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1. Trial protocol synopsis and timeline

Table 1. Trial protocol synopsis
	Title of clinical trial
	Phase 1 study of lentiviral-mediated COL7A1 gene-modified autologous fibroblasts in adults with recessive dystrophic epidermolysis bullosa (RDEB). 

	Protocol Short Title/Acronym
	LENTICOL-F

	Study Phase
	1  

	Chief Investigator
	Professor John A McGrath

	Medical condition or disease under investigation
	Recessive Dystrophic Epidermolysis Bullosa (RDEB)

	Purpose of clinical trial


	To assess whether intradermal injections of self-inactivating (SIN) lentiviral vector (LV)-mediated ex vivo transduced autologous fibroblasts expressing codon-optimised COL7A1 (investigational medicinal product – IMP), are safe and have potential efficacy in adults with RDEB.

	Primary objective


	To evaluate the safety of intradermal injections of SIN LV-mediated COL7A1 gene-modified autologous fibroblasts in adults with RDEB.

	Secondary objectives


	1. To evaluate the potential efficacy of intradermal injections of SIN LV-mediated COL7A1 gene-modified autologous fibroblasts in adults with RDEB at week (W) 2, month (M) 3 and M12 after the IMP injections.

2. To evaluate the immune response against the recombinant type VII collagen (C7) at W2, W4, M3, M6 and M12 after the IMP injections compared to baseline. 

	Trial Design 
	Phase 1, non-randomised, open-label, single-center, proof-of-concept study.

	Endpoints
	Primary Endpoints

· Adverse events (AEs), Serious Adverse Events (SAEs), Adverse Reactions (ARs) and Serious Adverse Reactions (SARs) at each visit over a 12-month follow-up period.

Secondary Endpoints
· Skin biopsy analysis of treated skin at W2, M3 and M12 compared to untreated skin:

I. C7 protein expression by immunofluorescence microscopy (IF)

II. Morphology of anchoring fibrils at the dermal-epidermal junction (DEJ) by transmission electron microscopy (TEM)

III. Vector copy number by quantitative polymerase chain reaction (qPCR)

· Serum analysis for:

IV. Detection of anti-C7 antibodies by enzyme-linked immunosorbent assay (ELISA) (against NC1 and NC2 domains of C7) and indirect immunofluorescence (IIF) at W2, W4, M1, M3, M6 and M12 post-injections

V. Detection of T-cell responses to the full length C7 by enzyme-linked immunosorbent spot (ELISPOT) assay at W4, M6 and M12 post-injections. 

	Sample Size
	5–10 patients

	Summary of eligibility criteria


	Inclusion criteria

1. Clinical and genetic diagnosis of RDEB with confirmed bi-allelic COL7A1 mutations.

2. A reduced number or morphologically abnormal anchoring fibrils confirmed by TEM.

3. At least 5x3cm of intact skin on the trunk and/or extremities that is suitable for cell injections.

4. Able to undergo local anesthesia.

5. Subjects aged ≥ 17years and able to give informed consent prior to the first study intervention.

Exclusion criteria

1. Subjects who received other investigational medicinal products within 6 months prior to enrolment into this study.

2. Past medical history of biopsy proven skin malignancy.

3. Subjects who have received immunotherapy including oral corticosteroids (Prednisolone >1mg/kg) for more than one week (intranasal and topical preparations are permitted) or chemotherapy within 60 days of enrolment into this study.

4. Known allergy to any of the constituents of the investigational medicinal product (IMP).

5. Subjects with BOTH:

· positive serum antibodies to C7 confirmed by ELISA and
· positive IIF with binding to the base of salt split skin. 

6. Subjects with positive results for HIV, Hepatitis B, Hepatitis C, HTLV or Syphilis.

7. Subjects who are pregnant or of child-bearing potential who are neither abstinent nor practising an acceptable means of contraception when this is in line with the usual and preferred lifestyle of the subject, as determined by the Investigator, for 12 months after the cell injections.

	IMP, dosage and route of administration


	IMP: SIN LV-mediated ex vivo transduced autologous fibroblasts expressing codon-optimised COL7A1.
DOSAGE:  0.8–1.2 million cells suspended in 0.25ml of 0.9% saline per injection over 1 cm2 of intact skin (3 injections of IMP at a single timepoint).

ROUTE OF ADMINISTRATION:  Intradermal injections.

	Active comparator product (Control)
	None.

	Maximum duration of study participation
	32 months (each patient will be followed up for a total of 12 months post-IMP injections and screening will take place up to 4 months prior to the intervention).

	Version and date of protocol
	Version 4.0, 01/MAR/2016


[image: image1.png]" Lenticol-F Supplemental Figure v1.pdf - Adobe Acrobat Reader DC
Fie Edit View Window Help

Home Tools Document (=) Q 1 (S

tions of

3 intradermal inj

. ifi Bloods: Basic, Bloods: Basic,
Screening gene-modified 3 )
Visits autologous fibroblasts (~1x108 ELISPOT, ELISA, IIF ELISPOT,

and archive for RCL ELISA& IIF

callsicm?)

' e pnaﬁ:Dﬂ n “ “ ‘

y !

BEBSS BEBSS BEBSS BEBSS

Bloods. Sl'r‘;‘l’g;y Pre-treatment Bloods: Basic, Bloods: Basic, Bloods: Basic, ELISPOT
Basic, Virology, | gy VIO | bloods: Basic, ELISA. IIF and ELISA, IIF and ELISA,IIF and archive for RCL
ELISA, IIF and ELISPOT archive for RCL archive for RCL Skin biopsy

archive for RCL and biopsy Skin biopsy Skin biopsy

w0 8





Figure 1. LENTICOL-F trial timeline. An illustration of the schedule of visits for RDEB subjects on the trial. Each injection consisted of 1.14–1.2 million cells suspended in 0.25ml of 0.9% saline. At the first screening visit, viral serology was tested for HIV, HepBsAg, HepBcAb, HepCIgG, HTLV 1&2 and Treponema pallidum. Basic blood tests included full blood count, urea and electrolytes, liver function test, erythrocyte sedimentation rate and C-reactive protein. Skin procurement and biopsy at the second screening visit included 2 to 3 biopsies (one 6mm procurement for IMP production; and one to two 4mm for baseline C7 IF, TEM and qPCR). Skin biopsy at W2, M3 and M12 included two ~6mm biopsies for C7 IF, TEM, qPCR and for archive sample for integration site analysis in the event of serious adverse reactions (one from injected site and one from non-injected site). BEBSS, Birmingham Epidermolysis Bullosa Severity Score; D, Day; IIF, indirect immunofluorescence; M, Month; RCL, replication competent lentivirus; W, Week.

2. Trial abstract

BACKGROUND. Recessive dystrophic epidermolysis bullosa (RDEB) is a severe form of skin fragility disorder due to mutations in COL7A1 encoding basement membrane type VII collagen (C7), the main constituent of anchoring fibrils (AFs) in skin. We developed a self-inactivating lentiviral platform encoding a codon-optimised COL7A1 cDNA under the control of a human phosphoglycerate kinase promoter for phase I evaluation.
METHODS. In this single-center, open-label phase I trial, 4 adults with RDEB, enrolled as 5 subjects received 3 intradermal injections (~1 million cells/cm2 of intact skin) of COL7A1-modified autologous fibroblasts and were followed up for 12 months. Primary outcome was safety including autoimmune reactions against recombinant C7. Secondary outcomes included C7 expression, AF morphology, and presence of transgene in the injected skin.
RESULTS. Gene-modified fibroblasts were well tolerated without serious adverse reactions or autoimmune reactions against recombinant C7. Regarding efficacy, there was a significant (P < 0.05) 1.26-fold to 26.10-fold increase in C7 mean fluorescence intensity in the injected skin compared to non-injected skin in 3 of 4 subjects with sustained increase up to 12 months in 2 of 4 subjects. The presence of transgene (codon-optimised COL7A1 cDNA) was demonstrated in the injected skin at Month 12 in one subject but no new mature AFs were detected. 

CONCLUSION. To our knowledge, this is the first human study demonstrating safety and potential efficacy of lentiviral fibroblast gene therapy with the presence of COL7A1 transgene and subsequent C7 restoration in vivo in treated skin at one-year post-gene therapy. These data provide a rationale for phase II studies for further clinical evaluation. 

3. Study aims and objectives


	Figure 7. Intradermal injections of gene-modified autologous fibroblasts in Subject 3. Three syringes, each containing ~1x106 gene-modified autologous fibroblasts suspended in 0.25ml of 0.9% sodium chloride were transported at room temperature from the GMP facility at Great Ormond Street Hospital to the patient’s bedside at Guy’s Hospital, London. The gene-modified fibroblasts appeared turbid within the clear saline solution, thus gentle tapping of the syringe enabled even resuspension of the cells in saline prior to intradermal injection within the tattooed area of the patient’s intact skin on the left upper arm.

4.4 Safety
All 5 subjects tolerated the injections without SARs but developed 7 mild (grade 1) adverse reactions (ARs) related to the administrative procedure but not the gene-modified fibroblasts themselves over the 12 months. These included injection site erythema (n=4), pain (n=1) and bruising (n=1), and itch over the skin biopsy site (n=1), all of which resolved spontaneously without treatment. A total of 45 adverse events (AE) in 5 subjects (Table 4) were graded as mild (grade 1; n=25), moderate (grade 2; n=10) and severe (grade 3; n=10). The commonest AE were EB-related skin conditions (n=15), followed by gastrointestinal conditions (n=7) and urinary conditions (n=5). Subject 5 experienced 10 serious adverse events (SAEs) over 3 hospital admissions secondary to pre-existing comorbidities rather than the treatment or injection itself. There were no deaths (grade 5) or life-threatening (grade 4) events. Vital signs, physical examination, clinical photographs of the injection sites and blood analyses, including full blood count, urea and electrolytes, liver function tests and C-reactive protein, were also performed at each visit, both before and after the treatment, except at Week 1 and Month 9 (Figure 1 above). There were no clinically important changes in any of these measures compared to individual respective baselines to indicate any safety concerns throughout the duration of the trial.

Table 4. Summary of adverse events and reactions, including SAEs

Number of events

Number of patients*

Total adverse events (AE)

45

5

      Serious adverse events (SAE)

10

1

Of which:

Suspected unexpected serious adverse     reactions (SUSAR) 

0

0

Serious adverse reactions (SAR) 

0

0

      Other adverse events (AE) (not serious)
               Of which:
35

5

               Adverse reactions (AR)
7

5

 Severity grade

1 – Mild
25

5

2 – Moderate
10

3

3 – Severe
10

1

4 - Life-threatening

0

0

5 - Death 

0

0

  Organ system

Skin
- Tatoo site swollen for 24 hours

- Injection site erythema (4)
- Bruising at injection site
- Left leg skin infection as part of EB
- Left leg skin infection and forearms skin infection
- Left ear skin infection
- Forearms skin infection
- Increased blistered areas over elbows, shins and forearms 

- Left hand skin infection

- Left hand and axilla skin infection – pseudomonas

- Left hand skin infection – strep C

- Candida skin infection
15
5

Gastrointestinal 

- Oesophageal blisters due to crushed tablets

- Oesophageal dilatation as part of EB (2)
- Dysphagia

- Oesophageal spasm

- Bowel obstruction (SAE)
- Gastroparesis (SAE)
7
4

Renal

- Acute kidney injury (2) (SAE) 
2

1

Urinary 

- Microscopic haematuria

- Difficult micurition

- Urinary tract infection 
- Urinary tract infection (2) (SAE)
5
1

Nervous system
- Throbbing pain over injection site (lasting seconds)

- Increased itch over forearms
- Itch over skin biopsy sites (procedure-related) 

3
3

Eyes

- Left eye conjunctivitis due to EB (2)
- Right eye sub-conjunctival haemorrhage 

3
2

Respiratory

- Coryzal symptoms

- Dry cough
2
1

Systemic infection

- Sepsis (2) (SAE)
2
1

Metabolic

- Refeeding syndrome (SAE)
- Hypokalaemia (SAE)
2
1

Cardiovascular

- Sinus bradycardia
1
1

Musculoskeletal

- Muscle spasm in calves causing feet deformities 

1
1

Miscellaneous

- Tiredness

- Occasional dizzy spells

2

1

Note: Subjects 1 and 2 are the same patient; Subject 1 was withdrawn after Month 3 and re-enrolled as Subject 2. SEVERITY GRADE: 1=mild: awareness of signs or symptoms, but easily tolerated; 2=moderate: uncomfortable enough to cause interference with usual activity; 3=severe: incapacity with inability to work or do usual activity; 4=life-threatening; 5=death. 

Over the 12 months of monitoring, no subject developed malignancy post-injection and there was no evidence of pathogenic autoimmune reactions against recombinant C7 (Table 5). There were no clinically significant changes in anti-C7 IgG values on ELISA except in Subject 5 where the value doubled at Month 6 compared to Month 3, although the baseline was also positive (14 U/ml at Month 3 to 28 U/ml at Month 6; baseline=11 U/ml) but began to decrease at Month 12 (24 U/ml). This observation coincided with an increase in C7 ELISPOT from 1 spot at baseline and Month 1 to 9 spots at Month 6 but with a rapid decrease to 0 spots by Month 12, albeit all results being negative at all time-points assessed. However, none of the circulating autoantibodies against C7 bound to the basement membrane, as evidenced by negative IIF in all 4 adults (Subjects 2–5) at baseline, 2 weeks, 4 weeks, 3 months, 6 months and 12 months post-gene therapy. Therefore, there was no evidence of pathogenic EBA in these patients secondary to gene-modified fibroblasts. The C7 ELISPOT also remained negative for all 4 adults (Subjects 2–5) at baseline, 4 weeks, 6 months and 12 months’ post-gene therapy indicating lack of cytotoxic T-cell response against newly synthesised C7 in those who had increased C7 expression. Subject 1 also had negative IIF and ELISPOT at all respective time points up to Month 3 after which he was withdrawn from the trial due to treatment delivery failure, as described above.

Table 5. Summary of immune profile for 5 trial subjects with RDEB

Subject

Baseline

Week 2

Month 1

Month 3

Month 6

Month 12

1*

C7 ELISA titer (U/ml)

18
10

9

4

C7 ELISPOT (no. of spots)

3

9

IIF

Neg

Neg

Neg

Neg

Neg

Neg

2*

C7 ELISA titer (U/ml)

18

6

14

10

8

10

C7 ELISPOT (no. of spots)

3

2

3

0

IIF

Neg

Neg

Neg

Neg

Neg

Neg

3

C7 ELISA titer (U/ml)

0

0

0

0

1

0

C7 ELISPOT (no. of spots)

0

2

1

6

IIF

Neg

Neg

Neg

Neg

Neg

Neg

4

C7 ELISA titer (U/ml)

23

24

24

24

26

29

C7 ELISPOT (no. of spots)

4

1

2

4

IIF

Neg
Neg
Neg
Neg
Neg
Neg
5
C7 ELISA titer (U/ml)

11

9

14

14

28

24

C7 ELISPOT (no. of spots)

1

1

9

0

IIF

Neg
Neg
Neg
Neg
Neg
Neg
*Subject 1 was withdrawn after Month 3 follow-up and re-enrolled as Subject 2. ELISPOT was only scheduled for baseline, Months 1, 6 and 12 whilst ELISA and IIF were scheduled for all time-points stated in the table. C7 ELISA titer is positive if >6 U/ml; ELISPOT is positive if >20 spots. The numbers in bold indicate positive results.

4.5 Efficacy: C7 expression 
Mean fluorescence intensity (MFI) of C7 NC1 staining was calculated from 10 measurements taken at regular intervals along the DEJ from the C7 IF images of both injected skin and non-injected skin samples, at all three time points, for Subjects 2–5 (Figure 8A-B) in an assessor-blinded fashion using Image J (http://rsb.info.nih.gov/ij/) 
 ADDIN EN.CITE 

(25)
 (see Methods). The changes in the C7 MFI are illustrated in Figure 8B. Overall, there was an increase in C7 expression in 11 out of 12 skin biopsies (92%) taken from the injected sites in 4 subjects compared to non-injected sites at 2 weeks, 3 months and 12 months after injections, (Subject 1 was excluded from analysis due to failed administration of gene-modified fibroblasts). A significant increase in C7 MFI was detected in the injected skin when compared to non-injected skin in 6 out of 12 samples from 3 out of 4 subjects analysed. There was a 1.55-fold increase in Subject 3 at 2 weeks (74.0 vs 47.9, P = 0.003) and 1.56-fold increase at 3 months (53.5 vs 34.3, P = 0.017). In Subject 4, a 1.26-fold increase at 3 months (46.2 vs 36.6, P = 0.034) and a 1.54-fold increase at 12 months (22.0 vs 14.3, P = 0.003) were observed, whilst in Subject 5, there was a 7.24-fold increase at 3 months (10.0 vs 1.4, P < 0.001), and a 26.10-fold increase at 12 months (20.0 vs 0.8, P < 0.001). (Figure 8A-B). There was a non-significant increase in the C7 MFI in the injected skin compared to non-injected skin in 5 out of 12 samples in all 4 subjects analysed. These included a 1.04-fold increase in Subject 2 at 2 weeks (7.2 vs 6.9, P=0.68) and 1.49-fold increase at 12 months (15.1 vs 10.2, P=0.41); a 1.14-fold increase in Subject 3 at 12 months (16.2 vs 14.3, P=0.65); a 1.12-fold increase for Subject 4 at 2 weeks (34.2 vs 30.6, P=0.50); and a 2.18-fold increase in Subject 5 at 2 weeks (9.2 vs 4.2, P=0.13). Conversely, there was one non-significant decrease in the C7 MFI by 0.52-fold in the injected skin compared to non-injected skin in Subject 2 at 3 months (4.1 vs 7.8, P=0.13).
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Figure 8. Type VII collagen (C7) expression in Subjects 2–5 at baseline and in injected and non-injected skin at 2 weeks, 3 months and 12 months. (A) IF staining with a monoclonal LH7.2 antibody to C7 (targeting NC1 domain) on skin sections taken at specified time-points from both injected (G) and non-injected (UG) sites alongside respective baseline samples. Trace C7 staining is seen in Subjects 2 and 5 whilst relatively brighter staining is seen in Subjects 3 and 4. White arrows indicate the trace staining of C7 IF whereas asterisks indicate the dermal-epidermal separation (B) The Mean Fluorescence Intensity (MFI) of C7 NC1 expression along the DEJ in the injected and non-injected skin demonstrated in A for Subjects 2–5 was further quantified for each sample in an assessor-blinded fashion using Image J (http://rsb.info.nih.gov/ij/), as adapted from previous study 
 ADDIN EN.CITE 

(25)
. An average value of MFI was calculated from 10 measurements taken at regular intervals using 8 x 8 pixels every 100 pixels along the DEJ. The C7 NCI MFI graphs in B corresponds to the C7 IF images from A. There was a significant increase in C7 MFI in the injected skin when compared to non-injected skin in Subject 3 at Week 2 (1.55 fold; P = 0.003) and Month 3 (1.56 fold; P = 0.017), Subject 4 at Month 3 (1.26 fold; P = 0.034) and Month 12 (1.54 fold; P = 0.003) and Subject 5 at Month 3 (7.24 fold; P < 0.001) and Month 12 (26.10 fold; P < 0.001) compared to non-injected skin at respective timepoints. (C) IF staining to demonstrate full length C7 expression in Subject 5 using a polyclonal antibody targeting against the NC2 domain of C7 protein (ab198899; Abcam, Cambridge, UK) after optimisation. (D) The C7 NC2 MFI was then calculated using Image J as for the C7 NC1 MFI as described in B in an assessor-blinded fashion. In the injected skin when compared to non-injected skin, there was a significant increase in full length C7 expression at 2 weeks (3.6 fold; P < 0.001), 3 months (1.8 fold; P = 0.041) and 12 months (2.5 fold; P = 0.034) after treatment. White arrows indicate the C7 expression at the DEJ. Error bars represent ± standard error of the mean (SEM). G, grafted (injected) skin; M, month; UG, ungrafted (non-injected) skin; W, week. Scale bar: 100μm.
4.5.1 Expression of full length C7 (i.e. C7 NC2) in Subject 5 
In order to analyse whether the significantly increased C7 expression in Subject 5 was full length, we performed C7 IF using a commercially available polyclonal antibody targeting the NC2 domain of C7 protein (ab198899; Abcam, Cambridge, UK). The C7 NC2 MFI was then calculated using Image J as for the C7 NC1 MFI, as described above in an assessor-blinded fashion. Subject 5 was chosen because of two reasons: first, her compound heterozygous nonsense/splice site combination of mutations expressing endogenous wild type full length C7 as well as mutant truncated C7; second, she reported her own observation that the biopsy site from the injected skin healed much faster than the biopsy site from non-injected skin. Indeed, in the injected skin when compared to non-injected skin, there was a 3.6-fold increase in full length C7 expression at 2 weeks (26.6 vs 7.4, P < 0.001), 1.8-fold increase at 3 months (10.0 vs 5.6, P = 0.041) and 2.5-fold increase at 12 months (8.3 vs 3.3, P = 0.034) after treatment (Figure 8C–D above). 

4.6. Anchoring fibrils
No AFs were detected in the injected skin despite increased C7 expression post-treatment. TEM analysis of basement membrane zone in injected skin of Subjects 2–5 did not reveal any mature fan-shaped AFs in any of the skin biopsies from injected sites at Week 2, Month 3 and Month 12, although wisp-like structures (possible immature/rudimentary AFs) were present similarly to those seen at baseline (Figure 3 and Figure 4 above). 

4.7. Detection of COL7A1 transgene (codon optimised COL7A1 cDNA) in the injected skin at 12 months’ post-gene therapy in Subject 5
As previously stated, Subject 5 harbored a compound heterozygous nonsense/splice site combination of mutations in COL7A1 expressing both truncated and wild type full length C7. Therefore, it was pertinent to evaluate whether the increase in full length C7 expressions in the injected skin of Subject 5 at Week 2, Month 3 and Month 12 were accounted for by the presence of transgene in vivo. To do this, we performed PCR amplifications using 3 sets of primers targeting NC1, triple helix and NC2 regions unique to the codon optimised COL7A1 transgene sequence (coCOL7A1 cDNA) (exon 12-13, exon 51-52 and exon 112-113, respectively) that is different from the endogenous wild-type COL7A1. This analysis demonstrated 3 clear bands at Month 12 in the injected skin and transduced autologous fibroblasts pre-injection but not for the non-injected skin nor baseline skin; there was a band at 247 bp corresponding to an exon 12-13 fragment of coCOL7A1, at 231 bp corresponding to exon 51-52 fragment and 244 bp corresponding to exon 112-113 fragment of coCOL7A1 (Figure 9A). This finding suggests that the increased full length C7 expression was at least in part due to gene-modified autologous fibroblasts which were detectable at Month 12 post-treatment in Subject 5. The same PCR amplifications were performed for Subjects 2, 3 and 4 for skin samples taken at Week 2, Month 3 and Month 12 post-treatment but no coCOL7A1 was detected (data not shown). Conversely, when the VCN was measured using qPCR with primers specific to the packaging signal (psi) sequences of the LV, none was detected in any of the skin biopsies of Subjects 2–5 (data not shown here). 
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Figure 9. PCR and semi-quantitative PCR demonstrating the expression of COL7A1 transgene and endogenous mutant and wild type cDNA respectively in the injected skin of Subject 5. (A) PCR amplifications using 3 sets of primers targeting NC1, triple helix and NC2 regions unique to codon optimised COL7A1 transgene sequence (coCOL7A1 cDNA) (exon 12-13, exon 51-52 and exon 112-113 respectively) that is different from the endogenous wild type COL7A1 cDNA sequence. This demonstrated clear bands (in boxes) at Month 12 (Lane 6) in the injected skin and transduced autologous fibroblasts pre-injection but not the non-injected skin nor baseline skin; there was a band at 247 bp corresponding to exon 12-13 fragment of coCOL7A1, at 231 bp corresponding to exon 51-52 fragment and 244 bp corresponding to exon 112-113 fragment of coCOL7A1. Similar clear bands (in boxes) were also seen in the gene-modified fibroblasts (i.e. coCOL7A1-supplemented) pre-injections (Lane 1) which represent the positive control. (B) PCR amplifications of endogenous COL7A1 cDNA reversed transcribed from the total RNA extracted from the injected and non-injected skin using specific primers to detect mutant exon 87-skipped (without exon 87) sequence and wild type (with exon 87) sequence of COL7A1 with GAPDH as internal control. Each band on the PCR gel image was used for quantification with ‘GelQuant.NET’ (https://omictools.com/gelquant-net-tool).  (C) Semi-quantitative PCR demonstrated a relative increase in expression of endogenous mutant and wild type COL7A1 in Subject 5 at Week 2 and Month 3 post-gene therapy, after normalisation with housekeeping gene GAPDH. The height of each bar represents the mean of the triplicate measurements of respective COL7A1 expressions. Error bars represent SEM. G, grafted (injected) skin; M, month; UG, ungrafted (non-injected) skin; W, week. 




4. Discussion
To date, only three human studies of ex vivo gene therapy in the form of genetically corrected keratinocyte sheets in EB have been published; two reports were on junctional EB (JEB) (27, 28), but only one study with 4 adults on RDEB 
 ADDIN EN.CITE 

(29)
. The RDEB trial demonstrated acceptable safety with variable efficacy that declined over 1 year 
 ADDIN EN.CITE 

(29)
. In contrast, long-term therapeutic efficacy lasting several years was demonstrated a paediatric patient with JEB after successfully targeting the holoclone keratinocyte stem cell population (28). Practically, however, keratinocytes grafted onto wounds are inherently fragile and may be prone to loss through trauma or infection, especially in RDEB as skin wounds in these patients are typically very inflamed and often colonised or infected with numerous bacteria or yeasts. By contrast, intradermal injections of fibroblasts into intact, unwounded RDEB skin, offers a “closed” system, one that is not influenced by external organisms or other factors that may damage or destroy fragile grafts. Additionally, the intradermal injection system allows a more practical and feasible treatment of gene therapy for RDEB in the clinical setting, where the treatment can be delivered as a day case by the clinician without the need for invasive surgery possibly under general anaesthesia.  

To our knowledge, the results from the trial we present here is the first human study demonstrating safety and potential efficacy of SIN LV-mediated gene-modified autologous fibroblasts for RDEB, that follows on from encouraging pre-clinical in vivo data (22). All 4 adults (enrolled as 5 subjects) tolerated 3 intradermal injections of SIN-LV-COL7A1-modified fibroblasts without SARs with only mild local injection procedure-related side effects that lasted for a few hours and without requiring treatment. 

For RDEB subjects, especially those with null mutations, ex vivo gene therapy poses a theoretical risk of immune response against the newly synthesised full length C7 
 ADDIN EN.CITE 

(30, 31)
. The C7 ELISA, ELISPOT and IIF data from this study suggest that none of the subjects developed a pathogenic immune response, EBA, post-treatment. Subject 5’s ELISA value and ELISPOT count transiently raised at Month 6 compared to previous values at Month 3 and baseline but remained below the threshold of positivity. However, when Subject 5’s sera were placed on salt-split skin, there was no evidence of circulating anti-C7 antibodies binding to the basement membrane, indicating a lack of pathogenicity against newly synthesised C7. This observation is in agreement with previous studies using gentamicin as a PTC-readthrough drug, expressing full length C7 
 ADDIN EN.CITE 

(14)
 and retroviral mediated ex vivo transduced keratinocyte sheets 
 ADDIN EN.CITE 

(29)
. Nevertheless, further evaluation of longer term safety of ex vivo gene therapy is warranted in trials with a larger sample size involving patients with a variety of genotypes including those with null mutations and any dose-dependent antibody response against recombinant C7.  

Regarding efficacy, there was a significant increase in C7 expression at the DEJ in 6 of 12 injected skin sites compared to non-injected sites in Subjects 2–5 (Figure 8 above) up to at least 12 months after a single intradermal injection with ~1 million cells/cm2 of skin. However, the level of increase in C7 expression was variable and no associated mature AFs were visualised, nor VCN detected in the injected skin by qPCR. One possible explanation for failure to develop mature AFs post-gene therapy may lie within the post-translational steps of procollagens. Procollagens are catalysed by lysyl hydroxylases (LH), including LH3 that is present in the sub-epidermal extracellular space and co-localised with C7 at the DEJ 
 ADDIN EN.CITE 

(32)
. We do not know the state of LH3 expression in these trial subjects and the treatment in question is not designed to optimize LH3 activity. Another probable explanation is that other potential paracrine factors such as extracellular vesicles may be sub-optimal as the target cells are fibroblasts and not MSCs, which are well known to release these extracellular vesicles. The latter help transport C7 within the extracellular space 13()
 where they assemble into a centro-symmetric dimer arrangement with carboxy-termini tail-to-tail organizations, which then laterally aggregate to form AFs 3(3)
. Studies of skin regenerated from cultured epithelial autografts on full-thickness burns illustrated that AFs can reform in a punctate fashion after 6 days but complete maturation requires more than a year 
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(34)
. This may explain the lack of mature AFs up to 12 months despite significant C7 restoration in the area of skin injected with gene-modified fibroblasts. 

Interestingly during the trial, Subject 5 voluntarily reported her own observation that the biopsy site from the injected skin healed much faster than the biopsy site from non-injected skin. This participant’s observation is consistent with the fact that Subject 5 showed a significant increase in full length C7 expression in treated skin compared to untreated skin at all time-points assessed (i.e. Week 2, Month 3 and Month 12) (Figure 8 above). Interestingly, in Subject 5, the most significant increase in anti-NC1 C7 MFI was detected at Month 12 (Figure 8A-B above) whilst the same was detected at Week 2 for anti-NC2 C7 MFI (Figure 8C-D above). This indicates that some of the C7 IF detected by anti-NC1 antibody is not full-length and not all increase in full-length C7 MFI is accounted for by the COL7A1-modified fibroblasts but rather potentially Subject 5’s own endogenous expression of mutant and wild-type COL7A1.  Indeed, using a combination of PCR and semi-quantitative multiplex PCR techniques, we were able to illustrate both the expression of the coCOL7A1 transgene at Month 12 and a relative small increase in expression of endogenous wild type at Week 2 and Month 3, and mutant (exon 87-skipped) COL7A1 at Month 12, as analysed from total RNA extracted from the injected skin of Subject 5 compared to her non-injected skin (Figure 9). The PCR amplifications using primers specifically targeting coCOL7A1 cDNA demonstrated three clear bands at 247 bp corresponding to exon 12-13 fragment of coCOL7A1 (NC1 domain of the C7 protein), at 231 bp corresponding to exon 51-52 fragment (triple helix domain of C7) and 244 bp corresponding to exon 112-113 fragment of coCOL7A1 (NC2 domain of C7 protein) (Figure 9A). These findings suggest that the increased expression of C7 in Subject 5 was at least in part due to coCOL7A1 transgene expression in addition to endogenous expression of predominantly wild type COL7A1 (Figure 9B-C above). Production of mostly wild type C7 from Subject 5’s endogenous COL7A1 is expected because of the leaky donor splice site mutation at the +4 position 
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(24)
. These findings support the rationale for the use of autologous cells for a longer lasting therapeutic effect as opposed to allogenic cells, which were rejected within 2 weeks after intradermal injections with upregulation of C7 secondary to complex autocrine effects involving heparin-binding epidermal growth factor-like growth factor (HB-EGF) up to 9 months 
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(25, 35)
. The efficacy of gene-modified fibroblasts may be partly mediated through local paracrine effects triggered by the intradermal injections and saline itself 
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(24, 25)
, but more importantly by the secretion of recombinant C7 produced in situ by a subpopulation of transduced cells (Figure 9).

An interesting finding is that although the conventional PCR technique allowed us to detect the coCOL7A1 transgene in the injected skin (and not in the un-injected skin) of Subject 5, it was only present at Month 12 and not at Week 2 or Month 3 (Figure 9A). Moreover, the qPCR analysis of VCN failed to detect any proviral copy in the injected skin of Subject 5 in any of the timepoints. These findings are curious and perhaps could be explained by the relative difference in sensitivity of assays used, i.e. conventional PCR vs qPCR. Indeed, it has been reported that conventional PCR may be more sensitive than qPCR in some cases 3(6, 37)
. Whilst the transgene may account for the increase in C7 MFI (both NC1 and NC2) in the injected skin (Figure 8 above) of Subject 5 at Month 12, the PCR failed to detect the presence of coCOL7A1 transgene for Subject 5 at Week 2 and Month 3. This may reflect the time it takes for the autologous fibroblasts that remained viable after the intradermal injections to undergo mitosis to reach a large enough size of cell population in vivo for detection by conventional PCR. 

Nevertheless, only a modest efficacy was observed in other subjects. Subject 2, carrying PTC mutations, did not express any significantly increased C7, whereas Subjects 3 and 4 had increased C7 synthesis at 2 out of 3 time-points analysed, with limited and transient efficacy. Although fibroblasts are considered to be more robust, exhibit less differentiation and growth arrest 3(8)
, and have the ability to contribute more C7 expression at the DEJ compared to keratinocytes  
 ADDIN EN.CITE 

(20)
, they tend to senesce rapidly in vivo 3(8)
. This nature of fibroblasts, together with low cell numbers delivered intradermally, might account for the limited efficacy. Interestingly, a recent study by Hirsch and colleagues 
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(28)
 elegantly demonstrated that epidermal stem cell holoclones (~1,888 holoclones/cm2) were responsible for the therapeutic longevity of transgenic keratinocyte grafts in a pediatric junctional EB patient.  Another possible explanation for limited efficacy is the epigenetic modification of the promoter through DNA methylation, which can lead to transgene silencing over time, especially with oncoretroviral systems  (36, 37); for review see: Antoniou et al. (2013) 39()
. Indeed, the PGK promoter used to drive expression of coCOL7A1 in the LV used in this trial has been shown to become silenced over time within an LV context following delivery to hematopoietic stem cells 
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(40)
. The safety of the LV-PGK-COL7A vector was optimised through the use of a human PGK internal promoter and codon optimised COL7A1 transgene with eliminated cryptic splice sites. However, the modest vector titer and resultant transduction efficiency owing to the large cargo size of 9.2 kb might have further accounted for the limited efficacy.  
5. Problems and limitations encountered
Limitations of this study included a small sample size due to recruitment challenges in a small population group, as well as competing trials. Safety was assessed in all 5 subjects (Subject 1 up to Month 3 and Subjects 2–5 up to Month 12) whereas efficacy endpoints were evaluated from Subjects 2–5 only. This is due to Subject 1 being withdrawn from the study after 3 months’ post-treatment based on the consensus decision of the trial steering committee as a result of failed delivery of gene-modified cells which appeared as turbid clumped cells in clear 0.9% saline solution at time of injections. The corrective action plan (gently tapping the syringe to evenly re-suspend the clumped cells prior to injections) was immediately executed with successful delivery of gene-modified cells in all subsequent subjects. Owing to the limited availability of local GMP facilities and the lengthy transduction process (~9-10 weeks’ duration) whilst extrapolating from previous reports (41), the cell dose was determined as ~1 million cells/cm2 as the minimal essential number of cells that would provide clinically meaningful safety outcomes.

This was primarily a safety trial, therefore, the gene-modified cells were injected in the intact, non-blistered skin only to enable clear visualisation of any local reactions in the injected skin such as erythema. The study was also not sufficiently powered or blinded for the assessment of secondary efficacy endpoints which included primarily molecular assessments such as C7 expression and AF formation, but did not include clinical measures such as wound healing or the strength of dermal-epidermal adherence via quantitative measures, e.g. suction blister time, due to limited surface areas of treated skin over 3 x 1 cm2. Additionally, the full extent of the potential efficacy of gene-modified fibroblasts, if any, could not have been evaluated with limited cell numbers of ~1 million cells/cm2. Neither RCL or integration site analyses were assessed since there were no SARs nor development of cutaneous squamous cell carcinoma in any of the 15 injected skin sites. It should also be noted that the statistical tests performed were exploratory, and we cannot rule out that some of the significant p-values may have been the result of multiple testing; however, the non-significant results showed a similar trend for increased C7 levels in the injected sites.

In summary, despite these limitations, we have demonstrated proof-of-concept delivery of gene-modified autologous fibroblasts via intradermal injections in 5 adults with RDEB, alongside safety and molecular efficacy with increased C7 expression in 6 of 12 injected skin sites. To the best of our knowledge, this is also the first study to demonstrate the presence of COL7A1 transgene in the injected skin at 12 months post-delivery from gene-modified autologous fibroblasts in one patient with an associated increase in full length C7 expression at the DEJ. These data provide the foundation to develop controlled phase II trials with larger cell numbers in both adults and children with RDEB for further evaluation of the potential long-term safety and efficacy of gene-modified autologous fibroblasts.

6. Achievements and outcomes in the context of EB research

To date, only three human studies of ex vivo gene therapy in the form of genetically corrected keratinocyte sheets in EB have been published; two reports were on junctional EB (21, 22), but only one study with 4 adults on RDEB 
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(26)
. The latter study demonstrated acceptable safety with variable efficacy that declined over 1 year 
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(26)
 whereas long-term therapeutic efficacy lasting several years was demonstrated in JEB after successfully targeting the holoclone keratinocyte stem cells (21, 22). Practically, however, keratinocytes grafted onto wounds are inherently fragile and may be prone to loss through trauma or infection, especially in RDEB as skin wounds in these patients are typically very inflamed and often colonised or infected with numerous bacteria or yeasts. By contrast, intradermal injections of fibroblasts into intact, unwounded RDEB skin, offers a “closed” system, one that is not influenced by external organisms or other factors that may damage or destroy the fragile graft. Additionally, the intradermal injection system allows a more practical and feasible treatment of gene therapy for RDEB in the clinical setting, where the treatment can be delivered as a day case by the clinician without the need for invasive surgery possibly under general anesthesia.  

To our knowledge, this is the first human study demonstrating safety and potential therapeutic efficacy of SIN LV-mediated gene-modified autologous fibroblasts for RDEB, that follows on from encouraging pre-clinical in vivo data previously published 22()
. All 4 adults (enrolled as 5 subjects) tolerated 3 intradermal injections of COL7A1-supplemented fibroblasts without SARs with only mild local injection procedure-related side effects. 

Data from this study suggest that none of the subjects developed a pathogenic immune response, and indicated a lack of pathogenicity against newly synthesised C7. Nevertheless, further evaluation of longer term safety of ex vivo gene therapy is warranted in trials with a larger sample size involving patients with a variety of genotypes including those with null mutations and any dose-dependent antibody response against recombinant C7.

Regarding efficacy, there was a significant (P < 0.05) 1.26-fold to 26.10-fold increase in C7 mean fluorescence intensity in the injected skin compared to non-injected skin in 3 of 4 subjects with sustained increase up to 12 months in 2 of 4 subjects. The presence of transgene (codon-optimised COL7A1 cDNA) was demonstrated in the injected skin at Month 12 in one subject but no new mature AFs were detected. 

This first human study demonstrates safety and potential efficacy of lentiviral fibroblast gene therapy with the presence of COL7A1 transgene and subsequent C7 restoration in vivo in treated skin at one-year post-gene therapy. These data provide a rationale for phase II studies for further clinical evaluation, taking us a step closer for gene therapy as a potential future therapy for RDEB.

7.2 Further research

We are in the process of developing Phase II/III dose escalation multi-centre trials with our international collaborators, as well as further pre-clinical work on a different form of gene therapy.

8. Dissemination of results

8.1 Peer dissemination

We have submitted the manuscript to the Journal of Clinical Investigation (JCI) Insight – currently awaiting decision.
8.2 Publications

· Lwin SM and McGrath JA (April 2017) Gene therapy for inherited skin disorders. In: eLS. John Wiley & Sons, Ltd: Chichester. DOI: 10.1002/9780470015902.a0026940.
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May 2018
International Investigative Dermatology Meeting – IID 2018 (Orlando, Florida, USA)


Oral: “Safety outcomes for first-in-man intradermal injections of lentiviral-engineered COL7A1-supplemented autologous fibroblasts in adults with recessive dystrophic epidermolysis bullosa”

10 Nov 2017
The ESDR Academy for Future Leaders (Barcelona, Spain)

Oral: “Development and clinical application of gene therapy for recessive dystrophic epidermolysis bullosa”

POSTERS

May 2018
American Society of Gene & Cell Therapy 21st Annual Meeting (Chicago, Illinois, USA)


Posters: “Phase 1 feasibility and safety study of lentiviral gene-modified epidermal grafts for Netherton syndrome” and “Production of Good Manufacturing Practice compliant gene engineered autologous fibroblasts for recessive dystrophic epidermolysis bullosa.”
27-30 Sep 2017
47th Annual European Society of Dermatological Research Meeting (Salzburg, Austria)
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“Patient pre-selection outcomes for the European GENEGRAFT ex vivo phase I/II gene therapy trial for recessive dystrophic epidermolysis bullosa” and “Photoprotection by constitutive melanin: correlating deoxyribonucleic acid damage in vivo and skin cancer incidence”
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King’s College London Postgraduate Research Symposium (London, UK)
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Poster: “A Phase I safey study protocol for lentiviral-mediated COL7A1 gene-modified autologous fibroblasts in recessive dystrophic epidermolysis bullosa” 

6 May 2015
Society for Investigative Dermatology (Atlanta, USA)


Poster: “Allogeneic mesenchymal stromal cell therapy for children with recessive dystrophic epidermolysis bullosa: an open-label, phase I, single-centre trial”
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6 Apr 2018
Department of Stem Cell Therapy Science, Osaka University Hospital (Osaka, Japan)


 “Cell and gene therapy for RDEB: The Journey”

30 Mar 2017
The UK National DermSoc Day, British Association of Dermatologists (London, UK)



“Epidermolysis bullosa and a career in research”

1 Dec 2016
The EB House Austria, General Hospital Salzburg & Paracelsus Medical University (Salzburg, Austria) 

“Cell and gene therapy for RDEB: from Bench to Bedside”
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“Placing research into a thesis context”

14 May 2016
DEBRA Charity Members’ Day International Meeting (Windsor, UK)

“Cellular therapy from the laboratory to the clinic”
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Ichthyosis Support Group Family International Conference (Birmingham, UK)

“Development of gene therapy in Netherton Syndrome”

15 Mar 2016
Stem Cells @ Lunch Seminar Series at King’s College London (UK)
“Development and clinical application of gene therapy in RDEB”
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Department of Genetics and Molecular Medicine Seminar Series at King’s College London (UK) “Development and clinical application of gene therapy in RDEB”

16 May 2015
DEBRA Charity Members’ Day International Meeting (Birmingham, UK)


“Development of gene therapy in RDEB”

8.5 Dissemination to participants
We plan to provide the lay summary of this report to each of the four participants. 
9. Lay summary

Recessive dystrophic epidermolysis bullosa (RDEB) is a severe form of blistering skin disease caused by damage in a gene called COL7A1. Genes are forms of DNA which contain sets of instructions to determine how our bodies work. A recessive gene means that both the mother and the father had the gene and passed it onto their child. LENTICOL-F was a study that wanted to find out whether it was safe to inject skin cells that were modified genetically into patients with this condition. It was the first time this was tested in people with DEBP. These cells were produced from a skin sample taken from each of the study participants. 

The COL7A1 gene controls the production of a protein called type 7 collagen (C7) in the skin. C7 is an important sticky protein that in most people glues the outer and the inner layers of the skin together. In RDEB, the lack of C7 leads to blisters. Being able to restore C7 in RDEB skin by gene therapy would lead to fewer blisters and stronger skin. 

Firstly, we developed gene therapy to try to restore C7 in RDEB skin. We carried out laboratory research to correct some RDEB cells. We made an artificial copy of the COL7A1 gene and used a delivery system called a vector which is a safe, non-toxic virus to deliver the new gene into skin cells called fibroblasts. The fibroblasts are cells which are normally found in the inner layer of the skin. They can make collagens and other proteins that keep skin healthy.
Vectors are commonly used in gene therapy work because they can efficiently transfer the new gene to where the defective gene resides and thus compensate for the genetic problem. The vectors are inactive so that they do not cause other diseases. Once we had established that we could correct the skin cells and make new C7 proteins, we then carried out the essential safety checks and work to produce high quality gene therapy product we could then use in people with RDEB. After this work was completed, the LENTICOL-F clinical trial was set up with the aim to test whether the gene therapy was safe to use in humans.
Patients aged 17 years or older with a clinical diagnosis of RDEB were identified from the EB patient database at Guy’s and St Thomas’ (GSTT) NHS Foundation Trust. Patients with confirmed mutations in COL7A1 were then invited for informed consent. Patients who consented to participate attended two screening visits, one treatment visit, and 7 follow-up visits. The trial was conducted at GSTT Clinical Research Facility (CRF) and outpatient clinics, London, UK. 
Study participants had to donate a 6 mm punch skin biopsy (size of an adult’s little finger nail) in the first visit (see figure below). This sample was used to extract the fibroblasts which were then grown in the Good Manufacturing Practice (GMP) facilities – Cellular Therapies at Great Ormond Street Hospital in London. A vector (a disabled virus) was used to insert the corrected copy of the COL7A1 gene into these fibroblasts (which are then called the gene-modified fibroblasts). The new gene became integrated with the genetic material (DNA) in the fibroblasts. The gene-modified fibroblasts were grown further in the laboratory until sufficient cells became available for the trial. This usually took around 8 weeks after which the participant was invited back to Guy’s Hospital for injections of their own gene-modified fibroblasts (ie. not cells from other individuals) into an area of intact skin. The figure below illustrates the processes involved in the production of these gene-modified fibroblasts.
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The first patient enrolled on the study was withdrawn three months after the injections as the cells were not delivered properly. Once this problem was rectified, we asked permission from the Gene Therapy Advisory Committee and this patient was re-enrolled as Patient #2. Each of the 5 subjects enrolled onto the study received 3 injections onto the left upper arm on Day 0. On the day of treatment, after monitoring of vital signs and bloods, the investigator identified and agreed with the subject on a site of skin for treatment. Corners of three adjacent squares, each measuring 1 cm x 1 cm were dotted with a surgical marker pen, after which the marked skin was gently pricked with an ink tattoo marker to create semi-permanent marks to note the sites of injections for follow-up assessments. Meanwhile at the GMP laboratory, the gene-modified fibroblasts were prepared and packed in 3 syringes of 1 ml. These were transported from GOSH within 4 hours of the product release, by a specialised courier at ambient temperature. To prevent cell clumping as it happened for Participant 1, after all checks were completed, syringes were gently tapped with a finger to ensure a suspension of cells prior to injections. Subjects stayed in hospital for observations for half an hour after treatment.

The full trial schedule including all procedures and interventions is described in Figure 1 above. At every follow up visit we asked patients for any adverse events, other medications they were taking, we performed a physical examination and checked the vital signs. We took clinical photographs of the injected skin at each visit to before and after the injections to monitor changes in the treated skin especially with regards to any suspicious lesions or reactions. The immune system recognises and defends against substances that appear foreign and harmful; we took safety blood tests at follow up visits to ensure patients were doing well and rule out any immune reactions. Blood samples were also stored for potential further tests ​in the event of serious adverse reactions. Samples for research purposes (C7 ELISA, ELISPOT and IIF) were also measured at several time-points after treatment and compared with the results before the patient received the injections. . 

RESULTS: Gene-modified fibroblasts were well tolerated without any safety concerns. No immune reactions were detected against the gene therapy administered. Regarding efficacy, there was a significant ~1.3-to 26-times increase in the C7 protein expression in the injected skin compared to non-injected skin in 3 of 4 subjects. This effect was maintained up to 12 months in 2 of 4 subjects (we did not check beyond 12 months). We demonstrated the presence of the genetically engineered full-length COL7A1 gene in the injected skin at Month 12 in one subject but no we did not detect new mature anchoring fibrils (the hook-like structures that adhere the upper and lower layers of the skin together). 

CONCLUSION. To our knowledge, this is the first human study of lentiviral fibroblast gene therapy that was shown to be safe and potentially efficacious. We found the presence of COL7A1 transgene and subsequent C7 protein restoration in treated skin at one-year post therapy. These findings provide a justification to conduct more clinical trials for further evaluation. 
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