1) Check for updates

JOURNAL OF OCULAR PHARMACOLOGY AND THERAPEUTICS
Volume 00, Number 00, 2026

Mary Ann Liebert, A Part of Sage

© The Author(s)

DOI: 10.1177/10807683261429005

Systematic Literature Review on the Effect of Cenegermin
on Corneal Sensation and Innervation in Patients
with Neurotrophic Keratopathy

Simon S. M. Fung,' Cynthia Campos,? Justin Weiss,? and Irina Yermilov?

Abstract

Purpose: Neurotrophic keratopathy (NK) results from trigeminal nerve impairment, leading to loss of corneal
sensation (CS), epithelial breakdown, and in advanced stages, stromal ulceration or perforation. Cenegermin, a
recombinant human nerve growth factor, is the first and only FDA-approved therapy for NK, although existing
studies are limited by small sample sizes. This systematic literature review evaluated cenegermin’s effects on CS
and corneal innervation (CI) in patients with NK.

Methods: English-language studies published between August 2018 and June 2024 measuring CS or CI after
cenegermin treatment for NK were identified through PubMed and Embase. For studies reporting quantitative
data, sample size-based weighting was applied to each study’s reported or derived mean change. Weighted
means were calculated by NK stage or overall, where applicable.

Results: A total of 25 studies met the inclusion criteria. The pooled mean age was 61.8 years (range: 2-93 years).
Most included patients with stage II (moderate; 19 studies) and stage III (severe; 17 studies) NK. Across 8
studies reporting quantitative CS outcomes and 3 studies reporting quantitative CI outcomes, the weighted mean
improvement from baseline to 8 weeks post-treatment was 116.5% for CS (range: 78.3%—259.3%) and 64.5%
for CI (range: 39.1%—188.9%).

Conclusion: An 8-week course of cenegermin led to improvements in CS and CI in patients with NK, with
greater relative gains observed among those patients with more severe disease. While study design heterogeneity
and small sample sizes may limit the generalizability of these findings, the data support cenegermin’s role in
promoting corneal nerve regeneration.
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Introduction

N eurotrophic keratopathy (NK) is a rare, degenerative cor-
neal disease. It has been classified as an orphan disease
(ORPHA137596), affecting 5 or fewer persons per 10,000.!
Incidence is highest among older adults, particularly those
older than 60 years.? Common causes of NK include viral
infections (herpes simplex and herpes zoster viruses), diabetes
mellitus, and ocular surgeries.>™

NK is characterized by an alteration in corneal innervation
(CI) that leads to impairment of corneal sensation (CS) and
trophic function, and therefore degeneration of the corneal
epithelium.! CI is essential for maintaining the health of the

epithelium, supporting cell growth, and promoting wound
healing.’ Loss of sensory nerve function also weakens the pro-
tective lacrimation and blink reflexes, further compromising
the ocular surface.®

The Mackie classification system is the most widely used
system to stage NK based on the severity of corneal impair-
ment.” In stage I, patients show early signs of disease, includ-
ing punctate epithelial defects, surface irregularity, and
superficial neovascularization, which are often detected with
vital dye staining. Stage II is marked by persistent corneal epi-
thelial defects (PCEDs) of the cornea that do not extend into
the stroma. PCEDs usually have a smooth, oval appearance
with rolled edges due to failed corneal healing as a result of
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loss of trophic support. Stage III is the most severe form of
NK and is defined by corneal ulceration, stromal thinning or
melting, and in extreme cases, perforation—all of which pose
a serious threat to vision.3-1°

Cenegermin is a topical recombinant form of human nerve
growth factor that promotes epithelial regeneration, supports
sensory nerve survival, and stimulates regeneration of the tri-
geminal nerve.”%!! It is the first treatment targeting the under-
lying disease mechanism rather than only managing signs and
symptoms.'? Cenegermin was approved by the European
Medicines Agency (EMA) in 2017 and the US Food and Drug
Administration (FDA) in 2018.1%!4 Two phase 2 randomized
clinical trials (NGF0212 [REPARO] and NGF0214) demon-
strated that patients treated with cenegermin over an §-week
period had statistically significant reductions in lesion size and
disease progression compared with vehicle.!>~!7 A subsequent
phase 4 (DEFENDQO; NCT(04485546) prospective, open-
label, uncontrolled clinical trial in patients with stage I NK
found that 84.8% (28/33) of patients experienced corneal epi-
thelial healing at 8 weeks, with 95.2% of patients maintaining
results at 24 weeks post-treatment. '8

Cenegermin’s pivotal trials (NGF0212 [REPARO] and
NGF0214) demonstrated its efficacy and safetym; however,
CS and CI results are mixed in the literature, with some
studies showing improvements and others not reaching sta-
tistical significance. These conflicting data highlight the
need for a systematic literature review to comprehensively
assess cenegermin’s impact on both CI and CS in patients
with NK.

Methods
Search strategy

We conducted a systematic literature search to identify
studies evaluating CI and CS in patients with NK treated with
topical cenegermin. We followed literature review best prac-
tices as per the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines,'® with study aims
framed as per the Population, Intervention, Comparison, Out-
comes (PICO) framework. We defined the population of inter-
est as humans (any age) diagnosed with NK (any stage) in any
country. The intervention of interest was treatment with cene-
germin, and a comparison group was not required. Outcomes
of interest included changes in CI assessed by nerve morphol-
ogy and density using in vivo confocal microscopy, and
changes in CS measured using a Cochet—Bonnet esthesiome-
ter (CBE) or qualitative testing (e.g., cotton wisp, dental floss).
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We limited inclusion to studies written in English, published
in medical journals after cenegermin’s US approval on August
22, 2018, and excluded review articles. Search terms were
developed in collaboration with a medical librarian (see
Table 1). MEDLINE (via PubMed) and EMBASE were
searched on June 17, 2024, to identify eligible articles pub-
lished between August 22, 2018, and June 17, 2024. Together,
these databases capture the majority of published ophthalmol-
ogy research on NK. The study protocol, entitled “Systematic
Literature Review (SLR) on the Effect of Nerve Growth Factor
(NGF) on Corneal Innervation in Neurotrophic Keratitis: Ana-
Iytic Plan,” was registered at the Center for Open Science’s
OSF literature review registry: https://osf.io/sez23/overview.°

Study selection

Two reviewers independently screened publications in two
phases (title/abstract and full-text) using the systematic review
software Nested Knowledge (version 1.3). The initial search
retrieved publications from PubMed and EMBASE, which
were imported into Nested Knowledge for screening. Only
one reason for exclusion was required at each screening stage.
We included articles reporting data on either CI or CS in
patients of any age with NK treated with cenegermin. Patients
were not excluded for using concomitant medications or
required to use cenegermin as first-line therapy. In multigroup
studies, a comparison or control group was not required. Out-
comes of interest included changes in CI and CS using quanti-
tative or qualitative methods. Case reports involving a single
patient, literature reviews, and non-English-language studies
were excluded. Full-text screening was performed on 53
articles, ultimately yielding 25 included studies. Duplicates
were automatically identified and flagged for removal by the
Nested Knowledge platform, and we subsequently verified
that all duplicates had been removed. We cross-checked insti-
tutions and study periods to minimize overlap of patient data.

Data abstraction

All included studies were abstracted by one reviewer and
verified by a second to ensure accuracy. We abstracted key
information, including study identification and metadata (e.g.,
title, first author, publication year), study design characteris-
tics (e.g., study research design type, study limitations, num-
ber of patients), population details (e.g., NK severity stage,
patient age, race/ethnicity, gender), intervention details (e.g.,
cenegermin dose and regimen), and CS and CI measures (e.g.,
method used, units, time points). For CS, we abstracted
change from baseline, percent change, quadrant-level change,

TABLE 1. SEARCH TERMS USED

Publication database®

Search Terms Used®

PubMed

(Oxervate OR “cenegermin” [Supplementary Concept] OR cenegermin OR “Recombinant

Proteins/therapeutic use”[MeS.H] OR “Nerve Growth Factor/therapeutic use”’[MeSH])
AND (keratitisfMesh] OR “Neurotrophic keratitis” OR “Neurotrophic keratopathy” OR
“refractory corneal ulcer*” OR “neurotrophic ulcer*” OR “impaired corneal
innervation” OR “chronic keratitis” OR “ulcerative keratitis™)

EMBASE

(Oxervate OR ‘cenegermin’/exp OR cenegermin OR ‘recombinant protein’/exp/dm_th OR

‘nerve growth factor’/exp/dm_th) AND (‘keratitis’/exp OR ‘Neurotrophic keratitis” OR
‘Neurotrophic keratopathy’ OR ‘refractory corneal ulcer*” OR ‘neurotrophic ulcer*” OR
‘impaired corneal innervation” OR ‘chronic keratitis’ OR ‘ulcerative keratitis’)

“Search date: June 17, 2024.

PAll searches were limited to a 5-year period (August 22, 2018-June 17, 2024).
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and statistical significance; for CI, we abstracted change from
baseline in nerve density or length, percent change, and quali-
tative descriptors where applicable. We further conducted a
risk of bias (ROB) assessment using the National Heart, Lung,
and Blood Institute (NHLBI) tools for Quality Assessment for
Observational Cohort and Cross-Sectional Studies, and Con-
trolled Intervention Studies.

Data analysis

In addition to a descriptive synthesis, we conducted a quantita-
tive analysis to characterize changes in CS and CI across studies.
Because the review was descriptive and did not pool effect esti-
mates, statistical heterogeneity metrics were not applicable. Of
the included articles, 8 reporting CS outcomes and 3 reporting
CI outcomes met the criteria for quantitative analysis, as they
provided quantifiable data in the text or tables rather than in figures
alone. For cases where data were reported in figures and values
were not provided, we reached out to the corresponding authors to
obtain missing data or confirm unclear data; none responded.

We abstracted and standardized reported values, converted
medians to means using the Meta Convertor calculator as
needed,?' and applied sample size-based weights to estimate
overall and stage-specific weighted mean changes from base-
line to 8 weeks post-treatment initiation. Eight weeks was
selected because it was the most consistently reported early
post-treatment time point across studies and corresponds to
a full course of cenegermin treatment. We accounted for differ-
ences in measurement techniques and reporting formats to ena-
ble consistent cross-study comparison, using Microsoft Excel.

Results

Search and screening overview

A total of 165 records were identified through searches of
PubMed and EMBASE. After removing 48 duplicates, 117

165 records identified

3

unique records remained and underwent abstract-only screen-
ing. Of these, 62 were excluded for reasons such as being liter-
ature reviews, lacking outcomes of interest, or other factors,
as described in Figure 1. The remaining 55 studies proceeded
to a full-text review, during which 30 were excluded as they
did not meet the full inclusion criteria. Ultimately, 25 studies
met all the inclusion criteria and were included in the final
review (see Fig. 1).

Summary of included articles

Included studies comprised 18 case series, 3 cohort studies,
2 randomized controlled trials, 1 case—control study, and 1
uncontrolled phase 4 trial. Most studies included data on CS
(n=21), while few studies assessed CI (n =8).

Studies were conducted in several countries, with the
United States and Italy accounting for the largest number of
studies (n = 10 each). Other countries included Germany,
Spain, China, France, Poland, Belgium, Hungary, Portugal,
and the United Kingdom. Sample sizes ranged from small
case series (2-5 patients) to larger clinical trials enrolling up
to 156 patients (see Table 2).

Across 24 studies that reported gender distribution, 319
females (62.5%) and 191 males were included. The pooled
mean age among the 19 studies that reported both mean age
and sample size was 61.8 years. Among studies that reported
NK etiology, the most common etiologies were herpetic eye
disease (n = 137 patients), surgical procedures (n = 99
patients), including post-neuroma surgery and ocular sur-
geries, and diabetes mellitus (n = 52 patients). Among patients
with other eye disorders, dry eye was the most commonly
reported condition (n = 62 patients). Other frequently reported
ocular conditions or procedures included intraocular lens
implantation (n = 19 patients), Sjogren’s disease (n = 10
patients), and complications related to Graves’ disease, limbal
stem cell deficiency, ocular surface injury or inflammation,

Embase (n=97) —’JI 48 duplicate records removed

PubMed (n=68)

v

117 records screened in

Phase 1 (Title/abstract) 62 excluded in Phase 1.

32 review articles

» 6 did not include patients with NK
6 excluded for other reasons

2 patients did not receive Oxervate
1 study was not in humans

12 did not include any outcomes of interest

3 were expert recommendations (no new data)

v
55 records screened in
Phase 2 (Full-text screen)

FIG. 1. Flow diagram depicting the
literature review process and studies
identified.

29 excluded in Phase 2
17 case reporis with a single patient

correspondence)

1 patients did not receive oxervate
1 review article

1 study not in English

i 9 not full-length journal article (e.g., conference abstract or

v

data

1 record removed during data abstraction for not including relevant

v

25 articles included in
review
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Data included
[\

Funding
and informed consent to participate in
the study was obtained from all

participating sites approved the study,
patients.

Sapienza University of Rome and an
independent ethics committee from

The Institutional Review Board of
each country with 1 or more

NK Stage(s)

TaBLE 2. (CONTINUED)
Sample size

Study design

Country

First author
pective case series.
Retrospective case series.
ClI, corneal innervation; CS, corneal sensation; NK, neurotrophic keratopathy; NR, not reported; RCT, randomized controlled trial; (+), data were included.

“Pros
b

FUNG ET AL.

and corneal dystrophy (all n < 10 patients). Concomitant
ocular therapies reported in the included studies were
extracted where available and are summarized in Supple-
mentary Table S1. The majority of studies (21/25) evaluated
topical cenegermin applied six times daily for 8 weeks,
although a few studies reported that some patients received a
shorter treatment course (3/25 studies) or did not report the
length of treatment (1/25 studies). Treatment duration and
frequency were generally consistent, but follow-up duration
varied significantly, from no follow-up after the 8-week
treatment period to 2 studies that followed patients for 4 years
after treatment.?>3! Ten studies followed patients for the
8-week treatment course and 9 studies followed patients for
more than a year (Supplementary Table S2). Because most
studies reported outcomes at the §-week treatment endpoint,
pooled analyses of CS and CI primarily reflect short-term
changes, and interpretation of longer term improvements
should be made cautiously.

Corneal sensation

Of the 21 studies that reported data on CS, 19 provided
results both pre- and post-cenegermin treatment. The majority
of these studies (18/19) reported improvements in CS post-
cenegermin. The remaining study, which was a case series of
pediatric patients, reported that no patients experienced a
documented improvement in CS, although the authors noted
that assessment of CS was inconsistently documented among
the patients.*! To assess CS, 13 studies used CBE, 3 used a
cotton-wisp test, 1 used nonminted dental tape, 3 used mixed
methods (CBE in combination with non-CBE techniques),
and 1 study did not report the CS assessment method. In the 9
studies reporting patient-level data, CS improved in 83.9%
(146/174) of patients, with variability reflecting differences in
baseline function and assessment methods (see Table 3).

Pooled analysis of CBE-reported CS

Of the 19 studies that provided CS results both pre- and
post-cenegermin treatment, § were included in further analy-
ses because they provided quantitative CBE data in the text or
in tables. Improvements in CS following 8 weeks of treatment
with cenegermin were consistently observed across these
studies, with varying magnitude depending on baseline dis-
ease severity. Mean change in CS was greatest among patients
with moderate-to-severe NK (stage IT or III). A pooled analy-
sis across all 8 studies showed a weighted mean CS increase
from 1.76 cm at baseline to 3.81 cm post-cenegermin treat-
ment, representing an improvement of 2.05 cm or 116.5%
(see Table 4).

Corneal innervation

Of the 8 studies that reported data on CI, 6 provided results
both pre- and post-cenegermin treatment. All 8 studies utilized
in vivo confocal microscopy to assess parameters such as
nerve fiber density, length, branching, or fractal dimension,
although not every study reported on all variables. Regenera-
tion rates ranged from 0.8 £ 0.5 mm/mm? to 1.87 mm/mm?
per month in the 2 studies that reported corneal nerve regener-
ation rates. Improvement was seen across all studies, although
the degree of improvement varied by study. Increases were
reported in total, main, and branch nerve densities, with sev-
eral studies reporting statistically significant gains as early as



(panunuod)

W ¢ F CTH M § ‘WD ¢'[ F 9 dulaseq
JuawaInseaw aaneyenb Juisn Apy3is paroiduwr
uonesuas ‘quaned ise[ oy} 1o “HGD Aq painseaw se Adeioy)
Jo uonessad e parordur uonesuas ‘syuanied Jo (4/¢) %G/ Ul
‘sjuaned [[e ur pajou sem juawAoxdwr §)) ‘6 Joom 1y
(1€0°0 = d) $A99M § SA $Y29M § PUB [00°0 = d
SYooM § SA dUI[PsEq (1000 = d) SYO9M  SA QUI[ISBQ 18 S[OAJ]
Ul 9SBAIOU] "SYoaM § I8 (()’G—G'€) WD G’y PUB ‘Soam 18 (GL'
—G'€) ¥ dureseq 18 (§'¢=67°0) W ¢ sem YOI UeIpaw [100°0
>d ‘L£TC = (T) TvX] owm dn-mofjoj [e10) Sutn(y -1 23e1S
"(K10An02dsar 0’0 > d ‘1€0°0 = d) duljoseq yim
paredwiod S)aom § pue 1 J& seAIOU] (£9()°() = J) dn-mo[[oy
JO S0OM § PUR { U29M]q QOUIIJJIP JUBOYIUSIS A[[BONSTIRIS ON
"$YPIM § 1B ($'6—87E) WD C'fy PUB “SYIIM 7 JB (€'G—'7) WO G/°¢
‘Quraseq Je (CZ ¢—1) Wd G'] Sem [AJ] uonesuas YOI ueipawr
(€000 =d ‘$9S° 11 = (), X] dwn dn-mo[joj [e10) Sutn(g -] 25eI§
“9[qels sem FgD JO ON[BA UBIPIW A} 2IYM ‘10309s Jorradns
y ur 3dooxa ‘dn-mof[oy yruow-g ay3 Je Joyunj pasoidur
N(10°0S d) dn-mo[[0] JO SYIUOW { PUE ‘SYIUOW T ‘SYooM
§ Je S10J09S [BAUIOD [[& Ul aseaIoul :gg)) "sjuoned [ ] Ul S10J09S
QIOW JO QUO UT JudsaId Sem UONBSUIS MO B S[IYM ‘(]IS UOISI[
9Y}) 103098 [BAUIOD [BNUID Y} UI JUISqE Sem §)) ‘QUI[oseq 1Y
(W $6°7-8T'1 ‘1D %S6 :SO°0 > d) WO 801 F [1°C :Sypuowt gy,
(W2 $6T=9€°T “ID %S6 S0°0 > d) WO €80 F $6'[ Sypuout 9¢
(W $7°C=81'1 IO %S6 “S0°0 > d) WO 9L°() F 98'[ :SYIUOW /¢
(W ST’ 1 1D %S6 :S0°0 > d) WO $8°0 F €8°[ :sypuowt g |
:sporrad dn-mo[[0} JUISHIP T8 Juduear) Jjje juawasordw]
wo ¢ F '] :ourfeseq 18 §O UBA
(500 > d) dn-mo[oJ eam-g | pue
-8 01 auI[aseq wolj Apueoyrusis pasearout syuerpenb [erodwa)
pue ‘Teseu ‘Jorrajul ‘Jorradns Jo g0 afeIoAe oy pue SO [BNU)
(600°0=d) (WO T FL97) Tl F L9T Juawean 1oye 44D
(W2 9°0 F LP'T) W 9 F /'] Husunean) 910Joq 44D
uaned
Ise[ oy J0J YN Iuaunean-jsod O paroxdwr pey sjuened /¢
SO paseasout 9[qissod a)edrpur pnod paysa33ans Aoyl yoym
‘o 18I oY) YIIm paredwiod 9I9A9S AIOW I9M JUSWIBAT) PUNOI
-puo93s Ay} WOIJ S109JJd opIs pajrodar Jey) poAIdsqo sIoyine Ay,
(6L°1 °AS "W 91"f) TE ¥99M pue (19°[°AS W Z['h)
{ Joom 0] (L7'T ‘S ‘WD §7'7) QUI[aseq WOIJ PAseaIoul §) UBIA
"TENPIM IR (100°0 > d %6'€6
—1'€9 1D %S6) syuaned 9,178 ‘g Yoam & (1000 > d *%1°86
—€9L 1D %S6) swuaned 9,716 ul (SD) UONBSUIS [BaUI0d pasoidw]

(eanenuenb) gD
(eanemuenb)
90D ‘(anenenb)

HdD-UON

(eaneyenb) 1D

(eanemuenb) ggH

(eaneinuenb) ggH

(eanemuenb) ggH
(eanemuenb) ggH
(eAnemuenb) gD

(eaneyenb) odey
[EIUSP PAIUTWUON

AN

(eanemuenb) ggD

I 11

I 11

I ‘I

I 11

I 11

I 11

I 11

I

I

sjuoned ||

syuaned 4
syuaned ¢

sjuoned 17

sjuoned g

sjuonjed g

syuoned ¢
syuaned ¢

syuaned 1

AN

sjuonjed /¢

¢¢CC0T “T8 19 LIMpIN

2¢CC0T "1 ng
1C20T “Te 19 yoadpg-eroren

62CC0T T8 10 BYSMONZSOY

62CT0T T2 39 OIpag

2CT0T “[¢ 32 1uroosnig

V20T “T2 19 nd
¢cCTOT T8 19 BPajogIy

0£CC0T “'Te 10 sonodonidyg

V20T " R Teq

o P20T “Te 10 yeIwey

PP SO

(2d3 wp) poyro

(s)asv1s YN

2218 2)duwng

21011y

VIV NOLLVSNAS TVANIOD) ONILNOdTY SAIANLS ¢ AT14V],



"UOTJRIAQD PIBPUBIS ‘(S 949 1JI[ ‘SO ‘S9A2 1oq ‘NO
040 JySu1 ‘qO ‘parodar jou ‘YN ‘Ayredojeray orydonoau N eSuer aynIenbiajur ‘YOI 1591 dSIm u0)od ‘AN ‘IOIAWOISAYISS Joutog—1ayoo)) ‘gD ‘uonejue[dsues) oUBIqUIAW JNOTUWE ‘ [NV
'$9A9 Judpuadapur uey) Joyjel ejep juaned pajeSar3se 1001 suedw pAAYIIOM [9AS[-ApnIs
t9[qIssod a1oym pageroae arom (A[areredas NO 10 ‘SO ‘@O Suniodar sarpnis Ul “3-0) SJUSWIAINSLAW [IAS[-OKAF "9[qR) AU UI PAIOU ISIMIDYIO SSI[UN [9AS] Juaned oy Je pajornsqe d1om elep SO,

‘passaifar swoydwAs pue sugis [eoIUI[D
Aderoyy 19)Je yauowr | YN Juswgean-isod N Ul UOHBSUIS

ou ‘(O UI UOIIBSUIS PASBAIOP A[PadIeul JUaUNLanald iz 9se)
‘NO wd ¢'() Aderoy) 193je SYHUOW ¢ {NO Wd G'g

juowjean-isod (SO WO ¢'(> ((QO) WO (> udUNLAINA] (] ISe)
“Apm3s SIY) UI PAIUAWNIOP A[JUISISUOIUT

seam uonesuas ysnoye ‘sjusned Aue ur aaroxdwi jou pip SO
SINT
a3e1s i sjuaned JO 9598°76 UT U2IS UOTJBSUIS Ul judwdAosdur
ue ym ‘(100°0 = ) uaunean-sod (()'9—¢() :o3uel)

wd G4 03 ()'H—G°( :93uer) WO ¢'Z Wwoly pasoidwr §O) UBIPIIN

S[OIYdA SA THH' 0 = d (%E9L) 8E/6T ‘TW/3N(T UNISZIUS)
SIYRA SA €0C°0 =d (%9°8L) TH/EE ‘TW/3N(Q| UIIDFIUSD
Syeam § 18 (%) SO ul sjuswasoxdurr ypim sjusned Jo requnN
1000 > d (0°9-C'7) W G°¢ “(S'1—0) WId () [UOTS]

1000 >d (0°9-1°¢) Wwo ('t “(0'7—0) Wd G°( [eseuoIoju]
20000 =d (0°9-C7) Wo (¢ “(L'¢—0) wo ¢ :Jerodwajoropu]
8200=d (§°6—977) wd £°¢ ((0°$—0'T) wo (' [ :[eseuoradng
W 0=d (0691) W ¢ (09— 0) wo (7 :[erodwarsadng
syam § ‘aurpaseq ((YOI) UBIPIN

(Fr1°T°as)

WO [6'Z 18 oM ‘(L8I'T ‘dS) WO [§°() :QUI[aseq UILIAZU))

(81 = u) 8 yoam £q aurpaseqisod ‘(4 = u) uIaseq Je samseaw ggD
(ST0°0

= J) (9/9 WNWIXew ‘9/g WNWIUT) WD /'] F W ' SYHUOW g

(9/¢ wnwIrxew ‘g/] WNWIUIW) WO ¢ [ F WD §'7 -dul[eseyq
(S000°0 = d ‘95/77) syuepenb '] jo ueow

‘(10000 > d) (F1/11) S943 JO 9% 6L Ut Juasard O Juatean-180qd
(96/1) suexpenb

1°0 JO uBaWl ‘(41/1) S9A? JO 9,/ urjuasaid SO Jusuneanaid

‘eIsay)soodAy 01 ersaysaue woiy paaoiduwy :¢ ase)
190[N [BAUI0J JO Sulfeay 3o[dwod

I9)Je SHUWI| [RUWLIOU UIYIIM PAUINal pue paroidwl] :7 pue [ sase)

G BISQUISAUE ‘G eIsAYIse0dAy uruadoua)
(N) 9[qe[reAe eyep aur[aseq A[uQ

(aaneyyenb) royio

syuaned ¢

syuaned g

sjuonjed Gz awnsse YN
dnoi3 apo1yoa
ur syuaned g¢ w3
71 UIuIegauad uo
sjuoned ¢ “Tuysr (]
ururegouad uo sjuaned 7y

syuaned g1 swnsse YN
syoom § Je dnoi3
J[o1yaa ur syuanzed G|
pue dnoi3 urureSousd
ur syuaned g1 ‘ouraseq
e dnoi3 1od syuened 47

sypuowt |1 Je sjuoned
g ‘ourfeseq e syuaned ||

eyep Juounean-jsod
pue -a1d y1oq Yam saka |

syuaned ¢
dnoi3 [NV
ur syuoned g ‘dnoi3
uruegauad ur sjuaned 47

0y 10T “I2 39 1918H
1»120T “Te 310 19yo1e

y2£C0C
“[e 10 elored-euonqreq

¢(810T "¢ 10 1utuog

020C "8 19 enbsedonsejy

1020T T8 13 Jop[aysnyd

2020T “'[& 10 S1oq[aSuimy,

LcTT0T T8 12 Sunay)
0cCT0T T8 19 07287 14

»CC0OT T8 19 MAYII.S

PP SO

‘(aaneimuenb) ggD AN
(eaneyrenb) royio
‘(aneimuenb) ggD I °TT T
(eAneInuUEnb) 44O I °I1 °T
(eanemuenb) ggo I ‘T1
(sanemuenb) ggH 1T ‘I
(eanenuenb) g4 III ‘I1
(eanenuenb) g III ‘I1
(eaneienb) 1MD I ‘I
(sanemuenb) ggH 1T ‘I
(eaneenb) 1MD I 11
(2d1 vivp) poyrap (s)28vis YN

az1s apdung

2101y

(QENNIINOD)) "¢ 14V],

10



CENEGERMIN AND CORNEAL NERVE HEALTH

11

TABLE 4. WEIGHTED MEAN ANALYSIS OF CORNEAL SENSATION CHANGES WITH CENEGERMIN

Article Sample size CS, baseline CS, week 8 Mean change® Percent change
Mild (stage I)

Hamrah et al.'® 37 patients 2.28 cm 4.12 cm 1.84 cm 80.7%
Mild/Moderate (stages I, IT)

Arboleda et al.*® 5 patients 1.47 cm 2.67 cm 1.2 cm 81.6%

Bruscolini et al.* 18 patients 1.2cm 295 cm 1.75 cm 145.8%
Moderate/Severe (stages II, III)

Roszkowska et al.>® 21 patients 1.81 cm® 443 cm® 2.62 cm 144.8%

Meduri et al.*? 11 patients 1.6 cm 4.25 cm 2.65 cm 165.6%

Pflugfelder et al.'® 24 patients® 0.81 cm 291 cm 2.1cm 259.3%

Mastropasqua et al.*? 18 patients” 1.85 cm 3.85 cm 2.0 cm 108.1%
Mild/Moderate/Severe (stages I, I, III) ) )

Balbuena-Pareja et al.** 25 patients” 2.3 cm®f 4.1 cm®f 1.8 cm 78.3%
Weighted mean for all included studies 1.76 cm 3.81 cm 2.05 cm 116.5%

“Weighted mean calculations and reported changes reflect study-level patient averages; eye-level data were not consistently reported and

thus not able to be incorporated.

°In Roszkowska et al., separate values were provided for patients with moderate and severe disease; we calculated a single weighted
mean using the reported sample sizes to maintain consistency with other studies.

“There were 24 patients at baseline and 18 patients at 8 weeks.

An assumption about the number of patients was made based on the available data in the study.
“Mean change from baseline to week 8 was calculated using the Meta Converter calculator in studies that only reported the median and

interquartile range (IQR).

fCS was reported as mean values for the superotemporal, superonasal, inferotemporal, and inferonasal quadrants, as well as the lesion.
For consistency, a single mean was calculated by averaging these values together.

CI, corneal innervation; CS, corneal sensation.

8 weeks post-cenegermin treatment. In addition to density,
structural parameters of nerve regeneration also improved.
One study reported significant increases in corneal nerve fiber
density (CNFD), particularly in peripheral corneal sectors,
with progressive centripetal regrowth (see Table 5).2°

Pooled analysis of Cl improvements

Of the 6 studies that reported CI results both pre- and post-
cenegermin treatment, only 3 provided nerve density data in
the text or in tables in a way that could be used for quantitative
synthesis. CNFD improved following 8 weeks of cenegermin
treatment in all 3 studies, with the magnitude of change vary-
ing depending on baseline disease severity. When pooled
across the 3 studies that met inclusion criteria—defined as
reporting CNFD at 8 weeks using quantitative methods—the
weighted mean CNFD increased from 3.1 mm/mm? at base-
line to 5.1 mm/mm? at week 8. This corresponds to an abso-
lute mean increase of 2.0 mm/mm?, representing a 64.5%
improvement from baseline. Cenegermin was shown to pro-
mote corneal nerve regeneration across varying disease sever-
ity (see Table 6).

ROB assessments

We evaluated ROB for each included study using the previ-
ously described NHLBI tools. Of the 25 studies, 8 were rated
good, 12 fair, and 5 poor. Randomized controlled trials gener-
ally had lower ROB, while case—control studies showed
higher risk compared with pre—post studies. Case series had
mixed ratings, with most falling into the fair quality category.

Given the substantial heterogeneity in study design, out-
come reporting, and sample sizes, as well as the limited num-
ber of studies contributing data to quantitative syntheses, it
was not feasible to conduct formal weighting by ROB or sen-
sitivity analyses to exclude lower quality studies. Instead,

ROB assessments informed narrative interpretation and
strength of conclusions, with greater caution applied to studies
rated as fair or poor quality. The ROB assessments are pre-
sented in Supplementary Tables S3-S6.

Discussion

This systematic literature review and weighted analysis
offer a comprehensive examination of cenegermin’s effects on
CS and CI in patients with NK. Across 25 published studies
that met all the inclusion criteria, 21 studies reported on CS
and 8 studies reported on CI. Both CS and CI showed improve-
ment at 8 weeks post-treatment, which was the only time point
that was reported quantitatively across all studies. A pooled
analysis of CS found a mean improvement across 134
patients drawn from 8 studies of 2.05 cm (116.5%); studies
that included more moderate and severe stage II and III
patients demonstrated the greatest improvement in CS. A
pooled analysis of CI data demonstrated a mean improve-
ment of 2.0 mm/mm? (64.5%) in CNED from baseline to
8 weeks post-treatment.

Although cenegermin’s pivotal trials (NGF0212 [REP-
ARO], NGF0214) were able to demonstrate its efficacy and
safety, they were not able to determine statistically significant
improvements in CS due to limitations on sample size and
length of follow-up.!>'® Subsequent independent studies
have since demonstrated significant improvements in CS
after treatment with cenegermin,!8-24.30-32.36-38.42 Hqy,.
ever, these studies were limited by small sample sizes, retro-
spective designs, and heterogenous populations, which
limited their ability to extrapolate findings to a broader
patient population. To address this evidence gap, we con-
ducted a systematic literature review to analyze and synthe-
size the peer-reviewed literature on the impact of cenegermin
on CS and CI. By focusing specifically on nerve-related
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TABLE 6. WEIGHTED MEAN ANALYSIS OF CORNEAL NERVE FIBER DENSITY CHANGES WITH CENEGERMIN

Article Sample size CNFD, baseline CNFD, week 8 Mean change® Percent change

Saricay et al.?’ 5 patients 3.4 mm/mm?** 7.8 mm/mm?>° ) 4.4 mm/mm? 129.4%

Mastropasqua et al.*? 18 patients 0.9 mm/mm>>*° 2.6 mm/mm>>*° 1.7 mm/mm?> 188.9%

Balbuena-Pareja et al.>* 25 patients 4.6 mm/mm? 6.4 mm/mm? 1.8 mm/mm? 39.1%

Weighted mean for all included studies 3.1 mm/mm?* 5.1 mm/mm?* 2.0 mm/mm? 64.5%

“Weighted mean CNFD values reflect aggregated study-level patient averages; individual eye-level data were not consistently available.
Pum/mm? (micrometers per square millimeter) was converted to mm/mm? (millimeters per square millimeter).
“Mean was calculated from median, IQR, and sample size using the Meta Converter calculator.

CNEFD, corneal nerve fiber density; IQR, interquartile range.

outcomes and standardizing measures of CS and CI, this
review provides additional support that cenegermin is associ-
ated with meaningful improvements in CS during the initial
8 weeks post-treatment, while also enabling comparison
between real-world studies.

Across the 21 articles reporting on CS that included quanti-
tative data, the majority reported that cenegermin consistently
improved CS from baseline to 8 weeks post-treatment, with an
overall weighted mean percent change of 116.5% (range:
78.3%—-259.3%) across all NK stages. Improvements were
consistently observed across all stages of disease severity, and
patients with more advanced NK at baseline trended toward
greater CS improvements. This finding may reflect a larger
capacity for improvement when starting with severe disease,
compared with mild disease, where a measurement ceiling may
limit detectable changes. However, the CBE is both examiner-
and subject-dependent, introducing variability and potentially
obscuring subtle improvements in milder cases. More refined
and reproducible methods of CS measurement may better cap-
ture the true extent of treatment-related improvements in the
future.

CI outcomes were less commonly reported, with only 6
studies providing post-treatment nerve fiber density data. Of
these 6 studies, only 3 reported quantitative post-treatment
CNFD values suitable for weighted analysis. Across these 3
studies, cenegermin was associated with corneal nerve regen-
eration, showing an average 2.0 mm/mm? increase in CNFD
and a weighted mean percent change of 64.5% from baseline
to 8 weeks post-treatment. Although comparison across studies
was challenging due to diverse methodology, 6 studies reported
improvement in nerve fiber density, nerve fiber length, or diam-
eter following treatment with cenegermin 2426-27:33.39:43

The observed CI improvements lend additional support to
cenegermin’s proposed mechanisms of action, which include
promoting nerve regeneration, enhancing corneal epithelial
healing, and restoring trophic support to damaged corneal tis-
sue. The reported increases in CNFD align with preclinical
data showing that cenegermin stimulates corneal nerve regen-
eration.2*2643 Although the average increase of 2.0 mm/mm?>
CNFD observed in our included studies seems low, it is possi-
ble that additional benefit could have been seen beyond
8 weeks post-treatment, a time point chosen as it was the only
comparable follow-up length reported consistently across
articles with quantitative data. For comparison, a small retro-
spective case series of 4 patients with severe NK treated with
autologous serum tear drops demonstrated that corneal nerve
density continued to increase over longer follow-up periods
(from 0 to 10.09 £ 2.54 mm/mm? over 4-22 months), sug-
gesting that nerve regeneration may extend well beyond the
8-week time point reported here.** One study observed

recovery of sub-basal corneal nerves in patients treated with
cenegermin, beginning at 8 weeks and continuing through
8 months post-treatment.?® Significant regrowth was noted in
corneal nerve fiber length from 8 weeks onward and in
CNFD starting at 2 months, with both measures showing
continued improvement throughout follow-up.2% Our CS and
CI findings reinforce the idea that cenegermin acts as a
disease-modifying therapy for NK, not only promoting epi-
thelial healing but also contributing to restoration of CS
across all NK stages. Improvements in CI are particularly
significant because of the central role corneal nerves play in
maintaining ocular surface health, tear production, and epi-
thelial turnover. It is encouraging that substantial CS gains
were seen even in patients with severe disease, a group that
is at significant risk of corneal perforation and vision loss.*’
As a key measure of corneal health, the increase in CS
observed in this review provides additional evidence that
cenegermin improves corneal nerve function. Importantly,
however, CI and CS are not always well correlated, and the
magnitude of improvement in one does not necessarily pre-
dict the other. Future studies would benefit from evaluating
whether there are critical thresholds of CI and CS recovery
that correspond to clinically meaningful improvement, which
could better define treatment success with cenegermin.

This study had several limitations. The included articles
were heterogenous in design, patient populations, and out-
comes measures, with findings influenced by uncontrolled
case series, thereby limiting the strength of causal inference.
Both pediatric and adult patients were included, despite known
differences in baseline corneal physiology and nerve regenera-
tion capacity, because cenegermin is approved in the United
States for patients older than 2 years and available real-world
evidence frequently reports outcomes across broad age ranges
without stratification.

The use of concomitant topical or systemic ocular therapies
alongside cenegermin was inconsistently documented and
could not be systematically adjusted for, raising the possibility
of confounding by other treatments (e.g., autologous serum,
antibiotics). Importantly, in many studies, cenegermin was
initiated in patients who were refractory or had an inadequate
response to these same therapies prior to cenegermin treat-
ment. Therefore, while residual confounding from concurrent
treatments cannot be entirely excluded, the observed clinical
improvements following cenegermin initiation are unlikely to
be primarily attributable to these concomitant interventions.
Ocular comorbidities that could impact corneal nerve health or
healing (e.g., dry eye disease, prior corneal grafts, or previous
ocular surgeries) were inconsistently reported across studies
and could not be incorporated into our analysis. Underlying
etiology (e.g., herpetic, postsurgical, diabetic) may also
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influence the regenerative potential, but we did not conduct
subgroup analyses because most of the studies did not provide
patient- or eye-level linkage between specific outcomes and
etiologies. Because patient- and eye-level linkage was not con-
sistently reported, analyses were conducted at the study level,
and weighted means reflect aggregated study-level data rather
than individual eyes. Consequently, we were unable to account
for within-patient correlations in these analyses.

Although all studies followed patients through the 8-week
treatment course, follow-up beyond 8 weeks varied consider-
ably, limiting comparisons of longer term outcomes. Weighted
means could only be calculated for studies reporting quantita-
tive CS or CI data; studies reporting aggregated or incomplete
results restricted our ability to conduct subgroup analyses by
disease stage or measurement methodology. Furthermore,
studies reported CS outcomes as pooled across heterogeneous
assessment techniques without standardization, which could
introduce measurement bias.

Finally, the literature search was restricted to English-
language publications following cenegermin’s US FDA
approval in August 2018, excluding studies published after
its EMA approval in July 2017. Data extraction was per-
formed by a single reviewer and verified by a second.
Lastly, while efforts were made to minimize overlapping
patient populations, duplication cannot be entirely excluded
in studies with few patients, given the rarity of NK and
patient confidentiality.

Conclusions

Cenegermin treatment is associated with both structural
and functional improvements in CI and CS across the spec-
trum of NK severity, highlighting the regenerative potential of
cenegermin in patients with NK. Future research with larger
and more diverse patient populations conducted with standar-
dized quantitative methods to measure CS and CI would help
establish the long-term efficacy of corneal neuronal recovery
induced by cenegermin.
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