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Abstract

ELTD1/ADGRL4 expression is increased in the vasculature of a number of tumour types and 

this correlates with a good prognosis. Expression has also been reported in some tumour cells 

with high expression correlating with a good prognosis in hepatocellular carcinoma and a poor 

prognosis in glioblastoma. Here we show that 35% of primary human breast tumours stain 

positively for ELTD1, with 9% having high expression that correlates with improved relapse 

free survival. Using immunocompetent, syngeneic mouse breast cancer models we found that 

tumours expressing recombinant murine Eltd1 grew faster than controls, with an enhanced 

ability to metastasize and promote systemic immune effects. The Eltd1-expressing tumours had 

larger and better perfused vessels and tumour-endothelial cell interaction led to the release of 

pro-angiogenic and immune modulating factors. M2-like macrophages increased in the stroma 

along with expression of PD-L1 on tumour and immune cells, to create an immunosuppressive 

microenvironment that allowed Eltd1 regulated tumour growth in the presence of an NY-ESO-1 

specific immune response. Eltd1 positive tumours also responded better to chemotherapy which 

could explain the relationship to a good prognosis observed in primary human cases. Thus, ELTD1 

expression may enhance delivery of therapeutic antibodies to reverse the immunosuppression and 
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increase response to chemotherapy and radiotherapy in this subset of tumours. ELTD1 may be 

useful as a selection marker for such therapies.
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Introduction

ELTD1/ADGRL4 is an orphan adhesion G protein coupled receptor (GPCR) and its 

expression was first identified in smooth muscle cells and cardiomyocytes(1) and then in 

the normal endothelial transcriptome(2,3). It has an important role in angiogenesis(4,5) and 

higher ELTD1 expression is associated with the vasculature of a number of tumour types 

such as ovarian, renal, head and neck, hepatocellular carcinoma and colorectal cancer(4,6). 

Increased vessel expression in these tumours also correlates with a good prognosis in 

patients receiving anti-cancer therapies(4,6). Eltd1 silencing in vessels by intravenous 

injection of Eltd1 siRNA reduced the growth of ovarian and colorectal tumour xenografts 

and reduced metastasis(4). This correlated with a reduced vessel density and is consistent 

with its pro-angiogenic role. ELTD1 expression has also been described in tumour cells of 

head and neck, renal, colorectal, glioblastoma and hepatocellular cancers with expression 

correlating to a good prognosis in hepatocellular carcinoma and to a poor prognosis in 

glioblastoma(6,7). Previously published studies on the effects of ELTD1 expression in 

tumour cells have been carried out using human cell lines expressing the human ELTD1 

protein(6–9). In vitro, overexpression increased the migration and invasiveness of the cells 

but decreased the in vivo growth of hepatocellular tumour xenografts(6) and increased the 

growth of gliomas(7). The extracellular domain (ECD) of human ELTD1 contains an EGF 

and a EGF-Ca2+ binding repeat, but it is classified within the Latrophilin-like family based 

on its seven transmembrane region homology(10). These ECD domains are typically found 

in the ADGRE subfamily of adhesion GPCRs, which are involved in the modulation of 

immune cell function(11), and these EGF domains might me important as some have been 

identified as ligand-binding domains(12). The ECDs of mouse and human ELTD1 have only 

59% homology and the mouse protein sequence has an extra EGF-Ca2+ binding domain. 

Because if these differences the human ELTD1 sequence may not be able to fully interact 

with the host stroma in mice and might stimulate a host immune response, potentially 

explaining some of the inconsistencies seen in previously published data. To investigate 

the interaction of ELTD1 between tumour cells and the surrounding stroma, particularly in 

immune response, we expressed the murine Eltd1 sequence in mouse breast tumour cell 

lines and employed immune competent mouse models to study tumour growth, metastasis 

and response to systemic therapy.

Materials and Methods

Cell culture and reagents

E0771 (ATCC) were cultured in RPMI supplemented with 10% FBS. 4T1 cells (ATCC), 

4T1-NY-ESO-1 (a kind gift from Uzi Gileadi, Oxford), 4T1 expressing GFP (4T1-GFP) 
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and murine endothelial cells (sEnd-1) (13) were cultured in DMEM supplemented with 

10% FBS. Cell lines were authenticated using mouse STR profiling (ATCC) and tested for 

Mycoplasma contamination (MycoAlert™, Lonza). All media components were purchased 

from ThermoFisher. Mouse codon optimised Eltd1 (mcoEltd1) was cloned into pLVX-Puro 

(Addgene) and the vector alone was used as a control. Virus was produced in 293T cells and 

the viral supernatant was used to make stable cell lines after selection in 1μg/ml puromycin 

(ThermoFisher).

Spheroid growth and invasion assay

5000 cells were seeded into round bottomed plates with 2.5% Matrigel™ (BD Biosciences) 

and centrifuged to form a pellet. The spheroids were photographed at 4x magnification every 

24hrs using an AMG Evos XL Core digital microscope (Fisher Scientific). The spheroid 

area was quantified using Fiji (ImageJ). E0771 cells do not form monolayers therefore 

invasion was monitored in spheroids. Spheroids were taken after 72hrs and embedded in 

50% Matrigel™ (BD Biosciences) and images acquired as described above.

Co-culture experiments

sEnd.1 and 4T1-GFP control or 4T1-GFP-mcoEltd1 cells were mixed 50:50 in 6 well plates 

and cultured for 48hrs in DMEM supplemented with 2% FCS. After incubation the media 

was centrifuged and stored at -20°C. Cells were either lysed in TRI Reagent® (Sigma) 

according to manufacturer’s instructions or in 0.5ml of RIPA (Sigma). For FACs sorting 

experiments, cells were co-cultured as previously described then harvested and separated 

into 4T1 tumours cells (GFP+) and sEnd.1 endothelial cells (GFP-) using a BD FACSAria 

cell sorter (BD Biosciences) before lysis in TRI Reagent® (Sigma). For co-culture without 

physical contact, 4T1-GFP cells were seeded in 6 well plates and an equal number of sEnd.1 

cells were seeded into ThinCert™ 6-well culture inserts (Greiner, 1μm, 657610) and the 

cells co-incubated for 48hrs. Fluorescent images were acquired and quantified using the 

IncuCyte® Zoom live cell analysis system (Sartorius).

Mouse cytokine array

An equal volume of cell media obtained from co-culture experiments was used in a 

Proteome Profiler Mouse XL Cytokine array (R&D Systems, ARY028) according to the 

manufacturer’s instructions. Spot intensity was quantified using Fiji.

Syngeneic mouse models

All animal procedures were carried out in accordance with the UK Home Office Licence 

30/3197. Mammary fat pad (MFP) models: 100μl of Matrigel™ (BD Biosciences) 

containing 1x106 E0771 or 2x105 4T1 mouse breast tumour cells (control and mcoEltd1­

expressing), were inoculated into the MFP of wild-type C57BL/6 female mice or BALBc 

WT female mice aged 5-6weeks respectively. Tumours were measured at least three times a 

week.

Lung metastasis models—100μl of 1x106 E0771 cells or 1x105 4T1s mouse breast 

cells in PBS (control or mcoEltd1-expressing), with or without mcoEltd1, were injected 
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intravenously into wild-type C57BL/6 female mice or BALBc WT female mice aged 

5-6weeks respectively. Animal welfare was monitored daily until endpoint (7 days following 

tumour inoculation for E0771 and 10 days for 4T1s).

Endpoint procedures—Hypoxyprobe/Pimonidazole (2mg/kg) and a 647-Tomato lectin 

(1mg/kg)/Hoescht (2mg/kg) mix was given intravenously 5min before in vivo fluorescence 

imaging of perfused tumours/organs visualisation on an in vivo imaging system (IVIS™, 

PerkinElmer), after which the mice were culled.

Isolation of cells from tissues and FACs analysis

Cell isolation protocols were adapted from a Springer Protocol(14). Briefly, tumours 

were harvested at endpoint and dissociated using collagenase/dispase (Sigma-Aldrich) 

according to manufacturer’s instructions. Spleen cell suspensions were obtained by 

dissociation through a 70μm cell filter. All cells were treated with red blood cell lysis 

buffer (ThermoFisher) then counted. Single cell suspensions were stained with different 

fluorophore-conjugated antibodies (Biolegend). Antibodies used were; anti-CD19 (clone 

6D5), anti-CD3 (clone 17A2), anti-CD45 (clone 30-F11), anti-Ly-6C (clone HK1.4), anti­

Ly-6G (clone 1A8), anti-F4/80 (clone BM8), anti-CD11b (clone M1/70), anti-CD11b (clone 

M1/70), anti-CD11c (clone N418), anti-MHC II (clone M5/114.15.2), anti-CD8b (clone 

YTS156.7.7), anti-CD19 (clone 6D5), anti-NK-1.1 (clone PK136), anti-CD4 (clone GK1.5), 

anti-CD8a (clone 53-6.7), anti-CD206 (clone C068C2). Flow cytometry was performed 

using a FACSAria II (BD Biosciences), where 50,000-100,000 events were acquired. All 

analysis involved automatic compensation before sample acquisition, using the AbC™ Total 

Antibody Compensation Bead Kit (ThermoFisher). During data acquisition, debris and 

doublets were excluded. Data obtained were analyzed with the FlowJo software version 5.0 

(TreeStar).

IFNγ assay

Mice were injected with 4T1-NY-ESO-1 tumour cells expressing mcoEltd1 or control. A 

group of naïve/healthy mice were used as control. After 22 days the spleens were collected 

as described above to detect the presence of specific T CD8+ cells raised against the tumour 

NY-ESO-1 antigen. The splenocytes (106) were stimulated with irrelevant peptide (Flu 

NP, 1μg/ml) or the NY-ESO-1 peptide (1μg/ml) for 4 h and the T CD8 IFNγ producing 

cells were quantified by FACS. A positive control for IFNγ production was made by the 

treating cells with PMA- PMA (10nM)/Ionomycin. After washing, cells were stained with 

the following antibodies; CD8-APC (clone 53-6.7), CD19-APC Cy7 (clone 6D5), CD44 

Brilliant Violet 241 (clone IM7), IFNγ-PE (clone XMG1.2) (all from Biolegend) and LIVE/

DEAD™ Aqua (ThermoFisher). After further washing FACS was performed as previously 

above.

Immunohistochemistry

Human breast tumour samples were obtained in accordance with the National Research 

Ethics Service South Central Oxford B Research Ethics Committee (project reference 

number C02.216). Deidentified samples were accessed through the Oxford Centre for 

Histopathology Research according to UK regulatory requirements.
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IHC on primary human tissues—ELTD1 staining was performed using an anti‐human 

ELTD1 antibody (Ab; HPA025229 from Sigma‐Aldrich). In brief, paraffin‐embedded slides 

were de‐waxed and antigen retrieved by microwaving in 50mM Tris‐2mM EDTA (pH 9.0). 

Sections were incubated with the Ab (1:500; about 1μg/ml) at room temperature for 45 

minutes. Bound Ab was detected using the Envision system (DAKO), visualized by using 

2,3‐ diaminobenzidine chromogen and counterstained with haematoxylin. The intensity of 

ELTD1 staining in tumour and vessels was scored (0=negative, 1=low, 2=moderate, 3=high) 

by a pathologist.

IHC on xenografts—IHC analysis for cell proliferation (Ki67, M7240; 1:100, 

Qigent), microvessel density (Endomucin, ab106100, 1:50, Abcam), hypoxia (Hypoxyprobe/

Pimonidazole injection before sacrifice), pericytes (alpha smooth muscle actin, A2547; 

1:200, Sigma). Slides were dewaxed and antigen retrieval performed in pH 6. Endogenous 

peroxidase activity was blocked before slides were stained for 1h at room temperature. 

Slides were stained using the FLEX staining kit (Agilent) and visualised using 3,3′­
Diaminobenzidine (Flex-DAB) chromogen and counterstained with haematoxylin.

Expression of markers and viable/necrotic areas were quantified on whole sections 

quantitatively by using the Visiopharm Integrator System. HDAB-DAB colour 

deconvolution band is used to detect positively stained cells. Threshold classification is 

used to identified necrosis and living regions and thus identify number of positive staining 

within these regions. Appropriate thresholds levels were checked against control xenografts 

staining before being set and the xenografts from all groups were then analysed.

Quantitative real-time PCR (QPCR)

Frozen tumours were ground to powder with a pestle and mortar and RNA was 

extracted using TRI Reagent® (Sigma) according to manufacturer’s instructions and 

reverse transcription was performed using the High Capacity cDNA Archive Kit (Applied 

Biosystems). Quantitative real time PCR was performed using the SensiFAST™ SYBR 

No-ROX kit (Bioline) according to the manufacturer’s protocols using a RotorGene Q 

(QIAGEN) The cycling conditions used were: 95 °C for 10 min followed by 40 cycles of 95 

°C for 15 s and 60 °C for 60 s. Primers sequences are listed in Supplementary Table 1.

Western blotting

Proteins were separated using by SDS-PAGE using standard techniques. A custom rabbit 

anti-mouse Eltd1 polyclonal antibody (F04) was generated using an immunogen comprising 

the three EGF domains of mouse Eltd1 (Cambridge Research Biochemicals), β-actin 

conjugated to HRP was purchased from Sigma. Secondary antibodies were purchased from 

DAKO.

Statistics

Prism 8 (Graphpad Software) was used to analyse the results and data shown as mean+/- 

standard deviation (SD). Student’s t-test was used to compare two unpaired groups. Kaplan­

Meier survival analyses were computed for all survival comparisons. Significance is denoted 

as: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001
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Results

Expression of mouse Eltd1 in mouse breast cancer cells does not affect growth in vitro but 
increases tumour size and metastasis in vivo 

Codon-optimised murine Eltd1 (mcoEltd1) was expressed in the triple receptor negative 

breast cancer cell line, E0771 (Western blot and QPCR shown in Supplementary Figure 1A). 

Expression had no significant effect on in vitro growth in 2D or 3D culture (Supplementary 

Figure 1B and 1C) and no significant effect on invasiveness (Supplementary Figure 1D). 

In a syngeneic C57BL/6 mouse mammary fat pad model, E0771 mcoEltd1 tumours were 

significantly larger at endpoint (Figure 1A) and were better perfused (Figure 1B and 1C). 

Increased metastatic burden was also observed in the lungs of mice with mcoEltd1 tumours 

(spontaneous metastasis formation; Figure 1D, 1E and 1F). IHC of tumour sections revealed 

an increased size of tumour vessels in the mcoEltd1 tumours compared to the controls 

(Figure 2A) and an increase in pericyte coverage (Figure 2B) but no significant change in 

vessel number (Supplementary Figure 2A). There was no difference in overall proliferation 

(Ki67 staining, Figure 2C) but necrosis (Figure 2D) and Hypoxyprobe/ Pimonidazole 

staining (Figure 2E) were decreased indicating a reduction in hypoxia.

QPCR confirmed mcoEltd1 expression in the tumours, as a reliable anti-mouse antibody 

could not be found for Eltd1 immunohistochemistry (Supplementary Figure 2B). QPCR 

analysis of RNA extracted from these tumours also showed an increase in endothelial 

(Pecam1 and Cdh5) and pericyte markers (Ng2) confirming the increase in mcoEltd1 tumour 

vascularity (Supplementary Figure 2C). The use of immune competent mice also allowed 

us to examine changes in immune cell infiltration and we observed an increase in M2 

macrophage markers in the mcoEltd1 tumours compared to controls (Supplementary Figure 

2D).

To confirm this growth enhancement, we expressed mcoEltd1 in 4T1 cells which are another 

mouse triple negative breast cancer cell line. As with the E0771 cells, mcoEltd1 expression 

had no significant effect on the in vitro growth of 4T1 (Supplementary Figure 3A and B) 

but increased the growth of tumours in a syngeneic BALB/c mouse model with tumours 

being significantly larger at endpoint (Supplementary Figure 3C). Interestingly, intravenous 

injection of 4T1 mcoEltd1 cells also resulted in an increased in the number and size of lung 

metastasis when compared to injection of control cells (Supplementary Figure 3D and E).

Expression of Eltd1 in 4T1 cells enhances their viability in the presence of endothelial 
cells and modifies the secretome

Eltd1 is an adhesion GPCR and these receptors are thought to function via cell-matrix or 

cell-cell interactions. Eltd1 is highly expressed in tumour vasculature and, as we observed 

changes in angiogenesis in mcoEltd1 expressing tumours, we decided to investigate the 

interaction with endothelial cells in vitro. Mouse endothelial cells (sEnd.1) and 4T1-GFP 

tumour cells were co-cultured for 48hrs and the proliferation of the GFP positive 4T1 

cells quantified. 4T1-GFP-expressing mcoEltd1 grew significantly faster than the controls 

with an 84% increase in cell number (Figure 3A). To establish whether cell-cell contact 

is required for this effect, cells were co-cultured but separated using ThinCert™ inserts. 
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4T1-GFP-mcoEltd1 also grew significantly faster than the controls in this setting but to a 

lesser extent (31% increase; Supplementary Figure 4A). As the effect was greater when 

the cells physically interacted we used these cells to try to identify factors that could 

affect cell proliferation. Media was harvested from co-culture experiments after 48hrs and 

this was used on a Proteome Profiler Mouse XL Cytokine array (R&D Systems). Five 

factors were found to be significantly increased in the supernatant of mcoEltd1+sEnd.1 

co-cultures compared to the controls; Il23, Ccl20, Cd93, Ang1 and Ang2 and four factors 

were decreased; Tnfrsf11b, Csf2, Icam1 and Ccl17 (Figure 3B and Supplementary Figure 

4B). Media was also harvested from tumours cells cultured alone but no changes in cytokine 

secretion were observed between control and mcoEltd1 expressing cells (data not shown).

To establish the source of cytokine secretion upon co-culture, the experiment was repeated 

and the cells harvested after 48 hours and separated into 4T1 tumour cells (GFP+) and 

sEnd.1 endothelial cells (GFP-) by FACs sorting. RNA was extracted from the cells and 

QPCR was performed to quantify the altered cytokines. mcoEltd1 was only significantly 

enriched in the 4T1-GFP-mcoEltd1 cell population confirming the efficient FACs sorting of 

the cells (Supplementary Figure 4C). Cd93, Ang1, Ang2 and Icam1 RNA expression was 

higher in endothelial cells. Il23, Tnfsr11b, Csf2, Ccl17 and Ccl20 levels were much higher, 

10 fold or more, in tumours cells and are therefore the likely sources of secretion detected on 

the Cytokine Array (Figure 3C-D and Supplementary Figure 4C). Only Ccl17 and Ccl20 had 

changes at the RNA expression level that reflected the differences in protein secretion. Ccl20 

expression levels were similar in 4T1-GFP-Control and 4T1-GFP-mcoEltd1 cells when 

they were cultured alone but its expression was significantly increased only in 4T1-GFP­

mcoEltd1 cells when co-cultured with mouse endothelial cells (Figure 3C). Interestingly 

Ccl20 expression was also increased in the endothelial cells when co-cultured with the 4T1 

cells, although much lower. (Figure 3C). Ccl17 was also increased in endothelial cells after 

co-culture with either cell line. (Figure 3D). Ccl17 expression was higher in control tumour 

cells when they were cultured with endothelial cells and increased upon co-culture in both 

tumour cell lines. However, overall there was lower Ccl17 expression levels in mcoEltd1 

expressing cells compared to the control (Figure 3D).

4T1-mcoEltd1 tumours have altered leukocyte infiltration

To further investigate the changes in immune response in vivo, 4T1 control and 4T1­

mcoEltd1 tumours were dissociated at endpoint and their immune cell infiltrate was profiled 

by FACS analysis. Both control and mcoEltd1 tumours had a significant percentage of 

leukocyte infiltration (CD45+ cells), that averaged 57.5% and 54.3% of the total tumour 

cell population respectively (Figure 4B). The major immune population in the tumour was 

myeloid cells (CD11b+), but there was no significant difference in overall number of cells 

between the groups (Figure 4B).

Next, we evaluated the frequency of specific immune cell subpopulations derived from 

the myeloid and lymphoid lineages of the blood, that could migrate to the tumour tissue. 

The Supplementary Figure 5 outlines the gating strategy for the analysis of immune cell 

infiltration. 4T1-mcoEltd1 tumours had an increase in the myeloid subsets that contain 

myeloid-derived suppressor cells (MDSCs): the Ly6G+ Ly6Clow population and Ly6Chigh 
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ly6Glow monocytes population (Figure 4A and 4C)). The frequency of tissue macrophages 

with an M2-like phenotype, expressing F4/80 and CD206 (Figure 4A and 4D) was also 

increased in 4T1-mcoEltd1 tumours. Furthermore, a significant decrease in neutrophils and 

cytotoxic T cells was observed in 4T1-mcoEltd1 tumours when compared to the control 

tumours (Figure 4A and 4E). CD4+ T and B cell numbers were similar between the two 

groups (Figure 4A).

Programmed death-ligand 1 (PD-L1) expression is increased in mcoEltd1 tumours

PD-L1 is expressed on immune cells and a wide variety of tumour cells including breast, 

melanoma and lung, where it plays an important role in immune escape (15). We therefore 

analysed its level of expression on tumour cells and immune cell infiltrates using FACS. 

PD-L1 expression was significantly increased on 4T1-mcoEltd1 tumour cells (CD45-), 

leukocytes (CD45+) and mainly on the myeloid cell population (CD45+CD11b+) by 2.1, 2.4 

and 2.5fold respectively (Figure 4F–H). Supplementary Figure 5 outlines the gating strategy 

for these experiments.

Spleen immune cell populations are altered in 4T1-mcoEltd1 tumour bearing mice

Spleens were also harvested from the 4T1 tumour growth study and the cells analysed 

by FACS. An increase in the myeloid cell population (CD11b+) in 4T1-mcoEltd1 tumour 

bearing mice was observed when compared to the controls. But unlike in the tumours, the 

monocytic Ly6Chigh Ly6Glow population was lower in the 4T1-mcoEltd1 tumour bearing 

mice (Supplementary Figure 6A and D). Other changes in populations included a reduction 

in the neutrophil population, the dendritic cells, CD4+ T, CD8+ T-cell and NK cells in 

4T1-mcoEltd1 tumour bearing mice with no significant changes in macrophage and B cell 

populations (Supplementary Figure 6A, E, F, G and H).

Expression of mcoEltd1 supresses the immune mediated rejection of NY-ESO-1 
expressing tumours

We then analysed the impact of mcoEltd1 expression on the generation of specific immune 

T cell responses against the tumour. We used the antigen NY-ESO-1 (Cancer/testis antigen 

1B), which is expressed in various types of tumour but not in healthy normal tissue 

(except in immune-privileged sites such as germ cells of the testis) and whose expression 

induces strong cellular and humoral immune responses(16). 4T1-NY-ESO-1 cells that also 

expressed mcoEltd1 and the relevant controls were implanted in BALBc WT mice and 

tumour growth was monitored. As previously shown, mcoEltd1 expression improves 4T1 

tumour growth (Supplementary Figure 3C) and this effect was also retained when the 

NY-ESO-1 is co-expressed. However, when this antigen is expressed in control tumours 

(mcoEltd1-/NY-ESO-1+) they start regressing after approximately 12 days (Figure 5A and 

B), while the growth of the 4T1-NY-ESO-1-mcoEltd1 tumours was only slightly slower than 

mcoEltd1 tumours (not expressing NY-ESO-1) and did not show any sign of regression. The 

experiment was terminated after 21 days and, as the mcoEltd1 had continued to grow, they 

were significantly larger than the controls (Figure 5A and B).

The spleens were then harvested and the cells counted. Healthy non-tumour bearing mice 

were also used as a negative control. 4T1-NY-ESO-1-mcoEltd1 tumour bearing mice had 
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significantly more splenocytes compared to the controls (Figure 5C) but an equal number of 

active T CD8 cells (Figure 5D).

To test for the presence of activated T cells generated against the NY-ESO-1 antigen, we 

performed an IFNγ assay, where 106 splenocytes were stimulated with NY-ESO-1 peptide 

or an irrelevant peptide control (Flu NP) (or PMA-ionomycin as a positive control) for 

4hrs. The number of IFNγ producing cytotoxic T cells was quantified using flow cytometry 

(Supplementary Figure 7A). The gating strategy for identification of IFNγ secreting cells is 

shown in Supplementary Figure 7C-H. There was no significant change in IFNγ production 

in response to the control peptide but a significant increase in activated T cells in response to 

the NY-ESO-1 peptide stimulation in mice with control tumour compared with mice bearing 

the mcoEltd1 tumour (Supplementary Figure 7B). The levels of IFN-γ produced by the 

NY-ESO-1 stimulated cells was very low compared with IFN-γ produced by stimulation 

with PMA-ionomycin (a stimulation that is not specific to any antigen). As expected, in 

all mice a significant proportion of CD8+ were capable of IFNγ production following non­

specific stimulation, using PMA-ionomycin, thus demonstrating the validity of the assay 

(Supplementary Figure 7B).

Primary breast cancer tumour cells can express ELTD1 and high expression correlates 
with better relapse free survival (RFS)

ELTD1 IHC was performed on primary human breast cancer core biopsies from 278 patients 

with matched survival data. The antibody used has been previously validated and published 

in Masiero et.al. 2013(4) and validated on the Protein Atlas (https://www.proteinatlas.org/). 

An example of antibody specificity is shown in Supplementary Figure 8A. Patient 

characteristics are shown in Supplementary Table 2. The intensity of tumour staining was 

scored (0=negative, 1=low, 2=moderate, 3=high; representative scoring in Figure 6A) and 

35% had positive tumour staining with 9% (n=24) having high expression (IHC score 2-3) 

correlating with a better RFS (Figure 6B and 6C). Staining of 43 primary and matched 

involved lymph axillary nodes samples from a different patient cohort revealed that 51% of 

the primary breast tumours were positive for ELTD1 (16% having high expression; n=7), 

compared to 53% of the secondaries (12% high expression, n=5) (Figure 6D). There was 

no differential expression in tumour cell ELTD1 between primary breast tumours and their 

matched nodal metastases (Figure 6E). Of the small number of patients with high level 

tumour cell ELTD1 expression (IHC score 2-3), most only had high expression in either 

the primary or metastatic node, but not both (Figure 6F). The patient characteristics of the 

matched samples are shown in Supplementary Table 2.

ELTD1 expression in breast cancer vessels also correlates with better RFS

Vascular ELTD1 expression was scored in the 278 breast cancer samples (examples of 

staining and scoring shown in Supplementary Figure 8B). As with tumour expression, high 

ELTD1 tumour vessel expression correlated with a better RFS (Supplementary Figure 8C). 

In the paired samples, there was significantly higher expression of ELTD1 in tumour vessels 

compared to normal vessels in both the primary and secondary tumours (Supplementary 

Figure 8D). There was no differential expression in the normal vessels between the primary 
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and secondary samples whilst tumour vessel ELTD1 expression was slightly decreased in the 

regional nodal metastases (Supplementary Figure 8D).

There was no OS association for either tumour vessel or tumour cell ELTD1 expression 

(data not shown).

E0771-mcoEltd1 expressing tumours respond better to chemotherapy

E0771-mcoEltd1 tumours grew better in vivo and were better perfused compared to 

the controls (Figure 1). To investigate whether the tumours would respond better to 

chemotherapy, E0771 tumours were grown in C57BL/6 mice and treated with doxorubicin 

when tumours were palpable (approximately day 7). Untreated E0771-mcoEltd1 tumours 

became significantly larger than the controls at day 8 (Figure 7A and 7B) as previously 

observed. Doxorubicin treatment significantly decreased the growth of the control tumours 

but only at day 14 (Figure 7C). However, E0771-mcoEltd1 tumours were significantly more 

sensitive to treatment with reduced growth apparent as early as day 8 and a much greater 

effect by day 14 when compared to the controls (Figure 7D).

Discussion

ELTD1 is up regulated in breast cancer stroma(4) but expression in breast cancer tumour 

cells has not been previously reported. Staining of the primary breast cancer core biopsies 

and primary and matched involved lymph axillary nodes samples revealed not only vessel 

staining but also expression by tumour cells. It is unclear what triggers tumour ELTD1 

expression in vivo and in vitro, we cannot detect the ELTD1 protein in breast tumour cell 

lines. ELTD1 has very poor codon usage and increasing the levels of its transcript in tumours 

cells does not lead to an increase in protein levels, which suggests a tight regulation at the 

translational level (data not shown)(12). ELTD1 may be a translated under certain stress 

conditions and rapidly synthesised by stress-induced pools of tRNAs(17). Stresses that occur 

in the tumour microenvironment include hypoxia, low pH, elevated interstitial fluid pressure 

and increased stiffness and warrant further investigation(18).

To induce protein expression of Eltd1 we had to codon optimise the mouse Eltd1 sequence 

to enable us to study the interaction of these tumour cells with mouse stroma in an immune 

competent environment. McoEltd11 expression in E0771 and 4T1 cells had no significant 

effect on tumour cells in vitro but significantly increased the growth of both cell lines 

tumours in vivo.

The tumours were better perfused and had decreased hypoxia and necrosis. Vessels 

were significantly larger in mcoEltd1 expressing tumours compared to the controls and 

had better pericyte coverage, suggesting that enhanced vessel function and/or vascular 

normalisation(19) may be the primary cause of the increased tumour growth.

Adhesion GPCRs are thought to act through cell-cell interaction and endothelial cells 

endogenously express ELTD1, especially in tumour vasculature(4,11). Tumour cells 

expressing mcoEltd1 grew faster when co-cultured with endothelial cells, especially when 

they physically contacted, and there were changes to the expression and/or secretion of 
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a number of cytokines that can influence angiogenesis and the immune system. The 

expression and secretion of Ccl20 was significantly increased in mcoEltd1 expressing 

tumour cells only after endothelial cell co-culture. Ccl20 could be involved in creating 

the phenotype observed in the mcoEltd1 tumours as it has been shown to promote cancer 

progression by increasing the proliferation of tumour cells. It also modulates the tumour 

microenvironment by promoting the infiltration of tumour associated macrophages (TAMs) 

and by the induction of angiogenesis (20). Another candidate factor is Il23 as there was 

a greater than two-fold increase in secretion, but not expression, of this cytokine when 

mcoEltd1 cells were co-cultured. This cytokine can also increase tumour cell proliferation 

and inhibit anti-tumour immune responses by reducing CD4+ and CD8+ T-cells in the 

tumour microenvironment as well as increasing M2-macrophage and neutrophil infiltration 

(21,22). Other factors that were increased only at the level of secretion in response to 

mcoEltd1 expression were Ang1 and 2 and soluble Cd93(23,24). These are pro-angiogenic 

and mainly expressed in the mouse endothelial cells. The secretion of a number of cytokines 

were decreased in mcoEltd1 expressing tumour cells after co-culture, all of which have some 

role in the immune response (20,25,26), these were also predominately expressed in the 

tumour cell lines. One of these, Ccl17, was also decreased at the RNA level when mcoEltd1 

was expressed in 4T1 cells and after co-culture with endothelial cells. Ccl17 can recruit 

cytotoxic T cells and help activate CD8+ T cells (27) therefore a reduction of this cytokine 

in mcoEltd1 xenografts could reduce the anti-tumour immune response.

Inflammation is also a hallmark of cancer(28) and tumours are known to contain large 

numbers of myeloid cells which facilitate tumour growth and metastasis(29). 4T1 control 

and mcoEltd1 tumours both had a large infiltration of myeloid cells but 4T1-mcoEltd1 

tumours had a greater percentage of M2 macrophages, (qPCR measurements of genes that 

are induced in M2 macrophages (Arg1, Mrc1 and Fizz) were also higher in mcoELTD1 

expressing tumours). Macrophages were divided into M1 (classically activated) and 

M2 (alternatively activated) phenotypes(30) though there is much greater heterogeneity. 

Nevertheless, most data is still classified in this way. M1 macrophages accumulate at sites of 

chronic inflammation and in early tumours but then switch to immunosuppressive M2-like 

macrophages (also known as TAMs), as the tumour progresses(31–33). Therefore, expansion 

of these population, as has been noted in mcoEltd1 expressing tumours, is likely to have a 

suppressive impact on anti-tumour immune responses.

Immune cell function in tumours is heavily regulated by a series of checkpoint 

pathways(34). Among these, one of the better understood and clinically relevant, is the 

interaction between PD-1 and its ligand PD-L1(35). PD-L1 levels were also increased on the 

surface of tumour cells and on infiltrating leukocytes and myeloid cells in the 4T1-mcoEltd1 

tumours compared to the controls.

Anti-tumour immunity is also regulated by key cell populations, such as MDSCs that have 

an important immune-suppressive function (36). mcoEltd1 expressing tumours contained 

higher ratio of Ly6GhighL6Clow and Ly6ClowLy6Chigh cells, both of which contain Myeloid 

Derived Suppressor Cells (MDSC)(37). The mechanisms by which MDSC suppress are 

varied but it is worth noting that one of the mechanisms involves expression of the enzyme 

arginase which depletes local concentrations of arginine which limit the function of immune 
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effector cells. qPCR measurements revealed higher levels of arginase gene expression in 

bulk tumour tissue from coELTD1 expressing tumours. There was also a reduction in 

cytotoxic T cell numbers.

The microenvironment of 4T1-mcoEltd1 was inferred to be functionally more 

immunosuppressive using NY-ESO-1 expressing tumour cells. Response to this well-defined 

tumour antigen could then be compared and effects of Eltd1 analysed, which was not 

possible in other in vivo studies reported(6,7). CD8+ T cells isolated from the spleens of 

animals implanted with Eltd1+ tumour cells were less responsive to the NY-ESO-1 peptide 

and the tumours were able to escape the immune mediated rejection observed in the absence 

of Eltd1 expression.

Tumours can display systemic effects on immune cell populations, modulating the response 

even before the immune cells reach the tumour microenvironment(38). Il-23 can influence 

the production of inflammatory cytokines in spleens during tumour development and may be 

involved in changing the spleen cell populations after mcoEltd1 tumour expression(39,40).

Increased metastasis was also present in the lungs of mice with 4T1-mcoEltd1 primary 

tumours when compared to the controls. Angiogenesis is important in metastasis and the 

larger, better perfused vessels produced by 4T1-mcoEltd1 tumours could be enhancing 

tumour cell dissemination(41). However, for metastasis to occur, tumour cells not only 

need angiogenesis but also the ability to detach from the primary tumour (intravasation) 

and invade through endothelial junctions (extravasation)(41). We found no differences 

in the invasiveness of E0771 or 4T1-mcoEltd1 cells in vitro but experiments using I.V. 

injection of mcoEltd1 tumour cells directly into the bloodstream also led to an increase 

in lung metastasis. This suggests that mcoEltd1 expressing tumour cells have an increased 

ability to metastasize and grow in vivo beyond intra- and extravasation at the primary site. 

Angiogenesis and immune suppression are factors that influence not only growth at the 

primary tumour site, but play an important role also in the metastatic niche. Therefore 

Eltd1’s role in these processes may be important in priming the lung for secondary tumour 

growth and also enabling a better growth of a formed metastasis(42). ELTD1’s presence in 

plasma was noted in older studies and in the metastatic niche(43,44).

ELTD1 expression has also been described in primary tumour cells of head and neck, 

renal, colorectal, glioblastoma and hepatocellular cancers, with expression correlating to 

a good prognosis in hepatocellular carcinoma and a poor prognosis in glioblastoma(6,7). 

We found that approximately 9% of breast tumours expressed high ELTD1 levels and this 

expression correlated with a better relapse free survival (RFS). High ELTD1 expression 

is also associated with the vasculature of renal, ovarian, head and neck, colorectal and 

hepatocellular carcinomas and this correlates with a good prognosis when the patient is 

undergoing anti-cancer treatments(4,6). We have previously shown that ELTD1 RNA levels 

are increased in breast cancer stroma compared to normal stroma (4) and we can now 

confirm this at the protein level after performing IHC on 278 breast cancer biopsies.

Superficially, the clinical data does not appear to fit with our in vivo findings, with the first 

supporting a good prognostic value and the second demonstrating a clear and multifaced 
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pro-tumour function. However, it is worth remembering that patients had all undergone some 

form of cancer treatment where enhanced drug delivery or oxygenation could play a role. 

Therefore, higher ELTD1 levels could enhance tumour growth but at the same time make it 

more sensitive to drug treatment, as we showed here for doxorubicin.

A similar concept is behind the idea that anti-angiogenic therapies have the ability to induce 

“vascular normalisation” and create vessels that are more capable of delivering anti-cancer 

therapies as well as reducing the rate of metastasis(45). Unfortunately, inhibitors of the 

VEGF pathway only create a “window” of normalisation during which combination therapy 

can be used(46). Activation of the Tie2 pathway induced a more stable tumour vascular 

normalisation, leading to enhanced blood perfusion and effective drug delivery to reduce 

tumour growth and metastasis(47). Activation of ELTD1 could induce a similar phenotype. 

Vascular normalization improves immunotherapy if it is associated with an increase in 

perfusion(48). Therefore, immune checkpoint inhibitors such as anti–PD-1/anti–PD-L1 may 

be more effective in high ELTD1 expressing tumours, as well as other therapeutic regimes 

such as radiotherapy and chemotherapy. In conclusion ELTD1 elicits a complex response in 

tumour and stroma producing pro-angiogenic and immune suppressive effects. It will be of 

interest to investigate this in future studies, and to develop approaches to target ELTD1 in 

combination with conventional therapies.
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Figure 1. Expression of mcoEltd1 in breast tumours increases tumour growth and metastasis.
(A) Syngeneic tumour growth curves of E0771 control and E0771 mcoEltd1 tumours. 

Tumour sizes were compared at endpoint by un-paired t-test, n=8. Individual and merged 

graphs shown. (B) IVIS fluorescent imaging of perfused tumours and (C) quantification. 

(D) H&E staining of lungs collected at experiment end point. Representative images taken 

on a Nikon Eclipse E800 microscope at 4× magnification. (E) Quantification of tumour 

area and tumour number in lungs. Data analysed by un-paired t-test. (F) Weight of lungs at 

experiment end point. *p <0.05; **p <0.005; ***p <0.0005. n=5 biological replicates.
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Figure 2. Eltd1 expression in tumours increases vessel size and decreases hypoxia.
Representative immunohistochemistry and quantification of (A) Endomucin vessel staining, 

(B) a-SMA staining for pericyte coverage, (C) Ki67 proliferation, (D) H&E Staining for 

necrosis, (E) Hypoxyprobe staining for hypoxia. Data analysed by un-paired t-test *p <0.05; 

**p <0.005; ***p <0.0005. n=5 biological replicates.
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Figure 3. Eltd1 expressing tumour cells proliferate in the presence of endothelial cells and 
modifies their secretome.
(A) Appearance of 4T1 tumour cells (GFP positive) when co-cultured with mouse 

endothelial cells for 48hrs at 4x magnification and quantification of GFP positive cells 

(B) Quantification of a mouse cytokine array performed using the cell supernatants collected 

after 48hrs of co-culture. Dot intensity was quantified using Fiji software. (C) QPCR of 

Ccl20 and (D) Ccl17 from RNA extracted from mouse endothelial cells (sEnd.1) and 4T1 

tumour cells cultured alone or after co-culture and subsequent FACs sorting. Data were 
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analysed by the unpaired t-test *p <0.05; **p <0.005; ***p <0.0005. # p <0.05, ### p 
<0.0005
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Figure 4. Eltd1 expression alters immune infiltration and PD-L1 expression within 4T1 tumours.
FACS analysis of the tumour cell populations at day 22 (A). Data are presented as 

mean percentage of CD45+ cells. (B). Pie charts represent the proportion of CD45+ 

(all leukocytes) and CD45- (tumour cells and others) from the tumours. Representative 

scatter plots showing the differences in leukocyte populations within the tumour, (C). 

Ly6G+Ly6C- Myeloid cells, Neutrophils, Monocytes (D), M2 Macrophages (E) CD4+ and 

CD8+ lymphocytes. Percentage PD-L1 expression in (F) tumour cells, (G) leukocytes, (H) 
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myeloid cells. Data analysed by the unpaired t-test (n=10 independent tumour samples 

analysed) *p <0.05.
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Figure 5. Expression of Eltd1 supresses the immune mediated tumour cell rejection of NY­
ESO-1.
(A) Individual growth curves for 4T1-NY-ESO-1 control and mcoEltd1 expressing tumours 

(B) Merged data. Tumour sizes were compared at endpoint by the unpaired t-test (C) Total 

number of immune cells in the spleen of the controls and mcoEltd1 tumour allografts at 

day 22. A group of naïve/healthy mice were used as control. (D) Mean percentage of total 

CD8+ CD44+ active T CD8 cells ± SEM. Data were analysed by the unpaired t-test (n = 5 

independent mice analysed). Data were analysed by the unpaired t-test (n = 5 independent 

mice analysed) *p < 0.05; **p < 0.005; ***p < 0.0005.
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Figure 6. Breast cancer cells can express ELTD1 and high expression correlates with improved 
relapse free survival (RFS).
(A) Representative images of low (score 0) to high (score 3) tumour ELTD1 expression. (B) 
Histogram of tumour cell IHC expression in larger patient cohort (C) Survival plot showing 

improved RFS with higher tumour ELTD1 expression. (D) Histogram of tumour cell ELTD1 

IHC expression in primary breast tumours and regional node metastases. (E) Comparison 

of tumour cell ELTD1 IHC expression between primaries and regional node metastases. 

Data analysed by un-paired t-test. (F) Tumour cell ELTD1 expression changes. Black arrows 
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indicate upward expression from primary tumour to metastatic node in the same patient; 

blue arrows indicate downwards expression in the same patient.

Sheldon et al. Page 24

Mol Cancer Res. Author manuscript; available in PMC 2022 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. Eltd1 expressing tumours respond better to chemotherapy.
(A) Syngeneic tumour growth curves of E0771 control and E0771 mcoEltd1 tumours 

treated with or without doxorubicin (n=7). (B) Untreated tumour growth (C) Control +/− 

doxorubicin (D) mcoEltd1 +/− doxorubicin. Tumour sizes were compared between groups at 

day 8, 10, 12 and 15 and the data were analysed by the unpaired t-test *p <0.05; **p <0.005; 

***p <0.0005.
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