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ABSTRACT

Systemic anti-cancer treatment has evolved rapidly with the introduction of immunotherapy and targeted therapies, substan-
tially improving survival across a broad spectrum of malignancies. However, as their use expands, ophthalmic toxicities are
increasingly recognised as clinically significant adverse effects. This review outlines the pathophysiology, clinical spectrum
and management strategies for ophthalmic adverse events linked to immune checkpoint inhibitors, MEK, BRAF, FGFR, ERK,

EGFR, HER2, BTK, FLT-3, Bcr-Abl, ALK inhibitors and antibody-drug conjugates.

1 | Introduction

While traditional chemotherapy was the mainstay of treatment for
many malignancies, advances in molecular profiling, epigenetics
and gene expression have led to more targeted approaches in
treating cancer. This has transformed the treatment landscape for
many malignancies by improving survival and providing options
for cancers resistant to conventional chemotherapy. These bio-
logic agents harness the body's own immune system to interfere
with tumour growth by acting selectively on molecular pathways
critical to tumour survival, thereby reducing the systemic toxici-
ties traditionally associated with conventional chemotherapy.

Ophthalmic toxicities have been increasingly recognised as a
clinical concern. With the growing number of systemic anti-
neoplastic agents, understanding the mechanism, clinical spec-
trum and management of these toxicities is crucial for both
oncologists and ophthalmologists.

This narrative review summarises the current evidence on oph-
thalmic adverse effects (OAEs) of systemic targeted and immune-
based cancer therapies. It is beyond the scope of this review to
encompass conventional and hormonal chemotherapeutic agents,
which have been extensively reported elsewhere [1-3].

2 | Common Terminology Criteria for Adverse
Events (CTCAE) Grading

Grading the severity of OAEs related to cancer treatment is
standardised according to the Common Terminology Criteria
for Adverse Events (CTCAE v6.0) [4]. Briefly, the definition of
Grade 1 is asymptomatic or mild disease without need for in-
tervention. Grade 2 is defined as moderate symptomatic disease
with moderate decrease in visual acuity (best-corrected visual
acuity (BCVA) >6/12 or a 3 line decrease from baseline). Grade
3 is defined as severe disease with marked reduction in visual
acuity (BCVA <6/12 and >6/60 or more than 3 line decrease
from baseline). Grade 4 is the most severe with BCVA <6/60 in
the affected eye and/or threat of irreversible visual loss.

3 | Immune Checkpoint Inhibitors (ICIs)

3.1 | Mechanism of Action

Immune checkpoint inhibitors (ICIs) have revolutionised cancer
treatment, particularly the treatment of metastatic melanoma

and non-small cell lung cancer (NSCLC) [5, 6]. Over time, the in-
dications for ICIs have expanded, including advanced urological,
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gynaecological, gastrointestinal, haematologic, head and neck,
triple-negative breast and non-melanoma skin cancers (Table 1).

Immune checkpoints are innate regulators of the immune sys-
tem, which mediate self-tolerance and prevent auto-immunity
through downregulating T-lymphocyte responses [7-9]. Some

TABLE 1 | Summary of immune checkpoint inhibitors and their
TGA-approved indications.

Drug

class Drug Indication

CTLA-4
inhibitor

Ipilimumab Malignant melanoma
Renal cell carcinoma
Non-small cell lung cancer

Malignant mesothelioma
Tremelimumab? Hepatocellular carcinoma

PD-1
inhibitor

Nivolumab Malignant melanoma
Non-small cell lung cancer
Laryngeal and oropharyngeal
squamous cell carcinoma
Malignant mesothelioma
Gastro-oesophageal cancers
Renal cell carcinoma

Urothelial cancers

Pembrolizumab Malignant melanoma
Hodgkin lymphoma
Non-small cell lung cancer
Urothelial cancer
Mediastinal B-cell lymphoma
Colorectal cancer
Laryngeal and oropharyngeal
squamous cell carcinoma
Renal cell carcinoma
Endometrial carcinoma
Breast cancer
Cervical carcinoma

Cemiplimab Squamous cell carcinoma

Non-small cell lung cancer
Tislelizumab Gastro-oesophageal cancer
Dostarlimab Endometrial carcinoma

PD-L1
inhibitor

Atezolizumab Non-small cell lung cancer
Small cell lung cancer

Hepatocellular carcinoma

Durvalumab Non-small cell lung cancer
Small cell lung cancer

Biliary tract cancer

Metastatic Merkel
cell carcinoma
Urothelial carcinoma
Renal cell carcinoma

Avelumab

Abbreviations: CTLA-4, cytotoxic T-lymphocyte antigen-4; PD-1, programmed
death-1; PD-L1, programmed death-ligand-1; TGA, Therapeutic Goods
Administration of Australia.

2Approved or provisionally approved by the Therapeutic Goods Administration
of Australia but not subsidised by the Pharmaceutical Benefits Scheme of
Australia.

tumour cells are able to interact with the immune checkpoints
on T-lymphocytes, downregulating immune responses against
them, allowing these tumour cells to avoid immune recognition
and proliferate unchecked. ICIs inhibit the interaction of neo-
plastic cells with immune checkpoints, thus activating the im-
mune system to target these cells.

Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
is a transmembrane protein found on CD4* and CD8* T-
lymphocytes. It binds to co-stimulatory molecules CD80 and
CD86 on antigen-presenting cells [5, 7]. This interaction inhib-
its both CD4* and CD8* T-cell activation, thereby suppressing
immune responses. Programmed death-1/programmed death
ligand-1 (PD-1/PD-L1) are inhibitory proteins found on T- and
B-lymphocytes, natural killer and dendritic cells. Ligand bind-
ing results in suppression of T-cell proliferation and maturation.
Tumour cells expressing CD80 (binding to CTLA-4 proteins)
and PD-L1 (binding to PD-1 proteins) are thus able to downregu-
late T-cell responses against them and continue their malignant
proliferation unhindered (Figure 1).

Widely used ICIs include CTLA-4 inhibitors (ipilimumab,
tremelimumab), PD-1 inhibitors (pembrolizumab, nivolumab,
cemiplimab, tislelizumab, dostarlimab), and PD-L1 inhibitors
(atezolizumab, durvalumab, avelumab) (Table 1). While these
treatments are potent enhancers of the immune system, the
same mechanism by which they kill tumour cells can also
trigger immune-related adverse events (irAEs). Systemic
irAEs are frequent (70%-90%) [10, 11]. Common systemic
irAEs include fatigue (15.0%-28.0%), diarrhoea (9.7%-29.2%)
and rash (10.3%-19.2%), whereas the most frequent high-grade
toxicities are colitis (0.6%-6.1%) and neutropenia (0.4%-3.3%)
[12]. Ocular and orbital irAEs are uncommon (0.8%-8%) aris-
ing from the same autoimmune dysregulation which causes
systemic irAEs and, when occurring concomitantly, may
provide valuable diagnostic clues (Figure 2). There is an in-
creased incidence of OAEs in anti-CTLA-4 mono- or combina-
tion therapy compared to anti-PD-1/anti-PD-L1 monotherapy
[8, 13-15]. This is also true for systemic irAEs; 38.6%-57.9%
of patients on CTLA-4 inhibitors have been reported to have
high-grade toxicities compared to 10%-15% of those on PD-1/
PD-L1 inhibitors [16]. It is postulated that anti-CTLA-4 ac-
tivates T-cells throughout the body, while anti-PD-1/PD-L1
enhances antitumour immune cell activity more specifically
[17, 18]. irAEs are thought to be an indirect indicator of im-
mune activation and therefore linked to tumour response and
increased survival [19].

Whilst the molecular pathways triggering irAEs are largely
unknown, ICIs are believed to cause immune-mediated events
through three main mechanisms. Firstly, ICIs can result in
cross-reactivity between tumour-specific T-cells and ocular
tissues (Type 1a) or clonal expansion of autoreactive ocular-
specific T-cells in susceptible individuals (Type 1b), leading
to T-cell mediated destruction of healthy tissue by suppress-
ing the downregulating effect of immune checkpoints [20]. As
part of the immune tolerance of the eye, the cornea, uvea and
retinal pigment epithelium (RPE) express PD-L1 molecules,
which aid in preventing inflammation. Thus, ICI blockade of
PD-1/PD-L1 interactions reduces regulatory T-cell differenti-
ation in the anterior segment and disrupts immune tolerance
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| Immune checkpoint inhibitor mechanism of action. Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) binds to cluster of dif-

ferentiation (CD) 80/86 proteins to inhibit T-cell activation (in central lymphoid compartment). CTLA-4 inhibitors are antibodies that block this
interaction to allow T-cell activation to attack tumour cells. Binding of programmed death-1 (PD-1) protein to programmed death ligand-1 (PD-L1)
on T cells (mainly in peripheral tissues) inhibits T-cell function. PD-1 and PD-L1 inhibitors prevent T-cell inhibition and promote T-cell mediated

killing of tumour cells [5].

in the posterior segment by releasing effector T-cell inhibition
by PD-L1 on RPE cells, which can result in granulomatous
uveitis including multifocal choroiditis and Vogt-Koyanagi-
Harada (VKH)-like panuveitis [7, 21-24]. The second
postulated mechanism relates to non-specific bystander in-
flammation resulting in perivascular T-cell proliferation and
ultimately vascular occlusion (e.g., occlusive retinal vascu-
litis, acute macular neuroretinopathy [AMN], paracentral
acute middle maculopathy and giant cell arteritis [GCA]) [20].
Thirdly, ICI blockade of inhibitory T-cell signals can drive B-
cell production of autoantibodies, exacerbating paraneoplastic
syndromes such as melanoma-associated retinopathy and au-
toimmune retinopathy [7, 25, 26].

3.2 | Ophthalmic Adverse Events

OAEs have been identified within 12 months of ICI initiation
in approximately 4% of a cohort of 41 020 patients receiving ICI
therapy in the real world [13]. While they have been reported
to occur up to 3years following ICI initiation and up to 2 years
following ICI cessation [27-29], most OAEs occur within the
first 3-6 months of initiation [30, 31], with a median onset of
5weeks [27]. The ocular surface, uveal tract, orbit and neuro-
ophthalmic tract are common sites of inflammatory adverse
events.

Dry eye disease is the most commonly reported OAE, with an
incidence ranging from 1.2% to 24.2% [5, 32]. Associated kerati-
tis can range from mild to severe, in some cases causing periph-
eral ulcerative keratitis, corneal melt and perforation, as well as
corneal graft rejection [33-35]. Other ocular surface irAEs in-
clude conjunctivitis, episcleritis, scleritis, conjunctival cicatrisa-
tion and Stevens—Johnsons syndrome (SJS) (3, 36].

Uveitis is the second commonest OAE, with an incidence of
0.3%-0.6% [32]. Given its frequency and potential severity, all
patients on ICIs with visual symptoms must be carefully ex-
amined for signs of uveitis; severe uveitis could present with
hypotony and minimal inflammatory changes (Figure 2). Non-
granulomatous bilateral anterior uveitis accounts for the ma-
jority of cases but any type of uveitis (intermediate, posterior
or panuveitis) can occur, with a reported time of onset between
2weeks and 14 months [28, 37, 38]. Despite accounting for only
5%-20% of all OAE, posterior segment inflammation such as
VKH-like multifocal exudative retinal detachments, ciliochoroi-
dal effusions, multifocal choroiditis resembling Birdshot chorio-
retinopathy, AMN and occlusive retinal vasculitis may be severe,
potentially leading to permanent visual loss if unrecognised and
untreated [20, 39, 40]. Exudative retinal detachments, whether
single or multifocal, can be associated with choroidopathy, im-
mune retinopathy and ciliochoroidal effusion [28, 41, 42]. One
retrospective cohort study of 4695995 patients found that those
receiving ICI for metastatic melanoma were 6.45 times more
likely to develop ICI-uveitis compared to non-melanoma cancer,
suggesting release of melanin-associated proteins during tu-
mour lysis may play a role in immune dysregulation [28, 41-43].

Myasthenia gravis (MG) has been associated with ICIs, with
an incidence of approximately 0.47% [3, 5]. This is more sig-
nificantly associated with PD-1 and PD-L1 inhibitors used for
lung cancer treatment [17]. It usually presents with diplopia
and ptosis, but can lead to respiratory compromise. The signs
of MG may overlap with orbital myositis, which can co-exist
with MG or occur in isolation [5, 44]. Orbital myositis pres-
ents as an inflammatory orbitopathy with muscle enlargement
and tendon involvement. Up to 30% of ICI-induced MG cases
are associated with systemic myositis and myocarditis. ICI-
associated MG has a 20%-40% mortality rate which is higher
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FIGURE 2 | Bilateral panuveitis and hypotony maculopathy following combined CTLA-4/PD-1 checkpoint inhibitor blockade. A 55-year-old
Caucasian woman with metastatic melanoma commenced ipilimumab and nivolumab and developed severe immune-related adverse events, includ-
ing inflammatory bowel disease and new-onset Type 1 diabetes, leading to cessation of therapy after three cycles. Shortly after the onset of autoim-
mune diabetes, she experienced bilateral painless blurred vision. On presentation, vision was markedly reduced (RE 6/60, LE 1/60) with bilateral
hypotony (IOP 2mmHg). Examination showed 1+ anterior chamber cells, 3+ flare, 360° posterior synechiae without iris bombe, bilateral choroi-
dal effusions (solid arrows 2A and 2B) with bilateral disc swelling (open arrows A and B) and extensive macular subretinal fluid. OCT horizontal
raster scans of the macula exhibiting chorioretinal folds secondary to hypotony maculopathy in the right (C) and left eye (D). Treatment consisted
of high-dose oral prednisolone with taper, bilateral peripheral iridotomies, intensive topical corticosteroids and subsequent periocular/intraocular
triamcinolone. Five years later, she remains in systemic remission without further immunotherapy. Despite persistent hypotony (IOP 4-6 mmHg
OU) and interval cataract surgery, she maintains good visual acuities (RE 6/6, LE 6/7.5) with ongoing topical steroids and intermittent intravitreal
triamcinolone for recurrent cystoid macular oedema. CTLA-4, cytotoxic T-lymphocyte-associated antigen-4; PD-1, programmed death-1; OCT, op-

tical coherence tomography.

(50%) with myocarditis. Referral for cardiorespiratory evalu-
ation is therefore imperative [7]. Graves' disease and thyroid-
like orbitopathy is more commonly associated with CTLA-4
treatment [5].

Other neuro-ophthalmic manifestations include optic neuritis
(ON) with a reported incidence of 0.5% [5], cranial neuropathies
and rarely GCA [13]. Unlike other inflammatory forms of ON,
ICI-associated ON typically presents with bilateral painless vi-
sual decline but preservation of colour vision; vision impairment
and field loss can range from mild to severe [3, 5]. One study of
11 patients reported the onset of ON is mostly within 4 cycles of
ICI therapy [29] but may occur later with prolonged monother-
apy, with a propensity for retrobulbar and proximal optic nerve
sparing on MRI imaging [29].

3.3 | Management

In general, most OAE can be managed with local or systemic
corticosteroids without discontinuing ICI treatment [18].
Severe cases should be managed in consultation with the
treating oncologist, as they may require suspension of therapy
for several months or even permanent cessation, particularly
as OAE often occur together with other systemic side effects.
The American Society of Clinical Oncology recommends con-
tinuing ICI therapy for Grade 1 toxicity and withholding ICIs
for Grade 2 or worse toxicity. When symptoms revert to grade
1 or less, ICI rechallenge may be considered, except in grade

4 toxicities [45]. ICIs are administered on fixed dosing sched-
ules with prolonged receptor occupancy. As such, iAEs are
generally managed with temporary treatment cessation rather
than dose reduction [46].

Importantly, irAEs are often a good prognostic marker of re-
sponse to immunotherapy. The overall efficacy of the drug may
be reduced through administrations of systemic immunosup-
pressive therapy; thus, local corticosteroids may be preferable to
systemic steroids where possible, to avoid disrupting survival-
enhancing anti-cancer therapy.

While there are limited reports on the associations between
ocular and systemic irAEs, they often occur concurrently. One
case series of ocular irAEs demonstrated that OAEs were the
primary reason for ceasing treatment in 2 out of 7 cases, with a
median of three irAEs contributing to treatment cessation per
patient [27]. Thus, ocular irAEs can represent significant mor-
bidity and the decision to modify treatment warrants multidis-
ciplinary discussion.

Prior history of uveitis is an important risk factor for ICI-related
uveitis. In an IRIS Registry analysis, patients with a prior di-
agnosis had recurrence rates up to 51.1% for uveitis and 36.4%
for papillitis within the first year of ICI therapy [15]. Similarly,
another study reported a 28.6% (n=2/7) rate of uveitis recur-
rence within 1year of ICI therapy if there was prior uveitis [43].
Despite the risk of recurrence, there are currently no clear rec-
ommendations for prophylactic treatment.
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Mild to moderate ocular surface disease and cases of isolated
mild anterior uveitis can be treated locally without ICI cessa-
tion, where the risk: benefit balance tips in favour of continued
ICI therapy. However, more severe disease, such as corneal
melt, perforation, SJS and graft rejection usually require drug
cessation [28, 34]. Some cases of posterior uveitis, panuveitis,
retinal vasculitis and other posterior segment adverse events
can be treated with aggressive local corticosteroid treatment
(e.g., periocular, intraocular injections) and/or systemic cor-
ticosteroids, with subsequent immunomodulatory therapy as
required. However, these conditions can also have potentially
devastating visual consequences and close communication
with the treating oncologist is needed should drug cessation
be required [47].

Neuro-ophthalmological complications such as MG, ON and or-
bital inflammatory disease respond to systemic corticosteroids
with discontinuation of therapy; intravenous immunoglobulin
(IVIG) and plasma exchange therapy may be required, espe-
cially for severe cases [3, 28].

4 | Fibroblast Growth Factor Receptor
(FGFR)—Mitogen Activated Protein Kinase
(MAPK) Signalling

The fibroblast growth factor receptor (FGFR) pathway plays a
critical role in cell growth, survival and differentiation through
activation of several downstream signalling cascades, in partic-
ular the mitogen-activated protein kinase (MAPK) pathway [48].
Upon binding of fibroblast growth factors to FGFRs, receptor
dimerisation and autophosphorylation trigger adaptor proteins
such as fibroblast growth factor receptor substrate-2 (FRS2)
and growth factor receptor-bound protein-2 (GRB2), leading
to activation of rat sarcoma protein (RAS)-rapidly accelerated
fibrosarcoma (RAF)-MEK-ERK signalling cascade (Figure 3).
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FIGURE 3

This MAPK pathway transmits signals from the cell surface to
the nucleus, ultimately regulating gene expression involved in
cellular proliferation and homeostasis [49]. Dysregulation at
any point can contribute to oncogenesis and is therefore a ther-
apeutic target. Disruption of this pathway by targeted therapies,
including MEK, BRAF, FGFR and ERK inhibitors, has been im-
plicated in a range of ocular toxicities, particularly affecting the
retina and RPE, underscoring the shared mechanistic basis of
these effects [50].

5 | Mitogen-Activated Protein Kinase Kinase
(MEK) and B Rapidly Accelerated Fibrosarcoma
(BRAF) Inhibitors

5.1 | Mechanism of Action

The MAPK/ERK signalling pathway regulates normal cell
growth, differentiation and survival. Mutations in BRAF, most
commonly V600E, lead to constitutive activation of BRAF ki-
nase, resulting in persistent downstream phosphorylation
of MEK/ERK and uncontrolled tumour proliferation [49].
Dysregulation of the MAPK pathway is implicated in the patho-
genesis of over 40% of human cancers, including melanoma,
NSCLC, colorectal, thyroid, pancreatic, breast and endometrial
cancers (Table 2) [48]. MEK inhibitors have gained significant
clinical attention as agents targeting a key component of the
MAPK pathway, with inhibitors selective for MEK1 and MEK?2
most efficacious [51].

Approximately 50% of cutaneous melanomas carry a muta-
tion on the signal transduction molecule BRAFVY®9°F kinase
[49], a key mediator of the MAPK pathway, upstream of MEK,
which leads to constitutive activation of RAS-RAF-MEK-ERK
signalling. This confers resistance to apoptosis in neoplastic
cells and thus promotes tumour proliferation. Although signal
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| The MAPK pathway. FGF binds to FGFR on the cell surface to activate RAS proteins. RAS protein recruits and activates A, B, or C-

type RAF kinases, which phosphorylate and activate MEK. MEK phosphorylates ERK. Once activated, ERK enters the nucleus and phosphorylates

transcription factors that regulate cell proliferation, survival and differentiation. FGFR, BRAF and MEK inhibitors block this pathway at different

steps to prevent uncontrolled tumour growth. ERK, extracellular signal-regulated kinase; FGF, fibroblast growth factor; FGFR, fibroblast growth

factor receptor; MAPK, mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase; RAF, rapidly accelerated fibrosarcoma;

RAS, rat sarcoma.
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TABLE 2 | Summary of MEK, BRAF, FGFR, EGFR, BCR-ABL, HER2, BTK, FLT-3 and ALK inhibitors and their TGA-approved indications.

Drug class Drug Indication
MEK inhibitor Trametinib Malignant melanoma
Paediatric glioma
Cobimetinib Malignant melanoma
Binimetinib
Selumetinib Neurofibromatosis type 1
BRAF inhibitor Vemurafenib Malignant melanoma
Dabrafenib Malignant melanoma
Paediatric glioma
Encorafenib Malignant melanoma
Metastatic colorectal cancer
FGFR inhibitor Pemigatinib® Cholangiocarcinoma
Infigratinib?
Erdafitinib?®
Futibatinib?®
Derazantinib®
EGFR inhibitor Erlotinib Non-small cell lung cancer
Gefitinib
Osimertinib®
Lazertinib®
Amivantamab
Sunvozertinib®
Mobocertinib?
Cetuximab Metastatic colorectal cancer
Squamous cell cancer of the larynx, oropharynx or hypopharynx
BCR-ABL inhibitors Imatinib Chronic myeloid leukaemia
Acute lymphoblastic leukaemia
Myelodysplastic or myeloproliferative disorder
Aggressive systemic mastocytosis with eosinophilia
Chronic eosinophilic leukaemia
Hypereosinophilic syndrome
Dermatofibrosarcoma protuberans
Gastrointestinal stromal tumour
Nilotinib Chronic myeloid leukaemia
Bosutinib?
Asciminib
Dasatinib Chronic myeloid leukaemia
Ponatinib® Acute lymphoblastic leukaemia
HER?2 inhibitor Trastuzumab HER2-positive breast cancer
Pertuzumab
Lapatinib
Tucatinib?

(Continues)
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TABLE 2 | (Continued)
Drug class Drug Indication
BTK inhibitor Ibrutinib Chronic lymphocytic leukaemia
Small lymphocytic lymphoma
Acalabrutinib Mantle cell lymphoma
Chronic lymphocytic leukaemia
Small lymphocytic lymphoma
Zanubrutinib Chronic lymphocytic leukaemia
Small lymphocytic lymphoma
Mantle cell lymphoma
Waldenstrom macroglobulinaemia
FLT3 inhibitor Midostaurin Acute myeloid leukaemia
Systemic mastocytosis
Mast cell leukaemia
Sorafenib Renal cell carcinoma
Hepatocellular carcinoma
Sunitinib® Gastrointestinal stromal tumour
Gilteritinib Acute myeloid leukaemia
Regorafenib® Hepatocellular carcinoma
ALK inhibitor Crizotinib Non-small cell lung cancer
Ceritinib
Alectinib
Lorlatinib
Brigatinib
Entrectinib

Abbreviations: ALK, anaplastic lymphoma kinase; Ber-abl, breakpoint cluster region-abelson; BRAF, B-type rapidly accelerating fibrosarcoma protein; BTK, Bruton
tyrosine kinase; EGFR, epidermal growth factor receptor; FGFR, fibroblast growth factor receptor; FLT3, FMS-like tyrosine kinase 3; HER2, human epidermal growth
factor receptor 2; mAb, monoclonal antibody; MEK, mitogen-activated protein kinase kinase; TGA, Therapeutic Goods Administration of Australia; TKI, tyrosine

kinase inhibitor.

2Approved or provisionally approved by the Therapeutic Goods Administration of Australia but not subsidised by the Pharmaceutical Benefits Scheme of Australia.

YPonatinib and Sunitinib are both BCR-ABL and FLT3 inhibitors.

transduction pathway inhibitors are not strictly immune activa-
tors, they induce tumour cell and bystander cell death and can
therefore generate autoimmune responses [49].

MEK inhibitors are often used in conjunction with BRAF inhib-
itors which target upstream mediators of the MAPK pathway.
Combined therapy aims to prevent or delay resistance which is
common with monotherapy [52]. However, combination therapy
also results in increased ocular toxicity [53].

5.2 | Ophthalmic Adverse Events
5.2.1 | MEK Inhibitors

MEK inhibitor ophthalmic toxicity predominantly affects the
retina. MEK-associated retinopathy (MEKAR) causes self-
limiting bilateral neurosensory retinal detachment [54]. Clinical
trial data suggests the risk of MEKAR to be up to 90%-100%
[55, 56]. The proposed mechanism involves an increased perme-
ability of the RPE and accumulation of subretinal fluid (SRF)
through upregulation of aquaporin-1 [57].

Activation of the MAPK pathway is critical for the mainte-
nance, survival and repair of the RPE; thus MEKAR can be
considered an on-target toxicity. The incidence of MEKAR
depends on the specific agent, though most cases are asymp-
tomatic and spontaneously resolve without treatment modi-
fication. In a cohort of 50 eyes of 25 patients with MEKAR,
all cases resolved without intervention at a median of 32 days
(range 5-182) [54, 58]. One clinical trial demonstrated 90%
(46/51) of patients on binimetinib developed MEKAR, with
only 20% (9/51) experiencing symptoms [55]. MEKAR onset is
most common within the first 3 months of treatment (median
14 days) [54, 58].

Examination may reveal subfoveal and/or multifocal SRF and,
less commonly, pigmented deposits. Almost all patients have
bilateral lesions, and the majority (76%) are multifocal, av-
eraging six lesions per eye [58]. OCT most commonly shows
dome-shaped SRF (Figure 4) but other morphologies of outer
retinal oedema that displace the interdigitation zone have also
been described. Distinguishing factors from central serous cho-
rioretinopathy (CSCR) include the lack of gravitational fluid
tracking, multifocality, lack of RPE detachment and clearly
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FIGURE 4 | Bilateral panuveitis and MEKAR with combined BRAF/MEK inhibitor therapy for metastatic melanoma. A 61-year-old man with
metastatic BRAF V600E mutant melanoma was treated with combination therapy using encorafenib and binimetinib. He developed severe bilateral

anterior uveitis, vitritis and ill-defined multifocal choroiditis lesions (solid arrows A and B) with cystoid macular oedema (not shown). Visual acuity
at presentation was RE 6/9.6 LE 6/15. OCT (C and D) demonstrated subfoveal MEK AR lesions (open arrows) and choroidal thickening (asterisks). He
was treated with topical corticosteroid drops, topical non-steroidal anti-inflammatory drops and a right orbital floor steroid injection for persistent

CMO with good response and quiescence of intraocular inflammation. BRAF, B rapidly accelerating fibrosarcoma; CMO, cystoid macular oedema;

MEK, mitogen-activated protein kinase kinase; MEKAR, mitogen-activated protein kinase kinase associated retinopathy; OCT, optical coherence

tomography. Images courtesy of Dr Christine Tan and Sophie Gutknecht, Royal Melbourne Hospital.

distinguishable RPE, interdigitation zone and ellipsoid zone on
OCT, generally without choroidal thickening [58] although cho-
roidal thickness may be secondarily increased in the presence of
concurrent uveitis. Fluorescein angiography typically does not
show leakage or vascular abnormalities [59]. Autofluorescence
may reveal mild central hypoautofluorescence corresponding to
areas of SRF [59].

Retinal vein occlusion is a rare adverse effect of MEK inhib-
itors. The incidence is estimated to be 0.5%, compared to the
population risk of 0.1% [60]. This may serve as an indicator
of systemic vasculopathic risk or hyperviscosity in the setting
of malignancy, so appropriate systemic evaluation is recom-
mended. Due to its potential sight threatening nature, mul-
tidisciplinary decision-making regarding treatment cessation
should be considered in conjunction with the patient's oncol-
ogist [60].

MEK inhibitors are also associated with dry eye symptoms and
may infrequently cause intraocular inflammation, with re-
ports of anterior, intermediate, posterior and panuveitis [3, 54].
Severe uveitis is extremely rare and limited to individual case
reports [61]. However, in clinical practice, MEK inhibitors are

frequently used in conjunction with BRAF inhibitors, with the
latter more likely to be responsible for uveitis in patients on dual
therapy (discussed below).

5.2.2 | BRAF Inhibitors

The incidence of OAEs associated with BRAF inhibitors range
from 22% to 45% [62]. Uveitis occurs in approximately 4%-5%
[63]. In the first year of treatment, one study reported an inci-
dence of 2.27%, with 77.8% of uveitis and 100% of severe uveitis
cases occurring within the first 160 days of treatment [64]. Higher
rates of uveitis have been reported from clinical trials (4.0% [95%
CI 2.6-6.0]), where mild to moderate uveitis was diagnosed at a
median of 117days after treatment initiation (range 7-550days)
[62]. Anterior uveitis is the commonest form of uveitis encoun-
tered [65, 66]. However, cases of intermediate uveitis, panuveitis,
papillitis with multifocal neurosensory detachments, VKH-like
syndrome, ischaemic retinal vasculitis, central retinal vein oc-
clusion, outer retinal lesions and multifocal choroiditis with
secondary choroidal neovascularisation have also been reported
[62, 67-71]. Other less common OAEs secondary to BRAF inhibi-
tion include conjunctivitis, dry eyes and episcleritis [62].
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Combination MEK/BRAF inhibitor therapy is associated with
a higher rate of all types of uveitis, retinal, choroidal, vitreous,
iris and ciliary body abnormalities [53]. Similar to ICI toxicity,
treatment for melanoma has been associated with higher rates
of OAEs. This is postulated to either be due to epitope sharing
between melanoma antigens and melanocytes in the RPE and
uvea, or direct activation of downstream ERK, hence the over-
lapping toxicity profile with MEK inhibitors [1].

5.3 | Management

Patients should be informed of the possibility of developing
OAEs prior to commencing treatment, which would allow
early identification of symptoms and prompt ophthalmologic
assessment. No guidelines currently exist outside clinical trials
regarding baseline ophthalmic screening. However, in patients
with known ocular disease, in particular a history of retinal pa-
thology, baseline assessment is recommended to detect any pre-
existing macular disease which can help determine if subsequent
development of MEKAR is visually significant. CTCAE Grade 1
and 2 toxicities can be managed with close observation by an
ophthalmologist without cessation of therapy, as most cases re-
solve within weeks despite continued treatment. For Grade 3
toxicities that are associated with more significant symptoms,
MEK inhibitor treatment interruption is recommended with
recommencement at the same dose once symptoms and OCT
findings have resolved. For Grade 4 toxicities, MEK inhibitor
treatment should be discontinued but may be reinstituted at a
lower dose upon resolution of symptoms and OCT changes [72].

For management of BRAF inhibitor-associated anterior uve-
itis, proposed management guidelines recommend temporary
interruption of therapy, prompt ophthalmological assessment
and treatment with topical corticosteroids, with dose reduction
required in most cases [73]. Severe inflammation involving the
posterior segment or occlusive vasculopathy may require per-
manent discontinuation.

In combined BRAF/MEK inhibitor therapy, the anatomic lo-
cation of inflammation can guide the clinician to decide which
drug needs to be discontinued to preserve vision. Mettler et al.
proposed management guidelines which suggest permanent
discontinuation of both therapies for diffuse abnormalities in-
cluding panuveitis and intermediate uveitis. Anterior uveitis is
more likely to be secondary to BRAF inhibitors, which should
be ceased first in this setting. Retinal and choroidal inflamma-
tion should prompt preferential cessation of MEK inhibitors. In
both scenarios, once the ocular reaction has resolved, mono-
therapy may be continued, but if there are persistent abnormal-
ities, the remaining agent should also be ceased [53].

6 | Fibroblast Growth Factor Receptor (FGFR)
Inhibitors

6.1 | Mechanism of Action

FGFR inhibitors are a class of tyrosine kinase inhibitors.

There are four isoforms of FGFR1-4 that are critical to
cell development. FGFR pathway alterations are seen in a

variety of solid tumours including breast, ovarian, lung,
urological and head and neck cancers (Table 2). The FGFR-
MAPK signalling pathway is essential for RPE homeostasis
and repair [74].

6.2 | Ophthalmic Adverse Events

FGFR inhibitor OAEs are common, affecting up to a quarter
of clinical trial participants [75]. FGFR1-4 are differentially
expressed in ocular structures [75], including eyelash follicles,
cornea, iris, lens, optic nerve and retina. Adverse events such
as trichiasis and trichomegaly have been reported to result in
keratopathies [75]. These changes are usually reversible within
weeks of treatment discontinuation [76].

6.2.1 | FGFR Inhibitor-Associated Retinopathy
(FGFRAR)

FGFRAR has been reported in almost every FGFR inhibitor
investigated [75]. The RPE expresses FGFR1 and disruption
of RPE homeostasis increases choroidal permeability and SRF
accumulation [50]. Due to the overlap between FGFR and
MEK pathways, FGFRAR is similar to MEKAR. FGFRAR is
characterised by SRF accumulation. Like MEKAR described
above, FGFRAR has been labelled pseudo-CSCR due to the
presence of SRF on OCT. Like MEKAR, it is distinct from
CSCR due to its reversibility and intact photoreceptor and
RPE layers. The frequency of FGFRAR varies significantly in
the literature from 1% to 50% [75]. Over half (56%) of reported
cases are asymptomatic. Median time to detection of SRF is
approximately 21 days [77]. Similar to MEKAR, presentations
are generally bilateral and multifocal in nature with similar
OCT findings [77].

6.2.2 | Other FGFR Inhibitor Toxicities

Ocular surface toxicities have been reported in all FGFR
inhibitors, with dry eye being the most common symptom,
in addition to blepharitis, conjunctivitis, corneal deposits,
keratitis and limbal stem cell deficiency. The prevalence of oc-
ular surface toxicity is approximately 25% [75]. Severe corneal
toxicity is rare; however, there have been a number of case
reports of corneal thinning and melt. These may be bilateral
and generally require treatment discontinuation [78]. A recent
small retrospective cohort study of 41 patients treated with er-
dafitinib reported corneal thinning appearing between 3 and
6months after treatment initiation in 7.3% (n=3) of patients
treated with erdafitinib, which was reversible with treatment
discontinuation [79]. One patient suffered loss of corneal
transparency after resolution of the corneal ulcer and one pa-
tient was able to recommence therapy at a lower dose without
recurrence [79]. The proposed mechanism of FGFR corneal
toxicity is through corneal epithelial dysregulation and im-
paired wound healing from affected corneal FGFRs. FGFR
inhibition can dysregulate TGF- and platelet-derived growth
factors in corneal wound healing. Although rare, there are
reports of accelerated cataractogenesis and anterior capsular
opacification following FGFR inhibition [79, 80].
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6.3 | Management

The natural history and therefore management of FGFRAR
is similar to MEKAR [50]. Clinical trial data indicates 62%-
70% of FGFRAR resolves with monitoring, dose interruption
or dose reduction. Of patients with residual FGFRAR, the
majority (67%-71%) were asymptomatic [81-83]. Whilst the
manufacturer-recommended approach to managing retinopa-
thy varies between specific agents, a general approach involves
observation for grades 1 to 2 FGFAR and dose-interruption for
grade 3 until symptom resolution. For grade 4 FGFRAR, treat-
ment should be discontinued until resolution of symptoms
and OCT findings; recommencement at a lower dose can be
considered [75]. In reported cases of therapy discontinuation,
the retinopathy demonstrates complete or near-complete re-
versal [84, 85]. In cases of dose disruption, recommencement
resulted in recurrence of SRF, albeit at lower severity follow-
ing dose reduction. This suggests a dose-dependent on-target
effect [86].

Ocular surface toxicity is usually reversible with intensive lu-
bricants; however, severe toxicity such as corneal melt requires
permanent discontinuation [78].

7 | Extracellular Signal-Regulated Kinase (ERK)
Inhibitors

ERK works downstream of FGFR, RAF and MEK. Thus, ERK
inhibitors target the final effector kinase of the FGFR-MAPK
pathway (Figure 3). Although spontaneous ERK mutations are
rare, ERK inhibition may be useful in overcoming resistance
that affects upstream mechanisms [87].

Francis et al. reported 33% (20/61) of patients developed reti-
nopathy while receiving Ulixertinib for treatment of metastatic
cancer [87]. All cases presented bilaterally, with 80% (16/20)
during the first cycle of treatment. As part of the same pathway,
ERK retinopathy appears similar to MEK retinopathy. Both
drugs cause bilateral multifocal SRF involving the fovea with
other foci near the arcades. With limited data, ERK inhibitor
retinopathy appears to have a potential for greater impact on
visual acuity (up to 6 Snellen lines) compared to MEK inhibi-
tor retinopathy. However, it mirrors the pattern of symptomatic
and anatomical resolution without intervention or dose adjust-
ment within a median of 28 days (range 6-132) [87]. Unique fea-
tures of ERK retinopathy may include intraretinal oedema in
the outer nuclear layer and a multifoil or scalloped appearance
of SRF. However, these features do not appear to be clinically
significant [87].

8 | Epidermal Growth Factor Receptor (EGFR)
Inhibitors

8.1 | Mechanism of Action

The EGFR tyrosine kinase family of receptors, which includes
EGFR, eukaryotic ribosome biogenesis 1 (ErbB1), HER1, HER2
(ErbB2), HER3 (ErbB3) and HER4 (ErbB4), plays a critical role
in regulating cell proliferation, differentiation, angiogenesis and

apoptosis [88]. EGFR activation triggers several downstream
signalling cascades which play key roles in tumour development
and progression, including the RAS/RAF/MEK/STAT and
PI3K/AKT/mTOR pathways. Aberrant EGFR overexpression
has been identified in a wide range of solid tumours, including
head and neck, brain, breast, lung, colon, prostate, kidney, pan-
creas and ovary (Table 2) [88].

8.2 | Ophthalmic Adverse Events

EGFR receptors are widely expressed in ocular and periocular
structures, including the skin, hair follicles, meibomian and
lacrimal glands, conjunctiva and cornea. Consequently, they
frequently cause adverse effects on the ocular surface. For ex-
ample, conjunctivitis has been described in 8% of patients on
gefitinib [89].

As EGFR is a key receptor in corneal epithelial wound repair,
its inhibition can lead to persistent epithelial defects and re-
current corneal erosions [18]. Superficial punctate keratopa-
thy (SPK) is common, with an incidence that varies between
agents. As an example, the incidence of SPK in patients on
gefitinib is 2.0%-2.7%, with corneal erosions affecting up to
1.8% [89].

EGFR blockade disrupts normal hair follicle cycling, resulting
in hypertrichosis, trichomegaly and trichiasis [90]. A prospec-
tive study of 30 patients treated with cetuximab or erlotinib
reported trichomegaly in 10% (n=3) [91]. Periocular skin tox-
icity is common, with patients experiencing eyelid swelling,
erythema, blepharitis, hyperpigmentation, and in some cases,
scarring or cicatricial changes [91]. Additional reports have de-
scribed erlotinib-induced keratitis, keratouveitis and corneal
oedema, leading to treatment discontinuation and reversal of
inflammatory changes within 1week [92].

8.3 | Management

Mild EGFR inhibitor-induced ocular surface disease can be
managed conservatively with preservative-free lubricants,
warm compresses and lid hygiene. Topical corticosteroids or an-
tibiotic-steroid combinations may be used for persistent bleph-
aritis or conjunctivitis. Trichomegaly and trichiasis causing
ocular surface irritation can be addressed with epilation or, in
recurrent cases, electrolysis or laser ablation [93].

Persistent epithelial defects or recurrent corneal erosions can be
managed with bandage contact lenses, prophylactic antibiotic
drops and treatment interruption until resolution [89]. Corneal
ulceration, keratitis and keratouveitis warrant urgent ophthal-
mic assessment, intensive topical antibiotic and/or corticosteroid
therapy with drug cessation in refractory or sight-threatening
cases. Periocular skin toxicity is managed with emollients, mild
topical corticosteroids or oral tetracyclines if secondary meibo-
mian gland dysfunction is present. Close monitoring is advised
in patients with pre-existing ocular surface disease or those de-
veloping severe corneal changes. Permanent discontinuation of
EGFR therapy is rarely required but may be necessary for cor-
neal melt or perforation [94].
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9 | Human Epidermal Growth Factor Receptor 2
(HER2) Inhibitors

9.1 | Mechanism of Action

Human epidermal growth factor receptor-2 (HER2) is a trans-
membrane tyrosine kinase receptor which is over-expressed in
breast, gastric and oesophageal cancers [95]. HER2 inhibitors
such as trastuzumab, pertuzumab and lapatinib directly target
these receptors and are the mainstay of HER2-positive breast
cancers.

9.2 | Ophthalmic Adverse Effects

Ocular surface toxicities such as epiphora, conjunctivitis, ker-
atitis and dry eyes are the most common OAE with HER2
inhibitors. Epiphora is associated with trastuzumab and pertu-
zumab, with an incidence of 5%-15% [96]. While trastuzumab
and antibody-drug conjugate (ADC) combination therapies
have a higher rate of OAEs (up to 31.3% reported in trastu-
zumab emtansine), most are mild dry eye and conjunctivitis
without requiring amendments to treatment [97]. This is likely
secondary to inhibition of HER2 receptors in the corneal ep-
ithelium which regulate cellular proliferation and epithelial
repair [98]. A study of 445 patients reported toxicities in 2.5%
of patients on trastuzumab, all of which were conjunctivitis
[99]. Trastuzumab rarely leads to corneal melt and perforation
requiring corneal transplantation; this may occur at any time
during treatment [100-102].

OAEs mostly occur within 4weeks of starting anti-HER2 ther-
apy; however, they have been reported up to 266 days from initi-
ation [103]. Trastuzumab-ADC combinations have a longer time
to onset, approximately 1-3 months from initiation [104].

9.3 | Management

Mild ocular surface toxicities can be treated with lubricants
and topical steroids as required without chemotherapy ces-
sation. However, in cases of corneal thinning/melt, HER2
therapy should be withheld until documented healing due to
the risk of corneal perforation. It is possible to successfully
re-institute anti-HER?2 therapy with low-dose topical steroids
and lubricants and close monitoring, although case reports do
not describe whether dose reduction on recommencement is
required [101, 102].

10 | Bruton Tyrosine Kinase (BTK) Inhibitors
10.1 | Mechanism of Action

Bruton tyrosine kinase (BTK) molecules play a pivotal role
in the regulation of B-cell development, activation, prolifer-
ation and survival [105]. BTK inhibitors, such as ibrutinib,
acalabrutinib and zanubrutinib, are commonly used for B-cell
neoplasms. Preliminary reports also show promise for zanu-
brutinib in the treatment of vitreoretinal lymphoma due to its
ability to cross the blood-brain/blood-retinal barrier [106, 107].

10.2 | Ocular Adverse Events

Ocular surface toxicity such as dry eye and conjunctivitis are the
most common adverse effects [108]. The next commonest OAE
is uveitis. Anterior, intermediate, posterior and panuveitis, with
or without cystoid macular oedema (CMO) or optic nerve swell-
ing, have been reported, mainly in association with ibrutinib
[109-112]. The majority of these occur within 8-24 months of
starting treatment [111]. Isolated CMO also occurs mostly within
a month or up to 2years after treatment initiation [113, 114]. The
mechanism of uveitis is unclear; however, a proposed mecha-
nism is the blockade of interleukin-2-inducible T-cell kinase
resulting in skewed T-cell signalling toward a Thl-dominant
profile, promoting autoimmune and pro-inflammatory phenom-
ena [115].

BTK inhibitors also carry an increased risk of bleeding in up
to 50% of patients due to inhibition of platelet aggregation or
thrombocytopaenia [116, 117]. There have been reports of spon-
taneous hyphaema with ibrutinib and acalabrutinib a year after
treatment initiation [112, 118]. Furthermore, there has been one
report of bilateral hyphaema and vitreous haemorrhage follow-
ing intravitreal methotrexate and anterior chamber paracentesis
while on zanubrutinib [119].

10.3 | Management

All ocular surface toxicity can be satisfactorily treated
with frequent lubricants without treatment cessation [108].
Similarly, anterior and mild intermediate uveitis may be
treated with topical steroids without drug interruption, but if
ceased, treatment can be successfully re-introduced, although
it is unclear whether dose reduction is required [110, 112].
Posterior or panuveitis and refractory CMO often require per-
manent treatment discontinuation and local steroid injections
[109, 110, 112].

11 | FMS-Like Tyrosine Kinase 3 (FLT3) Inhibitors
11.1 | Mechanism of Action

FMS-like tyrosine kinase 3 (FLT3) is a Class 3 tyrosine kinase
receptor found on haematopoietic progenitor cells. FLT3-
ligand binding triggers activation of downstream signalling
pathways which regulate cell survival, proliferation and dif-
ferentiation [120]. FLT3 mutations are commonly found in
acute myeloid leukaemia. First-generation FLT3 inhibitors
(e.g., midostaurin, sorafenib, sunitinib) have broad-spectrum
activity against many targets including FLT3, vascular en-
dothelial growth factors, platelet-derived growth factors and
stem cell factors, whereas second-generation FLT3 inhibitors
(e.g., regorafenib, gilteritinib) have greater specificity and
thus, lower toxicity [120].

11.2 | Ophthalmic Adverse Effects

A study from the National Registry of Drug-Induced Ocular
Side Effects between 2008 and 2017 found that the most
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common OAEs are mild, including periocular or eyelid oe-
dema and dry eye and keratitis [121]. Extraocular motility
disorders, with or without ptosis, were also reported with
sorafenib and sunitinib.

Posterior segment AEs such as retinal arterial or venous occlu-
sions, CMO and optic neuropathy, as well as uveitis have been
reported secondary to sorafenib, sunitinib and regorafenib
[122-125]. These mostly occur within 1-2years of treatment
initiation; however, cases have been described up to 4years
from commencement. Sunitinib has been associated with bilat-
eral SRF and VKH-like disease, with or without inflammation
[126, 127]. The reported timeframe for SRF was 3 weeks follow-
ing initiation. Gilteritinib, a second-generation FLT3 inhibitor,
has a lower systemic and ocular side effect profile [120].

11.3 | Management

Retinal vascular events in the context of FLT3 inhibition
generally require permanent treatment discontinuation with
intravitreal anti-VEGF, steroids and panretinal photocoagula-
tion as required [122, 124, 125]. In leukaemia patients, it can
be difficult to dissociate the effect of the drug from the pro-
thrombotic state induced by malignancy itself. Similarly, optic
neuropathy is sight-threatening and treatment should be with-
held, with or without high-dose systemic steroids [128, 129].
While visual outcomes were good, there are no data on treat-
ment re-challenge.

In cases of SRF, only treatment interruption resulted in fluid
resolution; dose reduction alone was ineffective. Interestingly,
an intermittent chemotherapy schedule resulted in a “yo-yo
effect” of SRF, resolving during treatment interruptions [126].
Withholding or ceasing treatment should be discussed with on-
cologists and tailored to each individual patient's fluid location,
visual acuity and systemic needs.

12 | Breakpoint Cluster Region-Abelson Oncogene
(BCR-ABL) Inhibitors

12.1 | Mechanism of Action

BCR-ABL tyrosine kinase is the fusion protein formed by the
Philadelphia chromosome translocation in chronic myeloid
leukaemia. The kinase drives uncontrolled cell proliferation
and survival via multiple signalling pathways (RAS-MAPK,
PI3K-AKT, JAK-STAT) [130]. BCR-ABL inhibitors bind to the
ATP-binding site of the BCR-ABL protein, preventing phosphor-
ylation [130].

12.2 | Ophthalmic Adverse Events

BCR-ABL inhibitors can cause fluid retention that manifests as
periorbital, pulmonary, pericardial and pleural effusion [131].
Imatinib is associated with the highest rate of fluid retention;
periorbital oedema has been reported in 10.5%-80% of patients
with an average onset of 68 +/— 48days [131-134]. Reports in-
dicate approximately 29% have concurrent peripheral oedema

[134]. Female patients are at significantly higher risk of peri-
orbital oedema secondary to imatinib compared to other BCR-
ABL inhibitors [131].

Several reports describe optic nerve head swelling and ON with
imatinib, sunitinib and dasatinib [128, 135-138]. There are also
cases of periorbital phototoxic rash, vitreous haemorrhage,
blepharospasm, CMO, serous retinal detachment and ischaemic
maculopathy [3, 62, 139-143].

12.3 | Management

Typically, patients with periorbital oedema can be managed con-
servatively with observation or short courses of mild diuretics
where symptomatic [134]. Rarely, surgical debulking is required
[132, 144]. Other rare side effects reported in case reports are
managed with local therapies such as botulinum toxin for bleph-
arospasm [140]. Optic nerve swelling typically resolves with
drug discontinuation; successful recommencement without re-
currence was reported in one case [137]. ON requires discon-
tinuation and oral corticosteroids and may be associated with
central nervous system demyelinating disease [135, 145, 146].

13 | Anaplastic Lymphoma Kinase (ALK)
Inhibitors

13.1 | Mechanism of Action

ALK is a transmembrane receptor tyrosine kinase that becomes
oncogenic in the setting of mutations/transforming rearrange-
ments in NSCLC. ALK inhibitors competitively bind to the
ATP-binding site to prevent autophosphorylation of ALK and
downstream signalling molecules [147].

13.2 | Ophthalmic Adverse Events

Amongst all ALK inhibitors, crizotinib (first generation) is
most commonly responsible for visual disturbances (41%-73%
of patients) [148]. In next generation agents, OAEs are less fre-
quent (1%-21%) (Table 2) [3, 149, 150]. Visual disturbances are
described as blurred vision, halos, flashes, floaters, light trails,
field defects or transient image persistence or loss, with no ab-
normal findings on ophthalmological exam [151]. These visual
disturbances usually last less than 60s and are most prominent
when changing from scotopic to photopic conditions and im-
prove with time as treatment continues [151].

OAEs with structural changes have been reported in isolated
case reports. One case of posterior uveitis with preserved vision
occurred 2years after starting crizotinib and resolved 2 months
after switching to alectinib [152]. Another case described
chronic conjunctival chemosis, resolving 1 week after crizotinib
cessation [153].

Severe vision loss is rare; however, bilateral optic neuropathy
with enhancement on MRI has been reported in crizotinib and
lorlatinib with onset from 2 to 9months after treatment initia-
tion [154-156].
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FIGURE 5 | Molecular structure of ADCs. Antibody-drug conjugates (ADCs) consist of three parts: (1) a monoclonal antibody targeting an anti-
gen expressed on the surface of a cancer cell, (2) a chemical linker connecting the antibody to the cytotoxic payload and (3) a cytotoxic payload that
releases potent doses of chemotherapy at target tissue, leading to apoptosis of tumour cells.

FIGURE 6 | Corneal toxicity associated with antibody-drug conjugates (ADCs). (A) High magnification sclerotic scatter demonstrating periph-
eral corneal microcyst-like epithelial changes initially; followed by (B) central corneal microcyst-like changes; (C) at high magnification; (D) with
fluorescein staining; (E) corneal topography demonstrates ring-like steepening predominantly of the peripheral cornea corresponding to peripheral
microcyst-like changes.

Whilst the exact mechanism of these visual disturbances is un- 13.3 | Management

clear, the heterogeneity amongst different ALK agents suggests

that downstream tyrosine kinases are responsible, rather than ~ The majority of OAEs with ALK inhibitors are of low-grade
direct ALK inhibition [157]. severity accompanied by a normal ophthalmic examination
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TABLE 4 | Summary of systemic immunotherapy/targeted cancer therapies and their proposed mechanisms for ophthalmic toxicity.

Ocular tissues Relevant receptor/
Drug class typically affected pathway expression Mechanisms of ophthalmic toxicity
Immune Cornea, uvea, choroid, PD-L1 expression in cornea, Loss of ocular immune tolerance via
checkpoint RPE, retina, optic nerve iris, ciliary body and RPE checkpoint blockade; T-cell cross-reactivity
inhibitors supports anterior and with melanocyte antigens; bystander
(CTLA-4, PD-1, posterior immune privilege perivascular inflammation; autoantibody-
PD-L1) (ACAID, BRB) [21-24] mediated retinopathies [7, 20, 26, 53]
MEK inhibitors Retina, RPE MAPK pathway activity On-target RPE dysfunction; aquaporin-1
essential for RPE homeostasis upregulation leading to subretinal fluid
and fluid transport [48, 75] accumulation (MEKAR); reversible
outer retinal oedema [53-57]
BRAF inhibitors Uvea, retina, BRAF/MAPK activation Immune cross-reactivity; downstream
RPE, choroid in melanocyte-rich tissues; MEK/ERK dysregulation; choroidal
shared melanoma antigens permeability changes; inflammatory uveitis
in RPE/uvea [1, 61-65] and VKH-like presentations [62-70]
FGFR inhibitors Cornea, retina, RPE FGFR1-4 expressed in corneal On-target corneal epithelial toxicity
epithelium, iris, lens, optic (blepharitis, keratopathy, melt); RPE
nerve, retina; FGFR signalling dysfunction giving rise to FGFRAR
crucial for RPE repair [74, 75] with subretinal fluid; impaired
corneal wound healing [74-78]
ERK inhibitors Retina, RPE ERK is final effector of MEKAR-like subretinal fluid; possible
RAF-MEK-ERK cascade greater reduction in visual acuity;
in RPE [48, 87] outer nuclear layer oedema; reversible
RPE pump dysfunction [86]
EGFR inhibitors Corneal epithelium, EGFR expressed in conjunctiva, Impaired epithelial repair leading to
conjunctiva, corneal epithelium, conjunctival and corneal erosions;
eyelid margin meibomian/lacrimal glands, trichiasis/trichomegaly; meibomian gland
hair follicles [87-90] dysfunction; rare keratouveitis [87-92]
HER?2 inhibitors Cornea, conjunctiva HER2 expression in corneal On-target epithelial inhibition causing
epithelium and conjunctiva [97] dry eye, keratitis; rare corneal melt from
impaired epithelial regeneration [95-103]
BTK inhibitors Ocular surface, BTK signalling in B- Immune dysregulation giving rise to
uvea, retina cell regulation, shift to uveitis +/— CMO. Platelet dysfunction
pro-inflammatory T-cell leading to increased bleeding risk with
signalling; platelet aggregation =~ hyphaema/vitreous haemorrhage [108-117]
effects [104-115]
FLT3 inhibitors Eyelids/periorbita, Off-target VEGF/PDGF Dry eyes, periocular oedema.
ocular surface, optic inhibition (first-generation Extraocular motility disorders. Retinal
nerve, choroid agents) [119-124] vascular occlusions; optic neuropathy,
subretinal fluid [121-128]
BCR-ABL Eyelids/periorbita, RAS-MAPK, PI3K-AKT Periorbital oedema; optic neuritis/
inhibitors retina, optic nerve signalling; fluid-retention neuropathy; CMO or serous detachment
pathways [130-133] from vascular dysregulation [128, 134-142]
ALK inhibitors Neural visual pathways; ALK inhibition leading Transient visual disturbances via

retina (functional)

to downstream tyrosine
kinase activity [157]

altered phototransduction; rare uveitis
or optic neuropathy [148-155]

and do not require treatment modification [158]. Visual distur-

bances decrease with time without requiring treatment, dose

adjustment or cessation [149]. Optic neuropathy requires drug
discontinuation; rechallenging can result in further visual field

loss [154-156].

14 | Antibody-Drug Conjugates (ADCs)

ADCs are a novel class of immunoconjugates that combine
the potent killing effect of chemotherapy with the specificity

of monoclonal antibodies to exclusively target tumour cells.
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Conceptually, they work like ‘smart bombs’, honing to a target
expressed more selectively by tumour cells and dropping-off
potent doses of chemotherapy that would otherwise not be tol-
erated systemically. This review will focus on ADCs currently
available or under investigation in Australia with significant or
unique ocular toxicity (Table 3).

14.1 | Mechanism of Action

Each ADC consists of (1) a monoclonal antibody (mAb), (2) a
cytotoxic payload and (3) a linker molecule that connects the
two (Figure 5) [163]. The mAb is directed to malignant cells by
preferential binding to a cell-surface antigen expressed more
selectively in tumour cells. Once the conjugate is internalised,
lysosomal degradation occurs and the cytotoxic payload is re-
leased intracellularly, causing apoptosis of tumour cells [104].

14.2 | Ocular Adverse Events

The design selectivity of ADCs is not absolute, and ocular tissues
express some similar receptors to mAb targets on tumour cells,
giving rise to on-target toxicity [164]. For example, tisotumab ve-
dotin, used in the treatment of metastatic or recurrent cervical
cancer, targets tissue factor (TF) highly expressed on cervical
cancer cells. However, TF is also expressed in conjunctival cells,
leading to on-target delivery of the cytotoxic payload here, caus-
ing conjunctival inflammation [165].

The ocular adverse events of ADCs predominantly affect the
ocular surface, including corneal microcyst-like epithelial
changes (MECs), keratitis, non-staining epithelial keratopathy
with subepithelial inclusion cysts, SPK with dry eye, conjunc-
tivitis and blepharitis (Table 3). Symptoms include epiphora,
photophobia and blurred vision. Rarely, Grade 3 or worse tox-
icity such as ulcerative keratitis has been reported, leading to
discontinuation of the ADC [164]. The cytotoxic payload of an
ADC, particularly microtubule inhibitors (such as ravtansine
[DM4]), may damage rapidly renewing corneal epithelial cells
through both on-target, antigen-independent off-target mech-
anisms and bystander killing, where the cytotoxic payload dif-
fuses to neighbouring host cells to cause apoptosis [166, 167].
Ocular toxicities are common and represent a significant cause
of morbidity, with up to half of treated patients reporting one
or more treatment-related side effects [168, 169]. Belantamab
mafodotin (used in refractory myeloma), trastuzumab em-
tansine (for breast cancer) and mirvetuximab soravtansine
(for advanced gynaecological malignancies), whose payloads
contain microtubule disruptors, were the most susceptible
to causing ocular toxicity [104]. The median time to onset of
OAE in clinical trials was between 22.5 and 37 days for be-
lantamab, 21 days for sacituzumab and as long as 223 days for
trastuzumab deruxtecan [104, 159].

MECs, which are a unique feature of ADCs, appear histologi-
cally as intracytoplasmic inclusions within apoptotic corneal
epithelial cells [170]. MECs start bilaterally around the limbus
in an annular distribution, migrating centrally with subsequent
drug cycles (Figure 6) [171-174]. On anterior segment optical

coherence tomography (AS-OCT), they appear hyper-reflective.
When located in the periphery, MECs induce peripheral corneal
steepening and therefore relative central flattening with a hy-
peropic shift, but when the central cornea eventually becomes
affected, this induces a myopic shift with corresponding central
corneal steepening [175].

14.3 | Management

Treatment of ADC-related OAEs is generally supportive with
many centres utilising frequent preservative-free lubricants and/
or topical steroids during severe episodes of keratopathy. Corneal
epithelium turns over every 7-14days; therefore, microcystic
changes and their secondary refractive effects are generally re-
versible after completion or cessation of therapy [175, 176]. Corneal
MECs improve 2-32weeks after drug discontinuation but can take
up to 9months for full resolution [160]. Dose delays or reduction
may be required depending on the severity of epitheliopathy [177].

Given the reversibility of these OAEs, there is no consistent
evidence for any significant benefit from prophylactic treat-
ment. Conflicting evidence exists regarding preventative topi-
cal vasoconstrictors (e.g., brimonidine), corticosteroids and cold
compresses [160].

The exception to this is tisotumab vedotin, where the severity
of OAEs such as keratitis and corneal melt has led to recom-
mendations for increased pre-treatment surveillance with pro-
phylactic corticosteroids and vasoconstrictors [164, 178].

15 | Conclusion

Targeted therapies and immunotherapies have significantly im-
proved outcomes across a broad range of malignancies but are
increasingly associated with ocular adverse events (Mechanisms
summarised in Table 4). While many toxicities are mild and self-
limiting, a subset can be vision-threatening or indicate systemic
immune dysregulation, necessitating early recognition and mul-
tidisciplinary management.

Close collaboration between oncologists and ophthalmologists
is essential to balance ocular safety with the oncological benefits
of therapy. Early ophthalmic assessment, patient education and
standardised monitoring protocols are key to minimising mor-
bidity while allowing continuation of life-prolonging treatment
whenever possible.
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