesis [18]. Likewise, 

the overexpression of LOXL4 induced angiogenesis in HCC [16].   

Due to neutrophils’ abundant recruitment to the site of pathology, neutrophils undergo 

programmed cell death to regulate the toxic neutrophil products to the surrounding tissue [19]. 

Interestingly, the released DNA strands with neutrophil proteins promote cancer cell proliferation, 

adhesion and invasion [20]. However, the role of apoptotic neutrophils in tumour vascularization is 

unclear.  

In this manuscript, we examined the expression levels of pro-apoptotic markers [12], cleaved 

caspase-3 and cleaved poly (ADP-ribose) polymerase-1 (PARP-1) [21,22], in the neutrophils of 

CRCLM specimens. Our data suggested the upregulation of pro-apoptotic markers in the majority of 

neutrophils in vessel co-opting lesions compared to their angiogenic counterparts. Moreover, our in 

vitro data suggest that this process is possibly facilitated by TGFβ1.  

2. Materials and methods 

2.1. Patient samples 

The blood and specimens of CRCLM patients were obtained through the MUHC-Research 

Institute Liver Disease Biobank from patients who underwent surgical resection at the Royal Victoria 

Hospital in Montreal. Informed consent was obtained from all patients, and ethical approval was 

granted by the McGill University Health Centre Research Ethics Board (protocol #SDR-11-066).  

2.2. Neutrophil isolation 

Human neutrophils were isolated from the peripheral blood of CRCLM patients following the 

protocol published in our previous publication [10]. After collection from a donor, whole blood was 

centrifuged at 2000g for 15min at 21°C, after which the plasma was carefully aspirated and replaced 

with 1× PBS (Wisent Inc., St-Bruno, QC, Canada, #311-010-CL). The cells were separated using 

dextran sedimentation, laid over lymphocyte separation media, and spun down. The resulting pellet 

was then subjected to hypotonic lysis with water. The purity of the isolated neutrophils was 

ascertained by trypan blue staining based on their morphological appearance, which contained less 

than 0.5% monocytes or lymphocytes. The purified neutrophils were resuspended in RPMI (Wisent 

Inc., St-Bruno, QC, Canada, #350-007-CL) supplemented with 5% serum at a final concentration of 

1x106 cells/ml.  
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2.3. Neutrophil co-culturing and stimulation 

After isolation, the neutrophils were cultured either independently or co-cultured with cancer 

cells and hepatocytes following the protocols in our previous publications [10].  Briefly, we 

resuspended 1x106 neutrophils in 1mL of RPMI (Wisent Inc., St-Bruno, QC, Canada, #350-007-CL) 

supplemented with 5% FBS (Wisent Inc., St-Bruno, QC, Canada, #085-150). The cells were then placed 

on coverslips mounted in 6 well companion plates (Falcon #353502) and incubated for 1h at 37°C. 

Then, the media was aspirated and replaced by RPMI supplemented with 1% FBS. The inserts 

(Falcon, #353090), containing a mixture of cancer cells and hepatocytes, were also added to the 

cultured neutrophils and incubated for 20 hours at 37°C. 

The stimulation of neutrophils with recombinant TGFβ1 protein (Peprotech, Cranbury, NJ, USA, 

#100-21) was performed following the protocol that was published in the previous publications[10]. 

After isolation, the neutrophils (1x106 cells/ml) were placed on coverslips mounted in 6 well plates 

and incubated in RPMI supplemented with 5% FBS for 1h at 37°C. Then, the media was removed and 

replaced with RPMI supplemented with 1% FBS and 100pm recombinant TGFβ1 protein, and 

incubated for 20 hours at 37°C.  

2.4. Immunofluorescence staining 

Formalin-fixed paraffin-embedded (FFPE) human CRCLM blocks were deparaffinized with 

xylene followed by hydration with graded concentrations of ethanol and then with distilled water. 

The blocks were subjected to antigen retrieval (pH = 6.0) for 20 minutes and washed with PBS 

followed by inhibiting endogenous peroxidase using dual endogenous enzyme blocker (Dako, 

#S2003). The sections were then blocked with 1% goat serum for 1 hour followed by incubation with 

the indicated primary antibody prepared in 1% goat serum overnight at 4°C. Next day, the sections 

were incubated with secondary antibody 1:1000 (Alexa Flour 594 goat anti-rabbit IgG and Alexa Flour 

488 goat anti-mouse IgG (Invitrogen #A11037 and #A10680 respectively)) at room temperature for 1 

hour followed by washing with PBST thrice. The sections were incubated with DAPI (Thermo Fisher 

Scientific, #D1306, diluted in PBS 1:1000) for 10 minutes at room temperature. Then, 1-2 drops of 

ProLong Gold Antifade Mountant (Thermo Scientific, Saint-Laurent, QC, Canada, #P36934) were 

added to each section and covered with cover glasses.  

We stained the cultured neutrophils following the protocol in the previous publication [10]. 

Briefly, the neutrophils were fixed by incubating with 4% paraformaldehyde (Biolegend, #420801) for 

10 minutes. The neutrophils were washed with PBS, and permeabilized with 0.1% Triton X-100 (Bio-

Rad, #161-0407). The cells then washed with PBS thrice and blocked with 5% BSA (GE Healthcare 

Life Science, #SH30574.02) for 1 hour. The neutrophils were then incubated with primary antibodies 

at 4 °C overnight. The next day, the cells were washed with PBS and incubated with secondary 

antibodies for 1 hour in the dark. After incubation, the cells were washed thrice with PBS and 

incubation with DAPI (Thermo Fisher Scientific, D1306, dilution 1:1000 in PBS) for 10 min followed 

by washing with PBST. The cover coverslips were mounted using ProLong Gold Antifade Mountant 

(Thermo Fisher Scientific, P36934). Slides were visualized using a Zeiss LSM780 confocal microscope 

system.  

The following primary antibodies were used: HSA (Santa Cruz, #SC5893, dilution 1:300), cleaved 

caspase-3 (Cell signaling, # 9664S, dilution 1:100), cleaved PARP-1 (Cell signaling, # 5625S, dilution 

1:50), elastase (R&D Systems, #MAB91671, dilution 1:250), and annexin-v (R&D Systems, #4830-01-K, 

dilution 1:250). The secondary antibodies used were: Alexa Fluor 488-conjugated goat anti-mouse 

(Invitrogen, A-10680; dilution 1:500), Alexa Fluor 594-conjugated goat anti-rabbit (Invitrogen, A-

11037; dilution 1:500), and Alexa Fluor 647-conjugated goat anti-mouse (Invitrogen, A-32728; dilution 

1:500).  

The number of neutrophils expressing pro-apoptotic markers was calculated manually. The 

intensity of the positive signals was quantified with ImageJ (NIH, Bethesda, MD) software. The 

average pixel intensity was analyzed by measuring three areas for each sample that randomly 

selected. 
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2.5. Statistical analysis 

GraphPad Prism software version 9.5.0 (GraphPad Software, La Jolla, CA, USA) was used for 

statistical analyses. Data as standard deviation. Statistical significance between the two groups was 

analyzed using unpaired Student’s t-test. p-values of <0.05 were considered to be significant 

3. Results 

3.1. Vessel co-opting tumours comprise a higher number of apoptotic neutrophils compared to angiogenic 

lesions 

Previous investigations suggested that tumour-associated neutrophils (TANs) promote tumour 

angiogenesis [23]. Additionally, it has been shown that the lower levels of apoptosis in TANs 

positively correlate with improved tumour angiogenesis [24]. Since vessel co-opting CRCLM lesions 

are characterized by lacking angiogenic vascularization [2], we postulated a higher number of 

apoptotic TANs in vessel co-oping CRCLM lesions in comparison to angiogenic tumours. To test this, 

we performed immunofluorescence staining for chemonaïve CRCLM specimens (n=3 RHGP; n=3 

DHGP) using cleaved caspase-3 or cleaved PARP-1, pro-apoptosis biomarkers [21], and elastase, 

neutrophil biomarker [10], antibodies. As shown in Figure 1, we observed the expression of cleaved 

caspase-3 and cleaved PARP-1 in over 50% of the neutrophils in vessel co-opting lesions, while none 

of the neutrophils in angiogenic lesions expressed the pro-apoptotic markers. Interestingly, we also 

noticed an inverse association between the expression levels of elastase and pro-apoptotic markers 

in neutrophils. This correlation requires further investigation in future. Taken together, our data 

indicate that the majority of neutrophils in vessel co-opting CRCLM are apoptotic compared to their 

counterparts in angiogenic CRCLM lesions.  

 

Figure 1. Tumor associated neutrophils in vessel co-opting CRCLM lesions expressing pro-

apoptotic markers. Immunofluorescence staining of chemonaïve CRCLM specimens showing 

neutrophil biomarker, elastase (green), and cleaved caspase-3 (red) (a) or cleaved PARP-1 (red) (b).  

The right panels represent the percentage of the neutrophils expressing cleaved caspase-3 (red) or 

cleaved PARP-1. T: Tumour; L: Liver parenchyma; D: Desmoplastic ring. 
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3.2. TGFβ1 mediates apoptosis in CRCLM tumours 

The cancer cells in vessel co-opting CRCLM lesions are characterized by their direct contact with 

hepatocytes [2,25]. Therefore, we conducted insert co-culturing for freshly isolated neutrophils from 

CRCLM patients with a mixture of human hepatocytes (IHH) and colorectal cancer (HT29) cells 

(Figure 2a) followed by immunofluorescence staining using a neutrophil marker (elastase) [10] and 

pro-apoptotic marker (cleaved caspase-3 and PARP-1) [21]. Importantly, we found a significant 

increase in the expression levels of cleaved caspase-3 (Figure 2b) and cleaved PARP-1 (Figure 2c) in 

the neutrophils upon their co-culturing with hepatocyte/cancer cells mixture.  

Based on our recent publications [21,26], TGFβ1 significantly upregulated in the 

microenvironment of vessel co-option CRCLM tumours compared to their angiogenic counterparts. 

Accordingly, the expression of TGFβ1 is promoted by direct interaction between cancer cells and 

hepatocytes [26,27]. Therefore, we asked whether TGFβ1 involved in the induction of neutrophil 

apoptosis by co-cultured mixed cancer cells and hepatocytes. To answer this question, we exposed 

freshly isolated neutrophils from CRCLM patients to 100 picomolar of recombinant TGFβ1 for 20 

hours followed by immunofluorescence staining using elastase, cleaved caspase-3 and cleaved 

PARP-1 antibodies. Indeed, the expression levels of cleaved caspase-3 (Figure 2d) and cleaved PARP-

1 (Figure 2e) were significantly elevated in neutrophils upon exposure to TGFβ1.  

We previously reported that TGFβ1 stimulates the expression of LOXL4 in the neutrophils of 

CRCLM tumours [10]. Since exposing neutrophils to TGFβ1 induces the expression LOXL4 [10] and 

pro-apoptotic markers (Figures 2d and e), we decided to examine the colocalization between 

apoptotic marker, annexin-v [22], and LOXL4 in vessel co-opting CRCLM sections. Interestingly, we 

noticed a colocalization of LOXL4 and annexin-v in the neutrophils (Supplementary Figure S1), 

indicating a positive correlation between the expression of LOXL4 and apoptosis in neutrophils. 

Indeed, further studies are required to confirm these results, as well as to determine the functional 

effect of LOXL4 in the development vessel co-option in CRCLM. Altogether, these data indicate 

TGFβ1 as a mediator of neutrophil apoptosis in CRCLM.  

 

Figure 2. TGFβ1 promotes apoptosis in neutrophils in vitro. a. Schematic of experimental design. (b 

and c). Immunofluorescence staining of neutrophils co-cultured with IHH hepatocytes and/or HT29 

cancer cell lines using elastase (green) and cleaved caspase-3 (red) or PARP-1 (red) antibodies, 

respectively. The right panel shows the quantification of positive pixels. Average pixel intensity was 

measured from three randomly selected areas for each sample. (d and e). Represent the expression of 
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cleaved caspase-3 or cleaved PARP-1 in the control neutrophils and those that were exposed to 

recombinant TGFβ1 for 20 hours. The right panel shows the quantification of positive pixels. Average 

pixel intensity was measured from three randomly selected areas for each sample. Results are 

representative of 3 independent experiments. 

4. Discussion 

The role of neutrophils in tumorigenesis is highly controversial. Some studies suggest apoptotic 

TANs as potent antitumour effector cells [28]. However, other studies suggest a positive correlation 

between TANs and tumour progression [29,30]. Various studies showed that high levels of intra-

tumoural neutrophils are associated with unfavourable survival in diverse solid tumours, including 

breast and colorectal cancer [31,32]. Furthermore, it has been reported that neutropenia, a deficiency 

of neutrophils, is beneficial to survival in cancer patients undergoing chemotherapy [33]. 

The function of TANs in angiogenesis is also quite divisive. Various studies suggested a positive 

association between TANs and angiogenesis [34]. In this context, it has been proposed that TANs 

induce tumour angiogenesis through various proteins, including matrix metallopeptidase 9 (MMP-

9), vascular endothelial growth factor (VEGF) and Bv8 (prokineticin) [35,36]. In contrast, our recent 

publications suggested the inverse correlation between TANs and angiogenesis in CRCLM [10,11]. 

Importantly, Loffredo et al. [37] have demonstrated releasing of antiangiogenic isoform of VEGF-

A165b by neutrophils ex vivo.  
In the current study, we observed a higher number of apoptotic TANs in vessel co-opting 

CRCLM specimens compared to their angiogenic counterparts. Vessel co-opting CRCLM lesions are 

characterized by direct interaction between cancer cells and hepatocytes, resulting in overexpression 

of various proteins in the tumour microenvironment, such as TGFβ1 [21, 38]. Moreover, our previous 

publications [21,26] also showed higher levels of TGFβ1 in the conditioned media upon co-culturing 

cancer cells with hepatocytes. Herein, we showed overexpression of pro-apoptotic markers in the 

neutrophils that co-cultured with mixed cancer cells and hepatocytes, and it is possibly incited by 

TGFβ1. In agreement with our data, TGFβ1 has been reported to promote neutrophil apoptosis 

indirectly through the IL-6/LPS pathway [39]. Thus, further investigations are required to determine 

the mechanistic pathways underline TGFβ1-dependent neutrophil apoptosis in CRCLM.  

The role of apoptotic neutrophils in the vascularization of CRCLM tumours is largely unknown. 

Since our data demonstrated a positive correlation between the expression of LOXL4 and pro-

apoptotic markers in neutrophils, we postulated that the presence of apoptotic neutrophils indirectly 

induces vessel co-option in CRCLM tumours through LOXL4. Various studies suggested LOXL4 as 

a stimulator of cancer cell motility in various cancers [16,18,40,41]. Of note, our previous publications 

demonstrated that the upregulation of cancer cell motility significantly increases the development of 

vessel co-option in CRCLM [2,26]. Therefore, we hypothesize that the apoptotic neutrophils promote 

vessel co-option in CRCLM through the induction of cancer cell motility, and LOXL4 plays a pivotal 

role in this process. Indeed, further investigations are needed to confirm this hypothesis.  

In conclusion, our results suggest a higher number of apoptotic neutrophils in vessel co-opting 

CRCLM lesions compared to their angiogenic counterparts. The function of apoptotic neutrophils in 

CRCLM vascularization warrants further investigation. 
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