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Abstract
The receptor tyrosine kinase, MERTK, plays an essential role in homeostasis of the retina via efferocytosis of shed outer 
nuclear segments of photoreceptors. The Royal College of Surgeons rat model of retinal degeneration has been linked to 
loss-of-function of MERTK, and together with the MERTK knock-out mouse, phenocopy retinitis pigmentosa in humans 
with MERTK mutations. Given recent efforts and interest in MERTK as a potential immuno-oncology target, development 
of a strategy to assess ocular safety at an early pre-clinical stage is critical. We have applied a state-of-the-art, multi-modal 
imaging platform to assess the in vivo effects of pharmacological inhibition of MERTK in mice. This involved the appli-
cation of mass spectrometry imaging (MSI) to characterize the ocular spatial distribution of our highly selective MERTK 
inhibitor; AZ14145845, together with histopathology and transmission electron microscopy to characterize pathological 
and ultra-structural change in response to MERTK inhibition. In addition, we assessed the utility of a human retinal in vitro 
cell model to identify perturbation of phagocytosis post MERTK inhibition. We identified high localized total compound 
concentrations in the retinal pigment epithelium (RPE) and retinal lesions following 28 days of treatment with AZ14145845. 
These lesions were present in 4 of 8 treated animals, and were characterized by a thinning of the outer nuclear layer, loss of 
photoreceptors (PR) and accumulation of photoreceptor outer segments at the interface of the RPE and PRs. Furthermore, 
the lesions were very similar to that shown in the RCS rat and MERTK knock-out mouse, suggesting a MERTK-induced 
mechanism of PR cell death. This was further supported by the observation of reduced phagocytosis in the human retinal 
cell model following treatment with AZ14145845. Our study provides a viable, translational strategy to investigate the pre-
clinical toxicity of MERTK inhibitors but is equally transferrable to novel chemotypes.

Keywords  Retinal degeneration · MERTK · TAM kinases · Mass spectrometry imaging · Ocular histopathology · Ocular 
electron microscopy

Introduction

MERTK is a receptor tyrosine kinase (RTKs) and part of 
the TAM family which also includes TYRO3 and AXL. The 
TAM family is involved in regulation of the innate immune 
response, for example, through MERTK-mediated efferocy-
tosis of apoptotic cells by macrophages and of AXL-medi-
ated dampening of TLR inflammatory responses (Graham 
et al. 2014). TAM RTKs are overexpressed in a wide variety 
of human cancers with their induction in tumor cells confer-
ring a survival benefit. A body of evidence has arisen that 
inhibition of their kinase activity can be used as a strategy 
to reverse the immunosuppressive tumor microenvironment, 
and ultimately slow cancer cell proliferation (Davra et al. 
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2021; Peeters et al. 2020). Hence, there is increased interest 
in their potential as novel oncolytic therapeutic targets.

The key physiological role of MERTK lies in mediat-
ing phagocytosis of dying and dead cells, a process known 
as efferocytosis, which is performed by macrophages and 
to a lesser extent by monocytes, dendritic cells and epithe-
lial cells (Boada-Romero et al. 2020). The retinal pigment 
epithelial (RPE) cells are the primary phagocytes of the 
eye, and mediate diurnal clearance of shed photoreceptor 
(PR) outer segments (POS). MERTK was identified as the 
causal gene in the Royal College of Surgeons (RCS) rat 
model of recessively inherited retinal degeneration (D'Cruz 
et al. 2000). A homozygous null mutation in MERTK in 
the RCS rat leads to the inability of the RPE cells to clear 
the shed POS. This results in accumulation of PR cellular 
debris, at the interface of the RPE cells and the PR outer 
layer and leads to post-natal PR cell death. Similarly, in mice 
that are homozygous for a targeted disruption of MERTK a 
retinal phenotype that is almost identical to the RCS rat is 
seen, with rapid, progressive degeneration of PRs (Duncan 
et al. 2003). As in the RCS rat, thinning of the outer nuclear 
layer (ONL) is seen from post-natal day 25 onwards with 
complete degeneration within 2–3 months consistent with 
almost complete loss of PRs and little detectable electrore-
tinography (ERG) activity. Moreover, the ocular degenera-
tion phenotype of both MERTK−/− mice and the RCS rat 
mirrors that seen with human loss-of-function mutations 
of MERTK which result in retinitis pigmentosa, providing 
confidence in the translatability of pre-clinical findings and 
further evidence for the essentiality of MERTK in the retina 
(Gal et al. 2000).

Pharmacological evidence that inhibition of MERTK 
function can lead to ultra-structural changes in the retina 
was seen in a 14 day mouse study with the small molecule 
MERTK inhibitor; UNC-569 (Sayama et al. 2018). Inhibi-
tion of MERTK phosphorylation was observed in retinal 
tissue for up to 17-h post oral administration. No changes 
were detected by microscopic examination of standard hae-
matoxylin and eosin (H&E)-stained tissue sections of the 
eye. Electron microscopic evaluation showed an accumula-
tion of membrane-bound multi-lamellated bodies in the RPE 
cells, which the authors attribute to engulfed POS. In addi-
tion, increased chromatin condensation in the nuclei of the 
outer nuclear layer was suggestive of early apoptosis of PRs. 
The counter-intuitive increase in phagosomes and phagolys-
osomes is tentatively attributed to increased phagocytosis 
and may result from time of sampling during the non-peak 
period of disc shedding. Furthermore, the synchronization 
of MERTK phosphorylation, phagocytosis and circadian 
rhythms were explored in a follow-up 28-day mouse study 
with UNC-569 (Sayama et al. 2020). This showed that the 
severity of UNC-569 induced retinal toxicity was influenced 
by the time of dosing (dosing at 5.5-h and 22-h post light 

onset, Zeitgeber times (ZT))), which was associated with  
the physiological MERTK phosphorylation window (ca. 
2–5-h post light onset). The authors describe an increased 
severity in the ZT22 time-point (ER stress in RPE, apoptosis 
of PRs and reduced digestion of POS) whereas in the ZT5.5 
group only reduced digestion of POS was seen.

Furthermore, MERTK-specific antibodies were explored 
as an immuno-oncology therapy and to test the hypothesis 
that differences in blood-retinal permeability may limit reti-
nal exposure and subsequent adverse effects of antibodies 
(White et al. 2019). A 4-week cynomolgus monkey study 
was conducted, with multiple doses of 2 MERTK antibodies 
(30, 100 mg/kg, antibody injected IV on Days 1, 8, 15, 22, 
29) and assessment of both histopathological and functional 
endpoints. No abnormal ophthalmic or ERG findings were 
detected; however, histopathological abnormalities were 
identified in all animals treated with the MERTK antibod-
ies. Disruption of the integrity of the RPE was seen, with 
vacuolation of the outer segments of photoreceptors, dis-
placement of RPE cells, and single cell necrosis of the outer 
nuclear layer.

Given the pre-clinical development of many selective 
MERTK inhibitors, together with late-stage development 
of kinase inhibitors that inhibit MERTK, a deeper mecha-
nistic understanding of the impact of MERTK inhibition on 
retinal integrity is warranted. Furthermore, given the retina 
is terminally differentiated and hence degeneration of PRs is 
non-reversible, it is critical to assess the safety of MERTK 
inhibitors early in pre-clinical development and ultimately 
to identify tools that enable prediction of translational reti-
nal toxicity. Given the timescale of degeneration in both the 
MERTK -/- mouse and RCS rat, we anticipated that it could 
take many weeks of dosing prior to manifestation of histo-
pathological changes in the eye. The benefit of histopatho-
logical assessment was that we could capture much of the 
retina, given that different regions of the retina are prone to 
certain types of degeneration.

Mass spectrometry imaging (MSI) represents a novel 
molecular imaging technology that is applied to ex vivo 
tissue sections, to provide spatial, label free, simultaneous 
xenobiotic and endogenous molecular phenotypes (Brignole-
Baudouin et al. 2012; Karlsson and Hanrieder 2017; Pareek 
et al. 2020; Swales et al. 2018). Several examples of MSI 
application to study the ocular distribution of drugs have 
been recently published (Boughton et al. 2020) for example, 
a PI3K/mTOR inhibitor (Liu et al. 2020), atropine (Mori 
et al. 2019) and chloroquine (Yamada et al. 2011). Spa-
tially resolved molecular MSI data can be integrated with 
gold standard H&E tissue features generating “molecular 
histology” images (Walch et al. 2008). This has been suc-
cessfully applied to identify unique distribution of lipids in 
discrete retinal layers including the RPE in a mouse model 
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(Anderson et al. 2014) with a human tissue exemplar pro-
vided by Zemski-Berry et al. (2013).

We sought to apply a range of state-of-the-art technolo-
gies to assess the effect of MERTK inhibition on ocular 
integrity in a 28 day mouse safety study with a selective 
tool compound that had demonstrated efficacy in a range of 
pre-clinical xenograft and immuno-oncology models [e.g., 
MERTK Ba/F3 efficacy models, syngeneic MC38 model 
(McCoull et al. 2021)]. Firstly, we confirmed the presence 
and distribution of compound in the eye and retinal layers 
using mass spectrometry based multiscale imaging tools. 
Secondly, we characterized morphological changes which 
were attributed to exposure to our tool MERTK inhibitior 
in ocular tissue using histopathology, and ultra-structural 
changes with high-resolution transmission electron micros-
copy (TEM). Finally, we characterized the effect of our 
MERTK inhibitor on phagocytosis of POS in an in vitro 
human retinal cell model to assess back-translation from our 
in vivo study. The overarching strategy presented herein will 
prove of wider value in assessing the risk of ocular toxicity 
of novel compounds at a pre-clinical discovery stage.

Materials and methods

Potency assays

Biochemical assays for Mer, Axl, Tyro3 and Flt3 were 
performed using a Rapidfire LCMS method as previously 
described (Nissink et al. 2021). Cellular assays for pMer, 
pAxl, pTyro3, pFLT3 were performed in transiently trans-
fected Cos-7 (Monkey: African green) cell lines as previ-
ously described. The macrophage efferocytosis assay was 
performed as previously described (Clark et al. 2019).

Animals and dosing

All in vivo experimental procedures were conducted in 
accordance with United Kingdom legislation (Animals 
(Scientific Procedures) Act, 1986) and were compliant with 
the ARRIVE guidelines. 6–7-week-old female (20–25 g) 
C57BL/6 J mice (Charles River Laboratories Ltd, UK) were 
acclimatized to the facility for 10 days and then randomized 
to groups based on bodyweight; vehicle control (n = 6, ani-
mals 1–6) and MERTK inhibitor treatment (n = 9, animals 
7–15). Animals were treated via oral gavage with vehicle 
control (60% v/v 0.1 M HCl, 20% v/v PEG 400, 20% v/v 
purified water pH 3.5–4.5) or AZ14145845 (200 mg/kg). 
All animals were dosed twice daily with a dose volume of 
10 mL/kg for 28 days, with the final dose being administered 
on the morning of Day 29. The dose interval between the 
first and second dose on each day was 8 h. This dose was 
selected as it showed efficacy in a mouse Mer kinase Ba/F3 

xenograft tumor efficacy model, provided continuous 24-h 
cover over MERTK (90-fold cover over MERTK Cos-7 cell 
IC50 at Cmax) and was well tolerated. One animal was taken 
off study early at Day 3 (animal 12) due to bodyweight loss 
and adverse clinical signs. Samples for histopathology were 
taken from 6 controls (animals 1–6), 8 treated animals (ani-
mals 7–11, 13–15) and for electron microscopy from 1 con-
trol (animal no. 1) and 3 treated animals (animals 8–10) and 
for MSI from 3 treated animals (animals 13–15).

Plasma toxicokinetic analysis

A whole blood sample (32 µL) was collected via a tail vein 
prick into a K2-EDTA treated capillary tube, centrifuged 
at 1500g for 10 min at 4 °C, and plasma collected using a 
micropipette (non-EDTA Ref.no. 172292, Vitrex Medical 
A/S, Denmark). Samples were collected on Day 1 at 30 min, 
2-h, 8-h (pre-second dose) and 24-h post the first dose. On 
days 7, 28, 29 samples were collected at 2-h post the first 
dose and at 8-h pre the second dose.

Ocular exposure in the rat

Male pigmented Long Evans and non-pigmented Han Wistar 
rats were treated via intravenous infusion of AZ14145845 
at a dose of 2 μmol/kg/h in a TEG:DMA:H2O (1:1:1) for-
mulation, dose volume 4 mL/kg. At 4-h post the 15-min 
intravenous infusion, the animals were killed and the eyes 
extracted and homogenized to determine the concentration 
of AZ14145845 in the eye.

Histopathological examination of fixed samples

Whole eyes were dissected at necropsy and immediately 
fixed in Davidson’s solution (methylated spirits 740P 30%, 
40% formaldehyde v/v 20%, acetic acid 10%, distilled water 
30% and 1% acid fuschin v/v (magenta indicator). Eyes 
(right side only) were routinely processed, embedded in par-
affin wax and sectioned at 4 µM in a superior–inferior sagit-
tal manner passing through the optic nerve head and includ-
ing the anterior and posterior segments of the eye. A total of 
7 sections per eye, collected at step intervals of 24 µM, were 
stained with haematoxylin and eosin, and examined by light 
microscopy by a pathologist blinded to the treatment group.

Transmission electron microscopy (TEM)

Eyes from the left side were collected at necropsy. The retina 
was fixed in 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer (pH 7.4) at room temperature for 1-h followed 
by storage at + 4 °C. Following the primary fixation, the 
retina was rinsed with 0.1 M phosphate buffer and postfixed 
in 2% osmium tetroxide in 0.1 M phosphate buffer, pH 7.4 
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at 4 °C for 2-h. The retina was then stepwise ethanol dehy-
drated followed by stepwise acetone/LX-112 infiltration and 
finally embedded in LX-112 (Ladd). Semi- and ultra-thin 
sections were prepared using a EM UC 7 (Leica). The ultra-
thin sections (approximately 60–80 nm) were contrasted 
with uranyl acetate followed by Reynolds lead citrate and 
examined in a HT7700 transmission electron microscope 
(Hitachi) operated at 100 kV. Digital images were acquired 
using a 2k × 2k Veleta CCD camera (Olympus Soft Imaging 
Solutions GmbH).

Mass spectrometry imaging; sample preparation 
and analysis

Whole eyes were co-embedded in a Hydroxypropyl 
methylcellulose (HPMC, Sigma Aldrich, UK) and poly-
vinylpyrrolidone (PVP, Sigma Aldrich, UK) hydrogel to 
enable time-efficient sectioning under comparable condi-
tions for all specimens analyzed in an experiment (Dan-
nhorn et al. 2020). Right eyes from 3 dosed animals were 
placed upright in peel-a-way moulds (Thermo Scientific, 
Waltham, Massachusetts, USA) pre-filled with ice cold 
embedding medium before snap freezing in dry ice-chilled 
isopropanol followed by a wash in dry ice-chilled isopen-
tane to wash off the excess of isopropanol. The frozen 
moulds were kept on dry ice to allow evaporation of the 
adherent isopentane before sectioning. Whole eyes in 
block were then sectioned at 10 µm using a CM3050 cryo-
microtome (Leica Biosystems, Nussloch, Germany) and 
thaw-mounted onto indium thin oxide (ITO) coated glass 
slides (Bruker Daltonics, Bremen, Germany) for matrix-
assisted laser desorption/ionization (MALDI) MSI or 
onto Superfrost slides (Fisher Scientific, Loughborough, 
UK) for histological examination. Tissue section slides 
were stored at − 80 °C until analysis. Haematoxylin and 
eosin (H&E) staining was performed on adjacent eye sec-
tions and sections were imaged with Aperio CS2 digital 
pathology scanner (Aperio Tech, Oxford, UK), and visu-
alized with ImageScope software (Aperio Tech.). For 
the quantitative MSI (QMSI) experiment, a stock solu-
tion of AZ14145845 was prepared at a concentration of 
2000 μM in DMSO. Standards were prepared from the 
stock solution as 50, 40, 30, 20, 10 and 5 μM dilutions in 
50/50 (v/v) methanol/water. Calibration spots for quanti-
tation were spotted onto control eye sections on the day 
of analysis using a BioSpot Nanodispenser Workstation 
(BioFluidix GmbH, Freiburg, Germany). The Nanodis-
penser Workstation dispensed one 50 nL droplet of each 
standard. Due to size restrictions this resulted in two spots 
per section located on the posterior region of the eye. The 
spots were allowed to dry at room temperature before MSI 
acquisition. MSI analysis of tissue sections was carried 
out using a MALDI time-of-flight (TOF) (rapifleX, Bruker 

Daltonics) mass spectrometer. Whole slides were first 
coated with dihydroxybenzoic acid (DHB) MALDI matrix 
using the TM Sprayer (HTX Technologies, NC, USA) as 
previously described (Swales et al. 2018). Images were 
collected at 10 and 20 μm of lateral resolution in positive 
ion detection mode over a mass range of 300–1000 Da. 
FlexControl 4.0 and FlexImaging 5.0 (Bruker Daltonics, 
Bremen, Germany) were used for MS parameter optimiza-
tion and MSI experimental set up, respectively.

Data management, analysis and visualization were per-
formed using SCiLS Lab MVS 2020a software (Bruker 
Daltonics, Bremen, Germany). MS images were normal-
ized to the total ion count (TIC) to compensate for signal 
instabilities. Unsupervised spatial clustering was applied 
on MSI data using a bisecting k-means algorithm with a 
weak pixel denoising and distance correlation as parameters 
using the 600–900 Da mass range. Line scan data were gen-
erated based on MSI analysis performed at 10 μm of spa-
tial resolution. Regions of interest (ROIs) of 10 μm width 
(= 1 pixel) were set from the outer to the inner part of the 
back of the eye crossing all retinal layers (between 370 and 
410 μm). Signal intensities of each compound were normal-
ized against their maximum values (expressed in %) to have 
comparable data plotted against the ROI distance.

Phagocytosis of photoreceptor outer segments 
(POS) in human retinal cells

ARPE19, human retinal epithelial cells, were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM/F12, supple-
mented with 10% fetal bovine serum). All culture materials 
were purchased from Thermo Fisher Scientific. Cells were 
seeded at 10,000 cells per well in CellCarrier imaging plates 
(Perkin Elmer) and cultured for up to 6 weeks to allow for 
polarization of the cell layer. On the day of treatment cells 
were washed three times in PBS and then incubated in serum 
free conditions with FITC-labeled POS at a concentration 
of 10 POS/cell and either DMSO or 3 μM of AZ14145845 
in DMSO. Following incubation for 6 h, cells were washed 
with PBS to remove non-internalized POS and fixed in 
4% PFA. Following staining of nuclei with Hoechst, cells 
were imaged using a PerkinElmer ImageExpress Confocal 
microscope. Each well was imaged at 20 × with 16 images 
taken per well. Analysis modules were written using the 
custom module editor of MetaXpress vers 6.5.4.532. Nuclei 
were segmented and enumerated using the embedded count 
nuclei module. Individual POS particles were segmented 
and counted on a per image basis using the same custom 
module. Data are expressed as fold change in total POS per 
cell over control. Experiments were carried out a minimum 
of 3 times.
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Results

Characterization of the MERTK inhibitor

As previously described, our novel imidazo[1,2-a]pyri-
dine dual Mer/Axl type 1½ kinase inhibitor (AZ14145845, 
(McCoull et  al. 2021)) displayed excellent on-target 
potency (MERTK pIC50 enzyme 9.0 and Cos-7 cell 7.7, 
Table 1) and activity in a macrophage efferocytosis assay 
(pIC50 7.6). In addition, kinome profiling (Thermofisher 
coverage of 387 kinases at 1 μM) revealed excellent selec-
tivity with > 90% inhibition of MERTK and AXL, and 
one additional kinase with > 75% inhibition: MAP4K5 
(KHS1).

In vitro, AZ14145845 displayed encouraging ADME 
properties (Table 1); solubility was 938 µM, logDpH7.4 was 
2.9 and mouse hepatocyte intrinsic clearance was 14.8 µL/
min × 106 cells. These data translated to acceptable phar-
macokinetics in the mouse; clearance 44 mL/min/kg, vol-
ume of distribution at steady state 3.7 L/kg and bioavail-
ability of 15%. Dose linear increase in Cmax and AUC was 
observed for AZ14145845 up to 200 mg/kg. Following 
200 mg/kg BID dosing to C57BL/6 J mice for 28 days, 
no accumulation was observed and the average free cover 
over MERTK Cos-7 cell IC50 was 90-fold at Cmax and 
21-fold at Cmin (Fig. 1).

A minimal decrease in bodyweight was seen follow-
ing treatment with AZ14145845 at day 2 (mean – 5.6% 
decrease from pre-dose day 1), day 3 (– 3.5% decrease 

from pre-dose day 1) and day 4 (– 1.6% decrease from pre-
dose day 1). However, from day 5 onwards, animals had 
recovered and were above baseline weight and continued 
to gain weight in the region of 3–6% for the remainder of 
the study (SI Fig. 1).

To assist with compound characterization, the extent of 
melanin binding was assessed for AZ14145845 by compar-
ing compound exposure in pigmented Long Evans rat and 
non-pigmented Han Wistar rats. The eye partition coefficient 

Table 1   Summary of the 
main physicochemical, 
pharmacokinetic and potency 
properties of AZ14145845 
with corresponding molecular 
structure

Parameter MERTK inhibitor

Structure

Mer enzyme/cell (pIC50) 9.0/7.8
Axl enzyme/cell (pIC50) 7.9/7.0
Flt3 enzyme/cell (pIC50)  < 4.5/ < 4.5
Efferocytosis (pIC50) 7.6
hERG (µM) 5.7
LogD7.4 2.9
Solubility (µM) 938
Human/mouse PPB (% free) 14/7.6
Molecular weight 562
Mouse/rat hepatocyte clint (µL/min/ × 106 cells) 14.8/21
HLM CLint (µL/min/mg protein) 195
CaCo2 Papp (1e−6.cm/s)/efflux ratio 2.4/10

Fig. 1   Free plasma concentration of AZ14145845 on day 1, 3, 7, 28 
and 29 following 200 mg/kg BID dosing to C57BL/6 J mice
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(Kp) in the pigmented rats was 19 compared to 2.5 in the 
non-pigmented animals. This ~ ten-fold difference in Kp was 
assumed to be a consequence of melanin binding as the eye 
microphysiology is expected to be consistent between strains 
of rat.

Pathological examination

Light microscopic examination of H&E-stained sections 
from the right eye of each of the six mice given vehicle 
only and from four of the eight mice given AZ14145845 
revealed no pathological changes (Fig. 2a and Table 2). 
Right eyes from the remaining four mice given 
AZ14145845 showed histopathology changes consistent 
with retinal atrophy (Animals No. 8, 9, 10 and 14). The 
outer layers of the retina were predominantly affected with 
marked atrophy characterized by loss of nuclei and subse-
quent thinning of the outer nuclear layer (ONL) and severe 
thinning of the outer plexiform and photoreceptor layers 
(Fig. 2b, Animal no. 10). Occasional nuclei of the ONL 
appeared condensed (pyknotic) compared to surround-
ing nuclei. In addition, there was flattening of the cells of 
the RPE and loss of apical microvilli. Animal numbers 8 
and 9 had one or two focal lesions, respectively located 
towards the periphery of the retina and affecting approxi-
mately 20% of the length of the retina. Animal no. 10 had 

a focal lesion located midway between the optic nerve and 
the peripheral limit of the retina, affecting approximately 
25% of its length. Animal no. 14 showed the most severe 
microscopic changes which affected the entire length of 
retina in the sections examined. TEM was performed on 
retina of the left eyes from one vehicle-dosed control ani-
mal (Animal no. 1) and from three animals dosed with 
AZ14145845 (Animals no. 8, 9 and 10, Fig. 3). All three 
MERTKi-treated animals showed focal lesions (retinal 
atrophy) on examination of H&E-stained sections by light 
microscopy in the contralateral right eyes. Semi-thin sec-
tions were stained with toluidine blue to select regions of 
interest for TEM. AZ14145845-treated animals showed 
ultra-structural changes at the interface between the POS 
and the RPE. In vehicle-dosed animals, normal POS con-
sisted of membrane-bound, well-organized stacked layers 
of disc material and their tips were surrounded by apical 
microvilli of the RPE cells (Fig. 3a). In AZ14145845-
treated animals, the normal interface was replaced by dis-
organized strands of disc material, some of which were 
membrane bound and some of which were not (Fig. 3b). 
The normal association between apical microvilli and POS 
was lost. In places, the interface between the POS and the 
RPE consisted of a disorganized debris zone consisting of 
RPE apical processes and fragmented photoreceptor discs 
(Fig. 3c). Moving away from the tips of the POS towards 

Fig. 2   Retinal histopathology from FFPE H&E sections. a Animal 
no. 5 given vehicle only showing the normal layered structure of the 
retina, including Retinal Pigment Epithelium (RPE), Photoreceptors 
(PR), Outer Nuclear Layer (ONL), Outer Plexiform Layer (OPL) 

and Inner Nuclear Layer (INL). b Animal no. 10 given AZ14145845 
shows marked thinning of the outer retina with loss of nuclei from the 
ONL and severe thinning of the ONL and PR layers and thinning of 
the PR containing displaced melanin pigment. Scale Bar = 50 µM

Table 2   Retinal histopathology; incidence and severity in vehicle-treated mice (n = 6) and AZ14145845-treated mice (n = 8)

*One eye per mouse examined

Vehicle Animal ID MERTKi: AZ14145845 Animal ID

Number of animals with no H&E findings 6 Animals 1–6 4 Animals 7, 11, 13, 15
Minimal retinal degeneration/atrophy 0 3 with focal distribution Animals 8, 9, 10
Moderate retinal degeneration/atrophy 0 1 with diffuse distribution Animal 14
Total of any retinal degeneration/atrophy (of 

number examined)*
0 of 6 4 of 8
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the inner segments, the normal organized appearance of 
the POS was typically retained. Occasional electron-dense 
nuclei with condensed chromatin were present in the outer 
nuclear layer (Fig. 3d).

AZ14145845 ocular distribution and endogenous 
molecular profile of the whole eye using MALDI‑MSI

MSI data obtained from whole eye sections showed the pres-
ence of AZ14145845, detected as a protonated ion, [M + H]+ 
at m/z 562.304 with a mass accuracy of 1.5 ppm, alongside 
equivalent H&E images from embedded mouse eye sections 
(Fig. 4a, Animals no. 13, 14, 15). AZ14145845 was distrib-
uted heterogeneously in the whole eye, and was largely local-
ized in the pigmented retinal tissues of the RPE and choroid 
layers (Fig. 4b). AZ14145845 was also distributed in the iris 

and ciliary bodies of the anterior part of the eye. Segmenta-
tion maps generated from MSI analysis of three treated eyes 
cluster the spectra into groups of pixels based on a similarity 
index of molecular profiles (Fig. 4c; Alexandrov et al. 2010). 
These groups describe spatial features from the eye related 
to histology (detailed cluster tree provided in SI Fig. 2). Four 
main groups were identified based on the segmentation map 
corresponding to unique tissue features, #1 (red cluster) for 
vitreous and aqueous humors, #2 (orange clusters) for the 
iris, cornea and ciliary body, #3 (yellow/green clusters) inner 
and outer nuclear layers, #4 (blue/purple clusters) consisting 
mainly of the posterior part of the eye with RPE/choroid/
sclera. These segmentation maps enable direct unsupervised 
comparison of the impact of AZ14145845 on the eye at the 
molecular level. Notably, animal no. 14 which had the most 
marked retinal lesion with a diffuse distribution showed the 
loss of cluster #4 compared to animals no. 13 and 15 (where 
no retinal lesion was detected by H&E). Furthermore, N-ret-
inylidene-N-retinyl ethanolamine (A2E), which has been 
identified as an RPE regional molecular marker in several 
studies (Anderson et al. 2014), showed a dramatic decrease 
in animal no. 14 in the posterior part of the eye compared to 
the two other unaffected animals (SI Fig. 3). This retinoid 
molecule was identified from MSI data based on its exact 
mass at m/z 592.54 (SI Table 1), with only one pixel (20 µm) 
showing a high relative abundance of this ion in the retinal 
tissue (Fig. 4d). As the RPE is approximately 10 µm thick, 
it is challenging to discriminate this tissue from the choroid 
given the MSI data was obtained at 20 µm spatial resolution. 
Based on histology, spatial clustering and A2E distribution, 
we were able to delineate the posterior area (retinal tissue) 
from the anterior area of the eye and generate a so-called 
region of interest (ROI) for each section (Fig. 4e). These 
ROIs were used for total AZ14145845 quantification, where 
AZ14145845 was spotted onto a control eye section across a 
wide range of concentrations (Fig. 4f). A calibration curve 
was generated using TIC normalized mean relative abun-
dance of AZ14145845 in the ROI of each calibration level 
(Fig. 4g). Thus, AZ14145845 was quantified based on its 
mean abundance in whole eye, posterior and anterior regions 
per animal by solving the linear regression function (details 
of quantification calculation are reported in SI Fig. 4). Total 
AZ14145845 concentration in the anterior (~ 11 µM) and 
posterior (~ 9 µM) regions are similar for all three animals, 
and significantly higher than in the whole eye (~ 3 µM), with 
a higher inter-animal variability seen in the anterior region 
(Fig. 4h).

High spatial resolution (10 µm) imaging data acquired 
on the posterior section of the eye (Animal no. 13) shows 
the spatial distribution of three molecular species and 
AZ14145845 together with a H&E-stained image from a 
serial section (Fig. 5a). A signal observed at m/z 725.60 
was identified as a sphingomyelin moiety, SM(34:1) which 

Fig. 3   TEM micrographs: Ultrastructural changes in retinal layers by 
Electron Microscopy. a Transmission electron micrograph of inter-
face between POS and RPE cells showing microvilli (MV) or RPE 
cells interdigitating (white arrows) with well-organised tips of POS in 
a vehicle-dosed animal. b Interface of RPE microvilli (MV) and POS 
in a AZ14145845-treated animal showing disorganization of POS 
and free strands of discs material (*). c Apical surface of RPE cells 
(N = nuclei) showing normally well-organised POS tips replaced by a 
zone of debris containing membrane-bound whorls (arrows) or POS 
material admixed with free degenerating POS material and microvilli. 
d Nuclei (N) of outer nuclear layer in a AZ14145845-treated animal 
showing several nuclei (arrows) with condensed chromatin. Scale 
bar = 10 µm
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defined a part of the choroid and the outermost sclera 
region of the eye. As previously described A2E was used 
as an RPE histological marker. The inner nuclear layer 
(INL) together with inner plexiform/ganglion cell/nerve 
fiber layers of retinal tissues were highlighted by m/z 
782.57 identified using accurate mass as a phosphatidyl-
choline moiety, PC(34:1) (SI Table 1). Overlay distribu-
tion of the four ion images (Fig. 5b) together with line scan 
data show the relative abundance of the unique molec-
ular species and AZ14145845 across the posterior sec-
tion of the eye at a given point (Fig. 5c). Higher levels of 
AZ14145845 were found to be correlated with higher A2E 
values, additional line scans are reported in SI Fig. 5 and 
showed a similar correlation for AZ14145845 and A2E.

POS phagocytosis in human retinal pigmented 
epithelial cells

Following incubation with AZ14145845 for 6-h, a sig-
nificant drop in the internalization of labeled POS was 
detected through fluorescent imaging (Fig. 6). Roughly, a 
60% drop in the number of internalized POS were found in 
the compound treated wells indicating that AZ14145845 
plays a role in blockage of the phagocytic mechanism 
involved in retinal epithelial clearance of POS.

Discussion

We describe a pre-clinical strategy to investigate the poten-
tial for ocular toxicity of a novel and selective MERTKi; 
which involved the application and integration of state-
of-the-art technologies including multi-modal MSI, histo-
pathology and EM. This approach enabled in-depth char-
acterization of an ocular lesion at both a molecular and 
morphological level. This strategy is equally applicable 
to characterize other small molecule inhibitors with a risk 
of ocular toxicity, which is of relevance given the increas-
ing prevalence of clinical ocular toxicities particularly for 
tyrosine kinase inhibitors (Fu et al. 2017; Gokulgandhi 
et al. 2012). Photoreceptors are highly differentiated and 
lack an innate ability to regenerate, and together with the 
lack of robust circulating biomarkers of retinal toxicity, 
this highlights the critical need for retinal toxicity screen-
ing at an early discovery stage of drug development. Pro-
gress has been made with respect to characterization of the 
human miRNome (Karali et al. 2016), and identification 
of rodent panels of circulating miRNAs, such as the miR-
183/96/182 cluster, which may have utility as biomarkers 
of retinal toxicity (Peng et al. 2016; Sayama et al. 2018).

The blood–retinal barrier (BRB) is comprised of both 
an inner and outer compartment, with expression of efflux 
transporters such as P-glycoprotein, multidrug resistance 
protein and breast cancer resistance protein on the inner 

Fig. 4   MALDI Mass Spectrometry Imaging analysis of whole eye 
sections treated with AZ14145845 obtained in positive ion mode at 
20 µm spatial resolution. a Histological staining of adjacent eye sec-
tions using Haematoxylin and Eosin (H&E). b AZ14145845 molecu-
lar images from MSI. The white arrow shows the individual retinal 
layers. c Spatial segmentation. d A2E molecular images. e Region 
of interest describing the posterior and the anterior part of the eye 

used for the quantification of AZ14145845. f Molecular images of 
AZ14145845 dilution series spotted onto control eye section from 5 
to 50 μM. g Calibration curve generated from AZ14145845 relative 
abundances on the dilution series molecular images. h Quantification 
of AZ14145845 in the whole eye, posterior and anterior segments in 
µm. Scale bar = 600 µm
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BRB capillary endothelial cells, which serve to limit reti-
nal drug exposure. In contrast to the blood–brain barrier, 
the expression levels of the efflux transporters on the BRB 
are lower resulting in higher ocular exposure for efflux 
substrates compared to brain exposure (Chen et al. 2013). 
Hence, understanding the relationship between efflux ratio 
and ocular exposure is crucial for PK understanding. As 
previously discussed (Williamson and Pilla Reddy 2021), 
melanin binding must be considered to accurately assess the 
free ocular exposure. However, differences in melanin levels 
across species and the localization of melanin within ocular 
tissues including the RPE layer (Jakubiak et al. 2018; Leb-
lanc et al. 1998) hinders the interpretation of the free levels. 
Furthermore, a high degree of melanin binding may result 
in a prolonged elimination phase of the compound due to 
slow release from the protein (Robbie et al. 2013). Whilst 
melanin binding does not confer toxicity it will impact the 
observed efficacy and safety findings as defined by the free 
drug hypothesis. Hence, the comparison of the ocular Kp 
in pigmented and non-pigmented rats applied here, assisted 
with characterizing the extent of melanin binding.

This is the first report of retinal toxicity with a highly 
selective MERTKi which was detected by H&E light 

microscopic analysis, as previous reports with the small 
molecule MERTKi UNC-569 have identified retinal lesions 
with electron microscopic analysis only. Following 28 days 
of treatment with a selective MERTKi, we utilized MSI to 
provide evidence for high compound concentrations local-
ized to the RPE. AZ14145845 was largely found in melanin 
containing tissue including the ciliary body, choroid and 
RPE. Quantitative MSI was used to measure the concentra-
tion of drug in the different eye compartments and showed 
that AZ14145845 was preferentially localized to the RPE 
layer. These data highlight the advantage of spatially resolved 
molecular imaging technology rather than analysis of entire 
organ homogenates by LC–MS, as the latter would have sig-
nificantly under-estimated the concentration of AZ14145845 
in the RPE.

Histopathological assessment identified marked ocular 
lesions with significant degeneration of photoreceptors, 
albeit with considerable inter-animal variation with both 
diffuse and focal lesions identified in 4 of 8 treated animals, 
and no identifiable change in 4 of 8 animals. Lesions in the 
retina of mice in this study subjected to pharmacological 
inhibition of MERTK are similar to those described in the 
RCS rat and MERTK -/- mice (D'Cruz et al. 2000; Duncan 

Fig. 5   MALDI Mass Spectrometry Imaging of retinal layers of an 
AZ14145845-treated eye section (animal no. 13) at 10  µm spatial 
resolution showing co-localization of the MERTKi with the molec-
ular marker of the RPE; A2E. a Histology of the eye with corre-
sponding molecular images of Sphingomyelin, SM(34:1) at m/ 725, 

N-retinylidene-N-retinylethanolamine (A2E) at m/z 592, Phosphati-
dylcholine PC(34:1) at m/z 782 and MERTKi at m/z 562. b Overlay 
of molecular images and c line scan data from the region shown by 
the yellow arrow in (a)
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et al. 2003). At the histological level, mice in this study 
showed a loss of photoreceptors and thinning of the outer 
nuclear layer of the retina, similar to progressive thinning 
of the outer nuclear layer that has been described in both 
the RCS and MERTK-/- mouse. At the ultra-structural level, 
mice showed an accumulation of photoreceptor material at 
the interface with the RPE, similar to that shown in the RCS 
rat and MERTK-/- mice. A feature of MERTK KO mice is 
the persistence of pyknotic nuclei in the outer nuclear layer, 
presumed to be due to abnormal clearance of apoptotic 
nuclei, secondary to a defect in phagocytosis. Similarly, in 
this study, mice undergoing pharmacological inhibition of 
MERTK showed the presence of cell nuclei in the ONL 
containing condensed chromatin, consistent with pyknotic 
nuclei. The events leading to photoreceptor cell death in the 
RCS and MERTK-/- mice are thought to be secondary to a 
defect in phagocytosis of POS, leading to an accumulation 
of cellular debris and a consequent degeneration of photo-
receptors. We demonstrated that AZ14145845 reduced POS 
uptake in the human retinal pigmented epithelial cell model, 
in support of this hypothesis. Hence, our results suggest 
that pharmacological inhibition of MERTK in the mouse 
can lead to a similar mechanistic sequence of events as in a 
genetic loss-of-function model, that ultimately manifest as 

retinal degenerative lesions, and that this would translate 
to human.

MSI data showed a loss of one spatial cluster identified as 
RPE/choroid layers together with a strong decrease of A2E 
for the animal showing the most severe histopathological 
lesions (#14). The modulation of this bisretinoid biosyn-
thesized in RPE cells (Liu et al. 2000) is in agreement with 
the degeneration of photoreceptors observed by histology 
in the same animal.

We chose to use a pigmented strain of mice in our study; 
C57BL/6 as the seminal characterization of mouse MERTK 
-/- by histopathology and EM was carried out in this same 
strain (Duncan et al. 2003) and we wished to compare the 
effects of our MERTKi pharmacological inhibition with that 
of a genetic los-of-function model. In addition, the choice 
of a pigmented strain of mice most closely mimics the pig-
mented human eye, and hence has the greatest translational 
relevance. Furthermore, our syngeneic MC38 efficacy mod-
els also utilized this strain and hence, we had confidence 
in comparative target engagement across both efficacy and 
safety models (McCoull et al. 2021).

Rodents, including mice, can develop spontaneous retinal 
lesions including retinal degeneration which is typically age 
dependent; the incidence in pigmented female CD1 mice is 
1.6% in studies of 4 weeks duration and increases to 5% in 
2-year studies (Mukaratirwa et al. 2015). Hence, we would not 
expect background retinal lesions to confound our study given 
the young age of our mice, supported by a lack of detection of 
any retinal degenerative lesion in our control animals. Finally, 
background retinal lesions are more commonly detected in 
non-pigmented mice providing further justification of our 
rationale to choose a pigmented strain for our study.

One of the limitations of our study is that we lack direct 
evidence for target engagement in the eye and RPE; however, 
given the presence of high concentrations of our MERTKi in 
the RPE, the similarity of the observed microscopic change to 
the RCS rat model and mouse MERTK -/- model and trans-
lation to impaired phagocytosis in the in vitro human RPE 
model, we have confidence the effects we observe are due to 
direct ocular MERTK inhibition. In addition, our tool com-
pound is well characterized and highly selective, and we iden-
tified no off-target risks from broad secondary pharmacology 
profiling, that could be linked to ocular toxicity and would 
confound interpretation of this work. Furthermore, we iden-
tified target engagement in a range of cell models and dose 
dependent in vivo efficacy and target engagement in MERTK-
dependent mouse models (McCoull et al. 2021).

We are unable to explain the inter-animal variability with 
regard to the histological detection of a retinal lesion (4 of 8 
animals) and would expect comparable target cover and ocu-
lar compound exposure based on the plasma pharmacokinetic 
profiles and MSI quantification of total MERTKi (3 animals). 
It is possible that had we dosed for longer than 28 days, we 

Fig. 6   FITC-labeled photoreceptor outer segment phagocytosis in 
human retinal ARPE19 cells. a Quantification of total number of POS 
as determined by MetaExpress custom module for counting inter-
nalised POS particles expressed as fold change over vehicle control 
(mean ± standard deviation). Statistical significance was calculated 
using a one-way ANOVA (Graphpad Prism, ***p < 0.0001). b Rep-
resentative images of (i) vehicle control cells and (ii) AZ14145845-
treated cells. Nuclei are stained in blue and FITC-labeled POS are 
colored green. Scale bar = 200 µm
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would have detected retinal lesions in all animals, and the tem-
poral development of the lesion warrants further investiga-
tion. This possibility is supported by the RCS rat and MERTK 
-/-  mouse showing complete PR degeneration by 2–3 months 
of age. In addition, we selected eyes from animals with his-
tological lesions to follow up with TEM (n = 3) and applica-
tion of TEM to larger group sizes to detect any ultra-structural 
changes that preceded histological change would be merited 
going forward. We are also unable to explain the presence of 
focal versus diffuse lesions in our study, which may be linked 
to the above speculation on temporal discrepancies or due to 
differing susceptibilities of individual regions of the eye. It has 
been shown that a higher number of photoreceptor cells are 
located in the central region of the mouse retina (C57BL/6 J 
and BALB/c) and together with a thinner Bruch’s membrane 
than in the peripheral retina this would place a greater phago-
cytic load on the RPE (Volland et al. 2015).

RPE phagocytosis is regulated by circadian rhythms with 
the PR rod shedding initiating with the onset of light, with syn-
chronized phosphorylation of MERTK and peak phagocytosis 
reported at 1.5–2-h post light onset in C57BL/6 mice (Mustafi 
et al. 2011) and at 3.5 h in BALBc mice (Sayama et al. 2018). 
We sampled eyes at 2-h post treatment which was approxi-
mately 4-h post light onset, which was rationalized as the most 
relevant sampling time in mouse given it covered the most 
likely window of peak phagocytosis. Given the association 
of time of dosing and target coverage with differential sever-
ity of retinal degeneration, characterized following treatment 
with UNC-569 (Sayama et al. 2020), it will be important in the 
future to fully explore the kinetics of retinal target engagement 
with diverse chemotypes.

Given the comparable expression of MERTK in the RPE of 
mouse, rat and human, together with the translation of a loss-
of-function MERTK genotype to a retinitis pigmentosa clinical 
phenotype, the weight of evidence suggests significant utility 
of a mouse model in translation to the clinic. However, further 
work is required to understand the functional consequences of 
the retinal degeneration, using established techniques such as 
the electroretinogram; ERG.

Conclusion

In conclusion, we have described a method to identify ocu-
lar toxicity and characterized the presence of our MERTK 
inhibitor within the ocular RPE. We have shown changes 
at the histological, molecular and ultra-structural levels 
by combining light microscopy, mass spectrometry imag-
ing and electron microscopy to enable a holistic under-
standing of ocular compound exposure and subsequent 
pathological consequences. We also demonstrate transla-
tion of these in vivo effects to an in vitro human relevant 
RPE model, and hence taken together the ocular toxicity 

shown by AZ14145845 is likely to be as a consequence of 
MERTK inhibition and impaired clearance of POS. Con-
sequently, there is a risk of ocular toxicity in humans and 
AZ14145845 was not considered suitable for further pro-
gression into clinical trials. The methods we have described 
will be useful in assessing other MERTKi at a discovery 
phase and prior to progression into clinical trials.
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