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Abstract  

Background: Axl receptor tyrosine kinase has been associated with poor clinical outcome in a 
wide variety of malignancies including breast, lung, prostate, pancreatic, brain and myeloid 
cancers. Axl is up-regulated during tumour epithelial-to-mesenchymal transition (EMT) and is 
associated with metastasis, immune evasion and drug resistance.  

Methods: The aim of this study was to develop improved assays for detection of Axl 
protein in patient samples. We developed a panel of mouse monoclonal antibodies 
directed against the extracellular domain of human Axl, from mice immunized with a 
recombinant antigen comprising the extracellular domains of human Axl fused to 
human IgG1 Fc domain. Anti-Axl monoclonal antibodies (MAbs) were assessed for 
sensitivity, specificity and utility using surface plasmon resonance (SPR) analysis, 
sandwich enzyme-linked immunosorbent assay (ELISA), Western blot analysis and 
immunohistochemistry (IHC) staining.  

Results: One of the anti-human Axl MAb,1H12, performed particularly well, and SPR 
analysis confirmed both high affinity (50 pM) and high selectivity for Axl versus other 
Axl-family receptors. In IHC applications on selected human carcinomas and cancer cell 
line pellets, MAb 1H12 showed improved sensitivity and reduced background staining 
compared to other members of the MAb panel. A second MAb 5F11 showed very high 
affinity (5.8 pM) at a non-overlapping epitope and was selected as a partner for 1H12 
in sandwich ELISA, producing a highly sensitive and specific assay.  

Conclusion: MAbs 1H12 and 5F11 represent new anti-human Axl monoclonal 
antibodies for improved patient biomarker studies. 
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Background 

Metastasis and concomitant therapy resistance is the cause of a majority of cancer related 

deaths [1]. Epigenetic tumour heterogeneity is fuelled by microenvironmental factors that 

induce phenotypic plasticity related to epithelial-mesenchymal transition (EMT) in many 

tumour types [2]. In epithelial tumours, EMT is associated with a characteristic loss of normal 

cell polarity and adherent junctions, acquisition of fibroblastic morphology, decreased E-

cadherin and gain of N-cadherin, and increased vimentin expression [3]. The EMT program is 

activated by dedicated transcription regulators of the Snail, Twist and Zeb families [4]. Recent 

evidence has shown that Axl receptor tyrosine kinase signal transduction regulates tumour 

EMT, malignant progression and therapy resistance [5, 6]. 

Axl is a member of the Tyro3, Axl, Mertk (TAM) receptor tyrosine kinases family, which share 

the vitamin K-dependent ligands growth arrest specific 6 (Gas6) and Protein S, although Axl 

responds exclusively to Gas6 [7, 8]. Axl was originally discovered as a transforming gene in 

chronic myeloid leukaemia [9], and has been associated with poor outcome in a wide variety 

of cancers including breast [5], lung [10], glioblastoma multiforme [11],  prostate [12], 

oesophageal [7], pancreatic [13], colon [14], hepatocellular [15], ovarian [16] and acute 

myeloid leukaemia [17]. Furthermore, Axl expression has been associated with broad 

resistance to targeted therapeutics in several malignancies including non-small cell lung 

cancer, head and neck squamous cell carcinoma, gastrointestinal stromal tumours and 

melanoma [18, 19]. Thus, Axl inhibition is an attractive target for anti-cancer therapeutic 

development [6]. The first selective Axl inhibitor (small molecule inhibitor BGB324, formerly 

known as R428) is currently in Phase I clinical trials [20, 21].  

To study the clinical significance of Axl expression as well as the therapeutic efficacy of Axl 

inhibitors such as BGB324, good diagnostic reagents in order to measure human Axl protein 

levels in clinical samples are critical. Therefore, we sought to develop sensitive assays for 

detection of Axl protein. These assays are required to reliably measure total Axl levels in 

patient-derived materials such as tumour tissues and blood samples and for future patient 

stratification according to Axl expression. Additionally, they may be useful for monitoring 

pharmacodynamic responses to Axl-targeting therapeutics. 

We generated a panel of MAbs directed against the extracellular domains of human Axl and 

screened them to identify antibodies with desirable properties for ELISA, Western blot analysis 

and immunohistochemistry. 
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Methods 

Antibodies and reagents 

The mouse hybridomas producing monoclonal antibodies against human Axl receptor were 

generated by Biotem (Apprieu, France). Recombinant human antigens rhAxl-Fc chimera (154-

AL-100), rhGas6 (885-GS-050), rhMertk-Fc chimera (891-MR-100), rhTyro3-Fc chimera (859-

DK-100), recombinant mouse antigens rmAxl-Fc chimera (854-AX-100), rmGas6 (986-GS-025), 

and monoclonal and polyclonal anti-Axl antibodies (MAB154, AF154) were purchased from 

R&D Systems. Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was from Invitrogen 

(A21994). Secondary antibodies were rabbit anti-goat IgG (H+L) (Southern Biotech, 6164-01), 

affinity purified goat anti-human HRP conjugate (Jackson ImmunoResearch Laboratories Inc, 

109-035-098), donkey anti-goat IgG (H+L) HRP (Santa Cruz, sc-2020) and goat anti-mouse IgG 

(H+L) HRP (Invitrogen, G21040). 

Antibody purification was performed using Protein G HP SpinTrap columns (GE Healthcare, 17-

1128-01) following the manufacturer’s protocol. HRP-conjugation was performed using the 

Lightning-Link® horseradish peroxidase kit (Innova Biosciences, 701) according to the 

manufacturer’s instructions. 

Cell-lines and culture conditions 

The following human cell lines used in this study were obtained from the American Type 

Culture Collection: MCF 10A (CRL-10317), MDA-MB-231 (HTB-26) (triple-negative breast 

cancer), A549 (CCL-185) and NCI-H1299 (CRL5803) (non-small cell lung cancer), PC3 (CRL-1435) 

and LNCaP (CRL-1740) (prostate cancer), SKOV3 (HTB-77) (ovarian cancer), MIA PaCa-2 (CRL-

1420) (pancreatic carcinoma). Melanoma cell lines WM35, and WM278 were generous gifts 

from Dr Ingeborg M. Bachmann. A derivative of the MDA-MB-231 cell line carrying the red 

fluorescent protein (RFP)-marked retroviral short hairpin ribonucleic acid (shRNA) knockdown 

construct shAxl2 was selected to >90% purity (judged by percent RFP-positive cells) by 

puromycin selection [5]. MCF10A cells expressing Axl were generated by transduction with a 

retroviral construct carrying full length human Axl. MDA-MB-231 and PC3 cells were cultured 

in complete F12 Ham’s media, while the A459 and MIA PaCa-2 cells were cultured in complete 

DMEM media. The cell lines LNCaP, NCI-H1299, SKOV3, WM35 and WM278 were cultured in 

complete RPMI media. All media were supplemented with 10% foetal bovine serum, 1% 

pen/strep solution (100 µg/mL penicillin and 100 µg/mL streptomycin) and 1% glutamate (all 

purchased from Sigma-Aldrich). Depending on the cell line and in accordance with 

manufacturer’s recommendations, supplements or additional additives, such as sodium 

pyruvate (A549, MIA PaCa-2 and LNCaP cells), horse serum (MIA PaCa-2) and gentamycin 

(A549) were added to the media. All cells were cultured at 37 ºC in humidified atmosphere 

with 5% CO2. 
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Protein extraction and quantification 

As previously described [22] cells were seeded in 10 cm dishes (Nunc, 734-2043) and grown to 

95% confluence, washed with phosphate buffered saline (PBS) (Sigma-Aldrich, P4417) and 

lysed with RIPA lysis buffer (Thermo Scientific, 89901) with added cOmplete protease inhibitor 

cocktail (Roche, 0589297001), PhosSTOP phosphatase inhibitor cocktail (Roche, 

04904845001), 1 mM Pefabloc (76307), 1 mM PMSF (phenyl methane sulfonyl fluoride) 

(P7626), 1 mM sodium vanadate (S6508) and 1 mM sodium fluoride (30105), all from Sigma-

Aldrich. The cell lysates were clarified by centrifugation at 15000 g for 10 min and the protein 

content in the supernatants was determined using the BCA protein assay kit (Thermo 

Scientific, 23227). All protein samples were stored at −20 ºC for further use. 

Sandwich ELISA 

Maxisorp C 96-well microplates (Thermo Scientific, 430341) were coated overnight at 4 °C with 

capture antibodies at a concentration of 4µg/mL in 0.1 M sodium carbonate/bicarbonate 

buffer (pH 9.4). The plates were washed three times with PBS and blocked with 5% skimmed 

milk in PBS overnight at 4 ºC. After three more PBS washes, the plates were incubated with 

antigen for 2 h at RT. After a further three washes with PBS, the plates were incubated with 

the appropriate HRP–conjugated secondary antibody (0.3 µg/mL in 5% skimmed milk/PBS), for 

1 h at RT. After a final three washes with PBS the plates were developed using 

tetramethylbenzidine substrate (Sigma- Aldrich, T-2885) in 100 mM sodium acetate pH 6.0), 

and 0.1% H2O2. The reaction was stopped with 1M sulphuric acid and the absorbance at 450 

nm was read in a Clariostar plate reader (BMG Labtech, Ortenburg, Germany). Absorbance at a 

reference wavelength (595 nm) was subtracted. 

SPR analysis 

All binding experiments using SPR were performed using a Biacore 3000 instrument (GE 

Healthcare, Little Chalfont, UK) at 25 °C. Recombinant Fc chimeras (rhAxl-Fc, rhMertk-Fc or 

rhTyro3-Fc) were immobilized on the surfaces of a CM5 sensor chip using amine coupling at a 

surface density of 393.0, 303.6 and 364.0 resonance units (RU), respectively. In another set of 

experiments, rhAxl-Fc and rmAxl-Fc were immobilized on the surfaces of a CM5 sensor chip at 

a surface density of 1,308.0 and 2,115.9 RU, respectively. Blank reference surfaces were 

generated in parallel, without addition of antigen. The Biacore runs were performed in an 

automatic mode using the Binding analysis wizard (Biacore, GE Healthcare). Samples 

containing either MAb 1H12 or rmGas6 at concentration 10 µg/mL in HBS-EP buffer (GE 

Healthcare) were injected over the surfaces with immobilized antigens at flow rate of 30 

µL/min for 3 min (association) followed by 5 min dissociation. 

For the competitive binding study, several cycles of two-sample injection were performed 

using a CM5 sensor chip coated with rhAxl-Fc at surface density of 393.0 RU. As a first sample, 

a saturating concentration of either MAb 1H12 (1.8 µM) or MAb 5F11 (670 nM) was injected 

http://dx.doi.org/10.17629/www.diagnosticpathology.eu-2016-2:104
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over the surface for 3 min at flow rate of 30 µL/min followed by 2.5 min stabilization (HBS-EP 

buffer alone) before the injection of the following second samples: rhGas6, rmGas6, 1H12 and 

5F11, all at concentration 25 µg/mL. The second sample was injected for 3 min, followed by 

2.5 min stabilization (HBS-EP buffer alone) and regeneration of the surface by 30 sec injection 

of a regeneration solution (10 mM HCl, 1 M NaCl) at flow rate 50 µL/min. 

To determine the affinity of anti-Axl antibodies 1H12 and 5F11, a CM5 sensor chip coated with 

rhAxl-Fc at density 190.0 RU was used. For the kinetics measurements, different 

concentrations of MAbs 1H12 (from 1.3 to 667 nM) and 5F11 (from 0.06 to 30 nM) in HBS-EP 

buffer were injected at flow rate of 30 µL/min with 3 min injection time followed by 5 min 

dissociation (buffer alone). After each cycle, the surface was regenerated by 30 sec injection of 

regeneration solution as described above. Mass transfer control experiments demonstrated 

absence of significant mass transfer limitations. An additional linked reaction control 

experiment was performed by analysing the dissociation phases after injection of antibody at a 

concentration of either 1.8 µM or 30 nM for MAbs 1H12 or 5F11, respectively, for 1, 3 or 20 

min. The kinetic association (on-rate, kon) and dissociation (off-rate, koff) rates were calculated 

using BIAevaluation software (Biacore) and 1:1 Langmuir binding model. The equilibrium 

dissociation constant (KD) was calculated as the koff/kon ratio. The half-life (t1/2) of the formed 

antibody-antigen complexes was calculated as the ln2/koff ratio. 

Western Blot analysis 

For each protein sample, 10 μg total protein were separated by SDS-PAGE 4-12% gradient gel, 

(Thermo Scientific, NP0322BOX) and blotted onto PVDF membrane (GE Healthcare Life 

Sciences, 10600023). The membranes were blocked with 5% skimmed milk in Tris-buffered 

saline/Tween-20 (TBS-T; 25 mM Tris-HCl, 1 mM NaCl, 0.1% Tween-20) followed by overnight 

incubation with Axl primary antibodies at a concentration of 1 µg/mL. Loading control was 

detected by anti-GAPDH at 1:3000 dilution. HRP-conjugated secondary antibodies were used 

at 1:3000 dilution. Detection was performed using 255 mM luminol (5-amino-2, 3-dihydro-1, 4-

phathalazinedione, A8511) and 90 mM enhancer (p-COUMARIC acid, C9008) in 0.1M Tris-HCl 

(pH 8.5) and 30% hydrogen peroxide (H2O2) (all from Sigma-Aldrich) and bands were imaged 

using a ChemiDoc™ XRS+ imager with Image lab software (BIO-RAD Hercules, CA). Bands were 

quantified using Image J software, normalised to the GAPDH loading control and expressed as 

Relative Density units [23].  

Cell pellet preparation 

Formalin-fixed and paraffin-embedded cell pellets were prepared as previously described [22]. 

Briefly, cells were cultured in T175 flasks up to 95% confluence (1 × 107 cells), trypsinized with 

0.25% trypsin/ethylenediaminetetraacetic acid (Sigma-Aldrich, T4049), and collected by 

centrifugation at 1000 g for 5 min at room temperature (RT). The resulting cell pellets were 

transferred into clean 1.5 mL tubes and washed with PBS. Following this, 60 µL bovine plasma 

(Sigma-Aldrich, P4639) were added, followed by addition of 40 µl thrombin (Millipore, 604980) 
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to stabilise the pellets. Finally, the pellets were held in 4% formaldehyde solution overnight 

and transferred to 70% ethanol, prior to embedding in paraffin wax for IHC staining. Additional 

cell pellets were prepared from cell lines WM115, WM278, A549 and MIA PaCa2, which were 

fixed in 4% formaldehyde solution for 12h, 24h, 48h, 5days, 7 days and 14 days prior ethanol 

preservation and embedding.  

Tissue microarrays 

Tissue microarrays (TMA) were prepared from cell blocks or archival tissue blocks using a semi-

automatic Minicore machine (Tissue Array Minicore 3, Alphelys, Plaisir, France); one (cell 

blocks) or 3 (archival blocks) tissue core(s) per sample at 1 mm diameter were punched out of 

each donor block and placed into a recipient paraffin block [24, 25].  

Patient cases and paraffin embedded tissues 

A variety of archival patient tissues from Norway (Department of Pathology, Haukeland 

University Hospital, Bergen) were used and initially screened as sample cases for this study. 

Briefly, these samples included lung cancer (n=21; adenocarcinoma=10, squamous cell 

carcinoma=11), breast (n=8; invasive carcinoma=7, DCIS=1), brain (n=5; glioblastoma=4, 

normal=1), malignant melanoma (n=3), thyroid (colloid goitre, n=1), kidney (n=6; carcinoma=4, 

normal=2), prostate (n=13; benign=6, carcinoma=7), ovary (carcinoma=1; normal=2), 

endometrium (n=1), tonsils (n=2), oral carcinoma (n=1), stomach carcinoma (n=1), colon 

carcinoma (n=5) and hepatobiliary (n=3; liver=2, bile duct=1) (Table 4). For half of the lung 

cases (n=10), corresponding preoperative percutaneous core needle biopsies were included 

for comparison. Regarding the lung series, sample cases from the period 2008-2012 were 

included. Histological re-examination of all the cases included was carried out. The Regional 

Committee for Medical and Health Research Ethics (REC) of Western Norway (ID# 

2014/1984/REK Vest) approved this study.  

Sections from primary tumours and metastases from an orthotopic xenograft of MDA-MB-231 

cells in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were a gift from Dr. Gro Gausdal, BerGenBio AS.    

Immunohistochemical staining of formalin-fixed paraffin-embedded sections 

 Paraffin blocks of cell pellets (n=10); xenograft tumour sections (n=2) and archival patient 

samples, (n=78)  were sectioned at 5µm and mounted onto glass slides and deparaffinised in 

xylene, rehydrated through a series of decreasing concentrations of alcohol and rinsed in 

distilled water. Antigen retrieval using target retrieval buffer pH6 (Dako, S1699) was achieved 

by heating the slides in either a microwave (6th Sense Jetchef Microwave Oven JT 366, 

Whirlpool, Benton Harbor, MI) (25 min, cell pellets; 30 min, xenograft tumour tissue) or a 

pressure cooker (archival patient samples). Briefly, sections were heated in the pressure 

chamber (Decloaking ChamberTM Plus; Model: DC2008INTL; Biocare Medical, Concord, CA) at 

125 °C ± 5 °C at 17-24 psi, maintained for 35 s. The time taken to reach the temperature 
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averaged around 15 min. Sections were allowed to cool within the chamber. Cooling from 90 

°C to 75 °C was assisted by a fan within the cooker. Following antigen retrieval, the slides were 

allowed to cool to RT for 20 min and rinsed with Dako wash buffer solution (S3306). 

Subsequently, the slides were incubated for 1 h at RT with MAb 1H12 (1 µg/mL), which was 

either preceded (cell pellets and xenograft samples) or followed (archival patient samples) by 

endogenous peroxidase blocking with 0.03% peroxidase block (S2001) for 8 min, followed by 

rinsing with distilled water and incubation in wash buffer solution for 5 min. Alternatively, the 

cell pellet sections from parental and Axl-knocked down MDA-MB-231 cells were incubated 

with AF154 (0.031 µg/mL, overnight at 4 ºC) or MAB154 (1 µg/mL for 1 h at RT). The AF154-

stained slides were further incubated with rabbit anti-goat IgG (H+L) secondary antibody 

(Southern Biotech, 6164-01) diluted 1:400 for 30 min at RT. 

For the 1H12 stained archival tissue sections, the HiDef antigen detection HRP-polymer anti-

mouse system (Cell Marque, 954D-4030) was applied for a total of 20 min to visualize the 

bound antigen. EnVision+System-HRP/labeled polymer anti-mouse (Dako, K4065) was used for 

MAb 1H12 and MAB154 stained cell pellets, while the anti-rabbit (Dako, K4011) was employed 

for AF154 stained sections, both for 30 min at RT. The HiDef antigen detection HRP polymer 

system is a two-step system that includes application of an amplifier for 10 min followed, after 

rinsing with buffer, by the HRP reagent for 10 min. The peroxidase was developed by 

incubation with freshly prepared 3, 3’-diaminobenzidine chromogen solution (Dako, K3468) for 

5-10 min and rinsed with distilled water. The sections were counterstained with haematoxylin 

(Dako, S2020). 

Evaluation of 1H12 staining 

For the archival TMA and the cell pellet sections, the strength of staining was determined 

subjectively by microscopy as: 0 (negative), 1+ (mild/weak), 2+ (moderate), 3+ (strong). The 

staining was considered positive when it was stronger than any background staining present. 

Regarding the lung cases, evaluation was done using a staining index (SI) with values from 0 to 

9, which was obtained by multiplying the score for intensity of staining (as above) with the 

score for proportion of tumour cells stained (1, <10%; 2, 10-50%; 3, >50%) [26].  Based on the 

median SI, the cut-off points were set as negative (0-1) or positive (2-9).  

Normal human tissue reactivity study using IHC on cryosections 

A normal human tissue reactivity study of MAb 1H12 was performed by MicroMorph Histology 

Services (Lund, Sweden) using commercial frozen TMA purchased from BioChain (T6234701-2). 

Frozen pellets of Axl+ and Axl− cells were used as positive and negative controls and to 

determine optimal antibody concentration. MAb 1H12 showed moderate to strong reaction in 

the Axl+ cells from 8 down to 1 µg/mL; at 0.5 µg/mL the reaction was moderate. The optimal 

concentration of 1 µg/mL was therefore used. At this concentration, no reaction was seen in 

the Axl− cells. 
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Acetone fixed cryosections at 8 µm were blocked in 5% normal goat serum (Jackson 

ImmunoResearch, 005-000-121) for 30 min. The sections were then stained with primary 

antibody (1H12) in PBS with 5% goat normal serum for 1 h, and washed three times in PBS. 

Subsequently, the sections were stained with EnVision mouse (Dako, K4001) for 30 min. 

Finally, the sections were washed three times in Tris buffer, before they were stained with 3, 

3’-diaminobenzidine chromogen for 5 min. Staining intensity was judged as: negative (0), weak 

reaction (1+), moderate reaction (2+), or strong reaction (3+). 

 

Figure 1: (A) Representative sandwich ELISA using MAb 1H12 as capture Ab, Axl-Fc as antigen 

and comparing 5F11, 10D6, 5C5 and 1F7 as detection antibodies. (B) Representative titration 

curve of Axl-Fc using 1H12 as capture antibody and HRP-5F11 for detection. Mean ± SD is 

shown for both. (C, D) Biacore 3000 sensorgrams of binding to immobilised Axl-Fc. Initial 

binding of MAb 1H12 (C) or MAb 5F11 (D) does not interfere with subsequent binding 

(indicated as 2nd sample) of the other antibody, rhGas6 or rmGas6. Arrows indicate injections 

of analytes. 
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Results 

Monoclonal antibody generation 

Three female OF1 mice were immunized over 10 days with rhAxl-Fc, a recombinant antigen 

comprising the extracellular domains of human Axl fused to the human IgG1 Fc portion. Initial 

hybridoma colonies were screened by ELISA against immobilized rhAxl-Fc, and by cellular ELISA 

against a cell line expressing Axl (MCF-10A-Axl) and a control cell line not expressing Axl (MCF-

10A) [5]. Cells from 62 positive oligo/monoclonal wells were cryopreserved, and antibodies 

from the culture supernatants were isotyped and further characterized by flow cytometry 

using Axl-positive MDA-MB-231 cells compared to Axl-negative MDA-MB-231shAxl2 cells 

expressing an Axl knockdown shRNA construct [5]. Antibodies demonstrating binding to Axl by 

flow cytometry were purified over Protein G columns. Thirty antibodies were excluded on the 

basis of isotype (IgM, 8 Abs), poor or negative staining of Axl positive cells by flow cytometry 

(16 Abs) or poor yield from Protein G purification (< 50 ng/mL, 6 Abs). This left a panel of 32 

anti-Axl antibodies for further characterization. 

Table 1: Summary of sandwich ELISA results of compatible antibody pairs 

Capture 

Antibodies 

Detection Antibodies 

HRP-1H12 HRP-5F11 HRP-10D6 HRP-5C5 HRP-1F7 

1H12 − + + + + 

5F11 + − − + − 

10D6 + − − + − 

5C5 + + + − + 

1F7 + − − + − 

Sandwich-ELISA was performed using all 25 combinations of capture and detection antibodies. (+) 

denotes compatibility between capture and detection antibodies and (−) that the pairs were not 

compatible. 
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Figure 2: Analysis of 1H12 and 5F11 specificity. (A) MAb 1H12 binding recombinant human 

TAM receptors (Tyro3, Axl or Mertk fused to human Fc) in ELISA. Detection of bound Fc 

chimeras was performed using goat anti-human HRP conjugate. (B, C) Biacore 3000 

sensorgrams of MAbs 1H12 and 5F11 binding to immobilised recombinant human TAM 

receptor-Fc chimeras. (D-F) Biacore 3000 sensorgrams of MAb 1H12 (D), 5F11 (E) or rmGas6 (F) 

binding to immobilized rhAxl-Fc or rmAxl-Fc. Sensorgrams are shown after subtraction of 

signals from a blank surface. Arrows indicate injections of analytes, MAb 1H12, 5F11 or 

rmGas6. 
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Selection of antibodies for sandwich-ELISA 

The panel of 32 mouse antibodies were characterized at equal concentrations by SPR (Biacore) 

analysis against immobilized Axl-Fc. Ten were excluded on the basis of poor or undetectable 

binding, or high off-rate. The remaining 22 antibodies were screened as capture antibodies for 

ELISA, using Axl-Fc as the antigen and an HRP-anti-human Ig secondary for detection. Five 

candidates (1H12, 5F11, 10D6, 5C5 and 1F7) were selected for further characterization based 

on signal-to-noise ratio. The parent hybridomas were thawed and subject to one (10D6, 5F11) 

or two (1H12, 5C5, 1F7) further rounds of subcloning to generate pure monoclonal 

populations. For further characterization, the antibodies were then purified from 

approximately 15 mL of hybridoma culture supernatant by Protein G affinity chromatography. 

Antibody-HRP conjugates of each antibody were prepared and all twenty-five possible 

combinations of unconjugated capture antibody versus conjugated detection antibody were 

tested for compatibility (Table 1 and Fig. 1A). From Table 1 we concluded that antibodies 

5F11, 10D6 and 1F7 recognise epitopes that are too close together to allow simultaneous 

recognition but that 1H12 and 5C5 were compatible with each of the other antibodies. 

Checkerboard titration using 0.5, 1, 2, or 4 µg/mL of 1H12 or 5C5 as capture antibody versus 

0.05, 0.1, 0.3 and 0.6 μg/mL of each detection antibody and 0 ng/mL or 2 ng/mL of Axl-Fc 

antigen was performed to find conditions with the best signal-to-noise ratio for low antigen 

concentrations. MAb 1H12 gave generally higher signal-to-noise ratios than 5C5 and was, 

therefore, selected as the capture antibody. The combination of 1H12 coated at 4 μg/mL and 

the antibodies HRP-5F11 or HRP-10D6 at 0.3 μg/mL gave the best ratios (approximately 6); 

HRP-5F11 was selected as the detection antibody. A representative titration curve using the 

mentioned conditions is shown in Figure 1B and suggests that the Axl detection limit is as low 

as 2 ng/mL. 

The binding of MAbs 1H12 and 5F11 to Axl-Fc was further characterised by competitive 

binding using SPR measurements. The results confirmed that these two antibodies bind 

independently to Axl-Fc, and that neither 1H12 nor 5F11 interferes with Axl binding to its 

ligand Gas6 (Fig. 1C and D). 

Characterisation of specificity and selectivity of 1H12 and 5F11 

The specificity of the antibodies 1H12 and 5F11 for detection of human Axl was analysed using 

both sandwich-ELISA and SPR measurements. Figure 2A-C demonstrates that antibodies 1H12 

and 5F11 specifically recognized human Axl and did not show any binding to the other TAM 

receptor family members, Mertk and Tyro3. Furthermore, the MAbs 1H12 and 5F11 showed 

no cross-reactivity with mouse Axl (Fig. 2D and E). Recombinant mouse Gas6 (rmGas6), the 

ligand for Axl, was used as a positive control to demonstrate the presence of intact protein on 

the SPR sensor surface (Fig. 2F). 
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Table 2: Affinity constants of MAb 1H12 and 5F11 for binding to human Axl. 

MAb 
On-rate 

(kon; M-1s-1) 

Off-rate 

(koff; s-1) 
KD (M) 

Half-life 

(t1/2; h) 

1H12 2.14 × 105 1.07 × 10-5 4.98 × 10-11 18.0 

5F11 2.15 × 107 1.25 × 10-4 5.80 × 10-12 1.5 

 

 

Figure 3: Kinetic analysis of MAbs 1H12 (A) and 5F11 (B) interacting with rhAxl immobilized on 

the surface of the Biacore sensor chip. Overlay plots of sensorgrams for different 

concentrations of MAb 1H12 (1.3 – 667 nM) and MAb 5F11 (0.06 – 30 nM) are shown in 

panels A and B, respectively. The affinity constants (kinetic and steady state) as well as the 

calculated half-live of antigen binding at 25 °C are shown in Table 2. 
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Figure 3 and Table 2 show that the mouse MAb 1H12 demonstrated very high affinity of 

binding to human Axl with a KD value of 49.8 pM, mainly due to a very slow dissociation rate 

(koff = 1.07 × 10-5 1/s-1) that resulted in an 18 h half-life for the 1H12/Axl complex. Even higher 

affinity (5.8 pM) was demonstrated by the antibody 5F11 (Table 2), however, due to extremely 

fast on-rate of Axl binding (kon = 2.15 × 107 1/M-1s-1). Taken together, both 1H12 and 5F11 are 

high-affinity MAbs highly specific for detection of human Axl in a given sample. 

Selection of antibodies for immunohistochemistry 

All the 32 MAbs were screened at identical concentration against formalin-fixed and paraffin-

embedded (FFPE) sections of cell pellets of either Axl+ MDA-MB-231 cells or Axl− MDA-MB-

231shAxl2 cells. Among all the tested antibodies, MAb 1H12 gave the strongest membrane 

staining with minimal nuclear or cytoplasmic background. The best staining of Axl+ cells with 

MAb 1H12 was achieved with a concentration of 1 µg/mL (high-score positive staining of cell 

membranes and weak or no cytoplasmic staining), while the Axl− cells showed predominantly 

negative staining with some weak expression in scattered single cells (Fig. 4A). The presence of 

isolated Axl-expressing cells was consistent with the observed purity of the MDA-MB-

231shAxl2, since the flow cytometry results indicated that approximately 90% of the cells 

carried the retroviral shRNA construct (data not shown). 

Comparison of antibodies in immunohistochemistry and Western blot analysis 

We compared the staining observed with 1H12 (1 µg/mL) to that seen using the commercially 

available antibodies AF154 (polyclonal) and MAB154 (monoclonal). At an optimized dilution of 

1: 6400 (0.03 µg/mL), AF154 demonstrated fairly strong membrane staining with some 

expression also observed in scattered Axl− cells. However, some weaker cytoplasmic 

background staining was observed in a majority of the cells (Fig. 4A). Staining with monoclonal 

antibody MAB154 at 1µg/mL demonstrated slightly weaker signal than with MAb 1H12 on Axl+ 

cells at the same concentrations, although staining with MAB154 was still well defined in the 

cell membrane. The staining pattern seen with 1H12 is therefore consistent with the staining 

pattern of existing antibodies. 

Similar comparisons were done by Western blot analysis of Axl+ and Axl− cell lysates using MAb 

1H12, AF154 and MAB154 (Fig. 4B). All three antibodies were used at concentration of 1 

μg/mL for the purpose of comparison. All antibodies detected a distinct protein band with an 

apparent molecular weight of approximately 140 kDa present in the Axl+ cell lysate but not in 

the Axl− lysate, consistent with the reported size of fully-glycosylated Axl [9]. A second, 

somewhat weaker, band of approximately 120kDa was also often observed, consistent with 

the reported size of partially glycosylated Axl. All three antibodies also detected a weaker and 

more diffuse band with an apparent molecular weight of approximately 80 kDa that likely 

represents soluble Axl, formed by proteolytic cleavage of the extracellular domains [9]. 

Antibody AF154 displayed some additional staining of some proteins (bands) in the Axl− lysate 

that migrate close to the expected size of fully-glycosylated Axl, potentially limiting its utility in 
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Western blot applications. Background staining with MAB154 and 1H12 was generally reduced 

compared to AF154 with no background bands at the expected sizes of Axl protein (Fig. 4B). 

 

Figure 4: Comparative IHC staining of Axl+ and Axl− (A) cells using MAb 1H12, commercial 

antibodies polyclonal AF154 and monoclonal MAB154. Parental and Axl-knocked down MDA-

MB-231 cells were used as Axl+ and Axl− cells, respectively. All panel show ×630 magnification. 

(B) Comparative Western blot analysis of Axl+ and Axl− cell lysates (parental and Axl-knocked-

down MDA-MB-231 cells) developed using either MAb 1H12, polyclonal AF154 or monoclonal 

MAB154. As a loading control, GAPDH detection is shown on every blot. 
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Figure 5: 1H12 correlation studies in three different assays using selection of cancer cell lines: 

MDA-MB-231-Axl+ and MDA-MB-231-Axl−, breast cancer; A549 and NCI-H1299, lung; PC3 and 

LNCaP, prostate; WM35 and WM278, melanoma; SKOV3, ovary and MIA PaCa-2, pancreas. (A) 

Axl expression levels in a selection of cancer cell lines (approximately 2.5 × 106 cells/mL) in 

sandwich ELISA. (B) Western blot analysis and (C) Immunohistochemical staining on a panel of 

FFPE cell pellets derived from the cell lines. All panel show ×630 magnification. 
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Use of MAb 1H12 for Axl detection in different human tumour cell lines 

We evaluated the performance of MAb 1H12 in three different assays – sandwich ELISA (Fig. 

5A) Western blot analysis (Fig. 5B), and IHC (Fig. 5C) – using a panel of different human cancer 

cell lines. All three assays suggest moderate-to-high Axl expression in MDA-MB-231 (triple 

negative breast cancer), A549 and NCI-H1299 (non-small cell lung cancer), PC3 (prostate 

cancer), WM278 (melanoma), SKOV3 (ovarian cancer) and MIA PaCa-2 (pancreatic carcinoma) 

cells, with little or no expression in MDA-MB-231shAxl2, LNCaP (prostate cancer) or WM35 

(melanoma) cells [27, 28].  

Quantification of ELISA (using Axl-Fc standard curve), Western blots (densitometry) and IHC 

staining (Staining index, [SI] score) is shown in Table 3 and compared with published gene-

expression data from microarrays [27, 28]. The Pearson correlation coefficients between pairs 

of assays were r = 0.94 (Western blot vs. ELISA); r = 0.98 (IHC vs. ELISA); and r = 0.97 (Western 

blot vs. IHC) indicating that the three assays give comparable results. For those cell lines for 

which gene-expression data was directly comparable, there was also an excellent 

correspondence between the gene-expression level and the three assays (r = 0.89 – 0.98).  

 

Figure 6: MAb 1H12 staining on FFPE tissue sections of xenograft tumours. (A) Primary breast 

tumour and (B) corresponding lung metastasis in the same mouse. Tumours were generated 

by orthotopic injection of MDA-MB-231 cells into the mammary fat pad of immunodeficient 

mice. Both panels show ×630 magnification. 

 

Application of MAb 1H12 on tumour samples 

Using IHC staining, MAb 1H12 was able to detect Axl expression in xenograft tumours collected 

both from the primary tumour site (Fig. 6A) and lung metastases (Fig. 6B). As expected, MAb 

1H12 showed distinct membranous staining in these xenograft tumour sections, with presence 

of some cytoplasmic staining. 
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Figure 7: MAb 1H12 staining on FFPE sections from archival human tumour tissues. 1H12 

staining shows moderate-to-strong membranous staining with some cytoplasmic expression in 

(A) basal-like breast cancer, (B) triple negative breast cancer, (C) lung squamous cell carcinoma, 

(D) lung adenocarcinoma, (E) glioblastoma and (F) in gastric cancer. All panels show ×400 

magnification. 

 

Staining with MAb 1H12 on sections from archival paraffin-embedded human cancers (Table 4) 

including breast carcinoma, lung adenocarcinoma and squamous cell carcinoma, and gastric 

carcinoma, showed distinct staining localized to the cell membrane although cytoplasmic 

staining was also observed in some cases (Fig. 7). In basal-like (Fig. 7A) and triple negative 
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breast cancers (Fig. 7B), strong membranous staining was observed with some weak 

cytoplasmic expression. In lung cancer, positive 1H12 staining was seen both in the squamous 

cell carcinoma (Fig. 7C) and in adenocarcinoma (Fig. 7D), with a high concordance between the 

staining of preoperative samples and operative lung cancer specimens (Spearman’s correlation 

coefficient=0.76, p=0.01 for staining index comparisons). However, the staining pattern was 

mainly focal in squamous cell carcinoma. Moderate membranous staining in glioblastoma (Fig. 

7E) and gastric cancer (Fig. 7F) was also observed. 

 

Table 3. Quantification of Sandwich-ELISA, Western blot and IHC 

Cell lines 

Sandwich-

ELISA 

(nM) 

Western Blot 

(Relative 

Density)a 

IHC 

(SI score) 

Microarray of  

Gene Expression 

datab 

MB-MDA-231 Axl+ 0.69 95 9 10.9 

MB-MDA-231 Axl− 0.10 4 1 Not available 

A459 0.52 61 6 9.1 

NCI-H1299 0.66 92 9 10.5 

PC-3 0.57 37 6 9.6 

LNCaP 0.03 2 0 4.9 

WM35 0.04 4 0 5.2c 

WM278 0.40 59 6 1440.0d 

SKOV3 0.69 95 9 9.9 

MIA PaCa-2 0.26 27 4 7.69 

aImage J was used to quantify each band of Western blot analysis and percentages was obtained. 

Correlation coefficient between sandwich ELISA and Western blot analysis was 0.94, between sandwich 

ELISA and IHC was 0.98, and between Western blot and IHC was 0.97. bThe data was compared with 

published gene-expression data from microarrays [27, 28]. c,dGene expression data of the melanoma cell 

lines WM35 and WM278 was generated in a different dataset as they were not available from the 

cancer cell line encyclopaedia. Thus they cannot be directly compared with other cell lines.  
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In addition, strong membranous staining of alveolar macrophages (Fig. 8A) in lung cancers and 

in the lymphohistiocytic host response areas of melanoma was evident (Fig. 8B), as well as 

weak to moderate staining of endothelial cells and pericytes in both normal and tumour-

associated vessels (Fig. 8C) in different tissues, consistent with reported expression of Axl in 

immune cells and the vasculature [29, 30].  

A few FFPE sections from normal tissue and benign human lesions (Table 4) including liver (Fig. 

8D), prostate (Fig. 8E), ovary (Fig. 8F) and kidney (Table 4), and cryosections of a variety of 

normal human tissues (Additional file 1, Table S1), were independently stained with MAb 

1H12. Regarding the FFPE tissues, the results showed strong positive staining in the 

endothelial lining of the sinusoid system of the liver and in Kupffer cells [29] (Fig. 8D), and 

weak Axl expression in basal cells of prostatic glands (Fig. 8E) and the renal glomeruli (Table 4). 

In cryosections, most tissues showed negative or very limited Axl expression, where tissues 

such as lung, colon, kidney, heart, and bone marrow showed weak staining results assumed to 

be non-specific, while moderate to strong membranous and some cytoplasmic staining was 

observed in many cells of lymph nodes, spleen and some epithelial cells of the pancreas 

(Additional file 1, Table S1).We also investigated whether IHC staining with MAb 1H12 

deteriorates with prolonged formalin fixation time; we used FFPE cell pellets from selected 

cancer cell lines. The pellets were prepared from 4 different cell lines:  WM115, WM278, A549 

and MIA PaCa-2 and fixed for varying periods of time ranging from 12 h to 2 weeks. The results 

indicate that 24-48 h fixation appear to give the best staining result in these cell line pellets 

(Additional file 2, Fig S1). 

 

Table 4: Observed staining of various human tissues using MAb 1H12. 

Tissue (n) Staining pattern  

 Strength Location of staining 

Normal/benign tissues  

Liver (2) 3+ Clear diffuse well-distributed staining in endothelial 

lining of the sinusoid system of the liver and in Kupffer 

cells. 

Kidney (2) 2+ – 3+ Focal staining in basement membrane of the 

glomeruli and in some tubules; staining also seen in 

microvessels and in a few cells in the stroma; maybe 

in macrophages.  

Vessels  1+ – 3+ Focal to diffuse staining of endothelial lining seen in 

different tissues. 

Brain (1) none none 

http://dx.doi.org/10.17629/www.diagnosticpathology.eu-2016-2:104
http://dx.doi.org/10.17629/www.diagnosticpathology.eu-2016-2:104


  Lavina Ahmed et al, diagnostic pathology 2016, 2:104

  ISSN 2364-4893 

 DOI: http://dx.doi.org/10.17629/www.diagnosticpathology.eu-2016-2:104 

 

 20 

Heart (1) none none 

Endometrium (1) none none 

Ovary (2) none none 

Placenta (1) none 1+ staining seen in some of the vessels 

Prostate (6) (benign) 
 

none Weak staining in basal cells 

Thyroid (1) (goitre) none none 

Tonsils (2) 2+ – 3+ 
 

Patchy (focal) staining of squamous epithelium. 

Positive staining in many of the cells in the tonsils. 

Pre-cancerous lesion    

Breast (DCIS) (1) 1+ Membranous staining in a few cells. 

Primary tumours   

Brain tumour (4) 
(Glioblastoma) 

2+ – 3+ 
 
 

Both membranous and cytoplasmic in a few tumour 

cells in 3/4 cases and 1+ – 2+ specific staining of 

microvessels. Moderate to strong (2+ – 3+) 

background staining. 

Breast  cancer (7) 1+ – 3+ Positive epithelial cells in 2 of 7 cases, mainly 

membranous plus some cytoplasmic. Both focal and 

diffuse patterns were seen. Staining of microvessels 

and of the cellular infiltration in the stroma in some 

cases was seen. 

Carcinoma of oral 
mucosa (1) 

1+ – 2+ Positive epithelial cells; mainly cytoplasmic (1+) and 

some membranous (2+). 

Lung cancer (10) 
adenocarcinoma  

1+ – 3+ Positive epithelial cells in 3/10 cases; mainly 

membranous plus some cytoplasmic:  Both focal and 

diffuse patterns were seen. Positive membranous 

staining of alveolar macrophages was seen. 

Lung cancer (11) 
squamous cell  
carcinoma 

1+ – 3+ Positive epithelial cells in 7/11 cases; mainly 

cytoplasmic plus some membranous staining. Also, 

moderate to strong staining seen in the dendritic-like 

cells between tumour cells. 

Stomach cancer (1) 2+ – 3+ Membranous staining in loose cells which looked like 

tumour cells, in some. Weak (1+) staining in some 

microvessels was present. 

Bile duct cancer (1) 
 

1+ Weak (1+) staining in the cell membrane of cells in the 

lumen. 

Colon cancer (4) None Tumour cells are not stained but weak (1+) staining 

seen in microvessels. 
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Ovarian cancer (1) None None 

Prostate cancer (7) None Very faint barely perceptible in cells that look like 

basal cells. 

 

Kidney cancer (3) 
(clear cell) 

None Tumour cells were unstained, but in one of the cases, 

both cytoplasmic and membranous 1+ - 2+ staining of 

stromal elements like microvessels was seen. 

Malignant Melanoma 
(2) 

None Specific staining in the lymphohistocytic host 

response areas probably in the leucocyte membranes 

was seen  

Metastatic tumours    

Metastases to liver (2) None Staining in stromal fibroblasts in one of the cases was 

seen.  

Metastatic melanoma 
(lymph node)  (1) 

None 2+ – 3+ membranous   staining of a number of 

scattered single cells, probably leucocytes, was seen. 

Metastases (colon) to 
kidney (1) 

None  None 

 

Discussion 

Biomarkers play very important roles in diagnostics and drug development [31]. Patient 

stratification for targeted treatment by sensitive predictive biomarkers is crucial to ensure 

clinical benefit, avoid over-treatment and obtain cost-effective disease management. Axl, a 

receptor tyrosine kinase, is overexpressed in many cancer types and correlates invariably with 

poor prognosis [32]. Axl regulates EMT-mediated tumour cell survival, invasiveness and drug 

resistance in a wide variety of cancer cell types [5, 6, 33]. Several Axl-targeting agents are in 

preclinical development and a clinical-stage small molecule Axl kinase inhibitor BGB324 (R428) 

is currently in Phase I clinical trials [20, 21]. To study whether Axl expression might be a good 

diagnostic biomarker for patient prognostication or as a predictor of response to Axl targeted 

therapy, accurate detection of Axl expression levels in patient samples with sensitive and 

specific detection assays is paramount. 

In the present study, we describe the generation and characterization of novel MAbs against 

the extracellular domain of human Axl for use in different diagnostic assays for improved 

detection of Axl expression in patient materials. For ELISA, one of the most widely used 

diagnostic tools, we found that the MAb 1H12 when paired with HRP-conjugated MAb 5F11 

performed well in sandwich-ELISA with high sensitivity. This pair of antibodies recognizes 

different epitopes, and neither antibody interferes with binding of the Axl ligand Gas6 to Axl. 
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Furthermore, both 1H12 and 5F11 demonstrate high affinity for human Axl (two- and one-digit 

picomolar range, respectively) and are also highly specific; no binding was observed to other 

members of the human TAM receptor family (Mertk or Tyro3), or to the murine Axl receptor. 

 

 

Figure 8: MAb 1H12 staining on FFPE sections of human tissues showing strong membrane 

staining (A) of alveolar macrophages and (B) in the lymphohistiocytic host response areas in a 

melanoma, (C) weak staining of the endothelial cells and pericytes in tumour associated 

vessels in a glioblastoma, (D) strong staining in endothelial lining of the sinusoid system and in 

Kupffer cells of liver, (E) weak staining in the basal cells of prostatic glands and (F) negative 

staining of ovarian tissue. All panels show ×400 magnification. 
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Immunohistochemistry on FFPE tumour biopsy samples is another fundamental diagnostic 

tool. In IHC, MAb 1H12 gave strong and clear membrane staining of Axl-positive FFPE cells 

compared with other antibodies in our panel, and apparently showed less background staining 

in non-Axl expressing cells. In a head-to-head comparison of MAb 1H12 with AF154 

(commercially available polyclonal antibody widely used for IHC [18, 34]) and MAB154 

(commercially available monoclonal antibody used in cryosection by Wienger et al., [35]), all 

three antibodies achieve comparable staining at their optimal concentrations. On FFPE 

sections from human-in-mouse xenograft models, and on archival human tissue samples 

(including breast and lung cancer), MAb 1H12 demonstrated good performance with clear 

signal and low background staining in most cases. Further, the high affinity and long off-rate of 

MAb 1H12 renders it a ‘user-friendly’ antibody for IHC use, and it does not require overnight 

incubation or amplification with an additional secondary antibody and thus requires limited 

staining time. 

Conclusion 

In conclusion, MAbs 1H12 and 5F11 represent new anti-human Axl monoclonal antibodies for 

improved patient biomarker studies. The present findings need to be validated in clinico-

pathological studies with larger number of samples. 
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Additional files 

Additional file 1: Table S1. 

IHC staining on cryosections of normal human tissues with MAb 1H12. Triplicate samples from 

30 different tissues were included in the study. Staining intensity was judged as negative (0), 

weak reaction (1+), moderate reaction (2+), or strong reaction (3+). Format: doc, Size: 47KB. 

 

Additional file 2: Figure S1. 

Pattern of Axl staining in the A549 cell line pellets in relation to duration of formalin fixation. 

(A) 12 hours, staining was good enough for adequate evaluation within 12 hours of fixation: 

strong membrane expression in a few cells and weak expression in majority of cells; (B) 24 

hours, optimal specific membrane staining: moderate-strong Axl expression in majority of 

cells; (C) 48 hours, (D) 5 days and (E) 1 week specific membrane staining is still adequate; (F) 2 

weeks, weak specific membrane expression in majority of cells while more cells show negative 

expression than at shorter fixation periods. All panel show ×630 magnification. Format: doc, 

Size: 1.34MB. 
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