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ABSTRACT: Hypoparathyroidism, retardation, and dysmorphism
(HRD) syndrome is the first reported disease caused by a defect in the
tubulin folding and assembly pathway. We aimed to summarize our
experience with a cohort of patients with HRD, analyze their growth,
and evaluate patients’ polymorphonuclear cell (PMN) functions. The
records of 22 HRD patients in a single medical center were reviewed.
Growth during infancy and early childhood were analyzed by the
Infancy-Childhood-Puberty (ICP) growth model. PMN functions
were compared with healthy controls. Twelve patients died and many
hospitalizations due to infections and convulsions were recorded.
Growth measurements, expressed as weight and height SD scores in
boys at a mean age of 4 y were –13.1 � 3.8 and –8.7 � 1 and –16.6 �
4.4 and –9.5 � 2.4, respectively, in girls at a mean age of 6.4 y.
Chemotactic migration, random migration, and phagocytosis of PMN
from HRD patients were significantly lower than that of PMN from
healthy controls. No significant differences were found in superoxide
production of PMN from patients compared with controls. Functional
hyposplenism has been demonstrated in most of the studied patients.
The defect in the tubulin folding and assembly pathway, previously
described in HRD, has grave consequences on growth and PMN
functions. (Pediatr Res 62: 505–509, 2007)

The syndrome of hypoparathyroidism, retardation, and dys-
morphism (HRD) (MIM 241410) consists of permanent

congenital hypoparathyroidism, severe prenatal and postnatal
growth retardation, and profound developmental delay. The
patients are susceptible to severe infections including life-
threatening pneumococcal infections, especially during in-
fancy [see reference 1 for a detailed review].
HRD syndrome is the first reported disease caused by a

defect in the tubulin folding and assembly pathway due to
mutations of the tubulin cofactor E (TBCE) gene that encodes
a chaperone required for �- and �-tubulin dimerization and
microtubule (MT) polymerization (2). MT metabolism per-
forms one of the leading roles in regulating various features of
the cytoskeleton, which plays a major role in many cell
processes. As an active system, the cytoskeleton is continu-

ously changing its characteristics, in particular constantly
building and destroying the opposite ends of polymers form-
ing its structure.
Professional phagocytes, e.g., neutrophils and macro-

phages, play an important role in our innate defense against
invading pathogens, in the resolution of inflammation, and in
the general maintenance of tissue homeostasis (3,4). These
functions are highly dependent on the ability of these cells to
internalize particles and on other events that are coupled to or
triggered by phagocytosis (e.g., secretion, oxidative burst).
MTs influence cell surface function in polymorphonuclear cell
(PMN) (5). We hypothesized that PMN of HRD patients could
have impaired functions due to the MT assembly defect in
these patients.
In this report, we summarize our long-term (15 y) experi-

ence with a relatively large number of HRD patients in a single
medical center, and characterize patients’ growth during
infancy and early childhood. In addition, we aimed to
explore possible mechanisms for the observed increased
susceptibility of HRD patients to infections by evaluating
their PMN and splenic functions.

PATIENTS AND METHODS

Subjects. We reviewed the medical records of all patients with HRD
syndrome followed at Soroka University Medical Center. All the patients
were homozygous for the del52-55 mutation of the TBCE gene, as previously
described (2).

Our study was approved by the ethics committee of Soroka Medical
University center. Written informed consent was obtained from the patients’
and controls’ parents for the participation of their children in the immunologic
investigations.

General. Clinical and growth data were collected retrospectively accord-
ing to a designed protocol.

Growth. Birth weight, birth length (or, where this was unavailable, length
measured within 1 mo after birth), and subsequent growth data including the
latest available weight and height measurements were recorded. SD scores
(SDS) of the patients’ weight and height were calculated by using the Growth
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Analyzer (version 3.0) program applying the 2000 U.S. National Center for
Health Statistics growth charts. These growth charts were found to be
adequate for growth assessment of Israeli children in the absence of local
growth charts (6).

In addition, linear growth during the first three years of life was charac-
terized by applying the Infancy Childhood-Puberty (ICP) growth model. The
model “breaks down” linear growth mathematically into three additive com-
ponents: Infancy (I), Childhood (C), and Puberty (P) (7). The principal
advantage of this model over the common growth curves is that it is a
longitudinal description of growth rather than cross-sectional. While the usual
growth curves are limited to descriptions of height that is not shorter than the
3rd percentile of a normal population, this model enables the examination of
the path of growth of very short patients: a clear advantage in HRD patients.
To analyze the path of height growth of HRD patients, for each child’s
measurements we have drawn a “best fitted ICP curve” using a method
described elsewhere (8). By this method, each child’s path of growth was
characterized by two parameters: the height SDS (expressed as deviation in
SDS from the I component and calculated according to ICP equations) and the
time of onset of the C component.

Spleen Scintigraphy. Tc-99m-colloid Phytate scintigraphy was performed
to evaluate splenic function. Scanning was performed 15–30 min following
i.v. injection of 1 mCi of the Tc-99m-labeled colloid. Usually, 80–90% of the
injected colloid is taken by the Kupffer cells in the liver and 5–10% is taken
by the reticuloendothelial cells in the spleen. The rest is absorbed by the
reticuloendothelial system in the bone marrow (9). Planar images of the liver
and spleen were taken in anterior, posterior, left and right lateral, left and right
posterior, and anterior oblique views. Spleen uptake was calculated using the
geometric mean method from the anterior and posterior views.

Preparation of neutrophils. Neutrophils, at 95% purity, were obtained by
Ficoll-Hypaque centrifugation, dextran sedimentation, and hypotonic lysis of
erythrocytes as previously described (10) from 11 patients and 11 age- and
sex-matched healthy controls.

Superoxide Anion Measurements. The production of superoxide anion
(O2

�) by neutrophils was measured as the superoxide dismutase-inhibitable
reduction of acetyl ferricytochrome c by the microtiter plate technique, as
previously described (10) by unstimulated or stimulated neutrophils (by 5
ng/mL phorbol myristate acetate (PMA), 1 mg/mL opsonized zymosan (OZ),
or 5 � 10�7 M FMLP).

OZ was prepared as follows: 20 mg zymosan was incubated with 1 mL of
pooled human serum (lipopolysaccharide-free) for 1 h at 37°C and washed
three times with Hanks’ balanced salt solution (HBSS) buffer.

Chemotaxis. Chemotaxis was assessed on agarose plates as previously
described (10). A series of three wells, 2.4 mm in diameter and spaced 2.4 mm
apart, were formed. The center well of each three-well series received a 10-�L
aliquot of the 5 � 105 neutrophil suspension, the outer well received 10 �L
of FMLP (10�7 M), and the inner well 10 �L of HBSS. The dishes were
subsequently incubated at 37°C in a humidified atmosphere containing 5%
CO2 in air for 2 h. The random and chemotactic migration toward FMLP was
measured under a light microscope after fixation and Wright-Giemsa staining.

Phagocytosis. Neutrophils (5 � 106/mL) were suspended in HBSS and
incubated at 37°C for 15 min with 5 �L zymosan (1 mg/mL) opsonized by
pooled human serum. Phagocytosis was determined in a smeared sample after
Wright-Giemsa staining as described earlier (10).

Statistical Analysis. Independent t test (two-tailed) was applied in the
comparison of growth parameters, as expressed in SDS, between boys and
girls.

Splenic scintigraphy results of our HRD patients were compared with the
normal pediatric data using the one sample t test (two tailed).

Statistical evaluation of the PMN function results was performed using
independent t tests. Results are expressed as mean � SEM.

RESULTS

Twenty-two (12 F/10 M) HRD patients were followed in
our center during 1990–2005. Their average age was 5.3 y
(0.4–14.5). All patients were born at term to consanguineous
Bedouin families from several clans.
The causes of the patients’ multiple hospitalizations (203)

were as follows: infections (65%) including pneumococcal
meningitis and bacteremia, convulsions due to hypocalcemia
or epilepsy (19%), respiratory distress (9%), and other causes
(7%). The patients were treated with vitamin D and calcium
supplements, with thiazides added in some patients. Prophy-

lactic antibiotic therapy (once daily amoxicillin) and pneumo-
coccal vaccination were introduced in 1998.
Twelve patients (55%) died, mostly before the age of 2 y.

Six succumbed to sepsis or sepsis-like events including three
with culture-proven pneumococcal sepsis. One patient died
during cardiac arrhythmia and a 7-y-old female patient died
due to unexplained progressive interstitial lung disease. Four
patients died outside the hospital from unknown cause.
Growth. All children suffered from intrauterine growth

retardation (IUGR) with a resultant low birth weight and short
birth length. Mean birth weight was 2100 � 200 g (�2.2 �
0.25 SDS) in boys and 1970 � 450 g (�2.6 � 0.7 SDS) in
girls. Mean birth length was 44.7 � 3.3 cm (�5.1 � 1.27
SDS) in boys and 44.6 � 2.75 cm (�4.7 � 1.7 SDS) in girls.
Analysis of growth in our patients by the ICP model

revealed that during the first year of life, linear growth fol-
lowed a path of growth that, although very short, coincided
with the first component (I) of the ICP model. However,
further decrease in linear growth was observed during the
second year of life (Fig. 1).
Growth analysis of the path of growth by the ICP model

revealed a markedly delayed appearance of the childhood
component that normally occurs between 6 and 12 mo of age,
when the infancy component markedly decelerates (7). In
HRD patients, the appearance of the C component occurred at
the age of 17.6 � 5.6 mo in boys and 19.7 � 6 mo in girls.
The latest available growth measurements, expressed as

weight and height SDS, in boys at a mean age of 4 y
(0.4–9.76) were �13.1 � 3.8 and �8.7 � 1, respectively. In
girls, the latest available weight and height SDS at a mean age
of 6.4 y (1.3–14) were �16.6 � 4.4 and �9.5 � 2.4,
respectively. BMI SDS or weight for length SDS (in patients
younger than 3 y) was below �2 in all the patients except
three. The differences in growth between boys and girls were
not significant.
Splenic function. Tc-99m-colloid phytate scintigraphy was

performed in 11 patients and revealed very low uptake of the
tracer in the patients’ spleen, with a mean of 2.1 � 0.7%. Only
two patients had uptake within the normal range (above 5%)
and one subject had no uptake at all. This abnormally low
uptake indicates functional hyposplenism in most of the pa-
tients and functional asplenia in the severe cases. Analytical
statistics aided us in showing that this is a true phenomenon.
In comparison to the expected uptake of 5–10% in normal
children (9), the HRD patients showed a lower uptake in the
spleen (t� �7.81, df� 10, p� 0.001, mean difference� �5.4).
In this comparison, we acted upon the hypothesis that the
mean uptake should be 7.5%. Even under more conservative
assumptions, (i.e., mean uptake is only 5%) the mean differ-
ence between the HRD patients and normal children was still
significant (t � �4.19, df � 10, p � 0.002).
Other investigations. Abnormally low plasma levels of

insulin like growth factor 1 (� �2 SD below the mean for age
and sex) were found in all six patients examined. However,
growth hormone deficiency, determined by abnormal response
to two formal stimulation tests, was diagnosed in only one
patient.
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Nephrocalcinosis was discovered in 7 out of 31 renal
sonograms. No significant cardiac malformations have been
found by echocardiography (13 patients). The radiologic (x-
ray and computed tomography) findings were not specific and
were related to the clinical status of the patients at the time of
the examinations. Craniosynostosis and brain calcifications
were the common findings.
PMN functions. Chemotactic migration toward FMLP of

PMN from HRD patients was significantly lower (p � 0.001)
than that of PMN from healthy controls (Fig. 2A), indicating
a severe defect in chemotactic migration in the patients. The
mean � SEM were 23.3 � 2.1 and 41.5 � 0.4 � 10�3 mm for
HRD patients and controls, respectively. There was a clear
discrimination with no overlapping in the values between the
two groups. In addition, there was a significant difference (p �
0.001) in random migration (chemokinesis) between neutro-
phils from HRD patients and healthy controls (Fig. 2B), with
mean � SEM of 16.7 � 1.9 and 27.0 � 0.85 � 10�3 mm for
HRD patients and controls, respectively. As presented in
Figure 3A, phagocytosis of OZ assayed for 15 min was
significantly reduced (p � 0.001) in PMN from HRD patients
with mean � SEM of 60.8 � 2% compared with 96 � 3% in
PMN of the healthy controls. Moreover, PMN morphology
after phagocytosis is different in the two groups; while PMN
from healthy controls were spread out as a result of engulf-
ment of several particles of OZ, most of the PMN from HRD
patients were condensed and phagocytized only one or two
OZ particles (Fig. 3B). In contrast to chemotaxis and phago-
cytosis, no significant differences in superoxide production of
unstimulated or stimulated neutrophils with OZ, FMLP, or
PMA were observed (Fig. 4). The mean � SEM of superoxide
release by PMN of healthy controls were 4.1 � 1.0, 10 � 0.5,
5.7 � 1.0, or 28.5 � 2.3 nmol O2/10

6cells/min, in unstimu-
lated or cells stimulated with OZ, FMLP, or PMA, respectively.
The mean � SEM of superoxide release by PMN of HRD
patients were 4.5 � 1.1, 9.9 � 1.3, 5.9 � 1.1, or 24.2 � 3.4

nmol O2/10
6 cells/min, in unstimulated or cells stimulated

with OZ, FMLP, or PMA, respectively.
Some patients showed significantly reduced superoxide

production stimulated by PMA. These patients also exhibited
the most profound defect in chemotaxis and phagocytosis.

Figure 1. Growth of HRD children according to the ICP model during the first 3 y of life. Upper three lines: growth of normal boys (A) and girls (B) (�, �2
SDS; � � 0 SDS; � � �2SDS). Below are depicted the individual growth lines of HRD boys (A) and girls (B). Average heights of HRD patients (�) lines
in boys (A) and girls (B). R — represent the last available height measurements of HRD patients who died later.

Figure 2. PMN chemotaxis in HRD patients and healthy controls. Chemo-
tactic migration toward FMLP (A) and random migration (B) of PMN from
HRD patients and healthy controls. There are significant differences in
specific and random migration between the two groups (p � 0.001).

Figure 3. PMN phagocytosis in HRD patients and healthy controls. (A)
Phagocytosis of OZ by PMN of HRD patients or healthy controls; significant
difference (p � 0.001). (B) Wright-Giemsa staining of neutrophils from
representative HRD patient (right) and healthy control (left) after 15 min of
phagocytosis (�400). Arrows show examples of efficient phagocytosis in a
healthy control and defective phagocytosis in a HRD patient as shown for a
representative cell (�1000) in the insets.
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DISCUSSION

In this article, we present our experience in a single medical
center with the largest number of HRD patients hereto de-
scribed. The identification of the molecular basis of HRD
syndrome enabled us to study the possible effects of the
mutated TBCE gene.
Our report confirms the high morbidity and mortality rates

of this syndrome. The main causes of the multiple hospital-
izations were infections and hypocalcemic convulsions. The
observed 55% mortality rate in our patients due mostly to
infections is higher than the reported rate of 25–44% during
infancy and early childhood and may represent a longer period
of follow-up and a larger study group in comparison to
previous publications (11–14). Recurrent infections and hy-
pocalcemic seizures were the main reported causes of death in
some infants but the cause(s) of death remained undetermined
in others (11–14). Prophylactic antibiotic therapy and vacci-
nations including conjugated pneumococcal vaccines are war-
ranted in an attempt to prevent serious infections.
HRD patients are of extremely short stature. We were able

to identify two periods of attenuated growth that lead to their
short stature. The first was the intrauterine period, which
caused the major attenuation. This period of attenuated growth
was not followed by “catch-up” growth all along the fol-
low-up period of the study. The second period of attenuated
growth took place during the second year of life with a
significantly delayed appearance of the C component.
This delay is responsible for the growth retardation seen

after the first year of life, when growth is almost arrested in
our patients from about 15 mo of age until the appearance of
the C component. Late appearance of the C component has
been previously described in various states of slow growth in
infancy and early childhood such as in Turner syndrome,
chronic diarrhea, and celiac disease (15–17).
Since a strong relationship has been described between the

shape of the hypertrophic chondrocytes and the rate of longi-
tudinal bone growth in the rat (18) and an important role for
microtubules in the control of chondrocyte maturation and
hypertrophy has been reported in the chick growth plate (19),

we suggest that the pathogenesis of the extreme growth retar-
dation in HRD might be explained by primary impairment in
the long bone growth plate function due to the defect in MT
assembly and folding. However, these hypothesis should be
tested in animal models or pathologic specimens obtained
from HRD patients.
An additional impairment of the growth hormone IGF-I

axis may also contribute to the growth retardation after in-
fancy, but further studies are required to evaluate this ques-
tion. Malnutrition, as evidenced by very low BMI or weight
for length, and recurrent infections can be implicated in the
observed poor growth and low IGF1 levels.
Our study demonstrated that at least two causes might

explain the unusual susceptibility of HRD patients to severe
infections, namely hyposplenism and abnormal PMN func-
tions. Nine out of 11 subjects had abnormally low Tc (99)
uptake by their spleen, indicating functional hyposplenism.
Splenic impairment may account for the presence of severe
pneumococcal infections.
Of the PMN functions studied, we demonstrated for the

first time that directed chemotaxis toward FMLP, random
migration, and phagocytosis of OZ were severely defected
in the HRD patients (Figs. 2 and 3). In contrast, superoxide
production did not differ from that in the healthy controls
studied in parallel (Fig. 4). Directional cell migration is a
fundamental process in all organisms that is stringently
regulated during chemotaxis. Migrating cells have a polar-
ized morphology with an asymmetrical distribution of sig-
naling molecules and the cytoskeleton. MTs are indispens-
able for the directional migration of certain cells (20).
Additionally, they are hollow tubes composed of 13 proto-
filaments of a- and b-tubulin dimers organized in a head-
to-tail fashion. MTs are nucleated from their minus ends,
which localize predominantly at the MT organizing center.
During cell migration, selective stabilization of the plus
ends of microtubules enables the MT organizing center to
reorient toward the leading edge, resulting in a polarized
microtubule array that facilitates cell migration (20).
The gene TBCE, which is mutated in patients with HRD,

encodes a chaperone required for the folding of �-tubulin and
its heterodimerization with �-tubulin. We have previously
shown that tubulin protein abundance and �-tubulin transcript
levels are similar in diseased and control lymphoblastoid
samples (2). On the other hand, the proportion of precipitated
MT-incorporated �-tubulin was lower in diseased cells and the
MT-network polarity was lost in lymphoblastoid cells and in
dermal fibroblasts obtained from HRD patients (2). The severe
reduction in PMN migration and phagocytosis in the HRD
patients demonstrated in our study is probably due to MT dys-
function resulting from the TBCE defect. Cell polarization, mi-
gration, and directional extension of pseudopodia in PMN require
the MT cytoskeleton (21). Defective chemotaxis of PMN has
been shown to be associated with impaired MT organization in
pathologic disorders such as Chediak-Higashi syndrome and
glutathione synthetase deficiency, as well as in neonates (22–24).
The reduced phagocytosis of OZ which is mediated by Fcg

and complement receptors on PMN membranes is probably
also due to MT impairment since MTs have been implicated in

Figure 4. PMN superoxide production in HRD patients and healthy controls.
Superoxide production by unstimulated PMN HRD patients (HRD) and
healthy controls (Con) and in response to stimulation with 1 mg/mL OZ, 5 �
10�7 FMLP or 50 ng/mL PMA.
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the phagocytosis process which is responsible for engulfment
of the particles (25). In human leukocytes, contact of the
opsonized particle with its receptors initiates a rapid MT
assembly (26). Numerous studies have shown that MTs are
not only remodeled during phagocytosis but are also essential
for optimal FcgR-mediated ingestion (27–29). MT disruption
reduces pseudo pod dynamics and formation. It is plausible
that MTs are required for pseudo pods formation during
FCg-R-mediated phagocytosis (30,31). In addition, late
phagosomes in neutrophils were found to localize adjacent to
the centriole (32), and movement of phagosomes along mi-
crotubules was documented directly (33).
The production of superoxides by unstimulated neutrophils

or by those stimulated with either OZ, PMA, or FMLP was
normal in the HRD patients. These results are in accordance
with earlier studies demonstrating that NADPH oxidase ac-
tivity is independent of microtubule formation. MT disruption
in neutrophils or in HL-60 cells treated with colchicine or
inhibition of MT assembly by vincristine did not affect super-
oxide radical production stimulated by Fc receptors, receptors
for FMLP, or PMA (34,35).
In conclusion, impaired MT function caused by the

mutated TBCE gene in HRD syndrome may contribute to
the severe growth retardation and to high susceptibility to
infections. Reduced PMN chemotaxis and impaired phago-
cytosis, in addition to hyposplenism explain this suscepti-
bility to infections.
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