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Abstract Prolidase deficiency (PD) is a rare recessive
disorder resulting from mutations in the prolidase gene
(PEPD); only 17 causative mutant alleles had been so
far characterized. Prolidase is a ubiquitous enzyme that
hydrolyses dipeptides with C-terminal proline or hydroxy-
proline residues and indeed, lack of this enzyme activity
causes massive urine excretion of undigested iminodipeptides.

The clinical manifestations of PD are widely variable, and
include intractable skin ulcers, unusual face, different
degree of mental retardation, and recurrent infections. No
definitive treatment is at present available.

We report an 8-year girl with a typical PD facies, normal
intelligence, and recurrent deep ulcerations complicated by
infections. She was found to be compound heterozygous for
two novel mutations in PEPD, c.1133delACG and
c.1301delT, affecting the C-terminal end of the enzyme
where the active site is located. Given her life-threatening
course, she underwent allogeneic hematopoietic stem
cell transplantation (HSCT) from her HLA-identical
brother, confirmed heterozygous for the c.1133delACG
allele. Successful engraftment was documented by full-
donor chimerism. Posttransplant monitoring of erythrocyte
prolidase activity showed that the child had converted
to a heterozygous pattern. Reduction of excreted urine
dipeptides, evaluated by capillary electrophoresis, sup-
ported the effectiveness of the treatment. Unfortunately
the patient died on day +92 of invasive fungal infection.

Despite the unfavorable outcome, we provide the first
evidence that HSCT has the potential to reverse some of
the biochemical features of PD patients. The indication to
transplant must be balanced against the clinical manifesta-
tion of individual patients.

Abbreviations

ALT Alanine aminotransferase
AST Aspartate aminotransferase
HLA Human leukocyte antigen
HSC Hematopoietic stem cells
HSCT Hematopoietic stem cell transplantation
PRBC Packed red blood cells
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Introduction

Prolidase deficiency (PD; MIM 170100) is a rare disorder
with recessive inheritance caused by mutations in the
prolidase gene (PEPD, 19cen-q13.11). The prolidase
enzyme hydrolyzes dipeptides containing C-terminal
proline and hydroxyproline residues, and PD causes
massive excretion of urinary iminodipeptides.

The clinical manifestations of PD are widely variable:
affected patients show mainly intractable skin ulcers of lower
extremities, unusual facial, ocular abnormalities, deafness,
splenomegaly, obesity, often with mental retardation, and a
history of recurrent infections (Royce and Steinman 2002).
The molecular basis of such phenotype is still unknown.

Point mutations causing single amino acid substitu-
tions, premature stop codon or exon splicing, small and
large deletions, and a small duplication had so far been
reported as causative mutations for PD (Lupi et al. 2008).
Due to the limited number of patients investigated, the
genotype– phenotype correlations are still poorly under-
stood. Thus, the characterization of new mutant alleles in
PD patients, together with their complete clinical descrip-
tion, will be important to better define the pathophy-
siology of this disease and to help develop appropriate
treatments.

No definitive therapy is so far available for PD, although
different therapeutic approaches had been attempted,
mainly with no or partial rescue of the disease. Oral
supplementation with manganese, a cofactor of prolidase,
and vitamin C, acting on collagen synthesis, have been
used as well as blood transfusions and apheresis, cortico-
steroid treatment, oral supplementation with antioxidants
and topical antibiotics for the skin lesions (Lupi et al.
2008).

Prolidase is a ubiquitous enzyme highly expressed in
circulating cells (erythrocytes and leukocytes) which are the
preferred target for cell replacement therapy using hema-
topoietic stem cell transplantation (HSCT). Thus consider-
ing the recent advance in the treatment of cancer as well
as inborn errors with HSCT, it seemed promising to apply
such approach to PD patients (Archuleta et al. 2004;
MacMillan et al. 2008; Trounson 2009).

Materials and Methods

Molecular Study

Genomic DNA was extracted from patient, donor and
controls peripheral blood by standard techniques. The 14
exons and exons boundary of prolidase gene were
amplified by PCR using 0.2 mg of gDNA and the primer
pairs and annealing temperature listed in Supplementary

Table 1. The PCR conditions were as follow: an initial
3 min denaturation at 94�C, followed by 35 PCR amplifi-
cation cycles (1 min 94�C, 1 min at the specific annealing
temperature and 1 min at 72�C) and a final 10 min
extension at 72�C. The amplicons were run on agarose
gel, gel purified and directly sequenced. The sequences
obtained were compared with the reported PEPD gene
sequence (MN_000285.3).

Determination of Prolidase Activity

Blood samples from the patient and healthy age-matched
controls were collected in heparinized tubes before and at
day 7, 14, 21, 28, 35, and 58 posttransplant. The donor,
patient’s brother, blood was also collected before the
treatment. Prolidase activity in red blood cells was
evaluated. Briefly, whole blood samples were fractionated
by centrifugation at 1,200 g for 5–10 min at room
temperature. The pelleted red blood cells were resuspended
in 2 volumes of phosphate buffer saline (PBS, Sigma),
centrifuged again at 1,200 g for 5 min at room temperature
and washed 3 times with PBS. The cells were finally
resuspended in 4 volumes of water and freeze-thawed
twice. The solutions were then dialyzed overnight at 4�C
against 50 mM Tris pH8.0, 1 mM MnCl2. The prolidase
activity was evaluated according to Myara procedure
(Myara et al. 1982), which is based on measurement of
proline by Chinard’s reagent (Chinard 1952). Hemoglobin
concentration was determined by spectrophotometric mea-
surement (Davis and Sheard 1927). Results were expressed
as mmol of proline released in 1 h per g of hemoglobin and
presented as percentage with respect the activity of the
healthy controls, considered as 100%.

Determination of Dipeptides in Urine

Urine samples from the patient were collected at the same
time points than blood samples, before and at day 7, 14, 21,
28, 35, and 58 posttransplant. Urines from the donor
patient’s brother and a healthy age/gender-matched control
were also collected. The samples were centrifuged (5 min at
1,600 g, at 4�C) and the supernatants were analyzed by
capillary electrophoresis (CE).

The experiments were performed on a P/ACE MDQ
capillary electrophoresis (Beckman, Fullerton, CA, USA)
with built-in diode-array detector. The uncoated fused-silica
capillaries (50 mm ID, 360 mm OD, effective length
46.8 cm, total length 57 cm) were from Polymicro
Technologies (Phoenix, Arizona, USA). Before use, the
capillaries were pretreated with 1 M NaOH for 60 min and
50 mM sodium tetraborate buffer pH 9.2 (Merck, Darm-
stadt, Germany) for 75 min, by applying a pressure of
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14.5 psi. Before each run the capillary was rinsed with
0.1 M NaOH for 3 min and background electrolyte (sodium
tetraborate buffer pH 9.2) for 3 min at 14.5 psi. Buffer
solutions were prepared daily using deionized water filtered
through 0.45 mm membrane filters (Millipore, Bedford,
MA, USA) and degassed by sonication. The deionized
water was produced using a Millipore Direct-Q TM.

The samples were hydrodynamically injected at 1.6 psi
for 7 s. The electrophoretic run was carried out by applying
a voltage of 25 kV (current 65–70 mA). Capillary cartridge
and autosampler were thermostatted at 25�C. The acquisi-
tion wavelength was 200 nm.

Standard dipeptides mixture was prepared by mixing four
dipeptides (Sigma) in different proportions (final concen-
trations were 2 mg/ml Gly-Pro, 1 mg/ml Ala-Pro, 1 mg/ml
Phe-Pro, 1 mg/ml Leu-Pro). The samples were normalized to
the creatinine concentration (Lupi et al. 2005).

Results were expressed (n ¼ 3) as percentage of
undigested dipeptides, namely (dipeptide area urine sample/
dipeptide area standard mixture)/(creatinine area urine
sample/creatinine area healthy age-matched control sample)
� 100.

Results

Clinical Features

A 7-year-old female came to our attention because of
multiple necrotic skin lesions on the lower limbs and
buttocks; the first episode had occurred at the age of
17 months, then recurring at 5, and 6 years, but no
diagnosis had been made. There was no significant family
history, and past medical history was unremarkable.
Physical examination showed dysmorphic features with
hypertelorism and splenomegaly, with slight speech delay.
A skin biopsy was performed, and showed leukocytoclastic
vasculitis involving the venules of dermis and subcutaneous
tissues, with extensive parietal fibrinoid necrosis, occlusion
of vascular lumen, spongiosis, and ischemic necrosis of the
superficial portion of malpighian layer. Clinical finding
were suggestive of prolidase deficiency, and the diagnosis
was confirmed by enzymatic activity evaluation in eryth-
rocytes (22.41 � 0.9 mmol/h per g in the patient,

514.14 � 15.1 mmol/h per g in controls). Initial treatment
consisted in low dose systemic steroids, topical prepara-
tions with proline and glycine, a proline-free diet, and
erythrocytoapheresis. However, treatment had been unsuc-
cessful, and the child still suffered from deep and very
painful skin lesions. Infectious complications of the skin
lesions occurred repeatedly; in particular, she developed
one episode of septicemia that required treatment in the
ICU of our children’s hospital. Pseudomonas aeruginosa
and Klebsiella pneumoniae were isolated from blood
culture; after a life-threatening course, she progressively
recovered.

Molecular Characterization

The sequence of all prolidase-coding region and intronic
boundaries revealed that the patient was a compound
heterozygous for two novel mutations: c.1133delACG,
causing the deletion of Asp378 in exon 13, and c.1301delT,
causing a frameshift and a premature stop codon in exon 14
(Fig. 1 and Supplementary Fig. 1). Both mutations affect
the terminal end of the prolidase, where the active site is
known to be located (Lupi et al. 2008; Besio et al. 2009).
The parents were carriers, the mother of the mutation in
exon 13 (c.1133delACG) and the father of the mutation in
exon 14 (c.1301delT); the donor, patient’s brother, was
carrier for the maternal c.1133delACG allele (data not
shown).

Hematopoietic Stem Cell Transplantation

Given her clinical course, characterized by not only
significant morbidity but also by one life-threatening
infectious complication, the hypothesis of performing an
allogeneic HSCT was considered. Based on the HLA
typing, her brother turned to be HLA-identical. He was
then studied under the metabolic point of view, and
confirmed to be heterozygous for PD. Thus, after a
thorough discussion with the parents, indication to HSCT
was defined. The diagnostic pretransplant work-up showed
that her liver and pulmonary function were normal. After a
conditioning regimen with Busulfan 16/mg per kg + cyclo-
fosfamide 200 mg/kg, we infused bone marrow HSC with

Fig. 1 Determination of the two novel PEPD mutations in patient gDNA. (a) 1131delACG, causing the deletion of Asp378 in exon 13.
(b) 1301delT, causing a frameshift in exon 14 and the creation of a premature stop codon. The arrows indicate the position of the mutations
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3.52 millions CD34+/donor kg. Defibrotide 10 mg/Kg was
given for veno-occlusive disease (VOD) prophylaxis from
day +1; Graft versus host disease prophylaxis consisted of
methotrexate 10 mg/sqm i.v. on day +3, +6, +11, and
cyclosporin 3 mg/Kg from day �1. Prophylaxis of infection
consisted of: fluconazole 6 mg/kg per day i.v., and ayclovir
10 mg/kg per die i.v. q 8 h since day +1, and cefepime
100 mg/kg per day i.v. since day +4. The neutrophil take
was recorded on day +16, while no platelet take was
obtained; full-donor chimerism was repeatedly docu-
mented. On day +16 she developed spiking AST/ALT
levels, up to 10,460/4,507 IU/L on +19, with jaundice,
hepatomegaly and weight gain. Liver biopsy confirmed
the histological diagnosis of VOD. The child died on +92
of invasive by Geotrichum Capitatum infection. A list of
PRBC transfusion as well as time of urine and blood
collection is listed in Table 1.

Enzyme Study and Urine Dipeptide Analysis

The patient’s prolidase activity prior to transplantation
was 4.36 � 0.22% compared to age-matched controls. The
sibling donor showed a prolidase activity ~50% of the
control, confirming his carrier status for the disease also
at the biochemical level. The patient’s activity at d7
posttransplant was unchanged, whereas an increase to
50.51 � 7.74% was detected 2 weeks after the transplant,
to remain stable over the following 8 weeks (Fig. 2a).

Pretransplant dipeptides measured by CE was assumed
to be 100% with respect to an age-matched control (0%),
which, as expected, did not reveal any peak in the
imidodipeptides chromatographic region (Fig. 3). The urine
from the donor showed a modest percentage of undigested

peptides of 8.46% � 1.20 (Fig. 2b). As shown in Fig. 2b,
the patient’s percentage of undigested dipeptides declined
after transplant down to 34.66 � 1.19 at d35. The
increment to 52.58 � 3.51 at d58 was not due to exoge-
nous administration of glutamine, which was ruled out;
whether it may depend on liver alteration, remains unclear.

Discussion

Up to now only 17 PEPD pathogenic mutations had
been identified in patients with PD; thus, the genotype–
phenotype correlations remain largely unclear (Lupi et al.
2008). The wide range of clinical severity and age of onset
in patients with the same molecular defects, leaves open the
possibility that modifier genes could play a role in PD
phenotype and outcome; thus, reporting new mutations
remains relevant.

Here, we describe the third PEPD allele carrying a three
base pairs deletion causing the lack of a single amino acid.
Both mutations, c.691delTAC, resulting in p.231delTyr
(Lupi et al. 2004), and c.1354delGAG, resulting in
p.452delGlu (Ledoux et al. 1994), had been previously
reported in patients with PD. The deletion of Tyr231 was
hypothesized to be responsible for the disruption of the
prolidase structure, whereas the deletion of Glu452
impaired the Mn2+ binding at the enzyme active site. In
our patient, one of the PEPD allele carried c.1133delACG,
determining the absence of the Asp378 that, although not
directly involved in the catalytic active metal-binding site,
is located in that region; furthermore, the lack of a negative-
charged residue could probably alter its structure (Besio
et al. 2009).

The second mutation documented in our patient,
c.1301delT, is a novel one. It is responsible for a frameshift
in exon 14 and the consequent creation of a premature stop
codon altering the prolidase sequence from residue 434.
This caused, in the mutant allele, the absence of two
relevant residues, Glu412 and Glu452, known to be
involved in Mn2+ binding.

To improve the quality of life of patients with PD, and to
prevent fatal complications, several therapeutic approaches
have been applied. Interestingly, the use of systemic therapy
induced a partial phenotype amelioration. Berardesca et al.
reported a 15-year-old boy with PD and defective erythro-
cyte prolidase activity, which, after blood transfusions,
increased to 15.7% of donor activity, then declining to 12%
and 3.4% of normal activity after 8 and 45 days, respec-
tively (Berardesca et al. 1992). Apheresis exchanges were
repeated monthly for four consecutive months, in parallel,
on two patients, replacing prolidase-deficient red blood
cells with normal filtered cells. This allowed the constant
presence of active prolidase inside cells leading to a

Table 1 Time of red blood cell transfusion, prolidase activity
evaluation and urine dipeptide excretion measurement from the
transplantation

Transfusiona Transfusion
volume (Units)

Activity
measurementa

Dipeptide
analysisa

7 1 7 7

12 1.5

14 14

18 1

21 1 21 21

22 1

28 28

35 35

37 1

51 0.8

58 58

a Days from HSCT considered as d1

74 JIMD Reports



continuous, although partial, degradation of imidodipep-
tides, with a concomitant improvement of skin ulceration
(Lupi et al. 2002). The efficacy of such approaches is still
unclear. Since prolidase is a cytosolic enzyme, the
effectiveness of blood transfusion could be either deter-
mined by enzyme release due to cell lysis or by normal red
blood cell undigested dipeptides uptake through simple

diffusion or low affinity carrier and their subsequent
intracellular hydrolysis (Lochs et al. 1990; Odoom et al.
1990).

Prolidase is an ubiquitously expressed enzyme, and
HSCT is expected to replace the host hematopoietic cells
with donor-derived ones. This might end up in rescuing
enzyme activity in only a few cell types, not in other

Fig. 2 Prolidase activity measurement and urinary iminodipeptides
analysis. (a) Prolidase activity of the donor brother’s patient and of the
patient pretransplant and 7, 14, 21, 28, 35 and 58 days posttransplant
are expressed as percentage with respect to age-matched control. (b)

Percentage of donor and patient’s undigested peptides, pretransplant
and 7, 14, 21, 28, 35 and 58 days posttransplant, as quantified by
capillary electrophoresis. Controls did not reveal any measurable
urinary dipeptides

Fig. 3 Representative overlapped CE electropherograms of urine
samples; the frame represents the time window where dipeptides
migrate. From bottom to top: healthy age/gender-matched control,

donor patient’s brother urine, posttransplant patient’s urine
(corresponding to the second collection posttransplant), standard
dipeptide mixture, pretransplant patient’s urine (dotted line)
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tissues. Yet, the high prolidase expression in blood cells,
and the reported evidence that repeated blood transfusions
contributed to reduce the clinical manifestations in patients
with severe PD, suggest that the systemic presence of this
enzyme could contribute to dispose dipeptide accumulation,
contributing to the disease phenotype (Forlino et al. 2002).
These observations pointed to HSCT as a potentially
valuable therapeutic approach.

In the present case, the parents of a child with a long-
lasting history of skin ulcers and infectious complications,
which turned to be life-threatening in at least one event,
asked us to apply any novel therapeutic approach, in the
search for a cure for PD. The availability of an HLA-
identical sibling raised the discussion on the possible
indication to HSCT, a long-time recognized therapeutic
option for selected inborn errors in which the source of the
defective molecule can be replaced by stem-cell derived
cells (Prasad and Kurtzberg 2008; Massberg and von
Andrian 2009).

Successful engraftment of the transplant was docu-
mented by full-donor chimerism. In parallel, posttransplant
monitoring of blood prolidase activity showed that, in
keeping with the full-donor chimerism, the child had
converted to a heterozygous pattern.

We are aware that RBC independence posttransplanta-
tion is extremely variable and that by evaluating prolidase
activity from red blood cells we could have simply
measured the donor cell activity, but the very low prolidase
activity at d7 posttransplant allowed us to exclude this
possibility. During the follow-up the patient was also
transfused with PRBC (see Table 1), but her enzymatic
activity remained stable, independently from the time
between each transfusion and the activity measurement.
This strongly suggest that the prolidase activity detected
was mainly due to donor cells engrafted in the patient,
although we cannot exclude a partial contribution by the
transfused erythrocytes. It is important to remember that
prolidase activity in PD patients after PRBC transfusion
was previously reported to decline already after 5 days
(Lupi et al. 2002); thus the stable prolidase activity
documented on days +28 and +35 posttransplant, respec-
tively 7 and 14 days following any transfusion, supports
our conclusion.

CE analysis of the patient’s urines also showed a
reduction of iminodipeptides peaks. Whether incomplete
elimination in the urine of the secreted iminodipeptides
may depend on the patient’s multiorgan failure remains to
be assessed.

The main limitation of the present study was the
relatively short follow-up that made us impossible to
clearly determine the clinical effects of HSCT in the
patient, thus forcing us to consider only the surrogate,
biochemical parameters.

With the aim of preventing transplant rejection, an event
that may be more frequent in patients with some inborn
errors such as mucopolysaccaridosis (Boelens et al. 2009),
we decided to apply a myeloablative conditioning regimen.
VOD is one possible complication of HSCT. To address
this issue, the child received specific prophylaxis, which yet
turned to be insufficient to prevent the complication.
Whether or not underlying PD may have been responsible
for any predisposing condition to liver VOD, remains
questionable at present.

In conclusion, despite the unfavorable outcome in this
case, we provide the first evidence that PD may be at least
partially reversed by HSCT. The indication to transplant
must be balanced against the clinical manifestation of
individual patients.
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