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Patient: We present a 59-year-old woman with profound
subacute bilateral SNHL including unilateral deafness after
immunotherapy based on TCR gene therapy using modified T
cells recognizing melanoma antigen recognized by T cells 1 for
disseminated melanoma. Ten days after treatment, the patient
developed hearing loss of 57 dB hearing loss air conduction at
pure-tone average 0.5 – 1 – 2 – 4 kHz in the right ear,
and >100 dB hearing loss air conduction at pure-tone average
0.5–1–2–4 in the left ear. The right ear recovered partially,
while the left ear remained deaf, despite oral prednisolone
(1.0 mg/kg) and salvage treatment with three transtympanic
injections of 0.5 ml dexamethasone (4.0 mg/ml).
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evidence that TCR
gene therapy for melanoma targets the perivascular macro-
phage-like melanocytes in the stria vascularis, resulting
in SNHL. We suggest that SNHL after TCR gene therapy
may be caused by a disruption of the blood–labyrinth–
barrier and the endolymphatic potential and/or a sterile
inflammation of the stria vascularis. In severe cases like our
subject, we posit that endolymphatic hydrops or hair cell
loss may cause irreversible and asymmetrical deafness.
Steroid prophylaxis via transtympanic application is debat-
able. Key Words: Adoptive cell therapy—Melanoma—
SNHL—T cell receptor therapy—Treatment-related hearing
loss.

Otol Neurotol 40:e674–e678, 2019.
R) gene therapy is an internationally MART-1-specific TCR gene therapy
T cell receptor (TC
appreciated novel treatment option for metastatic mela-
noma, which is currently tested for its efficacy and toxicity
(1). In melanoma antigen recognized by T cells 1 (MART-
1)-specific TCR gene therapy, peripheral blood T cells are
genetically modified by engraftment of a MART-1-specific
TCR that recognizes melanoma cancer cells (1–3). Small
phase I/II studies reported partial tumor response rates up to
13 to 30% for patients with melanoma progressing upon
previous therapies (1). Interestingly, this specific form of
TCR gene therapy introduced a novel likely cause of
treatment-related sensorineural hearing loss (SNHL) into
our clinical practice (4). We aim to present a case of
asymmetric SNHL including deafness on one side after
and to discuss its
potential pathophysiology. The unilateral deafness demon-
strated here will probably influence the design of possible
future treatment strategies for these patients with regard to
the indication for TCR gene therapy itself or possible
combinations with other forms of immunotherapy.
CASE PRESENTATION

A 59-year-old woman with metastatic cutaneous mel-
anoma was included in a phase I/IIa clinical trial
(EudraCT no. 2011-002941-36) using MART-1-specific
TCR transduced T cells. Audiometry revealed normal
baseline hearing capacity (Fig. 1). First, the patient
underwent apheresis. Next, she was treated with cyclo-
phosphamide and fludarabine for the depletion of lym-
phocytes. One week later, 2.5 � 108 TCR-modified T
cells were reinfused into the patient.

In the evening of day 9 after infusion of T cells, she
complained of subacute bilateral hearing loss. The next
 reproduction of this article is prohibited.
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FIG. 1. Audiometric testing results for baseline hearing level (�); hearing level at onset of clinically overt hearing loss, which is 10 days after
Tcell receptor modified Tcell infusion (^); and the hearing level at end of steroid treatment (~). A, Pure-tone audiometry, only air conduction
(AC) thresholds are shown. Ten days after infusion of TCR transduced Tcells, hearing level was asymmetrically reduced to 57 dB HL AC at
pure-tone average (PTA) 0.5–1–2–4 kHz in the right ear and >100 dB HL AC at PTA 0.5–1–2–4 in the left ear—the left ear could not be
measured with adequate masking. After systemic steroid treatment, the right ear recovered to 24 dB HL AC at PTA 0.5–1–2–4 kHz. The left
ear remained deaf. B, High-frequency audiometry. The high frequencies in the right ear partially recovered. However, high frequencies could
not be heard in the left ear, which did not recover after steroid treatment. �The SPL thresholds shown at 8 kHz have been converted from HL
according to ISO 389-1. C, Speech perception for the right ear. Baseline discrimination scores are missing. At the onset of symptoms, the
maximum discrimination score was reduced to 40% at 100 dB SPL, which improved to a maximum of nearly 100% at 60 dB SPL. In the left
ear, there was no measurable speech perception. TCR indicates T cell receptor; SPL, sound pressure level; HL, hearing loss.
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morning, she reported bilateral ‘‘deafness.’’ Audiometric
testing showed asymmetric SNHL with a pure-tone
average 0.5–1–2–4 kHz of 57 dB hearing level air con-
duction in the right ear and a deaf left ear. Immediately,
systemic prednisolone (1 mg/kg/d) was administered.
After 2 weeks, the right ear significantly improved. In
an attempt to rescue the left ear, 0.5 ml topical dexa-
methasone (4.0 mg/ml) was given transtympanically at
days 25, 27, and 33 after T cell infusion. Nevertheless, the
left ear remained deaf. The right ear recovered to 24 dB
hearing level air conduction at pure-tone average 0.5–1–
2–4 kHz with speech discrimination of 97% at 60 dB
sound pressure level (Fig. 1C). Repeated audiometry
after 1 month showed similar results (not shown). The
patient did not complain of vestibular symptoms or
tinnitus. Unfortunately, the patient died from progressive
disease 4 months after treatment; therefore further fol-
low-up was impossible.

DISCUSSION

To our knowledge, this is the first patient described in
the literature that suffered SNHL including deafness on
one side after TCR gene therapy for melanoma.

TCR gene therapy is a relatively novel type of immu-
notherapy using autologous peripheral blood T cells
obtained from the patient through apheresis. These T cells
are genetically modified in vitro to possess specific TCRs
to target antigens expressed on melanoma cells (1,3–5),
for example MART-1, which is expressed on 80% of
melanoma cells (6). Next, the T cells are expanded and
reintroduced into the patient to kill the melanoma. Inter-
estingly, this therapy can be accompanied by SNHL,
decreased vision, and skin rash (4,7). These are probably
‘‘off-tumor on-target’’ side-effects, because melanocytes
with identical antigens can be found in the inner ear, uvea,
and epithelium of the skin (8).

The cochlear stria vascularis plays an important role in
the cochlear electromechanical transmission of sound
(Fig. 2A) (9–12). In the endolymph of the ductus coch-
learis a potential of þ80 mV is preserved, the so-called
endolymphatic potential (EP). The EP is needed for the
transmission of mechanical sound to electrical propaga-
tion of sound by the hair cells (HCs) (11). Various ion-
channels facilitate potassium (Kþ)-recycling into the
endolymph to maintain the EP (9,11,13,14). Both the
basal and marginal cellular layer of the stria vascularis
are linked by impermeable tight-junctions that prevent
electrochemical communication with adjacent structures
(Fig. 2A). Hence, the stria vascularis serves as a blood–
labyrinth barrier (BLB) that protects the cochlea from
toxic substances and prevents ionic exchange (9,11,15).
BLB impairment, among others, causes several forms of
SNHL, including noise-induced hearing loss and auto-
immune SNHL (9,10,12,14,16–18). The intermediate
cells, also known as perivascular macrophage-like mel-
anocytes (PVM/Ms), are essential for BLB function and
Kþ-homeostasis (9–16,18,19). We hypothesize that the
TCR-modified T cells target these PVM/Ms, because
Copyright © 2019 Otology & Neurotology, Inc. Unauthorized
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these melanocytes express melanoma-identical antigens
(8). In two trials of Seaman et al. and Johnson et al. half of
the 68 patients developed SNHL after TCR gene therapy
(4,7). Generally, SNHL recovered completely after topi-
cal steroid application, but the role and timing of admin-
istration remain unclear. We aim to discuss the potential
pathophysiology of SNHL after TCR gene therapy.

First, we think that TCR gene therapy can disrupt the
BLB and cochlear Kþ-recycling. Once the reinfused T
cells have invaded the stria vascularis, they may target
the PVM/Ms. PVM/Ms produce the pigment epithelium-
derived factor, which upregulates tight-junction proteins
(12,16,18). If TCR gene therapy targets the PVM/Ms,
these tight-junctions may be disrupted (Fig. 2B). Subse-
quent leakage of electrolytes may cause an EP drop and
diminished mechano-electrical transduction of sound.
Additionally, TCR gene therapy possibly affects cochlear
Kþ-transportation. Different ion-transporters regulate
Kþ-recycling, including KCNJ10 expressed by the
PVM/Ms (Fig. 2A) (11,13). If the PVM/Ms are being
targeted, Kþ-recycling may be hampered and subse-
quently, insufficient Kþwill be available for the marginal
cells to maintain the EP. Severe EP changes may induce
HC loss, resulting in permanent SNHL (20). The ability
to recover may depend on the duration and/or degree of
EP deterioration. Therefore, it is plausible that SNHL
after TCR gene therapy may be the result of an interrup-
tion of the BLB and Kþ-homeostasis.

Second, it could be that TCR gene therapy causes a
(sterile) inflammation of the stria vascularis with cytokine
involvement and reactive edema (Fig. 2B). Cytokines may
cause HC degeneration, as is observed in neomycin oto-
toxicity (21), noise-induced SNHL (22), and cytomegalo-
virus-related SNHL (23). Furthermore, toxic levels of
reactive oxygen species are known to induce cochlear cell
apoptosis in cisplatin ototoxicity (24,25) and cytomegalo-
virus-related SNHL (23). Potentially, TCR gene therapy
might similarly initiate cochlear cell degeneration by
cytokines and reactive oxygen species.

As a result of the above-suggested changes after TCR
gene therapy, it may be that endolymphatic hydrop forma-
tion takes place, as is for example seen after BLB destruc-
tion in guinea pigs (26,27). Leakage of the BLB enables
osmotic influx of ions and fluids into the cochlear duct,
which elevates the endolymphatic volume. Perhaps, this
might have caused a laceration of the Reissner’s membrane
with subsequent deafness. Although there is circumstantial
evidence that TCR gene therapy causes SNHL by targeting
the PVM/Ms, direct evidence for this causality is lacking.
Therefore, it would be valuable to study our proposed
pathophysiology in, for example, MART-1 knock-out mice.

Interestingly, the pathophysiology of SNHL after TCR
gene therapy seems comparable to SNHL in the Vogt–
Koyanagi–Harada disease (VKH). In this autoimmune
disease, which is initiated by anti-gp100 (28,29) and/or
anti-MART-1 (30) antibodies, melanocytes in the epi-
thelium of the skin, uvea, and cochlea are damaged.
Remarkably, in both VKH (28) and TCR gene therapy
SNHL can progress asymmetrically, while other forms of
 reproduction of this article is prohibited.



FIG. 2. A, Left: a schematic cross-section through the human cochlea, depicting the potassium (Kþ) recycling. Kþ is recycled from the
organ of Corti’s inner and outer hair cells (IHC and OHC) into the spiral ligament and subsequently via the stria vascularis back into the
endolymph of the cochlear duct to become available again for the hair cells for the electrochemical transmission of sound. Right (zoom): a
schematic model of the capillaries and the three types of cells situated in the stria vascularis: the basal cells, the intermediate cells (or PVM/
Ms) and the marginal cells. Furthermore, the most important ion-transporters for Kþ-recycling are shown, like the KCNJ10 transporter
located at the PVM/Ms. The tight-junctions play an important role in the function of the blood–labyrinth barrier because they prevent
electrochemical communication between the stria vascularis and adjacent structures. B, An overview of the proposed hypothetical
mechanisms behind the development of hearing loss after T cell receptor gene therapy for melanoma. The T cells may infiltrate the stria
vascularis and then recognize and damage the PVM/Ms, potentially resulting in ion- and fluid-leakage of the blood–labyrinth barrier. The
tight-junctions may break, resulting in an increased permeability of the stria vascularis. The leakage of ions and fluid may lead to a drop of the
endolymphatic potential (EP), edema and/or an elevated pressure in the stria vascularis and cochlear duct. Ultimately, it could be that this
results in the formation of endolymphatic hydrops and/or a laceration of the Reissner’s membrane. The infiltration of T cells may also be
accompanied by an inflammatory response with the involvement of cytokines, which may damage the cochlear structures. PVM/Ms
indicates perivascular macrophage-like melanocytes.
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ototoxicity generally develop symmetrically (31). It
could be that the immunopathology in VKH and TCR
gene therapy is site-dependent, resulting in asymmetric
hearing changes. In our opinion, the asymmetric aspect of
our patient’s SNHL and recovery may be another indi-
cation of the supposed underlying multifactorial patho-
physiology discussed above.

The ability to recover from cochlear inflammation
depends on the severity of inflammation (27). Indeed,
the occurrence of SNHL after TCR gene therapy seems to
Copyright © 2019 Otology & Neurotology, Inc. Unauth
be dose-dependent (7). PVM/Ms are supposedly capable
of self-renewal (10,17,32) and subsequent normalization
of the homeostasis likely improves hearing capacity. We
suggest that our patient developed cochlear damage
before the PVM/Ms got the chance to recover. However,
the follow-up was relatively short compared with previ-
ous studies (4,7). Theoretically, hearing capacity could
have improved at a later state. Unfortunately, the patient
died of progressive disease after 4 months, leaving no
opportunity for repeated audiometry.
orized reproduction of this article is prohibited.
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Hearing capacity significantly improves after steroid
treatment in VKH (29). Accordingly, steroid therapy may
prevent potential sterile strial inflammation proposed by
us to potentially be caused by TCR gene therapy. In this
respect, transtympanic application might be an ideal
strategy, as systemic steroids may affect the anticancer
effect of the T cells and higher cochlear dosing can be
achieved with transtympanic application (33). Following
earlier observations that SNHL starts 7 to 10 days after
the infusion of T cells (4,7), it may be considered to start
steroid application around the time of the infusion of T
cells and continue this for 10 days.

In conclusion, there is circumstantial evidence that TCR
gene therapy for melanoma targets the PVM/Ms in the stria
vascularis, resulting in SNHL. We suggest that SNHL may
be caused by a disruption of BLB and the EP and/or a
sterile inflammation of the stria vascularis. Hypothetically,
endolymphatic hydrops or HC loss may cause irreversible
and asymmetric deafness. It would be valuable to test our
proposed theories in animal studies.

Acknowledgments: The authors thank P.M. van Brussel for
providing the illustration shown in Figure 2.
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