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Abstract We report the outcome of our single-center, long-
term follow-up study of tacrolimus therapy in children with
steroid-resistant nephrotic syndrome (SRNS). All cases of
nephrotic syndrome (NS) with kidney biopsies treated at
our center between January 2000 and July 2008 were
reviewed. Children with systemic lupus erythematosus and
steroid-dependent NS were excluded. Nineteen children
with SRNS received tacrolimus. Histopathological analysis
of the biopsy revealed the underlying conditions of these 19
patients to be focal segmental glomerulosclerosis (ten
patients), Cl1q nephropathy (four), membranous nephropa-
thy (two), minimal change disease (one), membranoproli-
ferative glomerulonephritis (one), and immunoglobulin A
nephropathy (one). The mean follow-up was 55 months,
and the median age of the patient cohort was 10 years. We
observed complete remission in 11 (58%) patients, partial
remission in six (32%), and failure to respond in two (9%).
The median time to response was 8 weeks. Side effects
were mild and transient (one case of acute kidney injury
and three cases of hyperglycemia). The initial rate for
combined partial and complete remission of the NS in
children with SRNS was 81%, which was sustained in 58%
of the patients on follow-up. Among children with FSGS,
the sustained remission rate was 50%, while 40% pro-
gressed to end-stage renal disease (ESRD) (mean time
52 months). Based on the results of this study, we conclude
that tacrolimus is an effective and well-tolerated therapeutic
option for the treatment of SRNS in children. However, the
occurrence of relapses of the NS with progression to ESRD
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during the long-term follow-up indicates the need for
careful monitoring of such patients.
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Introduction

Nephrotic syndrome (NS) is the most common glomerul-
opathy encountered in pediatric practice.

In order to treat steroid-resistant nephrotic syndrome
(SRNS), alternative regimes are required to delay the
progressive renal damage incurred by the ongoing proteinuria.
Proteinuria is an independent risk factor for the progressive
renal failure and is usually monitored to determine the
response to therapy and to predict prognosis [1, 2].

Tacrolimus, a recent addition to the armamentarium of
therapies for managing SRNS, is a macrolide immunosup-
pressant that inhibits calcineurin and completely blocks the
translocation of the cytosolic component of the nuclear factor
of activated T cells (NF-AT). The genes regulated by the NF-
AT transcription factor are necessary for T cell proliferation
and prototypic T cell growth factor interleukin-2 (IL-2) [3].
Cyclosporine and tacrolimus have similar characteristics, but
tacrolimus has been found to be more potent in both in vivo
and in vitro studies. The severe cosmetic side effects of
cyclosporine are absent with tacrolimus, making it a much
better treatment option in young adolescents among whom
compliance is a major concern.

There are only a few reports of treating SRNS in
children with tacrolimus, the first being that published by
McCauley et al. [4] in 1993 on seven patients (including
four children) who exhibited a good response. The limited
number of reports includes that of Li et al. [5S] who, in an
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observational study, found that tacrolimus rapidly and
effectively induced the remission of SRNS in Chinese
adults with disease refractory to treatment with intravenous
cyclophosphamide.

Recent pediatric experience has been encouraging, but
limited by the short-term of the follow-ups in the respective
studies [6—8]. Here, we report our long-term experience at a
single center with tacrolimus therapy in pediatric patients
with SRNS.

Subject and methods
Patient selection

The study design was that of a retrospective chart review of
pediatric patients with SRNS who underwent a renal
biopsy between January 2000 and July 2008. Of the 252
patient charts reviewed, 68 children with NS had under-
gone renal biopsies, of whom 26 had received tacrolimus.
Kidney biopsy was performed in children who presented
with NS at <15 months or >7 years of age or upon the
diagnosis of SRNS. Four children with systemic lupus
erythematosus (SLE) and three with steroid-dependent NS
were excluded from this study. All 19 children included in
this study were negative for Podocin and WTI gene
mutations (genetic testing was performed at the University
of Michigan Medical Center—courtesy of Professor
Friedhelm Hildebrandt).

All patients included in this study signed the study
registry consent form approved by the institutional review
board committee.
Definitions
Nephrotic syndrome: The presence of a constellation of
signs and symptoms, including
edema, hypoalbuminemia (serum
albumin <3.0 g/dl), urine protein
(mg/dl)/creatinine (mg/dl) (UP/Cr)
>2, and hypercholesterolemia.
Complete remission  UP/Cr<0.2.
of NS:

Partial remission: Persistent non-nephrotic range pro-
teinuria (UP/Cr between 0.3 and 2.0)
with a serum albumin >3.5 g/dl.

No response after 6 weeks of
therapy with 1 mg/kg twice daily of
prednisone (maximum 30 mg twice
daily).

Blood pressure >95th percentile for
age, sex and height on three
separate occasions [9].

Steroid resistant
nephrotic syndrome:

Hypertension:
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Primary tacrolimus
resistance:

Persistence of nephrotic range
proteinuria after 3 months of
therapy.

Failure to respond to tacrolimus
after an initial PR or CR with
persistence of NS.

Secondary tacrolimus
resistance:

Estimated creatinine clearance was calculated by the
Schwartz formula [10]. Urine protein/creatinine (UP/Cr)
was calculated in first-morning urine specimens.

Treatment protocol for childhood NS

All patients received prednisone at a dose of 1 mg/kg twice
daily for 6 weeks (maximum 60 mg/day) followed by rapid
tapering over 6 weeks using an alternate-day regimen as
steroid resistance was established. They also received
angiotensin receptor blockers (ARBs) (losartan 25-100 mg/
day) and/or angiotensin converting enzyme inhibitors
(ACEi) (enalapril 2.5-40 mg/dose/day) as adjunctive agents.
The doses of these medications were titrated to control the
proteinuria and blood pressure. The renal function and serum
potassium levels were closely monitored.

Prior to the initiation of tacrolimus therapy, eight
children had received various medications without re-
sponse. These included intravenous (IV) cyclophosphamide
(500-750 mg/m*> monthly, three doses), mycophenolate
mofetil (MMF; 1200 mg/m*day in two divided doses
orally, 3 months), cyclosporine (5 mg/kg/dose twice daily,
3 months), or rituximab (375 mg/m? weekly IV, four
doses).

Tacrolimus dose The initial tacrolimus dose was 0.1 mg/kg
twice daily; this was adjusted to keep a blood trough level
in the range of 5-8 ng/ml with close monitoring of blood
chemistries.

Tacrolimus withdrawal After complete remission, tacroli-
mus was continued for at least 1 year and slowly tapered
thereafter by 20% each month with close monitoring of
proteinuria levels over a 6- to 9-month period. During the
tapering phase, tacrolimus levels were kept <5 ng/ml by
design. The tacrolimus dose was increased with relapse of
NS or if proteinuria increased.

Results

A total of 19 children with SRNS were treated with
tacrolimus therapy at our center between 2000 and 2008.
The demographic characteristics and clinical presentation of
these 19 patients with SRNS are given in Table 1.
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Table 1 Demographic characteristics, clinical presentation, and pathological findings of the 19 children with SRNS treated with tacrolimus

Patient no. Ethnic group® Gender” Age at diagnosis (years) Clinical presentation® UP/Cr Kidney biopsy®

1 AA F 18 NS/HTN 10 FSGS (collapsing)
2 H F 2 NS 8 MPGN

3 AA F 14 NS 6 MN

4 AA F 15 NS 6.7 ClgN

5 AA F 17 NS/HTN 8 MN

6 AA M 9 NS/HTN 9 FSGS

7 H F 10 NS 12 FSGS

8 AA M 10 NS 8 FSGS

9 AA M NS 5 FSGS

10 AA M 8 NS/HTN FSGS (collapsing)
11 AA M 14 NS/HTN FSGS

12 C M 3 NS 35 FSGS

13 AA F 1.6 NS/HTN 12 MCD

14 AA M 14 NS 4 FSGS

15 AA F 13 NS/MH 3.8 ClgN

16 A F 1.8 NS 4.5 FSGS

17 H F 10 NS/MH 3.8 ClgN

18 AA M 11 NS 5 ClgN

19 AA F 13 NS/GH 12 IgAN

SRNS, Steroid-resistant nephrotic syndrome
* A, Asian; AA, African American; H, Hispanic; C, Caucasian
®F, Female; M, male

°NS, Nephrotic syndrome; HTN, hypertension; MH, microscopic hematuria; GH, gross hematuria

dUP/Cr, Urine protein (mg/dl)/creatinine (mg/dl)

°MN, Membranous nephropathy; MCD, minimal change disease; FSGS, focal segmental glomerulosclerosis; C1gN, Clq nephropathy; MPGN,
membranoproliferative glomerulonephritis; IgAN, immunoglobulin (Ig)A nephropathy

The patient cohort consisted of eight boys and 11 girls
and ranged in age at presentation from 1.6 to 18 years
(median 10 years). There was a predominance of African
Americans (14/19).

At presentation, all the patients were nephrotic as per the
study entry criteria. The median UP/Cr at presentation was
7.442.57 (range 3.5-12). Hypertension was noted in 6/19
(32%) patients, microscopic hematuria in 2/19 (11%)
patients, and gross hematuria in 1/19 (5%) patients. All of
the patients initially had a normal estimated glomerular
filtration rate (GFR). The time from diagnosis to initiation
of tacrolimus treatment varied from 6 weeks to 4 months
(mean 2.2 months).

The follow-up time ranged from 17 months to
111 months (mean 55 months).

The diagnosis of these 19 children with SRNS based on
the histopathologic findings was focal segmental glomer-
ulosclerosis (FSGS; ten patients), C1q nephropathy (C1gN;
four), idiopathic membranous nephropathy (MN; two),
minimal change disease (MCD; one), membranoprolifer-
ative glomerulonephritis (MPGN; one), and IgA nephrop-
athy (IgAN; one).

Response to tacrolimus therapy

The clinical data on the 19 children with SRNS treated with
tacrolimus are given in Table 2. Five patients failed to
respond to MMF (nos. 2, 3, 4, 15, 17), three failed to
respond to cyclophosphamide (nos. 13, 16, 19), one failed
to respond to rituximab (no. 13), and one failed to respond
to cyclosporine (no. 9).

Figure 1 summarizes the response of the children to
tacrolimus therapy during the study period. The initial and
the follow-up status of the NS in these 19 children is
represented.

Of the 19 patients treated with tacrolimus, 11 (58%)
achieved complete remission, which occurred between
3 weeks to 3 months (median 8 weeks) of therapy. The
initial combined rate of complete and partial remission was
89% (17/19).

One child was lost to follow-up after 5 months (no. 16).
Among the remaining 18 patients, the overall rate of
sustained partial or complete remission after tacrolimus
therapy at the last follow-up visit was 55% (10/18); the
remaining eight children were either initial non-responders
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Fig. 1 Response to tacrolimus
therapy among our pediatric
patients with steroid-resistant
nephrotic syndrome (SRNS) (n=
19). Initial response and long-
term clinical status are shown.
ESRD End-stage renal disease

Later Relapse
N =3 (2ESRD)

(two), showed “secondary tacrolimus resistance” (two), or
had progressed to ESRD (four). With the exception of the
four children who developed ESRD, all children had
maintained a normal estimated GFR at the time of the last
visit. Eight of these are currently off all immunosuppressant
medications.

The histopathology diagnosis for those children with
complete remission was FSGS (four children), CIgN
(two), MPGN (one), MN (one), and IgAN (one), for those
children with partial remission, FSGS (five) and MN (one),
and for those children who failed to respond to tacrolimus,
MCD (one) and FSGS (one).

The average UP/Cr among those with partial remission after
tacrolimus therapy was 1.3 (range 0.5-2.0). This represents an
average decline in proteinuria of 82.5% compared to the
proteinuria levels prior to tacrolimus therapy (p<0.001).

All children with C1gN achieved remission despite
steroid resistance. Two had relapse of proteinuria (nos. 4
and 17) and required re-initiation of tacrolimus therapy, but
responded promptly. These patients were re-biopsied, with
proven ClgN recurrence and no signs of tacrolimus
toxicity. The only other two patients that are currently still
on tacrolimus have not been rebiopsied (no. 1 with FSGS
and poor compliance; no. 19 with IgAN, who is in
remission on tapering doses of tacrolimus). Patient no. 13,
who has MCNS, had a repeat renal biopsy after failing to
respond to tacrolimus therapy, which again showed MCNS
without any sign of tacrolimus toxicity.

Follow-up of children with FSGS (n=10)

Among the children with SRNS due to FSGS, complete
remission was attained in four (40%) and partial remission
in five (50%). Two children with FSGS relapsed after being
in complete remission (nos. 9 and 11), and two others
relapsed after partial remission (nos. 6 and 8). The relapses

S 1

No
Response
N=2
10%

SRNS
N=19

2

}

occurred 16-18 months after a stable clinical status had
been achieved and were characterized by secondary
resistance to tacrolimus with rapid progression to ESRD.

The overall rate of ESRD due to SRNS from FSGS was
40%. The time to ESRD varied from 36 to 72 months
(mean 52 months).

Sustained complete remission was seen in two of the ten
children (20%) with FSGS and sustained partial remission
was observed in three of the ten (30%). The combined rates
of complete and partial relapse and were 50% among these
ten children with FSGS.

Later Relapse
N=3 (2 ESRD)

Summary of tacrolimus resistance

After 16—18 months of tacrolimus therapy, primary resis-
tance to tacrolimus was seen in two patients (one FSGS,
one MCNS) and secondary resistance was seen in four
patients (all FSGS).

Adverse reactions to tacrolimus

Three patients with SRNS had significant side effects
related to tacrolimus (nos. 3, 5, 10) which took the form of
acute kidney injury with transient rising of serum creatinine
and hyperkalemia (one patient) and hyperglycemia (two).
All side effects resolved upon discontinuation of tacrolimus
therapy. Both children who developed hyperglycemia were
African American and had family history of diabetes
mellitus. Two children were switched to MMF (nos. 3, 5),
and the other child was switched to cyclosporine (no. 10).

Discussion

Experimental and several controlled therapeutic interven-
tion studies have confirmed that persistence of severe
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proteinuria is associated with a higher risk of progression to
ESRD [2, 11]. Thus, it is necessary to aggressively and
safely control proteinuria to prevent progressive renal
damage. Tacrolimus, a calcineurin inhibitor, is one of the
many therapies used to manage SRNS, but its mechanism
of action at the molecular level remains unclear. Faul et al.
[12] recently demonstrated that cyclosporine stabilizes actin
cytoskeleton in podocytes, which results in its anti-
proteinuric effect. Disruption of the foot processes and
glomerular slit diaphragm with manifestation of proteinuria
is the primary mechanisms of most glomerulopathies, but
the variability of response among patients to various
medications indicates the complexity of the diseases.

We have observed that nephrotic range proteinuria
responds well to tacrolimus irrespective of the histopatho-
logic diagnosis, so we have been using tacrolimus to treat
children with established steroid resistance. We have also
noted that the literature on the clinical effectiveness of
treatments for idiopathic SRNS in children is very limited
and that this the lack of sufficient cost and outcome data
limits reliable modeling [13]. A few small non-randomized
preliminary studies on the beneficial treatment of MCD or
FSGS-related SRNS with tacrolimus in adult patients have
been published [14, 15]. A small number of published
studies have addressed the use of tacrolimus specifically in
children with SRNS [7, 8, 16]. A summary of the largest
series published in pediatric patients with tacrolimus
therapy in SRNS is shown in Table 3.

The mean duration of the NS before initiation of
tacrolimus therapy was significantly shorter in our series
(2.2 months) than that reported in other series, where the
mean duration was as long as 4-5 years [6, 7]. The use of
prednisone with tacrolimus for the treatment of SRNS has
been variable in the published studies [4-7, 16, 17]. In our
series, we rapidly withdraw steroids in order to minimize its
side effects as patients already had SRNS. Only two other
reports follow this approach [4, 6].

In recent publications, the time of response to tacrolimus
in children with SRNS has been described by different
authors to be about 8 weeks [4, 6-8], which is similar to
our findings. As in other published studies, we targeted
tacrolimus trough levels between 5 and 8 ng/ml, but lower
levels were accepted if the child was in remission.

Some authors have reported the successful treatment of
FSGS in both children and adults who failed to respond to
cyclosporine therapy [4, 14, 18]. Notably, concerns on the
long-term effect of calcineurin inhibitors on renal function
have been raised. In a randomized controlled trial compar-
ing the efficacy and safety of tacrolimus and cyclosporine
in children with SRNS, similar rates of remission were
reported at 6 and 12 months, but the rate of nephrotoxicity
was significantly higher in the cyclosporine group [16].
Histopathological evidence of tacrolimus toxicity in chil-
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dren with SRNS is not available. However, an advantage of
using tacrolimus over cyclosporine is the former’s lack of
cosmetic side effects, which translates into better compli-
ance in teenage populations [16].

In our series, repeated biopsies were performed in three
patients with no evidence of tacrolimus toxicity. Three of 22
children had adverse reactions that required the discontinu-
ation of tacrolimus. Other researchers have also reported
serious side effects associated with tacrolimus toxicity that
have required the discontinuation of tacrolimus [7, 8].
However, the rate of adverse reactions to tacrolimus for
the treatment of NS varies among the different series
(Table 3).

Bhimma et al. [17] treated 20 children with FSGS—
SRNS for 12 months with tacrolimus and alternate-day
prednisone for 12 months with a mean follow-up of
27.5 months and reported a rate of sustained complete
remission similar to that observed in our series, 25%.
However, their rate of sustained partial remission (50%)
was higher than the one we observed (30%) although we
followed the children for a longer time (mean follow-up
55 months).

The reported relapse rate of children with SRNS treated
with tacrolimus varies from 11 to 20%. We observed
relapses in six of the 16 patients (37.5%) followed for more
than 1 year who had initially responded (complete or partial
response) to tacrolimus. These rates can not be compared to
those of the other studies in Table 3 as the latter had a
significantly shorter follow-up period. It is also important to
note that the percentage of MCD varies significantly
between the published studies. There was only one case
of MCD in our series. This child remains nephrotic despite
multiple treatment protocols, and repeated renal biopsy has
confirmed the initial diagnosis.

Gulati et al. [7] recently published a series of 22 children
with SRNS in which they reported a complete remission rate
of 84%. However, 41% of those children had biopsy-proven
MCD, and the mean follow-up time was <12 months.
Initially, we also noticed a very high combined rate of
complete and partial remission of SRNS. However, during
the long-term follow-up, we observed relapses of SRNS after
a period of complete or partial remission. These relapses
were frequently associated with the development of resis-
tance to tacrolimus, often progressing to ESRD. The onset of
ESRD in such cases occurred after 32 months of follow-up.
Bhimma et al. [17] also reported two cases of ESRD
(followed by death) after 21 months of follow-up in
children treated with tacrolimus for SRNS.

Such late relapses with a malignant outcome are
naturally of great concern. These relapses may be due to
inherent progression of the FSGS. One possible therapeutic
approach is to resort to a longer initial treatment period
followed by a slow taper off of tacrolimus over a period of
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time. This concept of a longer treatment period for children
with FSGS—SRNS was recently proposed by Hamasaki et
al. [19] after observing a 100% rate of late relapses
following the cessation of cyclosporine therapy in such
patients. These authors suggested a minimum of 24 months
of therapy [19].

There is clearly a need to establish the ideal duration of
tacrolimus therapy with protocols addressing the time on
tapering its dose. It is currently unknown whether com-
pletely stopping all immunosuppressants is preferable to
their long-term use. For example, Butani et al. [8] reported
a series of 16 children treated with tacrolimus for
27 months; however, they do not clearly state the length
of the final follow-up period. Although these authors
observed a high rate of complete remission (n=15), 46%
of these patients were still on steroids and 87% on
tacrolimus at the end of the study [8]. In our series, we
were able to completely stop all immunossuppressant in
eight children (50%). Interestingly, Westhoff et al. [15]
have also described secondary resistance to tacrolimus in
one patient with SRNS-FSGS, which may be yet another
factor to consider in a longer treatment time with
tacrolimus.

Taking into account the heterogeneity of the response
after tacrolimus therapy, we suggest the close monitoring of
all children with SRNS, even after complete remission of
the NS has been achieved. Such an approach will facilitate
the prompt re-initiation of tacrolimus therapy upon detec-
tion of proteinuria to prevent progression to ESRD.

We conclude that tacrolimus therapy in children with
severe NS is well tolerated and initially quite efficacious in
achieving remission. A well-designed, adequately powered,
randomized controlled trial comparing tacrolimus with or
without prednisone with other treatments (namely ritux-
imab) in children with SRNS without genetic mutation is
required to develop the needed protocols. Studies with a
long-term follow-up with close monitoring are also required
to determine the ideal length of tacrolimus therapy in
children with SRNS in order to improve long-term renal
survival, particularly in those patients with FSGS.
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