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REVIEW ARTICLES

Ocular Adverse Events Associated with Antibody–Drug
Conjugates in Human Clinical Trials

Joshua Seth Eaton,1 Paul E. Miller,1,2 Mark J. Mannis,3 and Christopher J. Murphy1,3,4

Abstract

This article reviews ocular adverse events (AEs) reported in association with administration of antibody–drug
conjugates (ADCs) in human clinical trials. References reporting ocular toxicity or AEs associated with ADCs
were collected using online publication searches. Articles, abstracts, or citations were included if they cited
ocular toxicities or vision-impairing AEs with a confirmed or suspected association with ADC administration.
Twenty-two references were found citing ocular or vision-impairing AEs in association with ADC adminis-
tration. All references reported use of ADCs in human clinical trials for treatment of various malignancies. The
molecular target and cytotoxic agent varied depending on the ADC used. Ocular AEs affected a diversity of
ocular tissues. The most commonly reported AEs involved the ocular surface and included blurred vision, dry
eye, and corneal abnormalities (including microcystic corneal disease). Most ocular AEs were not severe (£
grade 2) or dose limiting. Clinical outcomes were not consistently reported, but when specified, most AEs
improved or resolved with cessation of treatment or with ameliorative therapy. A diverse range of ocular AEs
are reported in association with administration of ADCs for the treatment of cancer. The toxicologic mecha-
nism(s) and pathogenesis of such events are not well understood, but most are mild in severity and revers-
ible. Drug development and medical professionals should be aware of the clinical features of these events to
facilitate early recognition and intervention in the assessment of preclinical development programs and in
human clinical trials.

Introduction

While conventional chemotherapeutic agents
serve as the foundations of most cancer treatment

protocols, drug toxicities commonly result in dose-limiting
adverse events (AEs). Targeted agents such as monoclonal
antibodies (mAbs), however, aim to reduce toxicity and
demonstrate encouraging potential in the clinical setting.1,2

As of February 2015, over 35 mAbs have been approved
by the Food and Drug Administration (FDA), and at least
15 mAbs were first approved for the treatment of cancer.3

Despite proven activity against malignancies, however,
most mAbs are prescribed only as adjuncts to conventional
chemotherapy protocols due to limited efficacy as single-
agent therapies.4 Putatively contributing to these limitations
are factors such as target heterogeneity or loss of targets on
tumor cells, as well as insufficiency of the desired antitumor
immune response.4 Furthermore, the presence of similar

targets in healthy tissues has contributed to a variety of
drug-related toxicities, including ocular toxicities.5–7

The eye may be susceptible to toxicity due to several
factors, including its inherently robust blood supply, presence
of subpopulations of rapidly dividing cells, and an abundance
and variety of cell surface receptors. In turn, the ocular AEs
associated with targeted agents such as mAbs are diverse,
affecting a variety of structures. Severities of mAb-associated
ocular toxicities are also variable, ranging from minor ocular
irritation to severe vision-threatening events.5–7

The newest generation of targeted cancer therapies, the
antibody–drug conjugates (ADCs), capitalize on molecular
binding of an mAb and cytotoxin through a chemical linker.8

Once directed to a tumor cell by its mAb, the conjugate is
internalized and undergoes lysosomal degradation, liber-
ating its cytotoxic payload to act on its intracellular target.8

Most ADCs employ powerful tubulin-inhibiting cytotoxins
(maytansinoids, auristatins) or other potent agents that
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target and disrupt DNA (calicheamicin, duocarmycin).9,10

Preclinical and clinical investigations of ADCs have
demonstrated considerable antitumor efficacy and there-
fore great potential to function as single-agent therapies for
certain cancers.9–12

Despite their promise, the design of ADCs and refinement
of their pharmacologic properties are challenging. Limita-
tions related to linker stability, target specificity, and payload
delivery have been encountered, influencing efficacy and
margin of safety.9 Despite a paucity of published evidence
regarding ocular toxicity of ADCs in the preclinical literature,
ocular AEs have been reported in clinical investigations. The
following is a review of the clinical literature reporting those
ocular toxicities and AEs associated with ADCs.

Methods

Data regarding ocular AEs associated with ADCs were
collected using online publication searches, including
PubMed, Medline, GoogleScholar�, and Scopus�, as well
as the FDA Adverse Event Reporting System database, and
the website of the US Patent and Trademark Office. Key-
words or terms searched included ‘‘antibody-drug conjugate’’
(‘‘ADC’’), ‘‘eye,’’ ‘‘ocular,’’ ‘‘ocular toxicity,’’ ‘‘ophthalmo-
logic,’’ ‘‘vision,’’ ‘‘keratitis,’’ ‘‘cornea,’’ ‘‘corneal microcyst,’’
‘‘corneal inclusions,’’ ‘‘conjunctivitis,’’ ‘‘dry eye,’’ ‘‘uveitis,’’
‘‘cataract,’’ ‘‘neuropathy,’’ ‘‘retina,’’ and ‘‘blindness.’’ Articles
or abstracts were included in the review if they cited ocular
toxicity or vision-impairing ocular AE(s) in association with
administration of an ADC. When available, descriptions of
AEs and data reporting incidence, severity, and reversibility
were compiled; the features of associated ADCs were com-
pared with those without reported association with ocular AEs.

Results

Twenty-two references were found citing ocular or
vision-impairing AEs associated with 13 different ADCs,
summarized in Table 1. All references cited phase I or II
clinical trials determining the safety, tolerability, activity,
pharmacokinetics, and/or maximum tolerated dose (MTD)
of ADCs. The indication for ADC administration in all
references was treatment of cancer (solid tumors in 14 ref-
erences and hematopoietic/lymphoid neoplasia in 10 refer-
ences). In almost all references, patients had refractory or
recurrent malignant neoplasms and had undergone prior
chemotherapeutic treatment. In 1 study,13 some patients
naı̈ve to chemotherapeutic treatment were enrolled. Only
1 ADC was administered to a patient in any trial.

Among all 13 ADCs, 11 distinct molecules were targeted,
the mAb component of each varying depending on the tu-
mor being treated. Table 2 presents a list of cells, tissues,
and neoplasms expressing the targets cited in this review.
Most ADCs (12/13) employed tubulin-inhibiting cytotoxins
(8 with maytansinoids and 4 with auristatins). Only 1 em-
ployed a DNA-targeting cytotoxin (calicheamicin).

A summary of ocular AE incidence across all 22 references
is presented in Table 3. AEs commonly involved the ocular
surface, including keratitis (8/22), dry eye (7/22), corneal
microcysts (5/22), corneal deposits/inclusions (4/22), con-
junctivitis/keratoconjunctivitis (3/22), and unspecified kera-
topathy (2/22). Corneal epithelial defect/damage, swollen tear
duct, increased lacrimation, conjunctival hemorrhage, and

eye redness were cited in 1 reference each. The most common
symptom reported by affected patients was blurred vision
(10/22). Decreased visual acuity and diplopia were each re-
ported in 2/22. Intraocular AEs were uncommon, reported
sporadically in individual patients. Neuro-ophthalmic or
neurologic AEs included optic neuropathy (2/22) and cortical
blindness (1/22), presumed in the latter to be reversible
posterior leukoencephalopathy syndrome (RPLS). When
specified, 13/22 references cited ocular toxicities or AEs
equaling or exceeding grade 3 (according to the Common
Terminology Criteria for Adverse Events, US Department of
Health and Human Services, National Institutes of Health,
National Cancer Institute).14

For comparison, the structural components of ADCs as-
sociated with and unassociated with ocular AEs are com-
pared in Table 4.

IMGN242 (huC242-DM4)

IMGN242 (huC242-DM4) is a conjugate of a humanized
antibody (huC242) and DM4 (a maytansinoid). huC242
demonstrates affinity for a tumor-associated epitope of CanAg,
a glycoform molecule of MUC1.15 CanAg is a desirable target
expressed by gastrointestinal and pancreatic carcinomas and
nonsmall cell lung tumors.16 A preclinical abstract reported
superior activity of IMGN242 against CanAg-expressing solid
tumors in a mouse xenograft model.17

In phase I/II clinical trials, ocular AEs in some patients
prompted dose alteration and ameliorative therapy. In a
phase I study, patients with refractory and/or inoperable
CanAg-expressing solid tumors were treated with single
intravenous (IV) infusions of IMGN242 (18–297 mg/m2)
once every 3 weeks.18 Dose-limiting toxicities, including
decreased visual acuity, corneal deposits, and keratitis, were
reported in 2 patients receiving 223 mg/m2 during the sec-
ond treatment cycle. Ameliorative lubricating eye drops
were prescribed. Ocular AEs were reversible, with 1 patient
experiencing marked improvement and the other returning
to baseline. Grades of severity were not specified.

In a phase II study, patients with CanAg-positive meta-
static or locally advanced gastric/gastroesophageal tumors
were eligible if treated with at least 1 chemotherapeutic
regimen before enrollment.19 Six patients received a single
IV infusion at the MTD (168 mg/m2) every 3 weeks. Three
patients developed unspecified ocular AEs, but additional
details were not reported.

Trastuzumab emtansine (Kadcyla�

(formerly T-DM1), Genentechª)

Trastuzumab emtansine (Kadcyla (formerly T-DM1),
Genentech) is a conjugate of the human epidermal growth
factor receptor 2 (HER2)-binding antibody trastuzumab
(Herceptin�, Genentech) and DM1 (a maytansinoid).
HER2 is abundantly expressed in 10%–30% of primary
human breast tumors20,21; and tumor cells overexpressing
HER2 often demonstrate aggressive growth associated
with poorer clinical outcomes.20,22 Despite these prog-
nostic implications, HER2 is an attractive therapeutic tar-
get. When combined with chemotherapy, unconjugated
trastuzumab has prolonged survival in patients with
HER2+ breast cancer.23 To date, T-DM1 is considered one
of the most successful examples of ADC development into
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the clinic.16 Correspondingly, preclinical evaluation has
demonstrated excellent stability, safety, and efficacy in
HER2-expressing tumor models.24,25

In a phase I, dose-escalation clinical trial, patients with
metastatic HER2-positive breast cancer received T-DM1 IV
every 3 weeks (0.3–4.8 mg/kg).26 Patients received a mean
of 4 chemotherapeutic treatments before enrollment. While
the majority of AEs were nonocular, conjunctivitis, photo-
phobia, and swollen tear duct (all grade 1–2) were infre-
quently reported. Further details concerning management or
follow-up were not specified.

In a phase II study, patients with tumor progression de-
spite treatment with HER2-directed therapy and prior che-
motherapy, received T-DM1 IV every 3 weeks at the MTD
(3.6 mg/kg).27 Ocular AEs (mostly grade 1–2) were reported
in 31.3% of patients, including dry eye, increased lacrima-
tion, blurring of vision/vision impairment, and conjunctivi-
tis. Follow-up information was not specified. In this study, a
single patient with historic glaucoma developed grade 3
glaucoma with transient grade 4 reduced visual acuity, but
this was not considered ADC related. That patient continued
treatment without recurrence.

In another phase I dose-escalation study of patients with
advanced HER2-positive breast cancer, T-DM1 was ad-
ministered weekly or every 3 weeks.28 Patients had previ-
ously received trastuzumab. Ocular AEs were reported in
13/28 patients, including cataract, ocular surface disease,
punctuate keratitis, and dry eye. In 2 patients, AEs were
classified as grade 3.

SAR3419 (CD19-DM4)

SAR3419 (CD19-DM4) is a conjugate of humanized
IgG1 anti-CD19 monoclonal antibody and DM4. CD19 is a
glycoprotein member of the immunoglobulin superfamily,
expressed on normal and cancerous B lymphocytes.8 It is
more abundant early in cellular development from pre-B-
cell differentiation through plasma cell differentiation.29,30

It is believed that CD19 targeting can eliminate potentially
malignant immature B cells that otherwise escape targeting
by other B-cell antigens such as CD20.29 SAR3419 has been
associated with minimal toxicity and encouraging efficacy in
animal models for lymphoma, demonstrating superior anti-
tumor activity when compared with unconjugated maytansi-
noid or antibody alone.31–34

In a phase I multidose-escalation study, SAR3419 was
administered to patients with relapsed or refractory B-cell
lymphoma.35 Patients had undergone a median of 4 prior
treatment regimens, some receiving stem cell transplanta-
tion and all receiving rituximab. Escalating IV doses of
SAR3419 (10–270 mg/m2) were administered every 3 weeks.
Dose-limiting ocular AEs were observed in 17 patients
(44%), primarily at higher doses (‡160 mg/m2) after the
second administration. Blurring of vision was reported in 16
patients, typically after the second dose. Microcystic corneal
epitheliopathy was commonly observed on ophthalmic ex-
amination, typically distributed at the corneal periphery in a
ring-like pattern, migrating toward the central cornea (Fig. 1).
Clumping of whitish intraepithelial material was also occa-
sionally observed. Seven patients had grade 2 AEs, 5 had
grade 3, and 1 had grade 4. Based on these findings, the MTD
was 160 mg/m2. Corneal AEs were reversible in all affected
patients, but recovery to baseline vision required a dose delay
of 1–2 weeks. Even following dose delay, reversible corneal
toxicity was again observed.

In another phase I/II dose-escalation study, SAR3419 was
dosed weekly for a total of 8 doses.36 Dose-dependent oc-
ular AEs were observed, including blurred vision, dry eye,
conjunctivitis, diplopia, eye irritation, corneal deposits,
keratitis, keratoconjunctivitis, scotoma, and optic neuropa-
thy. The only ocular AE exceeding grade 2 occurred
in a patient with optic neuropathy associated with grade
3–4 blurred vision and eye irritation.

A subsequent phase I study evaluated a weekly IV dose and
an optimized IV dosing schedule (4 weekly infusions, fol-
lowed by 4 biweekly infusions) at 55 mg/m2. The optimized

Table 2. Antigens Targeted by ADCs Reported to Cause Ocular AEs; the Cells, Tissues,

and/or Neoplasms Expressing Each Antigen

Target antigen Cells/tissues/neoplasms expressing antigen Reference(s)

CanAg Gastrointestinal and pancreatic carcinomas, some nonsmall cell lung
tumors

16

HER2 Breast tumors (*10%–30%) 20,21

CD19 B lymphocytes (precursor and differentiated with the exception of
differentiated plasma cells) and neoplastic B lymphocytes

8,29,30

CD33 Acute myeloid leukemia, myeloid precursor cells, mature monocytes, and
macrophages

40,41,43

CD70 Activated T and B lymphocytes, mature dendritic cells, lymphoma, RCC,
glioblastoma

44,45

CA6 Solid tumors (pancreas, ovary, breast, bladder) 9

Ephrin type A
receptor 2 (EphA2)

Overexpressed in some carcinomas, melanomas, and gliomas; normal
epithelial tissues (skin, lung, colon, ovary, bladder)

54

CD56 Neurons, astrocytes, Schwann cells, natural killer cells, and some activated
T lymphocytes

44,59

CD138 Mature epithelial cells, overexpression has been documented on B-cell and
plasma cell precursors, as well as mature plasma cells, including those
associated with multiple myeloma

65,66

FRa Various solid tumors (ovarian, endometrial, and some lung tumors) 68,69

ENPP3 Renal carcinomas (clear cell and papillary) 71,72

AEs, adverse events.
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schedule yielded an improved safety profile.37 Of 44 patients
receiving weekly treatment, 10 (23%) reported blurring of
vision, and bilateral microcystic corneal changes with whitish
epithelial clumps, similar to those reported by Younes et al.,
were described on slit-lamp examination.35 With the opti-
mized schedule, only 4/25 patients (16%) developed ocular
AEs, including blurred vision, bilateral uveitis with decreased
visual acuity (1 patient), and optic neuropathy with diplopia
and eye irritation (1 patient). The only AE exceeding grade 2
was optic neuropathy (grade 3). All corneal toxicities were
reversible. Visual acuity returned to 90% in the patient with
uveitis within 6 weeks, but further follow-up was not avail-
able due to death of the patient.

SGN-CD19A

SGN-CD19A is a conjugate of a humanized anti-CD19
antibody and an auristatin drug, monomethyl auristatin F
(MMAF). CD19 is commonly expressed in patients with B-
cell non-Hodgkin lymphoma (NHL).30

In a phase I dose-escalation study evaluating SGN-CD19A
in patients with relapsed or refractory lymphomas, SGN-
CD19A was administered IV (0.5–6.0 mg/kg) at 21-day in-
tervals.38 Patients were enrolled if they had received at least
1 systemic treatment regimen for their malignancy. Ocular
AEs were reported in ‡20% of patients, including blurred
vision (59%), dry eye (39%), and keratopathy (23%). In
25 patients (57%), corneal examination confirmed superficial

microcystic keratopathy (grade 1–2). In 4 patients receiving
higher doses, grade 3–4 corneal AEs were observed.

In another phase I dose-escalation study, SGN-CD19A was
administered to adult and pediatric patients with relapsed/
refractory B-cell leukemia or highly aggressive lymphomas.39

Patients were enrolled if they had received at least 1 treatment
regimen for their malignancy. SGN-CD19A was adminis-
tered according to 2 IV dosing schedules: weekly on days
1 and 8 of 21-day cycles (0.3–4.5 mg/kg) or every 3 weeks
(0.5–6 mg/kg). Blurred vision and dry eye were among the
most frequently reported AEs. Superficial microcystic kera-
topathy was observed in 13 adult patients (34%) and 1 pe-
diatric patient (9%). Grade 3–4 corneal AEs were observed in
4 adult patients.

In both studies, patients experiencing ocular AEs were
prescribed ophthalmic steroids and most experienced reso-
lution or improvement to grade 1–2 by last follow-up. This
observation prompted topical steroid prophylaxis in both
trials, administered before each ADC dose. At interim anal-
ysis, the authors of the latter study reported that this pro-
phylaxis had reduced the incidence of grade 3–4 events.39

AVE9633

AVE9633 is a conjugate of an anti-CD33 antibody and
DM4. CD33 is expressed on myeloid precursor cells and
mature monocytes and in up to 90% of patients with acute
myeloid leukemia (AML), making it an attractive thera-
peutic target.40,41 In preclinical evaluation, AVE9633
demonstrated encouraging antitumor activity in an animal
model of AML.42

Data from 3 phase I single-agent trials have been reported,
evaluating AVE9633 in patients with relapsed or refractory
AML.43 AVE9633 was administered at escalating IV doses at 3
different schedules; day 1 of a 21-day cycle, (15–260 mg/m2),
days 1 and 8 of a 28-day cycle (30–150 mg/m2), and days 1, 4,
and 7 of a 28-day cycle (30–90 mg/m2). One patient receiving
the day 1/8 schedule developed dose-limiting, reversible grade
3 keratitis during the second cycle at 150 mg/m2.

SGN-75 (CD70-MMAF)

SGN-75 (CD70-MMAF) is a conjugate of a humanized
anti-CD70 antibody and MMAF. CD70 is a member of the
tumor necrosis factor family, expressed on the surfaces of
activated T and B lymphocytes, natural killer cells, and
mature dendritic cells.44 It is also expressed in some ma-
lignancies, including lymphoma, renal cell carcinoma
(RCC), and glioblastoma.44,45 In a preclinical study, SGN-
75 demonstrated antitumor activity in a mouse model of
human RCC.45,46

SGN-75 was evaluated in phase I clinical trials for
treatment of patients with RCC and/or NHL.47,48 In a phase
I dose-escalation study, SGN-75 was administered IV (0.6–
3 mg/kg) weekly or every 3 weeks.48 The only ocular AE
reported was grade 2 iridocyclitis, but details regarding in-
cidence and follow-up were not specified.

In the other study, SGN-75 was administered IV every 3
weeks (0.3–4.5 mg/kg) or on days 1, 8, and 15 of 28-day
cycles (0.3–0.6 mg/kg).47 Dose-dependent ocular AEs (some
dose limiting) were reported in 57% of patients dosed every
3 weeks, typically observed following multiple doses. These
AEs included dry eye (30%), corneal epitheliopathy (15%),

Table 3. Summary of the Incidence of Ocular AEs

Across All References

Adverse event

Number of
references (of 22)

citing AE

Blurred vision 10
Keratitis (including punctate) 8
Dry eye 7
Corneal microcysts/microcystic

epithelial changes
5

Corneal deposits/inclusions 4
Conjunctivitis/keratoconjunctivitis 3
Decreased visual acuity 2
Unspecified keratopathy 2
Optic neuropathy 2
Eye irritation 2
Diplopia 2
Corneal epithelial defect/damage 1
Unspecified ocular toxicity 1
Ocular surface disease 1
Swollen tear duct 1
Increased lacrimation 1
Conjunctival hemorrhage 1
Eye redness 1
Ocular bleeding (location unspecified) 1
Uveitis (bilateral) 1
Iridocyclitis 1
Photophobia 1
Cataract 1
Cortical blindness 1
Scotoma 1
Nonspecific retinopathy 1
Eye pain 1
Floaters 1
Retinal vein occlusion 1

OCULAR AEs ASSOCIATED WITH ADCs 595



Table 4. Structural Components of ADCS Associated with and Unassociated

with Ocular Adverse Events

ADC MAb mode Target Cytotoxin Linker

ADCs associated
with ocular AEs

Trastuzumab emtansine
(Kadcyla�, T-DM1)

Humanized Her-2 Maytansine
(DM1)

SMCC

Lorvotuzumab mertansine
(IMGN-901)

Humanized CD56 Maytansine
(DM1)

SPP

SAR3419 (HuB4-DM4) Humanized CD19 Maytansine
(DM4)

SPDB

BT-062 Chimerized CD138
Syndecan1)

Maytansine
(DM4)

SPDB

SAR566658
(HuDS6-DM4)

Humanized Muc1 (CA6) Maytansine
(DM4)

SPDB

SGN-75 Humanized CD70 Auristatin
(MMAF)

Maleimidocaproyl
(mc)

IMGN242
(huc242-DM4)

Humanized CanAg Maytansine
(DM4)

SPDB

SGN-CD19A Humanized CD19 Auristatin
(MMAF)

Maleimidocaproyl
(mc)

AVE9633 Humanized CD33 Maytansine
(DM4)

SPDB

GO Humanized CD33 Calicheamicin Hydrazone
MEDI-547 Human EphA2 Auristatin

(MMAF)
Maleimidocaproyl

(mc)
IMGN 853 Humanized FRa Maytansine

(DM4)
SPDB

AGS-16M8F (AGS-6MF) Fully human ENPP3 Auristatin
(MMAF)

Maleimidocaproyl
(mc)

ADCs unassociated
with ocular AEsa

Brentuximab vedotin
(Adcetris�, SGN-35)

Chimeric CD30 Auristatin
(MMAE)

vc

Inotuzumab ozogamicin
(CMC-544)

Humanized CD22 Calicheamicin Hydrazone/AcBut

Glembatumumab
vedotin (CDX-011,
CR-011-vcMMAE)

Fully human GPNMB Auristatin
(MMAE)

vc

Milatuzumab–doxorubicin
(IMMU-110)

Humanized CD74 Doxorubicin Hydrazone

AGS-22M6E
(ASG-22ME)

Fully human Nectin-4 Auristatin
(MMAE)

vc

AMG-172 ND ND ND ND
AMG-595 Fully human EGFRvIII Maytansinoid Noncleavable
ASG-5ME (AGS-5M2E) Fully human SLC44A4 Auristatin

(MMAE)
vc

DEDN-6526A Humanized ET8R
(endothelin B)

Auristatin
(MMAE)

vc

IMGN 529 (K7153A-
SMCC-DM1)

Humanized CD37 Maytansine
(DM1)

SMCC

IMMU-130 (hMN14-
SN38)

Humanized CEACAM5 SN-38 CL2

MDX-1203 Fully human CD70 MGBA vc
PSMA-ADC (PSMA-

ADC-1301)
Fully human PSMA Auristatin

(MMAE)
vc

RG-7450 (DSTP-3086S) ND ND Auristatin ND
RG-7458 ND MUC16 (CA125) Auristatin

(MMAE)
ND

RG-7593 (pinatuzumab
vedotin, DCDT-2980S)

Humanized CD22 Auristatin
(MMAE)

vc

RG-7596 (DCDS-4501A) Humanized CD79b Auristatin ND
RG-7598 ND ND Auristatin ND
RG-7599 ND MUC16 (CA125) Auristatin ND
RG-7600 ND ND Auristatin ND
BAY 94–9343 Fully human Mesothelin Maytansine

(DM4)
SPDB

aModified from Sassoon and Blanc.112

EGFR, epidermal growth factor receptor; MMAE, monomethyl auristatin E; ND, nondisclosed.
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blurred vision (11%), and keratitis (9%). In 23% of those
patients, ocular AEs were ‡ grade 3. Ocular AEs were
reported in 36% of patients dosed weekly, including dry
eye (27%) and blurred vision (18%), but corneal epithe-
liopathy was not observed. Only 1 patient experienced an
AE (dry eye) ‡ grade 3. Ocular AEs were reversible, with
even grade 3 events reported to improve or resolve fol-
lowing discontinuation of treatment. Observation of ocular
AEs prompted a subsequent amendment, requiring clinical
assessment of affected patients by a corneal specialist.
Examination identified a ring pattern of microcystic-
appearing corneal epithelial changes, starting in the
periphery and migrating centrally. This finding was also
associated with astigmatism and refractive error. Artificial
tears and steroid eye drops were prescribed, mitigating the
duration and severity of ocular symptoms. Thereafter,
steroid eye drops were recommended for all patients with
evidence of microcystic corneal epitheliopathy, even if
asymptomatic.

SAR566658 (DS6-DM4)

SAR566658 (DS6-DM4) is a conjugate of a CA6-targeting
antibody (huDS6) and DM4. CA6 is a glycol-epitope of
MUC1, overexpressed in some solid tumors, including those
of the pancreas, ovary, breast, and bladder.9 Preclinical
evaluation has been performed in mouse models of solid
human tumors.49

In a phase I, dose-escalation clinical trial, SAR566658
(SAR) was evaluated in patients with CA6-expressing solid
tumors. Patients received single-agent therapy with esca-
lating IV doses (10–240 mg/m2) every 3 weeks.50 Keratitis
was reported in 11/34 patients, observed in those receiving
150 mg/m2 late in the study. In 2 patients, the keratitis was
classified as grade 3. Keratitis was reportedly reversible, but
additional information was not specified.

Gemtuzumab ozogamicin (Mylotarg�, Pfizerª)

Gemtuzumab ozogamicin (GO; Mylotarg, Pfizer) was a
conjugate of a CD33-binding antibody and a calicheamicin
cytotoxin. CD33 is associated with myeloid differentiation
and highly expressed on myeloid precursor cells and cir-
culating monocytes.40,43 Expression is lower on granulo-
cytes and macrophages and constitutive on dendritic cells.40

GO demonstrated potent antitumor activity in a preclinical
study,51 receiving FDA approval in 2000 for treatment of
patients with CD33-positive AML.11 Despite early promise

in phase II trials, Mylotarg was withdrawn from the market
in 2010 due to concerns about relative efficacy.52,53

In a clinical study, 9 elderly patients with AML (untreated
or relapsed) were treated with GO (6 mg/m2 on day 1 and
4 mg/m2 on day 8) in combination with cytarabine (100 mg/m2

daily for days 1–7). One patient experienced grade 4 ocular
bleeding.13 Additional details were not reported, but it was
presumed to be associated with drug-induced thrombocy-
topenia following myelosuppression.

MEDI-547

MEDI-547 is a conjugate of a monoclonal antibody to
EphA2 and MMAF. EphA2 is a member of the tyrosine
kinase family and is expressed at relatively low levels in most
normal adult tissues, with higher expression confined mainly
to epithelial tissues (skin, lung, colon, ovary, and bladder).54

It is also abundantly expressed in some carcinomas, mela-
nomas, and gliomas. Overexpression of EphA2 in patients
with some malignancies has been associated with a poorer
clinical outcome.54 Potent antitumor effects of MEDI-547
have been demonstrated in preclinical animal models.55–57

In a phase I study, MEDI-547 was evaluated in patients with
relapsed or refractory solid tumors.58 MEDI-547 was initially
administered IV (0.08 mg/kg) every 3 weeks. All patients
in the study, however, discontinued treatment and dose esca-
lation was never pursued, primarily due to treatment-related
hemorrhage or coagulation events. Eye pain was also reported
in 1/6 patients, prompting discontinuation of treatment. Con-
junctival hemorrhage was observed in 1/6 patients.

Lorvotuzumab mertansine (IMGN901)

Lorvotuzumab mertansine (IMGN901) is a conjugate of a
CD56-targeting antibody and DM1. CD56 [neural cell ad-
hesion molecule (NCAM)] is a glycoprotein expressed on
neurons, astrocytes, Schwann cells, skeletal muscle, natural
killer cells, and some activated T lymphocytes. It is also
expressed on many multiple myeloma cells and some solid
tumor cells.44,59 IMGN901 demonstrated potent antitumor
activity in preclinical models of small cell lung and ovarian
cancers and multiple myeloma.60–62

A phase I, dose-escalation clinical study evaluated
IMGN901 in patients with CD56-positive solid tumors.63

Patients were enrolled if they had received 1–6 prior che-
motherapeutic regimens. IMGN901 was administered IV,
once daily for 3 consecutive days, every 3 weeks. Ocular
AEs were uncommon, but eye redness (£ grade 1–2) was
reported in 3 patients at 3 different dose levels (4–48, 75,

FIG. 1. Clinical images of mi-
crocystic corneal epithelial changes
associated with SAR3419 (huB4-
DM4; Younes et al.35). (A) Slit lamp
photo of corneal toxicity, epithe-
lial haze in the mid-periphery of
the cornea. (B) High-power photo
showing micro-cystic appearance
within the corneal epithelium. Color
images available online at www
.liebertpub.com/jop
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and 94 mg/m2/day). Details regarding duration of the AE
and/or reversibility were not specified.

A case report described cortical blindness in a single
patient with CD56-positive Merkel cell carcinoma (MCC)
receiving IMGN901 in a phase I study.64 On day 16 of the
study, the patient developed nausea, vomiting, headache,
and confusion and disorientation. Brain magnetic resonance
imaging (MRI) revealed bilaterally symmetrical cortical and
subcortical lesions involving the parietal and occipital white
matter characteristic of RPLS. Although the etiology of
RPLS is unclear and a causative relationship with IMGN901
is not verifiable, the onset of clinical signs and characteristic
MRI findings were highly suggestive. Despite improvement
with general supportive care and monitoring, vision recov-
ery was slow and a visual field deficit persisted.

BT-062

BT-062 is a conjugate of an anti-CD138 antibody and
DM4. CD138 is a cell surface proteoglycan molecule in-
volved with cell adhesion. CD138 is primarily expressed on
the surfaces of mature epithelial cells. Overexpression has
been demonstrated on B-cell and plasma cell precursors,
including those associated with multiple myeloma.65,66

In vivo preclinical investigations have demonstrated anti-
tumor activity.65

BT-062 was evaluated in a phase I dose-escalation study
of patients with relapsed or refractory multiple myeloma.67

BT-062 was administered IV every 3 weeks (10–200 mg/m2).
Four days following the fourth cycle of treatment (at
160 mg/m2), 1 female patient experienced dry eyes and
blurry vision. Three days after the third cycle of treatment,
at the same dose, a male patient developed corneal epi-
thelial damage and crystal corneal inclusions. In both pa-
tients, these AEs were designated as grade 2 and medically
significant. Further details regarding reversibility and/or
follow-up were not reported.

IMGN853

IMGN853 is a conjugate of a folate receptor a (FRa)-
binding antibody and DM4. FRa is abundantly expressed on
several solid tumors, including those of the ovary, endo-
metrium, and lung.68,69

In a phase I dose-escalation study of patients with re-
fractory FRa+ solid tumors, doses of IMGN853 [based on
total body weight (TBW)] were administered IV at 21-day
intervals.68 Ocular AEs were observed in 4/11 patients at
5.0 mg/kg and 5/5 patients at 7.0 mg/kg. The nature of all
AEs was not specified, but severity ranged from grade 1 to 3
at both dose levels, including dose-limiting punctate keratitis
and blurred vision in 2 patients, respectively, at 7.0 mg/kg.
Pharmacokinetic analysis determined an association be-
tween ocular AEs and earlier exposure to higher plasma
levels of IMGN853 and poor correlation between patient
plasma volume and TBW. To mitigate this discrepancy,
patients’ adjusted ideal body weights (AIBWs) were cal-
culated and thereafter used to determine the administered
dose, aiming to decrease variability in early exposure levels.
The use of AIBWs yielded visual disturbance in only 1/7
patients at 5.0 mg/kg (grade 1–2). At 6.0 mg/kg, however,
3/7 patients developed grade 1–2 ocular AEs, including
blurred vision with punctate keratitis, blurred vision with

floaters, and unspecified retinopathy in 3 patients, respec-
tively. All ocular AEs were reversible. No patients receiving
IMGN853 at 5.0 or 6.0 mg/kg using AIBWs developed a
‡ grade 3 ocular AE.

Another study evaluated IMGN853 in patients with FRa-
positive platinum-resistant epithelial ovarian cancer (EOC).
Patients were enrolled if they had platinum-resistant histo-
logically confirmed EOC, primary peritoneal cancer, or
fallopian tube cancer and had received no more than 5 prior
systemic treatment regimens.70 Ocular AEs included blurred
vision (*50%) and keratitis or punctate keratitis (<20%
each). Corneal epithelial microcysts, corneal cysts, and eye
pain were also infrequently reported and, in some cases,
warranted dose delay, reduction, or continuation. When
specified, all ocular AEs were grade 1 or 2. Follow-up was
not provided, but all ocular AEs were reportedly manage-
able with dose modifications.

AGS-16M8F-MMAF and AGS-16C3F-MMAF

AGS-16M8F-MMAF and AGS-16C3F-MMAF are conju-
gates of an anti-ectonucleotide pyrophosphatase/phosphodi-
esterase 3 (ENPP3) antibody and MMAF. Expression of the
ENPP3 receptor is relatively restricted in normal tissues, but
abundant in RCC cells (90% of clear cell RC and 69% of
papillary RC).71 In preclinical studies using xenograft mod-
els, AGS-16M8F-MMAF demonstrated tumor inhibition and
was well tolerated in nonhuman primates.71

Phase I clinical studies evaluated AGS-16M8F and
AGS-16C3F in patients with refractory RCC.72 Both were
administered every 3 weeks at dose ranges of 0.6–4.8 and
1.8–4.8 mg/kg, respectively. In patients receiving AGS-
16M8F, 8/26 patients experienced ocular AEs (only 1 patient
‡ grade 3), most commonly a reversible keratopathy occur-
ring at higher doses, prompting treatment discontinuation in
3 patients. Ocular AEs were more prominent in patients
receiving AGS-16C3F, affecting 29/34 patients (‡ grade 3 in
10 patients). When the dose was de-escalated to 1.8 mg/kg,
however, tolerability improved, but incidence of ocular AEs
remained at 12/13 (‡ grade 3 in 2 patients).

Discussion

The available literature demonstrates a diversity of ocu-
lar or vision-related AEs associated with ADCs. Compared
with nonocular toxicities, AEs affecting the eye were in-
frequent, rarely exceeding 50% of enrolled patients in any
study. Conclusions regarding overall incidence of ocular
AEs, however, are difficult to draw due to the relatively
small number of references, varied study designs, and pre-
sumed variability within and between study populations.
Furthermore, a range of individual patient- and treatment-
related factors affecting pharmacokinetics and clearance in
cancer patients, particularly those with advanced disease,
may influence the incidence of AEs.73

The clinical methods used to assess affected patients
were rarely reported. Slit-lamp biomicroscopic examination
was specifically cited in only 2 studies,37,47 and information
regarding other assessment or diagnostic techniques was
scarce. Consultation with a corneal specialist was only re-
ported in 1 study.47 Lack of detailed clinical description,
particularly of ocular surface findings, may underrepresent
distinguishing features of certain toxicities.
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Clinical outcomes in affected patients were only men-
tioned in 10/22 references. When specified, however, most
either improved or resolved with ameliorative therapy and/
or dose alteration/discontinuation. Furthermore, 3 refer-
ences38,39,47 cited treatment with a topical steroid, reporting
benefit in patients with corneal AEs. In 2 studies evaluating
SGN-CD19A,38,39 prophylactic treatment with a topical
steroid was employed following identification of corneal
AEs, and in one,39 it was associated with a reduction in
incidence. Response to therapy in these studies suggests an
inflammatory component to ocular toxicity, but causality or
reversibility by other mechanisms (including self-limiting
resolution) cannot be ruled out.

Determining the toxic mechanism(s) of ocular AEs is
difficult due to the diversity among AE descriptions as well
as the complexities of ADC structure and pharmacology.
Hypothetically, any component of an ADC could contribute
to ocular toxicity whether through on-target (antibody-
mediated delivery) or off-target (delivery of an unconju-
gated cytotoxin) mechanisms.74 Regardless of the mode of
delivery, the weight of the evidence presented here suggests
a strong association between the cytotoxin and ocular AEs.
Of 13 ADCs associated with ocular AEs, 12 employed
potent maytansinoids. Comparatively, of ADCs without re-
ported association to ocular AEs (Table 4), only 3/21 em-
ployed maytansinoids, but 13/21 employed auristatins, and
when disclosed, the only auristatin cited was monomethyl
auristatin E (MMAE).

Corneal toxicity was reported in all references citing ADCs
with DM4 as their cytotoxic payload. Ocular surface AEs,
including reversible superficial keratopathy, have been re-
ported in association with other unconjugated tubulin-binding
drugs (i.e., docetaxel and paclitaxel), although the exact toxic
mechanism(s) are undetermined.75–79 It is plausible that
similarly ocular AEs associated with ADCs result from off-
target delivery of naked, but active, cytotoxin released from
an unstable conjugate. Optimization of conjugate stability,
and linker stability in particular, remains a principle challenge
in development and refinement of ADCs. The ideal linker
mitigates toxicity by remaining stable in the extracellular
environment, resisting dissociation in circulation or at off-
target sites, and efficiently releasing cytotoxin within the
target cell. Achieving this profile in vivo, however, is com-
plicated by factors that promote premature deconjugation and
off-target delivery such as degradative proteases or other
enzymes in blood or off-target tissues and variations in ex-
tracellular and intracellular conditions (i.e., pH).80

While off-target delivery of an unconjugated cytotoxin
presents a simple model for ocular toxicity, other features
of ADC metabolism suggest more complex mechanisms.
Linker–cytotoxin chemistry, for example, considerably in-
fluences the active metabolite(s) delivered to the intracel-
lular environment after successful targeted delivery and may
contribute to on-target toxicity. In this review, both non-
cleavable and cleavable linkers were employed in studies
evaluating a diversity of ADCs whether associated or
unassociated with ocular AEs (Table 4). The majority of
AE-associated ADCs, however, employed linker–cytotoxin
combinations of SPDB (a cleavable disulfide linker) and
DM4 (6/13) or maleimidocaproyl (a noncleavable linker)
and MMAF (4/13). Conversely, these same combinations
were only rarely reported (when disclosed) in ADCs unas-
sociated with ocular AEs (Table 4).

In comparative in vitro and in vivo studies, intracellular
cleavage of a disulfide-linked maytansinoid ADC (SPDB-
DM4) yielded a noncharged, membrane-permeable active
metabolite.81 Correspondingly, these effects of this highly
toxic metabolite extended to adjacent bystander cells
through diffusion across cell membranes. Despite presenting
an advantage in the treatment of some heterogeneous
tumors, it also risks greater distribution of toxicity.82 Con-
versely, intracellular degradation of a similar ADC with a
noncleavable linker (SMCC-DM1) yielded a charged me-
tabolite incapable of membrane diffusion unless assisted by
active transport. Although intracellular accumulation of an
active metabolite may also contribute to toxicity (and some
ocular AEs were seen with SMCC-DM1 in this review), the
wider distribution of a cell-permeable toxin may provide at
least a partial explanation for an association with higher
incidence of ocular toxicity.

Similar to maytansinoids, there is disparity in the be-
havior of the active metabolites of auristatins (i.e., MMAE
and MMAF). Cleavage of vcMMAE [a common cleavable
linker–cytotoxin pair in ADCs not associated with ocular
AEs (Table 4)] yields a noncharged membrane-permeable
drug capable of bystander toxicity (such as SPDB-DM4).
Cleavage of mcMMAF, however, produces a charged me-
tabolite incapable of diffusing across cellular membranes
(such as SMCC-DM1).83 Dissimilar to the mechanism
suggested by noncharged metabolites of the maytansinoids,
toxicity associated with MMAE may be more likely related
to intracellular accumulation.

To illustrate this disparity, consider the microcystic
keratopathies described nearly identically in 2 unrelated
clinical trials35,47 (Fig. 1). In 1 study, the administered linker–
cytotoxin was SPDB-DM4, and in the other, mcMMAF.
While only representing 2 references, this reinforces that
(while the trends presented here may provide insights)
multiple mechanisms of on-target toxicity must be consid-
ered. Furthermore, clinical descriptions of corneal toxicities
associated with ADCs often lacked detail. Therefore, side-
by-side comparison of corneal toxicities between different
studies is challenging, further complicating determination of
a toxic mechanism.

Corneal epithelial microcysts have been reported as a
nonspecific consequence of generalized corneal disease and
corneal dystrophies and in association with cytosine arabi-
noside (Ara-C), a common chemotherapeutic agent.84–88

Recent confocal microscopic investigation, however, failed
to demonstrate true cysts within or under the affected cor-
neal epithelium.89 Instead, necrotic epithelial foci were
observed within the basal layer early, thereafter progressing
to involve the apical layers as disease progressed. The self-
limiting nature of the toxicity is presumed to result from
eventual desquamation of the necrotic epithelial cells. It is
noteworthy that one of the referenced clinical trials13 de-
scribed concurrent administration of an ADC (GO) and Ara-
C. No corneal AEs, however, were observed.

Although this keratopathy’s features may bear resem-
blance to the microcystic lesions observed in association
with SAR3419, lesion distribution is different in the latter,
concentrated primarily at the periphery. Therefore, the
mechanism of toxicity for an ADC such as SAR3419 may
differ. Assuming that the microcystic corneal lesions as-
sociated with ADCs are truly cysts and not necrotic foci,
other mechanisms could include focal separation between
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the epithelium and basement membrane or toxicity to
limbal stem cells, resulting in altered centripetal differen-
tiation. Further characterization of these lesions with ad-
vanced imaging (i.e., optical coherence tomography and/or
confocal microscopy) is indicated in any study to investi-
gate the pathogenesis.

Given the diversity of cellular targets presented here,
ocular AEs secondary to on-target toxicity of the antibody
component itself are less plausible, but may warrant consid-
eration. Epidermal growth factor receptor (EGFR) is abun-
dant in epithelial tissues of the adnexa and ocular surface,
with ocular AEs reported in up to 15% of patients receiving
targeted agents such as cetuximab or panitumumab.5,90–95

It is important to note, however, while trastuzumab-targeted
HER2 is within the EGFR family, its structure and expression
are distinct and it is only readily expressed on breast cancer
cells.96 Despite some homology of the 2 receptors, the study
has failed to demonstrate a consistent cross-reactivity be-
tween anti-HER2 antibodies and HER1 (EGFR).97

On-target ocular toxicity of mAbs targeting leukocytic
cluster of differentiation (CD) molecules is not easily ex-
plained. CD19-expressing B cells and CD33-expressing
mononuclear cells are not present within the healthy cornea,
but may be delivered from the limbus and/or conjunctiva to
the corneal epithelium through centripetal migration.98–100

Others such as CD70 and CD138 may be present in corneal
dendritic cells or corneal epithelial cells, respectively, but
not in abundance.67,98,101 Furthermore, ephrin type A is only
found at low levels and in many tissues, and DS6 is only
reported on the surfaces of solid tumors.58 The relationship
between targeting of CD56 (NCAM) and the RPLS reported
in association with IMGN90164 may be more directly ex-
plained due to toxicity of the mAb or DM1. The exact
pathophysiology of RPLS, however, is poorly understood,
and furthermore, this single report indicated that the late onset
of signs following dosing argues against direct toxicity.

As with other pharmaceuticals, exposure is largely dictated
by the pharmacokinetic properties of a drug and could pro-
vide insights into mechanisms of toxicity. Even though the
antibody component of an ADC contributes the most to its
pharmacokinetic profile, some attributes of ADCs may yield
more unpredictable pharmacokinetics.102 Some ADCs, in-
cluding those approved for clinical trials, possess consider-
able variation in the number of drug molecules bound to each
antibody and heterogeneity in molecular binding sites.103 In
1 study evaluating an auristatin ADC, higher cytotoxic load
per antibody actually decreased the conjugate’s therapeutic
index in vivo, at least partially, due to its faster clearance.104

Studies determining the impact of optimal drug load on con-
jugate stability remain an active area of investigation.105,106

Patient-related factors that influence ADC pharmacoki-
netics and increase individual drug exposure may also play
important roles in ocular toxicity. Ocular AEs associated
with IMGN242 prompted a pharmacokinetic and pharma-
codynamic investigation of the effect of a soluble plasma
form of the CanAg antigen in patients with CanAg-
expressing tumors.107 This study demonstrated that patients
with low plasma CanAg levels (<1,000 U/mL) more consis-
tently developed ocular AEs than those with higher levels,
putatively due to comparatively lower clearance. Binding of
the conjugate in circulation and, subsequently, increased rate
of clearance likely contributed to this difference, which was
3- to 5-fold higher in patients with CanAg levels exceeding

1,000 U/mL. A corresponding correlation between circulating
CanAg levels and tumor CanAg expression, however, was
not observed. Based on these findings, the dosing regimen
reported in the phase II trial was amended,19 guided instead
by an individual patient’s plasma CanAg levels. In the 3 pa-
tients treated with the amended protocol, no ocular AEs were
reported.

To these authors’ knowledge, ocular AEs have not been
reported in published preclinical evaluations of ADCs. In
light of the unknown mechanism(s) of toxicity, AEs in clin-
ical trials have led to changes in the approaches to preclinical
evaluation of these agents.108 Areas of focus include incor-
poration of ophthalmic examinations into preclinical studies,
improvement in tumor modeling,109,110 and greater attention
to pharmacokinetics and pharmacodynamics.111 A more
exhaustive preclinical assessment in multiple species will
contribute more translatable data, with greater relevance to
human toxicity.

Administration of ADCs is associated with a diversity of
ocular AEs in human clinical trials, but the exact mecha-
nisms of toxicity are undetermined. While trends were ob-
served (i.e., higher comparative incidence of ocular AEs in
association with maytansinoid- and MMAF-containing
ADCs), the data presented here indicate that multiple on-
and off-target mechanisms of toxicity must be considered.
The majority of ocular AEs were mild and reversible, some
manageable with dose alteration and/or palliative therapy.
Drug development and medical professionals alike should
be aware of the clinical features of these effects to facilitate
early recognition and intervention in both preclinical and
clinical investigations.
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