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BACKGROUND. Recessive dystrophic epidermolysis bullosa (RDEB) is an incurable disease caused by mutations in the
gene encoding type VII collagen, the major component of anchoring fibrils (AF). We previously demonstrated that
gentamicin produced functional type VII collagen in RDEB cells harboring nonsense mutations. Herein, we determined
whether topical or intradermal gentamicin administration induces type VII collagen and AFs in RDEB patients.

METHODS. A double-blind, placebo-controlled pilot trial assessed safety and efficacy of topical and intradermal
gentamicin in 5 RDEB patients with nonsense mutations. The topical arm tested 0.1% gentamicin ointment or placebo
application 3 times daily at 2 open erosion sites for 2 weeks. The intradermal arm tested daily intradermal injection of
gentamicin solution (8 mg) or placebo into 2 intact skin sites for 2 days in 4 of 5 patients. Primary outcomes were
induction of type VII collagen and AFs at the test sites and safety assessment. A secondary outcome assessed wound
closure of topically treated erosions.

RESULTS. Both topical and intradermal gentamicin administration induced type VII collagen and AFs at the dermal-
epidermal junction of treatment sites. Newly created type VII collagen varied from 20% to 165% of that expressed in
normal human skin and persisted for 3 months. Topical gentamicin corrected dermal-epidermal separation, improved
wound closure, and reduced blister formation. There were no untoward side effects from gentamicin […]
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Introduction
Recessive dystrophic epidermolysis bullosa (RDEB) is an incur-
able, inherited skin disease characterized by skin fragility, blis-
ters, erosions, and scarring (1). RDEB is caused by mutations 
in the COL7A1 gene that encodes type VII collagen, the major 
component of anchoring fibrils (AFs) that tether together the 2 
main layers of skin, the epidermis and dermis (2, 3). With insuf-
ficient type VII collagen and AFs, the adherence between the 
epidermis and dermis is compromised and subepidermal blis-
tering from minor trauma ensues. RDEB families spend large 
sums of money on health care, with the annual costs readily in 
excess of $100,000 per year. Most patients die in childhood or 

early adulthood from an aggressive squamous cell carcinoma 
that develops in one of their chronic skin wounds (4).

The current mainstays of treatment for RDEB are palliative 
interventions that primarily consist of bandaging the skin, antibi-
otic treatment of skin infections, recurrent surgical debridement, 
endoscopic esophageal dilations, periodic transfusions of blood or 
iron, and nutritional sustenance (5). Unfortunately, there are no 
cures or even effective treatments for RDEB. Various therapeutic 
strategies have been envisioned for RDEB, including recombinant 
type VII collagen–based protein therapy (6–10), bone marrow 
stem cells, or allogeneic dermal fibroblast–based cell therapy and 
transplantation of gene-corrected keratinocyte autografts (11–17). 
However, none of these therapies are consistently effective, and 
some have associated morbidity and mortality.

According to the Human Gene Mutation Database, 12% of 
all mutations reported are nonsense mutations that result in pre-
mature termination codons (PTCs) (18). A nonsense mutation-
suppression therapy for genetic diseases has emerged based on 
the ability of aminoglycosides and other compounds to allow 
translation to proceed through PTCs caused by nonsense muta-
tions (19, 20). Aminoglycoside antibiotics, such as gentamicin, 
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who harbor nonsense mutations. Using keratinocyte 
and fibroblast cultures from several RDEB patients 
harboring nonsense mutations, we showed that ami-
noglycosides induced PTC read-through and restored 
functional, full-length type VII collagen (34). In addi-
tion, we showed that aminoglycosides were capable 
of promoting PTC read-through and inducing full-
length type VII collagen in HEK293 cells transfected 
with type VII collagen expression constructs har-
boring 22 different known RDEB nonsense muta-
tions. Considering these promising in vitro results, 
we performed a double-blind, placebo-controlled 
clinical trial by treating defined test sites in 5 RDEB 
patients harboring nonsense mutations with short-
term topical and intradermally injected gentamicin 
to determine whether gentamicin could induce PTC 
read-through and create new type VII collagen and 
AFs in RDEB patients with nonsense mutations. We 
found that gentamicin treatment delivered by either 
method induced new type VII collagen and AFs. The 
generation of new type VII collagen and AFs in the 

topical gentamicin–treated test sites was also associated with 
a trend toward improved wound closure, more durable closed 
wounds, and a reduction in new blister formation.

Results
Patients. Five RDEB patients with bona fide nonsense mutations 
were recruited from previously published studies of RDEB patients 
(35, 36). The patients were first recruited in February 2015, and the 
study was completed in September 2016. All 5 patients (3 adults 
and 2 children) met our inclusion criteria, completed the study, 
and were assessed for the primary and secondary end points (Fig-
ure 1). The primary end points for this double-blind and placebo-
controlled pilot study were the expression of new type VII collagen 
and AFs in the dermal-epidermal junction (DEJ) of the test sites 
and an assessment of safety, especially the detection of any oto-
toxicity or nephrotoxicity as well as the production of anti–type 
VII collagen antibodies. A secondary end point was assessment of 
wound closure of the topically treated open wounds. For topical 
treatment, all 5 patients had 2 open erosive test sites that received 
either topical gentamicin 0.1% ointment or placebo (ointment 
alone) 3 times each day for 2 weeks. For intradermal treatment, 
in 4 of the same 5 patients (1 patient declined to participate in this 

can promote PTC read-through by binding to a specific site in 
mammalian ribosomal RNA, impairing codon-anticodon recog-
nition at the aminoacyl-transfer RNA acceptor site, and restor-
ing the full-length functional protein (19, 20). Aminoglycosides 
affect PTCs while not appearing to induce significant misreading 
at normal stop codons in eukaryotes. This is likely due to contex-
tual differences of the mRNAs between normal stop codons and 
PTCs as well as PTC-associated mRNA retention in the nucleus, 
which maintains gene expression fidelity (21, 22). Gentamicin 
has been shown to promote PTC read-through in several genet-
ic disorders, such as cystic fibrosis (CF), Duchenne’s muscular 
dystrophy (DMD), hemophilia, and retinitis pigmentosa (23–
27). Topical gentamicin applied to the nasal epithelium of CF 
patients restored the CF transmembrane conductance regulator, 
while intravenous gentamicin has also been shown to improve 
the prognosis of patients with CF and DMD (28–31).

More than 800 distinct mutations have been identified in 
RDEB patients, in which the prevalence of nonsense mutations 
in RDEB approaches 30% (32, 33). Nonsense mutations result 
in PTCs that cause a truncated or unstable type VII collagen. 
Therefore, nonsense suppression therapy to overcome PTCs 
would be of considerable benefit to the 30% of RDEB patients 

Figure 1. CONSORT flow diagram. Flowchart summarizing RDEB patient enrollment 
and completion of the trial.

Table 1. Summary of mutations, type VII collagen expression, and AFs of the 5 study patients

ID PT1 PT2 PT3 PT4 PT5 NHS
Sex Male Male Female Female Male
Age (yr) 29 16 31 26 8
Allele 1/allele 2 R578X/V168GfsX12 R578X/R578X R2814X/IVS17-2delA R236X/IVS85-1G>A R613X/R1683X –/–
Type VII collagen at DEJ %A 2.0 0 4.5 11.6 0.8 100
AFsB 0 0 0 + 0 +++++
AAssessed by IF staining using a rabbit polyclonal antibody to type VII collagen. Expression levels at the DEJ were calculated from comparison with NHS; 
see Methods. BAssessed by IEM using a mouse monoclonal antibody to NC1 and scored as absent (0); thin and wispy (+); and full complement of mature 
AFs (+++++). NHS from multiple sources was used for comparison with patient samples.
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Figure 2C shows the quantification of type VII collagen 
expression at the DEJ relative to that of NHS (100%). At 1 month, 
patients 3 and 4 had type VII collagen expression that was 153% 
and 166% of that in NHS, respectively. Surprisingly, the type VII 
collagen expression was sustained at the 3-month clinic visit and 
was unchanged from 1 month for patient 3 and reduced to 50% 
of that in NHS for patient 4. Although all 5 patients responded 
to gentamicin, as shown in Figure 2C, the responses were vari-
able. Patient 1 had a baseline type VII collagen level that was only 
2% of that of NHS, and topical and intradermally injected gen-
tamicin increased the expression to 58% and 40%, respectively. 
Patient 2 had no baseline type VII collagen expression, and at 1 
month, topical and intradermal gentamicin restored the type VII 
collagen expression to 19% and 18%, respectively. Patient 5 had a 
baseline expression of type VII collagen of less than 1% of that in 
NHS. Topical gentamicin increased the type VII collagen expres-
sion above 20% at months 1 and 3. For all 5 patients, test sites 
treated with placebo did not reveal any type VII collagen expres-
sion at the DEJ above baseline.

Since the IF analysis from each patient at each time point was 
from 1 skin sample, to generate a statistically significant measure 
of type VII collagen induction in response to gentamicin treat-
ment, we compiled type VII collagen IF data from all 5 patients 1 
month after receiving either topical or intradermal gentamicin or 
placebo. As shown in Figure 2D, compared with placebo-treated 
sites, the gentamicin-treated sites exhibited a statistically signifi-
cant increase in type VII collagen production (P = 0.037 for topical 
and P = 0.043 for intradermal).

To determine whether the induced type VII collagen was full 
length, we performed IF staining of patient skin sections at day 0 
and 1 month after gentamicin treatment using a monoclonal anti-
body, LH24, specific to the C-terminal noncollagenous domain 
(NC2) of type VII collagen. Before treatment, there was no detect-
able full-length type VII collagen at the DEJ. In contrast, after gen-
tamicin treatment, there was increased type VII collagen observed 
at the DEJ for all 5 patients, consistent with the results from IF 
staining with the polyclonal anti-NC1 antibody (Supplemental 
Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI92707DS1). These data indicate that 
gentamicin-induced type VII collagen is indeed full length.

As shown in Supplemental Figure 2, the sites treated with 
topical gentamicin exhibited more adherence of the epidermis 
to the dermis compared with the placebo-treated sites. In con-
trast to the fluidity of type VII collagen at the DEJ in response 
to gentamicin, another DEJ component, laminin 332, was not 
altered from baseline at 1 and 3 months in any of the test sites 
when frozen sections were labeled with a monoclonal antibody 
to laminin 332 (data not shown).

To determine whether the gentamicin-induced type VII col-
lagen could create new AFs at the DEJ, we carried out IEM using 
a monoclonal antibody to type VII collagen. As shown in Fig-
ure 3, there was no labeling with gold particles or AF structures 
observed in the test sites of patient 3 or patient 4 that were treat-
ed with placebo at 1 month. In contrast, the topical gentamicin-
treated test sites of patient 3 and patient 4 had abundant anti–
type VII collagen immunogold labeling of the lamina densa and 
multiple, mature, large AF structures that persisted for at least 

part of the trial), 2 intact skin test sites remote from topical sites 
were intradermally injected with 8 mg of gentamicin or placebo 
each day for 2 days. Intradermal injections of gentamicin and pla-
cebo were not done for patient 5 due to the wishes of the patient 
and his parents. All 5 patients had follow-up visits at 1 month and 3 
months. The clinical data of the patients participating in the study 
are shown in Table 1. By immunofluorescence (IF) staining with 
a polyclonal antibody to the N-terminal noncollagenous domain 
of type VII collagen (NC1), patient 2 expressed no type VII col-
lagen at his DEJ. The other 4 patients all had marked decreased 
expression of type VII collagen at their DEJ, with less than 12% of 
that expressed in normal human skin (NHS). AFs were evaluated 
by immunoelectron microscopy (IEM) with a monoclonal anti-
body specific for type VII collagen. As shown in Table 1, 4 of the 5 
patients had an absence of AFs in the skin. One of the patients had 
sparse, thin, wispy AFs.

Gentamicin induced new type VII collagen and AFs. We evaluated  
the expression of type VII collagen at the DEJ on the skin-biopsy 
specimens by IF for baseline biopsies and topical (Figure 2A) and 
intradermal (Figure 2B) gentamicin- or placebo-treated sites at 
months 1 and 3. Patient 1 and patient 2 had minimal to no detect-
able type VII collagen expression at baseline or in placebo-treated 
sites. In contrast, at months 1 and 3, there was increased type VII 
collagen expression at the DEJ of sites treated with both topical 
and intradermal gentamicin. Patients 3 and 4 had minimal type 
VII collagen at the DEJ at baseline and in placebo-treated sites. 
At months 1 and 3, however, the gentamicin-treated sites showed 
continuous, new type VII collagen at the DEJ that exceeded that of 
NHS. Patient 5 had minimal type VII collagen expression at base-
line or in the placebo-treated sites. In contrast, there was increased 
type VII collagen expression at the DEJ at sites treated with topical 
gentamicin at both 1 and 3 months. Similar results were obtained 
when skin specimens were additionally probed with 2 commer-
cially available monoclonal antibodies to the NC1 domain of type 
VII collagen (data not shown).

Figure 2. Topical and intradermal gentamicin treatment generated 
new type VII collagen in RDEB patients. IF staining with a polyclonal 
antibody to type VII collagen on skin biopsy specimens taken at day 0, 1 
month (1M), and 3 months (3M) after treatment with topical gentamicin 
(T-gent) or topical placebo (T-plac) (A) and intradermally injected genta-
micin (I-gent) or placebo (I-plac) (B). Note that  gentamin induced type 
VII collagen at the DEJ of the skin of all 5 patients who received topical 
gentamicin applied to open erosive test sites (A) and that intradermally 
injected gentamicin induced type VII collagen at the DEJ of all 4 patients 
who received the injections (B). All images were obtained using the same 
camera at identical exposure times. (C) Mean average fluorescence inten-
sity for type VII collagen immunoreactivity was obtained from the images 
shown in panels A and B. Frozen sections were probed with a polyclonal 
antibody to type VII collagen, and the intensity of type VII collagen at 
the DEJ of each specimen was measured by computer-assisted ImageJ 
software and compared with the intensity of type VII collagen in NHS. The 
y axis shows the intensity of type VII collagen in the DEJ of the test sites 
expressed as a percentage of the average obtained from NHS (100%). 
Data represent the mean ± SD. (D) Mean average fluorescence for type VII 
collagen expression from each patient was determined and compiled for 
each treatment. Mean ± SEM are shown to the right of individual sample 
data. P = 0.037 (n = 5) for topical and P = 0.043 (n = 4) for intradermal. 
Statistical significance was determined by 2-tailed Welch’s t test. PT1, 
patient 1; e, epidermis; d, dermis. Scale bars: 50 μm.
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and then blister and open in response to minimal trauma. The pre-
disposition for trauma of paired test sites was not controlled and 
was a confounding variable of the study. Nevertheless, as shown in 
Table 2, test sites treated with topical gentamicin trended toward 
improved wound closure compared with placebo-treated sites. The 
2 parameters assessed and summarized in Table 2 were the per-
centage of wound closure compared with the initial wound area 
based on image analysis of standardized photographs taken at the 1 
and 3 month clinic visits and new blister formation over the course 
of the study based on patient diaries and weekly questionnaires, 
as described in Methods. Compared with the placebo-treated test 
sites, 4 of the 5 patients’ test sites treated with gentamicin demon-
strated enhanced wound closure and had less new blister formation 
over the course of the 3-month study. Figure 4 shows representa-
tive images of test sites treated with topical placebo or gentamicin 
in 4 patients. In these patients, the treatment sites that received 

3 months, demonstrating correction of the major ultrastructural 
abnormality seen in RDEB skin. Likewise, for patient 3, intra-
dermal gentamicin also resulted in robust labeling of the lamina 
densa and AFs. Taken together, these data indicate that admin-
istration of gentamicin can generate new type VII collagen and 
new AFs in these RDEB patients.

Topical gentamicin improved wound closure and reduced blis-
ter formation. RDEB patients have severe skin fragility, and slight 
trauma raises new skin blisters and wounds. The patients in this 
study were not immobilized and were allowed their normal routine 
activity throughout the study. For the test sites that were treated 
topically with gentamicin or placebo, 2 open wounds were selected 
on each patient and matched for similar location, size, and chro-
nicity (see Table 2). RDEB wounds are quite dynamic because skin 
fragility and trauma play large roles in the induction of new open 
wounds. A given wound will close and heal at one point in time 

Figure 3. Topical or intradermal gentamicin treatment 
generated new AFs in RDEB patients. Skin sections taken 
from patients 3 and 4 at 1 month and 3 months after 
treatment, as indicated, were subjected to IEM by labeling 
en bloc with a murine monoclonal antibody, mAb 185, to 
type VII collagen, followed by anti-mouse IgG–conjugated 
immunogold particles (black dots). The photomicrographs 
consist of low magnification images shown in A with black 
boxes highlighting the regions shown in the high mag-
nification images (B). Note that in the placebo-treated 
test sites, there was no labeling of the DEJ and there were 
no visible AFs in either patient. In contrast, skin biopsy 
samples from both topical and intradermally injected 
gentamicin test sites exhibited intense gold labeling of the 
lamina densa and many well-labeled AFs (arrows). Scale 
bars: 250 nm (A); 100 nm (B).
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topical gentamicin closed within 1 month and were still intact at 3 
months. In contrast, the placebo-treated wounds for these patients 
were more often open and continually developed new blisters and 
erosions throughout the course of the study.

Safety. A number of safety parameters were performed before 
treatment and at each posttreatment visit. These included com-
plete blood counts, blood urea nitrogen, creatinine, calculated cre-
atinine clearance, electrolytes, liver function tests, and pure-tone 
audiometry. None of these parameters changed significantly after 
treatment at 1 and 3 months.

Because gentamicin can induce PTC read-through and cre-
ate new full-length type VII collagen, including type VII collagen 
domains that the patient’s immune system had not seen previous-
ly, there was the possibility that the patients would generate anti–
type VII collagen antibodies. If they did make such antibodies, it 
was possible that these treated RDEB patients would then develop 
a secondary disease, namely, a well-described acquired autoim-
mune bullous disease called epidermolysis bullosa acquisita (EBA) 
(37, 38). EBA patients make pathogenic anti–type VII collagen anti-
bodies that bind to and perturb the function of their AFs. There-
fore, we determined whether gentamicin-induced type VII colla-
gen would induce an immune response in these RDEB patients. 
Sera from gentamicin-treated RDEB patients were obtained at 
day 0 and 1 month after treatment and then subjected to tests for 
circulating anti–type VII collagen antibodies with a commercially 
purchased ELISA coated with NC1 and NC2 antigens to determine 
the presence of anti–type VII collagen antibodies as described 
(35). As shown in Figure 5A, none of the patients’ sera exhibited 
any increases in anti–type VII collagen IgG at 1 month after gen-
tamicin treatment. In addition, direct IF staining performed on all 
patients’ skin at months 1 and 3 did not reveal any anti–type VII 
collagen antibody deposits in the DEJ of their skin (Figure 5B). We 
were able to obtain sera from 3 of our patients 1 year after initial 
treatment. With ELISA, there was no increase in anti–type VII col-
lagen antibodies in these patients (data not shown).

Discussion
In the study, we found that both topical and intradermal admin-
istration of gentamicin to RDEB patients with nonsense muta-
tions induced PTC read-through and created new type VII col-

lagen and AFs that persisted for at least 3 months. Importantly, 
short-term gentamicin by either route of administration did not 
produce any untoward side effects in any of the patients. In addi-
tion, the open wounds treated with topical gentamicin exhibited 
improved epidermal-dermal adherence, reduced new blister 
formation, and enhanced wound closure compared with that of 
wounds treated with placebo.

The goal of any RDEB therapy is to generate sufficient levels 
of functional full-length type VII collagen that is properly located 
in the DEJ of the patient’s skin and that creates sufficient AF struc-
tures to provide good adherence between the epidermis and dermis 
of the skin. One does not need to have 100% of the normal com-
plement of AFs observed in NHS to have good epidermal- dermal 
adherence. Rather, there are several lines of evidence to show that 
only 35% of the number of AFs in NHS is sufficient to provide good 
epidermal-dermal adherence (39, 40). Therefore, restoration of 
type VII collagen to 35% of that seen in NHS or greater is a valid 
therapeutic goal. In this study, we showed that gentamicin induced 
PTC read-through and restored type VII collagen at the DEJ of 3 
RDEB patients to levels of more than 50% that of NHS.

Our previous in vitro study utilized fibroblasts from 2 patients 
enrolled in the current study (patients 2 and 5) and showed that 
gentamicin induced type VII collagen expression at 15%–40% 
of that of normal human fibroblasts (34). In the present human 
study, in response to gentamicin, these 2 patients generated type 
VII collagen levels that were 19%–23% of that of NHS. Patient 3 
had the greatest response to gentamicin, with type VII collagen 
levels exceeding that of normal skin. Patient 3’s fibroblasts in cul-
ture, likewise, generated the highest levels of type VII collagen in 
response to gentamicin (data not shown). Similar correlations of 
the in vitro–cultured cell responses and in vivo clinical responses 
to gentamicin have been reported in patients with CF (31). In our 
study, the number of patients is small, but it is possible that the in 
vitro responses of cell cultures to gentamicin may predict the clini-
cal response of the patient to gentamicin therapy.

In this study, it is interesting to note that despite stop codon 
mutations, the majority of the RDEB patients expressed small 
amounts of mutated type VII collagen before gentamicin treat-
ment (4 of 5 patients; see Table 1). Similar findings were reported 
in other genetic diseases caused by PTCs, such as CF and DMD. 

Table 2. Characteristics and clinical assessment of the test sites treated topically in the 5 study patients

ID PT 1 PT 2 PT 3 PT 4 PT 5
Treatment Gentamicin Placebo Gentamicin Placebo Gentamicin Placebo Gentamicin Placebo Gentamicin Placebo
Location Left  

shoulder
Right  

shoulder
Lower 

abdomen
Right  
thigh

Right  
thigh

Right  
thigh

Left  
shoulder

Left  
back

Upper  
left arm

Upper  
right arm

Treated area (cm2) 13.0 11.3 16.1 16.3 11.0 11.1 4.1 3.8 4.5 4.5
Wound historyA > 3 yr > 3 yr 1–3 yr 1–3 yr > 3 yr > 3 yr 1–3 yr < 1 yr < 1 yr < 1 yr
Wound closureB 1 mo +++ + +++ + +++ + + +++ +++ ++

3 mo +++ +++ +++ + +++ + + + +++ ++
Blistering eventsC 0–1 mo 0 1 0 1 0 1 1 0 0 1

0–3 mo 1 3 1 3 1 4 1 1 0 2
AApproximate age of recurrent wounds at treated sites based on patients’ recollection. BPercentage of wound closure based on clinical photographs taken 
at day 0, month 1, and month 3; see Methods. Percentage of wound closure: +++, 85%–100%; ++, 50%–85%; +, < 50%.CNumber of blistering events over 
the 1 month and 3 months of the study were recorded in patient diaries. Each new blister event observed at treatment site was counted as 1.
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In addition, it was reported that baseline protein expression was 
responsible for stable transcripts escaping nonsense-mediated 
decay (NMD) and appeared to be predictive of a positive gentami-
cin response in patients with CF and DMD (27, 30). In accordance 
with these studies, the RDEB patients who had some baseline type 
VII collagen at their DEJ responded more favorably than patients 
who had minimal or no type VII collagen in their skin. For example, 

patient 3 and patient 4, who had the highest levels of pretreatment 
type VII collagen in their skin, responded the best to gentamicin, 
with induced new type VII collagen levels of over 150% of those 
of NHS. In contrast, gentamicin treatment of patient 2, who had 
no pretreatment type VII collagen, resulted in new type VII colla-
gen expression that was only 20% of that observed in NHS. These 
data indicate that mRNA transcripts escaping NMD may serve as 
a template for stop codon read-through induced by gentamicin. As 
with CF and DMD, it is possible that having a basal level of type 
VII collagen at the DEJ of skin can potentially serve as a marker 
for those most likely to respond to PTC read-through treatment.

Compared with the proteins generated by gentamicin in CF 
and DMD patients with nonsense mutations, type VII collagen is 
a much larger protein (MW = 900 kDa as a trimer) that becomes 
conformed into even larger connective tissue structures. Colla-
gens are long-lived, stable macromolecules with slow turnover 
times (41, 42). We have shown previously that injected human 
recombinant type VII collagen stably incorporated into the DEJ of 
RDEB-like mice and persisted there for at least 3 months (7, 10). 
In this study, 3 of the treated patients maintained type VII colla-
gen levels in excess of 50% of that in NHS for at least 3 months. 
Given this response to short-term gentamicin treatment and the 
marked stability of AFs once they are formed, we believe that in 
RDEB patients with nonsense mutations, gentamicin could likely 
be delivered as short-term, pulse therapy to maintain a sufficient 
number of AFs at their DEJ.

Since the insertion of a random amino acid in some read-
through product may generate full-length proteins that are not 
fully functional, it is important to assess whether gentamicin-
induced type VII collagen resulted in clinical improvement. The 
evidence in this study that the gentamicin-induced type VII col-
lagen was functional in these patients is the fact that it formed nor-
mal AF structures. In addition, topically administered gentamicin, 
compared with placebo, improved dermal-epidermal adherence, 
induced durable wound closure of erosive skin wounds, and 
decreased new blister formation at the treated sites. A previously 
reported study showed that needle injection of RDEB skin and 
the administration of fibroblast culture medium alone generated 
an observable clinical improvement (43). In the current study, 
however, neither the placebo ointment applied topically nor the 
placebo injected intradermally demonstrated any positive clinical 
effect or generated any increase in type VII collagen or AFs at the 
treatment sites. It is important to point out that previous intrader-
mal injection of fibroblast culture medium was performed in open 
wounds, whereas the intradermal injections of placebo in the cur-
rent study were performed on intact skin, not open wounds.

In RDEB, the majority of skin erosions and wounds are colo-
nized with ambient bacteria, and therefore, any antibiotic that 
reduces bacterial colonization by itself will improve wound closure. 
Therefore, it is possible that topical gentamicin improved wound 
closure due to its antimicrobial effects rather than its ability to 

Figure 4. Topical gentamicin improved wound closure. Representative 
photographs of the open erosion test sites prior to treatment and at day 
0, 1 month, and 3 months after treatment with either topical gentamicin 
or topical placebo in patient 1 (A), patient 2 (B), patient 3 (C), and patient 5 
(D). Yellow dotted lines indicate the treated areas. Scale bars: 1 cm.
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of autoimmunity against new type VII collagen domains that the 
patient’s immune system had never seen. The patient’s immune 
system may view the new type VII collagen domains as a “non-
self ” foreign protein and mount an immune response. Since the 
central deficit in RDEB patients is the lack of type VII collagen and 
AFs and the goal of any curative therapy is to restore type VII colla-
gen and AFs, this potential problem will exist with any therapeutic 
approach to RDEB. It is important to point out that more than 60% 
of RDEB patients retain the NC1 domain of type VII collagen (44), 
which contains the most antigenic regions within type VII collagen 
for antibody production (45, 46). Therefore, most RDEB patients’ 
immune systems have seen the most antigenic part of the mole-
cule and recognize it as a self-protein. Fortunately, in this study, 
gentamicin therapy did not induce any new anti–type VII collagen 
autoantibodies in the sera of these patients, nor were there any 
new anti–type VII collagen antibody deposits in the patients’ skin.

While our data demonstrated the safety and efficacy of gen-
tamicin therapy in restoring type VII collagen to RDEB patients, 
there were several limitations to this pilot study related to the 
design and conduct of the present study. The number of patients 
studied was small. Only 5 patients with bona fide RDEB due to 
nonsense mutations in their COL7A1 gene were studied. This is 
because RDEB itself is exceedingly rare (0.5–1 per 1 million pop-
ulation) and those with nonsense mutations even rarer (47). The 

induce PTC read-through and increase type VII collagen and AFs. 
In this study, we found that none of the test sites (either treated with 
gentamicin or placebo) exhibited a frank infection at day 0 and 
during the 3-month treatment period. While it is possible that the 
gentamicin-treated sites had lower bacterial counts, the generation 
of new type VII collagen and AFs at the DEJ only in the gentamicin-
treated sites strongly suggests that the likely major mechanism by 
which gentamicin improved clinical wound healing was by its abil-
ity to read through PTCs and generate new type VII collagen and 
AFs. This is consistent with our previous study showing that topical 
recombinant type VII collagen promotes wound closure (8).

It is well known that 2 major potential side effects associated 
with gentamicin use are nephrotoxicity and ototoxicity. We found 
no evidence of either with our short-term topical and intradermal 
gentamicin at 1 and 3 months after treatment. This was expected, 
since our topical and intradermal doses were far less than those 
used in previously published clinical studies (DMD and CF) in 
which systemic gentamicin at 7.5–10 mg/kg exhibited no toxicity 
(30, 31). The amounts of gentamicin administered in our current 
study were much lower than systemic doses of gentamicin routinely 
given to patients for infections, even if 100% of the topical or intra-
dermal gentamicin had entered the subject’s systemic circulation.

One potential side effect of newly generated type VII col-
lagen by gentamicin treatment in these patients is the induction 

Figure 5. Topical and intradermal gentamicin do not induce anti–type VII collagen antibodies. (A) Sera were obtained from RDEB patients before and 1 
month after receiving gentamicin treatments and subjected to an ELISA using a commercially available ELISA kit against type VII collagen. Note that low-level 
anti–type VII collagen IgG antibodies were detected in 2 of the RDEB patients at day 0. However, none of the patients’ sera exhibited any increases in anti–type 
VII collagen IgG antibodies at 1 month after gentamicin treatment. Serum from a patient with EBA was used as a positive control, while serum from a normal 
human subject (NHS) was used as a negative control. Data represent the mean ± SD. (B) Skin biopsies from the gentamicin-treated test sites were obtained 1 
month and 3 months after treatment and subjected to direct IF using an FITC-conjugated goat anti-human IgG antibody. Note that no IgG deposits of human 
anti–type VII collagen IgG were detected in any of the test sites. Scale bar: 50 μm.
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tages compared with these therapies. First, the RDEB patients are 
not exposed to live cells, exogenous DNA or RNA, or viral vectors. 
Secondly, topical and intradermal gentamicin are commercially 
available, safe, inexpensive, and logistically simple to apply. Finally, 
gentamicin is exceedingly well characterized, with its potential side 
effects known, and either administration tested here can be readily 
performed in an outpatient clinic or at home.

In summary, our study demonstrates for what we believe is the 
first time that pharmacological suppression of PTC mutations by 
gentamicin in RDEB patients can restore sufficient levels of func-
tional type VII collagen and AFs. The future goals of our research 
will be to determine the dose of gentamicin and the frequency of 
gentamicin delivery that optimize the generation of type VII col-
lagen and AFs at the DEJ of RDEB patients. We will also determine 
whether gentamicin could be administered systemically to these 
patients and simultaneously treat all of their wounds, including 
those in the esophagus. We believe gentamicin therapy holds 
great promise for the 30% of RDEB patients who carry nonsense 
mutations. Finally, gentamicin-mediated therapy for suppressing 
PTCs may also be applied to other inherited skin diseases caused 
by nonsense mutations.

Methods
Patients and interventions. Gentamicin is a well-studied, FDA-approved 
antibiotic, and our study was essentially an off-label use of gentamicin. 
The inclusion criteria for this study were as follows: (a) RDEB patients 
with a nonsense mutation in COL7A1 in either 1 or 2 alleles and (b) an 
absence or severe decrease in type VII collagen expression at their DEJ 
when compared with that of NHS. The exclusion criteria for this study 
were as follows: (a) preexisting renal or auditory impairment, (b) aller-
gies to aminoglycosides or sulfate compounds, (c) pregnancy, and (d) 
exposure to gentamicin within the past 6 weeks.

We treated 5 RDEB patients that were previously character-
ized with nonsense mutations (35, 36). All 5 patients (3 adults and 
2 children) had severe skin disease (widespread blisters, erosions, 
scarring, and milia formation) and associated medical complica-
tions such as anemia and esophageal strictures. The study was 
double blind and placebo controlled at its onset. For the topical 
arm, gentamicin sulfate 0.1% ointment in white petrolatum or the 
ointment alone (prepared and blinded by Pasadena City Pharmacy) 
was applied 3 times a day to 2 open erosions for 2 weeks. Uninfected 
wounds were matched for size, location, and chronicity when pos-
sible (see Table 2). For the intradermal arm in the same patients, 
200 μl gentamicin solution (40 mg/ml, Hospira Inc.) or placebo was 
injected intradermally into 2 intact skin test sites, remote from the 
topical sites, daily for 2 days. The gentamicin test sites received 8 
mg per day for a total dose of 16 mg. The patients had follow-up vis-
its at 1 month and 3 months.

Clinical and safety assessments. The patients were called weekly, 
and a brief standardized telephone questionnaire was completed. The 
patients kept a daily diary and photographed their test sites once a 
week. Patients’ test sites that received topical gentamicin or placebo 
were assessed at 1 month and 3 months for the percentage of wound 
closure and for new blister formation over the study period. For assess-
ment of wound closure, the areas of open wounds were measured 
using marked, matched photographs taken during clinical visits. Stan-
dardized digital photographs were taken of the test sites, and wound 

second limitation is that only 2 open-wound test sites treated with 
topical agents and 2 intact skin test sites treated with intradermal 
injections were evaluated. This limitation was due to designing a 
pilot study that had a tolerable number of skin biopsies for each 
patient. RDEB patients have been traumatized since birth by doc-
tor visits and have a substantial fear factor, particularly involving 
skin biopsies. For that reason, each patient only had 4 test sites for 
evaluation. The small number of patients and the small number 
of wounds evaluated made the study less amenable to a robust 
statistical analysis. A third limitation was choosing the test sites. 
While we tried to choose open wound areas of roughly the same 
size and duration being open, the latter parameter relied on the 
patient’s memory of the wounds. In general, the test sites chosen 
by the patients were reported to be chronic, nonhealing wounds. 
RDEB patients have marked skin fragility and their blisters and 
erosive wounds are initiated by innocuous trauma. In pairing the 
2 test sites, we did not match them for how likely they were to be 
subjected to trauma. Therefore, it is conceivable that one test site 
was in an area that was more prone to trauma than its matched test 
site. This may have been the case with patient 4, where the topical 
gentamicin–treated test site was exposed to more trauma than the 
placebo-treated test site. This may have confounded any wound-
healing benefit provided by gentamicin despite the observed 
increased in type VII collagen (see Table 2). Finally, there are at 
least 70 reported unique nonsense mutations associated with 
RDEB, and the present study only examined 5 nonsense muta-
tions. Our data may not reflect all potential responses in patients 
harboring other different nonsense mutations. It is important, 
however, to point out that 4 nonsense mutations studied here, 
R236X, R578X, R1683X, and R2814X, are recurrent mutations 
in RDEB patients and account for 8% of total RDEB patients and 
25% of RDEB patients who have nonsense mutations (32, 33).

While the 5 RDEB patients carry 5 different types of nonsense 
mutations in this study, 2 mutations, R236X and R2814, were par-
ticularly responsive to gentamicin-induced PTC read-through, 
while 3 other mutations, R578X, R613X and R1683X, showed 
less response. It has been shown previously that the type of stop 
codon (UGA>UAG>UAA) as well as the immediate downstream 
nucleotides (C>U>G>A) determine the relative read-through 
ability of any particular PTC mutation (18, 21). In our previous in 
vitro study of 22 RDEB nonsense mutations, we observed differ-
ential responses to gentamicin (34). However, we did not observe 
an apparent correlation between the read-through capacity and 
the type, context of each stop codon, or proximity to exon-intron 
boundaries, albeit with a limited sample size examined.

Various therapeutic strategies have been envisioned for RDEB 
based on preclinical animal models and clinical trials. These have 
included intradermal injection of allogeneic dermal fibroblasts or 
gene-corrected RDEB fibroblasts (11, 14, 16), intradermal injection 
of lentiviral vectors expressing type VII collagen (48), intradermal 
injection or topical application of recombinant type VII collagen 
protein (6–8), intravenous injection of type VII collagen protein itself 
or fibroblasts that synthesize and secrete type VII collagen (9, 10, 
12), transplantation of bone marrow stem cells, and gene-corrected 
keratinocyte autografts (13, 15, 17, 49). None of the above are con-
sistently efficacious, and some of them involve substantial risk and 
considerable invasiveness. Gentamicin therapy has many advan-
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lagen antibodies deposited in the patients’ skin, skin biopsy samples 
were subjected to direct IF staining using FITC-conjugated goat anti-
human IgG (Sigma-Aldrich), as previously described (35, 37, 38).

Statistics. To obtain statistical significance concerning the type 
VII collagen induction in response to gentamicin treatment, we com-
piled mean average fluorescence from 6 independent evaluations for 
type VII collagen expression from each patient biopsy at 1 month after 
receiving either topical or intradermal gentamicin or placebo and 
determined statistical significance using 2-tailed Welch’s (unequal 
variance) t test. n = 5 for topical treatments. n = 4 for intradermal treat-
ments. A P value of less than 0.05 was considered significant.

Study approval. The study protocol was approved by the IRB of 
USC, and all investigations were conducted according to Declaration 
of Helsinki principles. Written, informed consent was obtained from 
all patients prior to the onset of the study. The study was registered at 
ClinicalTrials.gov (NCT02698735).
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areas were determined with an image analyzer (AlphaEase FC version 
4.1.0; Alpha Innotech) as described (8, 12). Wound closure percentag-
es were graded as follows: 85%–100% (+++); 50%–85% (++); and less 
than 50% (+). New blister formation was assessed over the 1-month 
and 3-month evaluation periods. Patients were asked to record new 
blister formation within test sites that had previously closed. Each new 
blister was counted as 1.

A number of safety parameters were also assessed during initial 
and months 1 and 3 follow-up visits at the USC Dermatology clinic, 
including a complete blood count, blood urea nitrogen, creatinine, 
calculated creatinine clearance, electrolytes, liver function tests, and 
pure-tone audiometry.

Assessment of type VII collagen and AFs in the patients’ skin. Prior to 
the onset of the study, baseline levels of type VII collagen and AFs in 
the DEJ of each patient were assessed at day 0. At sites of intact skin, 
8-mm punch biopsies were obtained, divided into 2 parts — one part 
for quantitative IF staining for the expression of type VII collagen at 
the DEJ and for standard histology and a second part for IEM to assess 
AF structures at the DEJ, as previously described (6–13). At 1- and 
3-month follow-up visits, biopsies from the test sites were obtained 
and processed in an identical fashion. For the IF staining, a minimum 
of 60 vertical frozen sections through the entire specimen were pre-
pared and labeled with a polyclonal anti–type VII collagen antibody as 
described previously (6–13). Additionally, IF staining was performed 
on at least 20 sections with 2 different monoclonal anti–type VII col-
lagen antibodies (clone LH7.2; Sigma-Aldrich; mAb 185, clone 32; 
Millipore) as well as a mouse monoclonal antibody to NC2 of type 
VII collagen (49). Immunolabeled vertical sections of NHS (positive 
control) and the experimental test sites (gentamicin treated and pla-
cebo treated) were photographed using the same camera and identi-
cal exposure times. Quantitation of type VII collagen expression by 
mean fluorescence intensity at the DEJ was performed by computer-
assisted image analysis using ImageJ (NIH). For each tissue sample, 
6 random images from positively stained areas were taken for mean 
fluorescence intensity. For each image, 6 measurements were taken 
at 20-μm intervals along the DEJ using a 20 μm × 20 μm area. Mean 
averages and SEM were calculated for each sample. NHS from 3 dif-
ferent subjects was used as a positive control, and the expression of 
type VII collagen in the test sites was compared with the expression 
observed in NHS (100%).

For IEM, samples were incubated with a monoclonal antibody 
against human type VII collagen (mAb 185, clone 32; Millipore) and 
evaluated as previously described (50).

Assessment of anti–type VII collagen autoantibodies. The production 
of serum circulating anti–type VII collagen antibodies was evaluated by 
ELISA following the manufacturer’s procedures (MBL), as described 
previously (35). To evaluate whether there were any anti–type VII col-
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