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Outcomes following tacrolimus systemic immunosuppression
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OBJECTIVE: To report outcomes of tacrolimus immunosuppression after penetrating keratoplasty (PK) in very young children.
METHODS: Retrospective, consecutive, cohort study of children undergoing PK at a tertiary children’s hospital between 2005 and
2016. Oral tacrolimus immunosuppression was given for 2 years, followed by topical tacrolimus.
RESULTS: Fourteen children (20 eyes) had 24 PKs; nineteen eyes had primary PKs, five eyes had repeat PKs. Mean age at primary
graft was 95 days (3.1 months) for anterior segment dysgenesis (ASD), 430 days (14.3 months) for non-ASD children. Eleven children
(15 eyes) had ASD. Three children (five eyes) had non-ASD: two children (three eyes) had glaucoma-related corneal opacity and one
child (two eyes) had congenital hereditary endothelial dystrophy (CHED).One-year rejection-free survival rates following primary PK
was 80% for ASD (n= 15) and 100% for non-ASD (n= 4). At final review, 5/15 of primary grafts for ASD were clear. 10/15 failed after
a mean of 19 months, specifically attributable to infection (n= 2), rejection (n= 2) and glaucoma (n= 2). 4/4 primary non-ASD
grafts are clear at final review (mean follow-up= 77 months). All repeat grafts (n= 5), failed after a mean of 38.25 months.
Considering all grafts, 15/24 (62.5%) failed: 5/15 due to infection, 2/15 due to rejection, 8/15 due to glaucoma, phthisis, perforation
or vascularised with no rejection. At last review (mean= 58.1 months, range 28–84), overall cohort survival is 37.5%. Final visual
acuities range between 0.86 and 2.4 LogMAR.
CONCLUSION:We compare our results to published literature: 1-year graft survival was higher than previously reported, with lower
failure due to rejection. Overall infection rates did not increase, however, proportionally, severe infections were higher. Overall graft
survival is at least comparable to reported literature.

Eye (2022) 36:2286–2293; https://doi.org/10.1038/s41433-021-01855-w

INTRODUCTION
Anterior segment dysgenesis (ASD) is the commonest indication
for penetrating keratoplasty (PK) in infancy. ASD is an umbrella
term for a group of heterogeneous congenital anomalies which
can be described by their constellation of features. Increasingly,
underlying genetic mutations are understood, enabling classifica-
tions based on genotype rather than phenotype [1]. Associated
co-morbidities such as cataracts and glaucoma, and the high risk
of allogenic rejection result in a higher failure rate than most series
in adults [2–4].
Younger children have a higher risk of corneal graft failure,

probably due to more robust immune responses causing rejection
[2, 5]. Brisker healing is evidenced by earlier structural integrity of
the graft–host junction in children; at 4 weeks post graft, sutures
can be removed in infants. Consequently graft survival rates are
worse in younger children: overall graft survival is 52% in children
under one year old, 61% in 1 to 3 year olds and 77% in children
over five years old [2]. Graft rejection in particular was commoner
in children under 5 years (52%), compared to children over five
(22%) [2].
Corneal vascularisation, present in a significant proportion of

ASD, compromises the immune privilege of the cornea. The extent

of vascularisation proportionally increases the likelihood of
rejection, and increases the length of time needed to successfully
treat a rejection episode [6]. Blood vessels and associated lymph
vessels at the graft–host junction allow the presentation of donor
antigens to host T cells within host cornea, and within host-
lymphatic tissue [6, 7]. Chemokines, such as IL-2, modulate the
immune cell movement towards donor cornea and orchestrate
immune mediated damage.
Calcineurin inhibitors such as cyclosporin and tacrolimus reduce

production of IL-2 and reduce T-cell proliferation. Systemic
cyclosporin has multiple side effects: 81% of adult patients
experienced an adverse reaction [8]. Tacrolimus has a better
systemic side effect profile, with comparable results to cyclosporin
for reducing corneal allogeneic rejection in adults [9]. Tacrolimus
is a FK506 binding protein that inhibits calcineurin’s ability to
dephosphorylate nuclear factor in T cells. It has a history of
successful use in solid organ transplant, ocular graft versus host
disease, atopic keratoconjunctivitis and posterior uveitis [10],
particularly in children.
Oral immunosuppression has improved survival rates of high-

risk grafts in adults [11–13]. Meta-analysis of adult data did not
favour a particular immunosuppressant due to low quality data
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with a risk of bias [14]. Meta-analysis concluded that mycophe-
nolate, cyclosporin and tacrolimus improve rejection rates, but
have no effect on graft survival [14, 15]. However, since
publication of the meta-analysis, individual studies have shown
that, in high-risk adult PKs, oral tacrolimus improves graft survival
from 33 to 100% over a mean of 24 months [11] and topical
tacrolimus reduces graft failure from 44 to 19% when added to
topical prednisolone 1% [16, 17]. Low dose oral tacrolimus can
reverse rejection episodes [18]. Topical cyclosporin for paediatric
PKs increased rejection-free survival from 38.5% in control eyes, to
88.9% at 3 years [19].
Oral tacrolimus immunosuppression in infants and young

children undergoing PK has not, so far been reported; we report
our experience.

METHODS
This is a retrospective case note review of consecutive children undergoing
PK with oral tacrolimus immunosuppression over an 11-year period
(2005–2016) at a tertiary children’s hospital. Informed consent was
obtained for surgery and tacrolimus immunosuppression. Tacrolimus
immunosuppression was given at the surgeon’s discretion. In the time
period studied, four children had PK without immunosuppression.
Indications for surgery, surgical details and detailed post-operative course
and outcomes were recorded.
All procedures were performed by a single surgeon (SS). Donor tissue

was chosen with a maximum acceptable age of 30 years, to optimise
endothelial cell counts. The donor corneal button was oversized by 0.5–1
mm, and sutured with interrupted 10–0 nylon. Subconjunctival cefuroxime
and triamcinolone acetonide (Kenalog 40mg/mL, Bristol-Myers Squibb,
Princeton, NJ USA) were administered to provide immunosuppression until
oral tacrolimus cover became effective.
All of the children had suture removal between 4 and 8 weeks post-

operatively, usually at two planned general anaesthetics. This was feasible
because of the young age of the cohort. Early suture removal minimises
suture-related risk of infection and reduces the risk of rejection episodes
related to loosening of the sutures. If loose sutures were identified early, an
unplanned procedure was organised for expedited suture removal.
Post-operative topical therapy included preservative free dexametha-

sone (0.1%, Minims, Bausch & Lomb, Surrey, UK) 2 hourly and
chloramphenicol (0.5%, Minims, Bausch & Lomb, Surrey, UK) 4 times daily
for 8 weeks. Topical steroids were tapered over the subsequent 3 months
to 4 times a day, gradually reducing to twice daily after 1 year.
Tacrolimus was commenced within 1 week of surgery, at 0.1 mg/kg/day

and titrated to maintain trough blood levels at 2–4 ng/ml. Three
consecutive trough levels <1.8 ng/ml were defined as sub-therapeutic.
Frequency of blood monitoring was reduced to 3 monthly once trough
levels were stable.
A liver and small bowel transplant team coordinated dosing, blood

monitoring, and adverse event reporting, due to their experience with
immunosuppression. Baseline blood tests were taken for renal and hepatic
function, with monitoring frequency reducing to 3 monthly in stable
patients. Live attenuated vaccinations were avoided whilst immunosup-
pressed, but non-live (inactivated, recombinant or toxoid) vaccines were
permitted.
After 2 years, oral tacrolimus was replaced with tacrolimus ointment

twice daily (Protopic 0.03%, Astellas Pharma US, Inc., Northbrook, IL).
Tacrolimus was withheld at the discretion of the hepatology and
ophthalmology teams; permanently if the graft failed, or temporarily if
systemic or ocular infection occurred.
The primary outcome measure was a clear corneal graft at last follow-

up. This was defined as a compact and clear cornea, allowing a clear view
of iris details. Secondary outcome measures were: number of rejection
episodes, rejection-free survival, visual acuity and tacrolimus-related
adverse outcomes. Graft rejection was defined as loss of graft clarity
accompanied by intraocular inflammation or epithelial or endothelial
rejection lines. Graft rejections were treated promptly with high dose
steroids in a combination of topical, subconjunctival, sub-tenon or
intravenous routes. Graft failure was defined as irreversible loss of central
graft clarity that was no longer compatible with good visual function,
from any cause. Visual acuity recorded as fix and follow, perception of
light (PL) and no PL (NPL) were substituted with 2.40, 2.70 and 3.00
LogMAR [20].

Given the heterogeneity of pathology, and the small numbers of cases in
our series, we divided the analysis of our cohort into those children who
had PK due to ASD, of any type, and those who had corneal failure
secondary to other causes. Further subdivision of phenotype with a view to
risk stratification would not be statistically valid in a small series.

RESULTS
Demographics
Fourteen children (twenty eyes) had 24 PKs; nineteen eyes had
primary PKs, five eyes had repeat PKs (Table 1). Eleven children (15
eyes) had ASD: Peter’s anomaly phenotype (n= 7), ASD of varying
phenotype (n= 3), sclerocornea (n= 3) and corneal perforation at
birth (n= 2). Primary grafts occurred for ASD at a mean age of
95 days (6–375). One child underwent bilateral surgery at 6 days
old. At the time of PK, additional procedures were based on

Table 1. Patient demographics and graft outcome data.

Anterior segment
dysgenesis

Non-anterior
segment
dysgenesis

Eyes, children 15, 11 5, 3

Male, female 6, 5 2, 1

Mean age at PK (days,
(range))

95 (6–375) 430 (181–607)

Previous procedures
(median, (range))

0 5 (5–8)

Primary grafts

Grafts 15 4

Functioning grafts
(n, %)

5 (33%) 4 (100%)

Mean survival
(months, (range))

43 (28–73) 77 (61–75)

Failed grafts (n, %) 10 (67%) 0

Mean survival
(months, (range))

19 (3–42)

Rejection episodes
(mean, (range))

0.5 (0–2) 0

Indication for failure
(n, %)

Infection 2 (18%)

Rejection 2 (18%)

Glaucoma 2 (18%)

Phthisis 1 (9%)

Perforation 1 (9%)

Vascularised 2 (18%)

Evisceration 1 (6.25%) 0

Repeat grafts

Grafts 4 1

Failed grafts (n, %) 4 (100%) 1 (100)%

Mean survival
(months, (range))

38 (7–94) 14.5

Rejection episodes
(n, (range))

1 (1) 0

Indication for failure
(n, %)

Infection 2 (50%) 1 (100%)

Rejection 1 (25%)

Phthisis 1 (25%)

Evisceration 1 (25%) 1 (100%)
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clinical need including: lensectomy or division of dense iridolenti-
cular adhesions (n= 6) and combined stem cell graft
(n= 4). None of these eyes had undergone prior surgical
intervention.
Three children (five eyes) had PKs for non-ASD causes. One child

(two eyes) had congenital hereditary endothelial dystrophy
(CHED), two children (three eyes) had glaucoma associated with
non-acquired ocular causes. Two children had bilateral sequential
primary PKs at a mean age of 430 days (range 181–607). A third
child had a repeat graft at 1500 days old, she did not have
tacrolimus immunosuppression for her primary PK (Table 2, case
16). Each child had undergone prior surgical procedures to control
glaucoma (mean number: 5.75, range 5–9); but no additional
interventions were undertaken at the time of PK.
All children remain under our care, one child died due to an

underlying systemic condition. At final review, children had been
followed up for a mean of 76.6 months (range 28–151).

Graft survival
50% of all grafts in this series were functioning at 41 months. Graft
survival for the entire cohort is shown in Fig. 1.
At final review, 5/15 primary PKs for ASD are surviving; mean

survival duration is 43 (28–84) months. One-year survival was 11/
15 (73%), 2-year survival was 10/15 (67%). One graft survives to
date, beyond 5 years. One child had clear grafts at the time of his
death, 28 and 31 months after his bilateral PKs. All four primary
grafts for glaucoma continue to survive after a mean of 77 (74–83)
months (Tables 1, 2).
Five eyes with ASD developed progressive thinning in the host

cornea and peri-limbal sclera, requiring tectonic scleral grafts; of
these only 1/5 grafts is surviving. Four eyes with ASD required
glaucoma procedures (one Baerveldt tube insertion, three
cyclophotocoagulation); 2/4 grafts continue to function.
Four eyes with ASD and one eye with glaucoma underwent

repeat PK. All five grafts failed after a mean of 38 (7–94) months.
One-year survival was 3/5 (60%), 2-year survival was 2/5 (40%) and
5-year survival was 1/5 (20%).

Graft failure
Considering all primary and secondary grafts 15/24 (62.5%) grafts
failed. 5/15 (33%) failed due to infection, of which three had
infective keratitis resulting in evisceration (Table 2). 3/15 (20%)
failed with vascularisation and no rejection, 2/15 (13%) failed due
to glaucoma. Two eyes (13%) developed phthisis and one eye
(7%) perforated. The remaining two grafts rejected (13%).
Rejection whilst on oral tacrolimus occurred six times in four

eyes of four children. 2/6 episodes resulted in graft failure. The
remaining 4/6 episodes were successfully treated with combina-
tions of topical, subconjunctival, orbital floor or systemic steroids
(Table 3). At the time of rejection, tacrolimus trough levels were
therapeutic in 5/6 cases.
Of 15 primary grafts surviving at 1 year, rejection-free survival

rates were 9/11 (82%) for ASD and 4/4 (100%) for non-ASD. 3/5
repeat PKs were surviving at 1 year, 2/3 (60%) had no episodes of
rejection. Of 14 primary grafts surviving at 2 years, rejection-free
survival rates were 6/10 (60%) for ASD and 4/4 (100%) for non-
ASD. 15/19 eyes (79%) never experienced rejection whilst on oral
tacrolimus, and four eyes (21%) experienced one or more episodes
of rejection (Table 3).
Seven grafts became vascularised: 3/7 post rejection episodes,

2/7 failed with vascularisation and no rejection, 2/7 vascularised
after infection, which led to failure. If vascularisation was noted
prior to graft failure, it was treated with fine needle diathermy and
bevacizumab.

Systemic adverse effects of oral tacrolimus
We did not encounter any previously reported adverse effects
including: nephropathy, neurotoxicity, hepatotoxicity, arterial

hypertension, gum hyperplasia or hirsutism. None of the children
suffered an immunosuppression-related illness and no-one was
disadvantaged due to delay in receiving live vaccinations. One
child had tooth decay and tacrolimus was stopped at the parent’s
request, although no association was proven. Blood testing
throughout the treatment period, supervised by a hepatology
team, did not find any irreversible derangement of haematological
or biochemical variables.

Visual outcome
All children received refractions on a minimum of an annual basis
and glasses were prescribed if the child were to benefit from the
prescription. Of those children with ASD, who had uniocular
surgery, two had a normal fellow eye and received patching to
optimise vision in their operated eye. The remaining three either
opted for surgery in only one eye, or had pathology that was too
severe to consider surgical intervention in the fellow eye. The
operated eye was therefore their dominant eye. Last recorded
uniocular visual acuity achieved while the graft was functioning is
shown in Fig. 2. Uniocular recorded visual acuity ranged between
0.86 and 2.4 LogMAR (mean 1.64). At final review, all children with
clear grafts have measurable vision.

DISCUSSION
This is currently the only published series of children who have
received oral tacrolimus for PK. Our cohort includes very young
children, with congenital or infant-onset disease and therefore the
risk of graft failure is high when compared to series describing
children with later-onset, traumatic or progressive pathologies [1].
PK in infants and young children presents a unique set of

challenges including the need to balance the risk of early
surgery against the benefit of preventing intractable visual-
deprivation amblyopia. Graft health is directly linked to prompt
presentation and recognition when problems occur, which can be
a challenge in young children with several ocular and systemic
co-morbidities [21].
In published literature, rejection is the dominant reason for graft

failure in infants and young children, followed by infection. We
aimed to reduce the risk of graft failure, due to rejection, with the
addition of oral immunosuppression. Multiple risk factors increase
the likelihood of rejection, including: young age at surgery,
heightened immune responses, previous anterior segment
surgery, multiple concurrent procedures at the time of PK, and
the need for large grafts, which allow donor antigens to contact
host vessels [6, 22]. Previously published failure rates at 1-year
range between 29 and 83% [5, 23–26] and 65% at 2 years [27]. In
this cohort, the proportion of grafts that failed at 1 year was 27%
and 33% at 2 years. 16/24 of PKs in our cohort were for children
under 1 year old, with a 1-year failure rate of 25%.
Eyes with ASD are structurally abnormal, associated with limbal

stem cell deficiency, loss of limbal architecture, corneal vascular-
isation and corneo-lenticular adhesions. Subsequent reduction of
corneal immune privilege, increases the likelihood of rejection.
Our survival rate of primary PK in ASD suggests that the drive for
immunogenic rejection can be modulated with oral tacrolimus.
Simultaneous lensectomy is a significant risk factor for graft
failure, reducing overall survival to 19% [5]. Our experience was
similar. Only 1/5 ASD eyes (20%) that underwent lensectomy was
clear at final follow-up, compared to 5 of the remaining 10
cases (50%).
Glaucoma at the time of PK is an independent risk factor for

failure [27]. Four eyes with childhood glaucoma or CHED had
surviving grafts at 5 years. The improved graft survival in
glaucoma, compared to ASD, is likely due to increased age at
surgery, and no concurrent procedures at the time of PK.
Subsequent development of glaucoma risks graft failure, due to

the need for further surgical interventions, with a hazard ratio of
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4.09 [27]. Of the four ASD eyes that developed glaucoma, two
grafts were functioning at final follow-up.
We found scleral thinning to be a serious adverse prognostic

factor, occurring in four eyes (Nos. 1, 2, 11, 13). None of the eyes
had raised intraocular pressure. Despite scleral patch grafting,
three grafts failed (perforation, endophthalmitis leading to
evisceration, and infective keratitis leading to corneal decom-
pensation). Three eyes (1, 2, 13) had evidence of scleral thinning at
presentation, which progressed post PK. In eye 13, thinning
progressed for years, even when tacrolimus was discontinued. Eye
11 developed scleral thinning within 5 months of PK. We do not
understand the mechanism for progressive scleral thinning,
particularly as it was not associated with any thinning or
stretching of the graft–host junction. We presume that it is a
manifestation of abnormal tissues, and is unrelated to tacrolimus
immunosuppression.
Severe infection was the dominant cause of failure, compared

to rejection in our series, contrasting with previously published
studies [2, 5, 28]. Suture abscesses were not a contributory factor
in our series, due to the infections occurring after suture removal.
Our infection rates compare to Al-Ghamdi’s series of childhood
PKs where oral immunosuppression was not used (20.8% vs. 26%)
[5]. Studies where infection rates were lower, involved cohorts of
children who had surgery at an older age [2, 5, 29]. It is possible
that infection is more likely to progress unnoticed in a young child
who is unable to communicate symptoms.
Infection is an inherent risk factor in this difficult group of

patients. As 3/5 of our cases resulted in endophthalmitis, it is not
possible to ignore that infection in tacrolimus-immunosuppressed
children may be more aggressive and more likely to progress to
endophthalmitis, a devastating outcome. Delays in detection of
infection, and presentation and complex ocular and social
circumstances, contribute to delay in treatment. We ensure that
oral immunosuppression is halted after 2 years in order to
minimise the risk of serious infection.
Repeat PKs are at higher risk of rejection, as the immune system

is primed to recognise donor corneal antigens. Rejection usually
occurs earlier and in a more fulminant pattern in subsequent
grafts [30]. Yang reported a second or subsequent PK in a patient
with Peter’s anomaly has a <10% survival rate at 3 years [31]. In
our cohort, all five repeat grafts failed after a mean of 38 (7–94)
months. Maintaining the clarity of a repeat PK remains a
challenge. Engagement from families and a close relationship

with medical staff helps to ensure timely presentation when there
are concerns regarding graft health [32].
The ability to provide functional vision in the early years is

crucial for development of sight, mobility and social development.
Only one child developed loss of corneal clarity in both eyes by 1
year old. The remaining children with ASD had a minimum of PL
vision binocularly. Visual acuity was a minimum of 1.6LogMAR in
the remaining eye of those who had an evisceration. This level of
vision, as reported by the children’s families, is adequate for
independent mobility, social interactions and in some cases,
limited reading on tablets or computers.
Sub-therapeutic levels of oral tacrolimus were found in several

cases at various times during the study period, without
consequence on graft health. Five of the six rejection cases had
therapeutic levels at the time of rejection (of which two grafts
failed). This suggests that while tacrolimus lowers the rate of
immunogenic rejection, it does not eliminate the risk. None of our
patients suffered any toxicity, or adverse events as a result of
immunosuppression.

Study limitations
There are inherent limitations to a report of this nature. A control
group would improve scientific validity. We considered comparing
outcomes with cases predating the use of tacrolimus but
confounding variables invalidated this analysis. Due to small
numbers of patients, it is not possible to further subdivide ocular
phenotype and stratify transplantation risk.
Upon consideration of commencing systemic immunosuppres-

sion, as a multidisciplinary team, we discussed: the need for oral
suppression of a systemic rejection process, target trough levels,
duration of treatment, and step-down post oral therapy.
Experience from solid organ transplantation, and paediatric PK
rejection episodes informed decisions. At the time of writing the
protocol, published major studies highlighted that the highest
failure rate from rejection was seen in the first year after surgery,
and stabilised after 2 years [5, 23, 24, 31, 32].
Systemic side effects of tacrolimus relatively contraindicated

oral treatment beyond 2 years. Thereafter we used topical
tacrolimus (0.03%) due to our experience of its use in sight-
threatening paediatric ocular surface disease. We concede that our
chosen protocol is not founded on comparative paediatric studies;
and of itself merits further study. However, it is comparable with
adult series [11], and we continue to use this regimen.

Fig. 1 Kaplan–Meier graft survival curve for the entire cohort showing a 50% graft survival at 41 months.
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CONCLUSION
We report a small series of young children with varied complex
ocular co-morbidities who had PK with oral tacrolimus immuno-
suppression. Infection, particularly endophthalmitis, remains a
cause of poor outcome, though rejection-free survival, overall
graft survival (including grafts lost from infection), is encouraging
in the context of published series. Further study, involving a
control group, is required to define the role of systemic tacrolimus
in young children undergoing PK.
Moving forward, the challenge in paediatric graft survival will be

to overcome the hurdles of infection and corneal graft vascular-
isation and aim to improve the survival of repeat grafts, as even a
successful primary graft is unlikely to last the lifetime of the child.
We suggest that oral tacrolimus is a safe and well tolerated

adjunct for post-operative immunosuppression and appears to
benefit graft survival at 1 year.

SUMMARY

What was known before

● Paediatric corneal grafts have a high incidence of failure due
to rejection and infection.

● The likelihood of graft failure increases with the following risk
factors: younger age at surgery, concomitant intraocular
surgery, ASD and previous glaucoma.

What this study adds

● Oral tacrolimus is a safe and well tolerated adjunct for post-
operative immunosuppression. It appears to improve survival
of paediatric corneal grafts at 1 year, with a reduction in graft
failure due to rejection.

● Oral tacrolimus does not increase the rate of failure due to
intraocular infection, when compared to published literature.

● Corneal grafts for infants and young children can enable
vision adequate for independent mobility.
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Fig. 2 Visual acuity (LogMAR) is plotted against the age of the
child (months) at the last review. Last recorded uniocular visual
acuity while the graft was functioning (both failed and functioning
grafts included).
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