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Griscelli syndrome (GS) is caused by mutations in theMYO5A
(GS1), RAB27A(GS2), orMLPH (GS3) genes, all of which
lead to a similar pigmentary dilution. In addition, GS1 patients
show primary neurological impairment, whereas GS2 patients
present immunodeficiency and periods of lymphocyte prolif-
eration and activation, leading to their infiltration in many or-
gans, such as the nervous system, causing secondary neurolog-
ical damage. We report the diagnosis of GS2 in a 4-year-old
child with haemophagocytic syndrome, immunodeficiency, and
secondary neurological disorders. Typical melanosome accumu-
lation was found in skin melanocytes and pigment clumps were
observed in hair shafts. Two heterozygous mutant alleles of the
RAB27Agene were found, a C-T transition (C352T) that leads to
Q118stop and a G-C transversion on the exon 5 splicing donor
site (G467+1C). Functional assays showed increased cellular
activation and decreased cytotoxic activity of NK and CD8+ T
cells, associated with defective lytic granules release. Myosin-
Va expression and localization in the patient lymphocytes were
also analyzed. Most importantly, we show that cytotoxic activ-
ity of the patient’s CD8+ T lymphocytes can be rescuedin vitro
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by RAB27A gene transfer mediated by a recombinant retrovi-
ral vector, a first step towards a potential treatment of the acute
phase of GS2 by RAB27A transduced lymphocytes.
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INTRODUCTION

Griscelli syndrome (GS, MIM 214450) is a rare, fatal,
autosomal recessive disorder, first described as a partial
albinism associated with immunodeficiency (1, 2). Symp-
toms and evolution of this disease are quite variable and
involve the pigmentary, immunological, and neurologi-
cal systems. Pigmentary defects are always present in
GS patients, characterized by hypopigmentation due to
the accumulation of melanosomes in the perinuclear re-
gion of the melanocytes, thus impairing the transfer of
these granules to the keratinocytes, resulting in a silvery-
gray color of the hair and pigmentary dilution of the skin
(3). Immunological features include susceptibility to re-
peated infections and deficiency of T cell cytotoxic ac-
tivity, which leads to the occurrence of haemophagocytic
syndrome (HS), a condition also referred to as the “accel-
erated phase.” HS is often fatal and characterized by peri-
ods of fever, pancytopenia, lymphocyte and macrophage
activation, and lymphocyte hyperproliferation, leading to
infiltration of spleen, liver, lymph nodes, and brain (4–
6). HS usually leads to a secondary neurological involve-
ment, characterized by episodes of convulsion, hemipare-
sis, neuropsychomotor involution and may include other
symptoms, such as loss of cognitive memory and fatal
neural degenerations (7). Pasturalet al. (8) reported the
first gene involved in this disease,MYO5A, mapped on
chromosome 15q21. This is the equivalent of thedilute
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locus in mice (9) and encodes myosin-Va, a molecular mo-
tor of the unconventional myosin superfamily, involved in
the short-range transport or positioning of vesicles, or-
ganelles, mRNA and other cellular factors in many cell
types (10–12). Pasturalet al. (13) and Ménasch´e et al.
(4) described a second gene,RAB27A, located next to the
MYO5Alocus, whose mutation accounts for most cases
of GS reported. This is the equivalent ofashenlocus in
mice (14) and encodes Rab27a, a small GTPase of the
Ras superfamily, involved in targeting-docking-fusion of
vesicles and organelles in eukaryotic cells (15, 16). These
works led to the subdivision of this syndrome in two
groups, GS1, caused by mutation in theMYO5Agene,
and GS2, in theRAB27Agene. Both of them show the
pigmentary features, whereas blood dysfunctions are only
observed in GS2 patients, and primary severe neurological
involvement in GS1. However, GS2 patients usually de-
velop neurological complications secondarily to the HS
(6, 7). Bone marrow transplantation (17, 18) and
chemotherapy (19, 20) have been applied in GS2 patients
with some success. The lack of immunological involve-
ment in patients withMYO5Amutations has also led to the
suggestion thatMYO5Amutations would be better clas-
sified within another abnormality condition called Ele-
jalde syndrome (ES [MIM 256710]), a neuroectodermal
melanolysosomal disease characterized by pigmentary de-
fects similar to GS and severe primary neurological dys-
functions, with seizures, hypotonia, and mental retardation
(21).

It is interesting to point out that a great deal of infor-
mation has been made available from recent studies on
the molecular basis of the three phenotypically similar
coat color mutations in mice,dilute, ashen,and leaden,
as well as human GS. Leaden encodes a rabphilin-like
protein that was designated melanophilin and functions
as a Rab27a effector in melanocytes (22). Very recently
a third form of Griscelli syndrome (GS3) was shown to
result from melanophilin defect (23). In this case, the GS
phenotype is restricted to the characteristic hypopigmenta-
tion of this disease. Rab27a is targeted to the melanosome
membrane after prenylation and binds to melanophilin in
a GTP-dependent manner. Melanophilin then recrutes the
molecular motor myosin-Va, which allows movement or
tethering of the melanosomes on the actin cytoskeleton
(3, 24–28). These findings explain the common pigmen-
tary features observed in GS1, GS2, and GS3 patients,
and the distinct features are in part due to tissue spe-
cific expression of these genes. While all three proteins
are expressed in melanocytes, only myosin-Va is highly
expressed in neurons. In lymphocytes, Rab27a is highly
expressed, whereas melanophilin and myosin-Va has not
been detected in cytotoxic T lymphocytes (29), despite

that myosin-Va has been detected in leukocytes (30–32),
in all mononuclear cell subtypes (33). Although not yet
clarified, an alternative Rab27a effector, potentially capa-
ble of recruiting a class V myosin member and/or another
member of the myosin superfamily, is likely to function
in lymphocytes (34), explaining the lack of immunolog-
ical dysfunctions in GS1 and GS3 patients or indilute
and leadenmice (4, 23, 29, 35). The immune defects of
GS2 patient have been attributed to the lack of cytotoxic
activity of CD8+ T lymphocytes due to a deficient lytic
granules release in these cells (4, 35, 36). In fact, geneti-
cally determined cytotoxic defect resulting fromperforin
mutation in patients with familial hemophagocytic syn-
drome (FHL) leads to identical immune phenotype as the
one observed in GS2 patients (37). In the present work,
we report two mutant alleles of theRAB27Agene found in
a Brazilian child and describe the clinical and cellular fea-
tures of the disease in this patient. We also show analyses
of myosin-Va expression and localization in the patient’s
lymphocytes. In addition, we demonstratein vitro rescue
of CD8+ T lymphocyte cytotoxic activity using a retrovi-
ral vector mediatedRAB27Agene transfer.

PATIENT AND CONTROLS

Case Report

A male Brazilian patient was the first child of non-
consanguineous parents. At birth he presented silvery-
gray hair (Fig. 1A) and postnatal jaundice treated with
phototherapy. At 5 months he was referred to the Chil-
dren’s Institute of the Faculty of Medicine of the Univer-
sity of São Paulo (ICrHCFMUSP), presenting fever, hep-
atosplenomegaly, and pancytopenia. Agnogenic myeloid
metaplasia was diagnosed and treated with corticosteroids.
He remained with recurrent fever episodes including three
pneumonias and cytopenias, such as neutropenia and
thrombocytopenia and bone marrow smears haemophago-
cytosis. During the first 4 years he showed normal psy-
chomotor development, but at 4-years-old he presented
repeated convulsive episodes, hemigeneralized, remain-
ing in the intensive care unit during 45 days. A CT scan
revealed right parieto-occipital edema, diffuse infiltration
in the left putamen and bilateral cortex. Then, neuropsy-
chomotor status deteriorated, with appearance of bilateral
hemiparesis predominating on the left side. In addition,
his motor coordination, equilibrium and speech were im-
paired, associated with multiple convulsive episodes. The
hypothesis of Ch`ediak-Higashi syndrome (CHS) diagno-
sis was ruled out because of the absence of giant intracel-
lular granules in peripheral blood granulocytes. Then, the
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Fig. 1. Altered pigment distribution in the hair and skin from the patient withRAB27Amutation.
(A) Patient PO. Note the silvery-gray color of the hair, eyelashes, and eyebrows. (B and C)
Optical microscopy images of hair samples from the patient (B) and a healthy individual (C).
Note the aggregates of pigment and empty areas within the hair shaft. (D and E) HE stained
skin sections from the patient (D) and a healthy individual (E). Note the accumulation of
brown pigment in cells present in the basal layer of the epidermis (D, arrows). (F) Electron-
microscopy image depicting a melanocyte with a large accumulation of mature melanosomes
in the perinuclear region. [Note: The on-line version of this figure appears in color.]

Journal of Clinical Immunology, Vol. 24, No. 4, 2004



P1: JLS

pp1212-joci-487253 JOCI.cls May 18, 2004 10:38

400 BIZARIO ET AL.

accelerated phase of Griscelli disease was suggested as a
possible diagnosis. Morphofunctional and molecular diag-
noses of GS were done and are presented here. No familial
HLA compatible donor was identified and bone marrow
transplantation was excluded as a treatment option. Im-
munosuppressor agents, including corticosteroid associ-
ated to cyclosporine, and antithymocyte immunoglobulin
sustained a clinical remission until 7-years-old when a sec-
ond accelerated phase developed and the patient was put
in an induced coma for 20 days. Convulsive episodes and
recurrent infections were observed during the evolution
of the disease. The same treatment was applied, but the
patient continued with deterioration of his neurological
conditions. At the beginning of a new accelerated phase,
standard chemotherapy protocol was applied. The patient
did not respond to this treatment and died from multiple
organ failure at 9-years-old. Note: Blood samples and skin
fragment from the patient were collected only after obtain-
ing of an informed consent to the investigations from his
parents.

Controls

A group of patients was selected, during routine sam-
ple collection at the ICrHCFMUSP. Children from 4- to
8-years-old with no immunodeficiency, or any other dis-
eases which could interfere with the tests, were submitted
to blood collection after the signature of an informed con-
sent by their parents. We also used samples obtained from
19 consenting adult donors from the Regional Blood Cen-
ter Foundation of Ribeir˜ao Preto – SP – Brazil.

MATERIAL AND METHODS

Optical Microscopy

Skin fragments were fixed with 4% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.4, for 24 h, at 4◦C.
After washing 3 times with the same buffer, the frag-
ments were processed by routine histological procedures
and stained with hematoxylin-eosin. Hair samples were
observed without any previous treatment. Photomicro-
graphs were obtained using an AXYOPHOT-ZEISS (Jena,
Germany) microscope.

Electron Microscopy

Skin fragments were fixed as described above and post-
fixed in 1% osmium tetroxide in cacodylate buffer, for
1 h, at 4◦C, and transferred to 1% uranyl acetate in 0.1 M
sodium acetate, pH 5.0, on ice, overnight. Fragments
were then gradually dehydrated in ethanol and embed-

ded in araldite. Ultrathin sections were taken and placed
on pioloform-coated copper grids, contrasted with 2%
uranyl acetate for 20 min, 0.3% lead acetate for 3 min,
and observed under a Philips electron microscope, model
EM-208.

Cell Isolation

Peripheral blood mononuclear cells (PBMC) were iso-
lated from whole heparinized blood by Ficoll-Hypaque
density-gradient technique (Hystopaque-1077; Sigma, St.
Louis, USA).

Mutation Detection

DNA and RNA were isolated from PBMC follow-
ing standard procedures. Myosin-Va cDNAs were ob-
tained by reverse transcription using Superscript-II en-
zyme (GIBCO-BRL, Carlsbad, USA) and PCR using the
enzyme ELONGASE (GIBCO-BRL, Carlsbad, USA) or
Taq DNA polymerase (PHARMACIA, Uppsala, Sweden,
USA), using the following pair of primers: 5′-GCC CTG
CCC TGC CCT GCT C-3′ and 5′-AGA CTC GTT GCT
GCT GTG G-3′, to amplify from nucleotide 131 to 3616, a
cDNA fragment which encodes the head, neck, and prox-
imal tail domain of myosin-Va; and 5′-CCA CTG GGC
GGG TCC TT-3′ and 5′-TGG TGC CTT CCT AAC AAC
AGC-3′, to amplify from nucleotide 3192 to 6212, which
encodes from the proximal tail to the STOP codon. For am-
plification of the Rab27a gene, we used primers designed
from intronic sequences flanking exons 2 to 6 of RAB27A,
which encodes the whole open reading frame, to amplify
genomic DNA from the patient, his brother and parents.
Standard Taq DNA polymerase and the following pair of
primers were used, respectively: 5′-TCA TAC AAC CCT
AGA CAT ACA-3′ and 5′-TGT TGA CTT AAC GAT
TAC ATT TTT-3′; 5′-TTG TTT TCT CTT TCA CTT
G-3′ and 5′-TTT TCC CTT TCC TTC AG-3′; 5′-GCT
GAA GGC ATT GCT TGT-3′ and AGA TCT CCT CCA
AAA CGA TT-3′; 5′-TTT TGC ATG TAT TGT TCA CTG
A-3′ and 5′-TG GCT GAG GTT TTG CTT TA-3′; 5′-TGT
CTT CCA GAA TCC CCT ACT-3′ and 5′-ATG CCC ATT
AAT CTC TCA CTG T-3′.

Sequencing

Direct sequencing of the PCR products was performed
using the Big DyeDeoxy terminator kit RR Mix pro-
tocol and an ABI 377 sequencer (Applied Biosystems,
Foster City, USA). Sequences were aligned with the
RAB27A (genomic contig: NT010194; mRNA sequence:
NM 183236) or MYO5A (NM000259) sequences ob-
tained from GENBANK.
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Genotype Analysis Using Polymorphic Markers

Primers against CHLC.GCT1E8, D15S1049, and
D15S121 polymorphic regions, located within the
RAB27Alocus, on chromosome 15q21, were used, as de-
scribed by Ménasch´eet al.(3). Radioactive PCR was per-
formed to amplify the polymorphic regions. Labeled PCR
products were subjected to electrophoresis in polyacry-
lamide gel, in order to separate the fragments obtained.
An X-ray film (Kodak, Rochester, USA) was exposed to
the gel and the developed bands were analyzed and enu-
merated on the basis of the relative migration, from the
top to the bottom of the gel.

Proliferation Assays Upon Mitogen Stimulation
and Mixed Lymphocyte Culture

For the mitogen stimulus, 100µL of 2 × 106 cells/mL
suspension were incubated in the presence of 2.5µg/mL
Phytohemagglutinin (PHA) or 3µg/mL Concanavalin A
(Con-A) (both lectins were from Sigma, St. Louis, USA),
for 72 h. Then, all cultures were pulsed with 1µCi/well
3H-Thymidine (Amersham, Buckinghamshire, UK) and
incubated for an additional 24 h period, in the same con-
ditions as specified above. Cells were then harvested and
β-emission, in counts per minute (cpm), was measured in a
β-counter (Beckman LS8100, Fullerton, USA). All assays
were performed on triplicate. Stimulation Index was deter-
mined by the ratio of cpm in the mitogen-stimulated sam-
ples to cpm in nonstimulated samples. Two-way mixed
lymphocyte culture was performed according to standard
protocols (38), using cells from the patient and unre-
lated control individuals. Freshly isolated peripheral blood
mononuclear cells were ressuspended in RPMI-1640, sup-
plemented with 20% human AB serum in a density of 1×
106 cell/mL. For the mixed culture, samples of a 100µL
of cell suspensions (1× 105 cells) from each individ-
ual, the patient and an unrelated individual or from two
unrelated controls, were plated in a 96-wells round bot-
tom microtiter plate and incubated in a humidified atmo-
sphere with 5% CO2, at 37◦C, during 5 days. To determine
the background level of3H-Thymidine incorporation, the
same number of cells (2× 105) was plated separately for
each individual, and to determine the maximal prolifera-
tion levels, a pool of 2× 105 cells from 5 unrelated in-
dividuals were plated. Within the fifth day of incubation,
cultures were pulsed with 0.5µCi 3H-Thymidine and in-
cubated for an additional 18 h period, following which
cells were harvested on filter paper andβ-emission (cpm)
was measured. The relative response was determined ac-
cording to the formula: (test cpm – autologous cpm)/(pool
cpm – autologous cpm)× 100. Where “autologous cpm”
corresponds to spontaneous proliferation and “pool cpm”

is the maximal proliferation from the pool of five unrelated
cells.

Immunolabeling and Flow Cytometry

For HLA-DR staining, cells from the patient and six
healthy chidren were simultaneously labeled with a Fluo-
rescein Isothiocyanate (FITC)-conjugated monomorphic
antibody to HLA-DR (clone L243) and a PE-conjugated
antibody to CD3 (SK7), CD14 (MφP9), and CD19
(SJ25C1) markers, respectively, each one at 10µg/mL.
Three independent assays were done for the patient and
controls.

For myosin-Va staining, mononuclear cells from the
patient and from 19 health adult blood donors were used.
The detailed procedure employed here and the results of
myosin-Va fluorescence intensity for the 19 healthy donors
have been previously reported (29). Briefly, freshly iso-
lated cells (100µL, 5× 106 cells/mL) were labeled with
Phycoerytrin-conjugated monoclonal antibodies against
the following human CD markers: CD3 (clone SK7), CD4
(SK3), CD8 (SK1), CD16 (Leu 11C), CD19 (SJ25C1),
CD56 (NCAM16.2), and CD14 (MφP9). Cells were then
washed in Phosphate buffer saline (PBS), pH 7.2, fixed
and permeabilized in the same buffer containing 2%
paraformaldehyde and 0.01% Saponin, during 10 min, at
37◦C. After washing (3×), cells were blocked for 1 h
in PBS containing 2% BSA and 5% goat serum, fol-
lowed by incubation with a polyclonal antibody against
the tail domain of myosin-Va (39), at 10µg/mL, for 1 h,
at room temperature (RT), washing and incubation with a
FITC-conjugated goat anti-rabbit IgG (Molecular Probes,
Eugene, USA), also at 10µg/mL, for 1 h, at RT. Anti-
bodies to CD markers and HLA-DR were obtained from
Becton-Dickinson, San Jose, USA. A single experiment
was performed for the patient and controls.

As a control for nonspecific staining and to set the back-
ground levels, cells were labeled, under the same con-
ditions specified above, with PE and FITC-conjugated
γ2a/γ1 antibodies (clones X39/X40). Flow cytometry
analyses were carried out on a FACSORT equipment
(Becton-Dickinson, San Jose, USA), using a linear ampli-
fier with resolution of 1024 units and the CELLQUEST
analysis software. Fluorescence intensity was measured in
arbitrary units (number of channel shifting) in histogram
plot on a 0–1023 linear scale, for 10,000 cells counted
in the lymphocyte gate and 15,000 in the monocyte gate,
per blood sample analyzed. The median of fluorescence
intensity was calculated from 10,000 or 15,000 cells, sub-
tracted from the background fluorescence, for each cell
subpopulation from the patient and from each one of the
control blood samples analyzed.
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Immunolabeling and Confocal Microscopy

Cells were plated on Cell-Tak (Becton Dickinson,
Franklin Lakes, USA)-treated glass coverslips inside 35
mm diameter Petri dishes. Cells were colabeled with mon-
oclonal antibody toβ-tubulin (Transduction Laboratories,
Lexington, KY) and a polyclonal to myosin-Va tail (39),
essentially as described above. Coverslips were mounted
in 1 mg/mL p-phenylenediamine in 90% glycerol and
PBS. Image aquisition and processing were done using
a Leica TCS-NT Confocal System (Leica Microsystems
GmbH, Mannheim, Germany). Two independent assays
were performed for the patient cells and a control sample
in parallel.

NK Activity

NK activity against K562 target cells was assessed by
a flow cytometry assay (40), using the DIO (Molecular
Probes, Eugene, USA) membrane dye to stain live K562
cells and propidium iodide (PI, Sigma, St. Louis, USA)
nuclear dye to stain dead cells. Unstained effector cells
(monocyte-depleted PBMC) and DIO-stained target cells
(K562) were added to each of six polystyrene 12× 75 mm
assay tubes at effector:target ratios of 40:1, 20:1, 10:1, and
5:1. As control, two of the tubes contained effector or tar-
get cells only. Propidium iodide was added at 13µg/tube
and the tubes were incubated in a 5% CO2 atmosphere, at
37◦C, for 2 h. Detection of target cells was done by flow
cytometry using two-parameter dot plots. Damaged target
cells were identified as the doubly labeled (green and red)
cells. NK cells remains unstained and intact target cells
are stained green only. Percentage of specific lysis was
calculated by determining the fraction (%) of dead target
cells subtracted from % of debris and fragments. NK ac-
tivity was expressed as the number of lytic units 40% per
107 cells. A single assay was performed on triplicate for
the patient and control children (n = 10).

CD8+ T Cell Cytotoxicity and Degranulation Assays

In order to obtain IL-2-dependent T cells, patient and
control cells were stimulated for 24 h, with 3µg/mL of
PHA (Difco; Surrey, UK) in PANSERIN medium (Biotech
GMBH; Berlin, Germany) supplemented with 5% Human
AB serum and 40 IU/mL IL-2 (PeproTech; London, UK),
under standard cell culture conditions. Then, cells were
maintained in culture for an additional 6 day period un-
der the same conditions, except for the absence of PHA.
For assaying the cytotoxic activity, we measured the ly-
sis of Fas-deficient L1210-3 target cells in a standard 4 h
51Cr-release assay in the presence of a monoclonal an-
tibody to CD3 (10µg, OKT3, Ortoclone, Belgium), af-

ter incubation with different ratios of effector/target cells,
as described by Steppet al. (37). For the degranulation
assay, 6× 103 cells were plated in wells coated with
anti-CD3 (OKT3, 20µg/mL) and incubated for 4 h. The
N-a-benzyloxycarbonyl-L-lysine thiobenzyl ester (BLT)
esterase (granzyme A) activity on a 50-µL aliquot of cell-
free supernatant was measured (41). The effector/target
ratio was calculated from the number of CD8+ T cells,
as determined by flow cytometry using a FACScan equip-
ment (Becton-Dickinson, San Jose, USA). These assays
were done once, in quadruplicate, using cells from the
patient and a single healthy control of matched age.

Cloning Strategies for Obtaining the Retroviral
Vector and Rab27a Construct

We cloned the RAB27A cDNA into the pBS-MFGB2-
IRES-EGFP vector, constructed and kindly given to us
by Dr. Frédéric Rieux-Laucat, from the INSERM U-
429, Paris, France. In order to obtain the vector, the
HindIII-EcoRI fragment of the GC-B2 plasmid (con-
taining the Mo-MLV DNA)(42) was subcloned into the
HindIII-EcoRI sites of pBluescript SK (pBS-MFG-B2).
In addition, a NcoI-BglII IRES-EGFP cassette was sub-
cloned from a PCR-modified pIRES2-EGFP into the
NcoI-BamHI sites of pBS-MFG-B2 (pBS-MFGB2-IRES-
GFP). RAB27A sequence was amplified using strategic
primers containing a 5′ AflIII site and a 3′ BamHI site
(5′-GGG GGA CAT GTC TGA TGG AGA TTA TGA-
3′ and 5′-GCG GAT CCG CCC ACC TGA ACT ACT
ATG TCA-3′) and subcloned into the pGEM-T easy vec-
tor system I (Promega, Madison, USA). The insert was
digested from pGEM with AflIII and BamHI and lig-
ated into the NcoI (compatible with AflIII) and BamHI
sites in the pBS-MFGB2-IRES-GFP vector constructed.
The clone was confirmed by sequencing, and preparative
amounts of purified plasmids (Rab27a construct and vec-
tor alone) were obtained by Maxi-preparation (QIAGEN,
Valencia, USA).

Transfection of Packaging Phoenix Cells

Transfection of Phoenix cells (43) was done us-
ing FUGENETM 6 Transfection kit (Roche, Mannheim,
Germany), in semiconfluent 10 cm culture dishes (NUNC,
Naperville, USA). Three different conditions were as-
sayed: RAB27A construct, vector alone, and no plasmid.
After 24 and 48 h, the medium was collected, filtered in
a 0.22µm filter and frozen at –80◦C. These retroviral
supernatants were used to infect T cells. The percent-
age of Phoenix transfected cells was estimated by flow
cytometry.
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Transduction of IL2-Dependent T Cells
with Retroviral Particles

Human Fibronectin (Sigma, St. Louis, USA) coated 6-
well plates (COSTAR, Cambridge, England) were used
to plate 8× 105 IL2-dependent T cells, cultured for 7
days, as describe above. After 24 h, the medium was re-
placed by the retroviral supernatants supplemented with
4 mg/mL of protamine sulfate (Sigma, St. Louis, USA).
Three cycles of infection, 12 h each, were done by re-
placing the supernatant, and after 48 h from the last cycle,
the cells were submitted to the cytotoxicity assay as de-
scribed above. The percentage of transduced cells was es-
timated by flow cytometry using the GFP fluorescence as a
reference.

Statistical Analysis

In order to statistically compare immunological param-
eters (lymphocyte proliferation, NK activity and HLA-DR
expression), as well as levels of myosin-Va expression in
immune cells, between the patient and controls, we calcu-
lated and indicated on the graphs, the percentiles 25 and 75
from the control data set. All calculations were performed
using the Prism 2.01 software.

RESULTS

Cellular Diagnosis of Griscelli Syndrome

A photograph of the patient when he was 4-years-old
(with authorization from his parents) is shown in Fig. 1A.
The silvery-gray hair is noticeable over the head, face,
eyelashes, and eyebrowns. Also his skin appears to be
hypopigmented as compared with his brother and par-
ents (not shown). Direct examination of the hair under
an optical microscope showed abnormal distribution of
pigments, characterized by the presence of large clumps
of pigments and extended areas free of pigment in the
shaft (Fig. 1B), compared with the homogeneous distri-
bution of pigment in the hair shaft from a normal con-
trol individual (Fig. 1C). This pigmentation pattern of the
hair is observed in all GS patients and can be used as a
differential diagnosis between other pigmentary diseases,
such as CHS, which is characterized by the presence of
small aggregates of pigments distributed throughout the
hair shaft (1). Hematoxylin-eosin stained skin sections ob-
served under the optical microscope revealed the presence
of highly pigmented, dark melanocytes, in the basal layer
of the epidermis (Fig. 1D). In contrast, the melanocytes of
normal skin appear as clear cells not distinguished from
the surrounding keratinocytes (Fig. 1E). Electron micro-

scopic observation revealed melanosomes of normal size
and morphology, but densely accumulated in the cell body
of the melanocytes (Fig. 1F), markedly distinct from the
large inclusions observed in CHS (1).

The Patient Carries Two Different Mutant
Alleles of the RAB27A Gene

Exons 2–6 and flanking regions ofRAB27Agene of
the patient were sequenced and analyzed, leading to the
identification of two heterozygous mutations in this gene
(Fig. 2A). One allele has a C-T transition on exon 5,

Fig. 2. Mutations detected in the Rab27a gene and pedigree analysis.
(A) Electrophoregrams showing the genomic sequence from two regions
of theRAB27Agene. The two mutations detected (C352T and G467+
1 C) are indicated by arrows. (B and C) Pedigree from the patient’s
family (B) and a second Brazilian family (C) and segregation analysis
of the polymorphic markers linked to the GS2 locus on chromosome
15q21. Asterisks indicate affected haplotypes. Note that the mothers
share common marker haplotype. [Note: The on-line version of this
figure appears in color.]
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corresponding to position 352 on the RAB27A cDNA.
This nonsense mutation leads to a STOP codon, TAG,
in place of a CAG codon, which encodes for the Glu-
tamine 118 in the predicted Rab27a amino acid se-
quence. The predicted amino acid sequence of the human
Rab27a protein is 221 amino acids. The other allele con-
tains a G-C transversion on the splicing donor site of
exon 5, in the position 467+ 1. This mutation will
probably interfere with mRNA splicing leading to a
frameshift.

Pedigree Analysis

Sequencing and analysis of theRAB27Agene of the
patient’s parents revealed that the C352T mutation was
inherited from the father and the G467+ 1C mutation
from the mother (data not shown). The second child of
this family, who is healthy, carries only the C352T muta-
tion, being therefore, heterozygous for this disease (data
not shown). On the basis of this data, the family was
advised regarding the risks of conceiving other children
carrying this disease. Polymorphic markers were used to
identify a possible relation between this family and an-
other Brazilian family carrying the G467+ 1C mutation,
which had previously been determined (4). The pedigree
of the family described in the present work, with the mu-
tations and polymorphic markers indicated, is shown in
Fig. 2B, and the pedigree for the second family is shown
in Fig. 2C. Note that the mothers share common marker
haplotypes within a small genetic region of theRAB27A
locus, suggesting that the mutation arose from a common
ancestor.

Patient Lymphocytes are Capable of Responding
to Mitogens and Alloantigens

Our results show that the patient’s circulating lympho-
cytes are capable to proliferate when stimulated by mito-
gens or alloantigens (Fig. 3A and B). Patient cells incorpo-
rated3H-Thymidine under stimuli by PHA (17,500 cpm)
and Con-A (24,780 cpm), presenting stimulation index
of 28 and 34, respectively. Median values from 10 con-
trol individuals were 12,480 cpm for PHA and 12,630
for Con-A stimuli, giving stimulation index of 22 and
18.8, respectively. We also verified that the patient’s cir-
culating lymphocytes presented an elevated rate of spon-
taneous proliferation (2500 cpm) compared to controls,
which was on the order of 520 cpm (median from 10 indi-
viduals). Therefore, patient lymphocytes showed a prolif-
eration rate and stimulation index above control range for
both mitogens (Fig. 3A), whereas, in the mixed lympho-
cyte cultures (Fig. 3B), similar rates of lymphocyte prolif-

Fig. 3. Lymphocyte proliferation in response to mitogens or alloantigens
and surface expression of HLA-DR. (A) Stimulation index for PHA or
Con-A induced lymphocyte proliferation in peripheral blood lympho-
cytes from the patient and 10 controls. Median and the percentiles 25
and 75 from the control data points are indicated by horizontal lines. (B)
Proliferation relative response to alloantigens stimulation (mixed lym-
phocyte cultures). Note that patient lymphocytes showed proliferation
indices above control range in response to both mitogens but not to al-
loantigens. (C) Flow cytometric quantification of HLA-DR staining on
CD3, CD14 and CD19 cell subsets in the patient and 6 control children.
The mean and standard deviation (SD) values of the median of fluo-
rescence intensity for the patient’s CD3 (135, SD= 2.8), CD14 (345.5,
SD= 4.2), and CD19 (757, SD= 15.5) cell subsets were obtained from
three independent assays. Median values from the 6 control data points
(CD3= 61.3, CD14= 193.3 and CD19= 332.4) and the percentiles
25 and 75 are indicated by horizontal lines.
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eration were obtained for the patient (relative response=
79%) or control cells (relative response= 86%).

HLA-DR Expression Suggests an Activation
Status of the Patient Lymphocytes

Fluorescence intensity for the surface staining of HLA-
DR molecules on nonstimulated T or B lymphocytes (CD3
or CD19) or monocytes (CD14) is plotted in Fig. 3C,
for the patient and the control children (n = 6). This
analysis shows that HLA-DR expression on the patient
cells is above control range. HLA-DR expression on CD3
cells suggests an activation status of these circulating
lymphocytes.

Differential Myosin-Va Expression and Localization:
A Functional Link with Rab27a in Lymphocytes
or a Result of Lymphocyte Activation?

To test the originally proposed working hypothesis of
MYO5Agene mutation we analyzed myosin-Va protein
expression in the mononuclear blood cells of the patient.
The polypeptide of expected size was detected in West-
ern blots (data not shown). Also, flow cytometry showed
staining for myosin-Va in all mononuclear cell subsets
(Fig. 4A). The results (in Fig. 4A) suggest an increase
in myosin-Va levels in the patient cells, most prominent
in lymphocytes and monocytes, in comparison with adult
control individuals. Given the association of myosin-Va
and Rab27a in melanocytes and the high levels for myosin-
Va shown here we reasoned that it would be important to
characterize the cellular localization of myosin-Va in the
patient’s mononuclear cells. Confocal microscopy images
of myosin-Va staining (Fig. 4B–E) shows a typical punc-
tate distribution of myosin-Va throughout the cytoplasm
and also remarkably colocalized with the microtubule or-
ganizing center in both mutant or control lymphocytes. In
several instances centrosomal staining for myosin-Va ap-
peared to be more striking in the patient lymphocytes than
in controls (see Fig. 4 B–D).

Cytotoxic Response Is Impaired
in the Patient’s NK and CD8+ Cells

NK and T cell cytotoxic activities are dependent on
lytic granule release. The NK cytotoxic activity against
K562 target cells (Fig. 5A), assessed by flow cytometry,
was shown to be about 1.5-fold lower in the patient cells
compared with the control median from 10 control chil-
dren, while this is not a remarkable deficiency it is below
the activity found in every control individual. By the51Cr-
release assay, we found that the cytotoxic activity of IL2-
dependent, CD8+ T cells against Fas-deficient L1210-3

target cells (Fig. 5B) was on the order of 3- to 5-fold lower
in the patient cells compared with the control. Also, the
degranulation activity of the CD8+ T cells (Fig. 5C) from
the patient was markedly lower than the control.

Retroviral Gene Transfer Restores Cytotoxicity
of RAB27A Mutant T Cells

RAB27A cDNA was cloned into the retroviral vector
pBSMFGB2IresEGFP and Phoenix packaging cells were
transfected as shown in Fig. 6A. Around 50% of the cells
were transfected and the supernatant was collected 24 and
48 h after transfection and used to infect the patient’s IL2-
dependent T cells. After three cycles of infection, the pro-
portion of transduced cells was about 10%, as analyzed by
flow cytometry (Fig. 6B). The cytotoxic activity of these
cells was then measured, and as shown in Fig. 6C, rescue
of the cytoxic function of patient cells was obtained upon
RAB27A transduction, which was not observed upon GFP
transduction.

DISCUSSION

Griscelli syndrome is a rare and not widely known dis-
ease. Its diagnosis has been often incorrectly made due
to the remarkable similarity of symptoms with Chediak-
Higashi syndrome or Familial Hemophagocytic lym-
phohistiocytosis. Examination of the pigment alterations
within the hair shaft and skin melanocytes led us to es-
tablish the differential diagnosis between these diseases
(Fig. 1), as previously indicated by several authors (1, 2,
8). On the basis of a previous report on the involvement
of MYO5Agene with GS (7), we first searched for muta-
tions in this gene, which was, however, found to be intact
(data not shown). More recent studies (4, 14) then led
us to direct our search for mutations towardsRAB27A.
Evaluation of the clinical history of the patient described
here was clearly indicative of GS2 subtype, i.e., caused
by RAB27Amutation. We found two heterozygous mu-
tant alleles ofRAB27Ain this patient, a C352T mutation
inherited from the father and a G467+ 1C mutation, from
the mother (Fig. 2). M´enasch´e et al. (4) have previously
characterized a homozygous G467+ 1C mutation in a
Brazilian child. Since both patients’ mother are heterozy-
gous for this mutation and share the same marker hap-
lotypes, this finding is compatible with a mutation in-
herited from a common ancestor. The patient’s brother
without disease expression was heterozygous for paternal
RAB27Amutation and affected haplotype. These findings
were used in genetic counseling to the family. Interest-
ingly, a nonsense mutation C346T (Q116stop), close to the
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Fig. 4. Expression and localization analyses of myosin-Va in mononuclear cells. (A) Median
of myosin-Va fluorescence intensity, measured by flow cytometry, in mononuclear cells from
the patient, compared to 19 healthy, adult blood donors (controls). Median values from the
control data points for all cell subsets and the percentiles 25 and 75 are indicated by horizontal
lines. (B–E) Confocal microscopy images of myosin-Va staining (green) alone (B and D) or
superimposed images of the myosin-Va (green) andβ-tubulin (red) staining (C and E). The
images were generated from reconstruction of multiple optical sections. Note that myosin-
Va has a typical punctate distribution throughout the cytoplasm in both patient and control
lymphocytes, but its accumulation in the centrosome appears to be more intense in the patient
cells.

C352T (Q118stop) identified here, was previously identi-
fied leading to lymphohistiocytic infiltration, low platelet
levels, and secondary neurological symptoms with onset at
1-year-old (6). Regarding the effects of these mutations
in mRNA and protein expression, no characterization has

been done either for the patient describe here or for the pre-
vious patients (4, 6). In order to characterize these mutant
alleles and be able to make functional or clinical correla-
tions it will be necessary to determine whether the mRNA
and a truncated Rab27a protein are detected.
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Fig. 5. Defective cytotoxic activity in NK and CTLs from the patient
with RAB27Amutation. (A) NK cytotoxic activity against K562 target
cells, assessed by flow cytometry. The values of the lytic unit 40% per
107 cells obtained from a single assay for the patient (6.5) and 10 con-
trol healthy chidren are plotted, and the median (10.33) from the control
data points as well as the percentiles 25 and 75 (8.6 and 11.5) are indi-
cated by horizontal lines. (B) Cytotoxic activity of CD8+T lymphocytes
against Fas-deficient L1210-3 target cells. (C) Degranulation activity of
CD8+ T lymphocytes. The relative number of CD8+ cells in the pa-
tient (79.2%) and control (71.1%) samples is indicated. BLT esterase
activity was measured in the cell supernatants. The % of specific BLT
esterase release was calculated according to the formula: (specific ac-
tivity in the supernatant of the anti-CD3 activated cells – spontaneous
release)/(activity in the total cell lysate – spontaneous release)× 100,
where spontaneous release was obtained from nonactivated cells.

The observation of an elevated rate of spontaneous and
mitogen-induced proliferation and the high expression of
HLA-DR molecules on lymphocyte and monocyte cell
surfaces (Fig. 3) are compatible with generalized lym-
phocyte and macrophage activation leading to HS in this
patient. It is generally accepted that the “spontaneous”
lymphocyte proliferation (potentially triggered by an in-
fectious agent), causing HS in GS2 patients, is a conse-
quence of the lack of T cell cytotoxic activity, although the
precise mechanism is not fully understood (44). Our re-
sults are also consistent with a strong deficiency in CD8+
T cell cytotoxicity associated withRAB27Amutation, as
previously shown (4, 35, 36). Additionally, we show a de-
ficiency in NK cytotoxic activity in this patient (Fig. 5),
compatible with the interpretation that both CD8+and NK
cells citotoxicity rely on Rab27a-dependent mechanisms
for lytic granule release. We have not an explanation to
why the NK deficiency shown here was subtle compared
to the deficiency found in CD8+ cells. One possibility is
that the flow cytometric analysis used for NK activity also
detects cell damage induced by a lytic granule indepen-
dent pathway, though we can not rule out the possibility of
an alternative overlapping mechanism playing a function
in NK cells.

Although myosin-Va is not required for the cytotoxic
activity (4, 35, 36), we found it pertinent to report here
our findings, since they suggest an increase in the myosin-
Va levels and a more prominent centrosomal staining for
this myosin in theRAB27Amutant lymphocytes (Fig. 4).
Despite that the flow cytometric analysis was not done
with a matched age control group, nor could it be re-
peated due to limitation in obtaining cells from the pa-
tient, this finding is consistent with previously reported
evidence of higher myosin-Va levels inRAB27Amutant
fibroblasts (13). The patient lymphocytes exhibited a typ-
ical punctate distribution pattern of myosin-Va, though
a more prominent centrosomal staining was often noted.
In spite that future studies will be necessary to con-
firm this observation, an accumulation of myosin-Va at
the centrosomal region is consistent with previously re-
ported results onRAB27Amutant melanocytes (45). These
findings might simply be related to lymphocyte activa-
tion, since an increase in myosin-Va expression in re-
sponse to lymphocyte activation has been demonstrated
(33). Lymphocyte activation is one of the main concerns
in this pathological condition, and is in fact likely to
occur in this patient as discussed above. On the other
hand, these results could be interpreted as due to a feed-
back mechanism that compensates for the lack of func-
tion of Rab27a GTPase or a decreased turnover of the
myosin-Va protein. SinceMYO5Amutations do not af-
fect the degranulation pathway of cytotoxic cells, either
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Fig. 6. Restoration of the cytotoxic activity upon transduction of the patient’s
CD8+ lymphocytes with retrovirus carrying the RAB27A cDNA. (A) Quan-
tification of transfected Phoenix cells by GFP detection, using flow cytometry.
R4 indicates the nontransfected cell population (GFP negative). R5 indicates the
population of cells expressing GFP (GFP positive). (B) Quantification of T cells
infected with the retrovirus particles produced by the PHOENIX cells. R7 indi-
cates the GFP negative population of cells and R6 represents the GFP positive
cells. (C) Cytotoxic activity of IL2-dependent T cells against Fas-deficient L1210-
3 target cells. Note that the cytotoxic activity of the Rab27a-retrovirus infected
cells is comparable to healthy control cells, whereas the patient’s cells infected
with GFP-retrovirus or noninfected cells showed low levels of activity. The per-
centage of CD8+ cells, as measured by FACS, was: Control= 73.3%; Patient=
74.5%; Patient-Vector= 75.20%; Patient-Rab27a= 76.6%. Cells were cultured
for 10 days.
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myosin-Va plays a complementary role in this function or
its connection with Rab27a suggested here involves ad-
ditional lymphocyte Rab27a-dependent function(s). Al-
though these possibilities are intriguing, elucidation of
myosin-Va function in lymphocytes is beyond the scope
of this work.

One of the most important aspects of the present work
was to demonstrate the rescuing of T lymphocyte cyto-
toxic activity, using retroviral vector mediated gene trans-
fer, which was successful in restoringin vitro the cyto-
toxic function of RAB27Amutant CD8+ T cells, even
with only about 10% of the cells being expressing the
retroviral GFP-IRES-Rab27a. This is not surprising, since
the efficacy of T lymphocyte cytotoxic activity is remark-
able, and cytotoxic cells have the ability to kill several
target cells in few minutes. Thus even a few cytotoxic
cells may be highly efficient. Hence, this functional res-
cue confirms that the mutations mapped in theRAB27A
gene are those responsible for the lack of cytotoxic ac-
tivity in CD8+ T lymphocytes of this patient and also
strengthens that Rab27a GTPase plays indeed an essen-
tial role in the lytic granule release. The correction shown
was done with transiently transduced T cells not allowing
detection of the protein level or further functional stud-
ies. Although the expression of GFP is not an absolute
proof of Rab27a expression, a unique RNA containing
both genes (GFP and Rab27a) is produced and then pro-
cessed in IRES system. Additionally, since a correction of
the cytotoxicity is observed in GFP-IRES-RAB27a and
not with GFP-IRES alone, it is difficult to conceive that
Rab27a was not properly expressed. Therefore, the data
shown here represent the first step in evaluation of the
feasibility of acute phase treatment of GS2 patients, using
genetically modified cytotoxic T lymphocytes. Until now
the first choice of treatment for GS2 has been bone mar-
row transplantation when possible (17, 18). Alternatively,
chemotherapy has been used in order to maintain the pa-
tient in long-term remission (19, 20). Undoubtedly, efforts
towards finding an efficient treatment, available and appli-
cable for all patients are desirable. In future experiments
aiming at genetic correction of these cells, stable trans-
fection of the cells will be required. The ashen mice, the
natural Rab27a murine mutant, may be a useful model to
evaluatein vivo the possibilities ofRAB27Agene correc-
tion approaches.
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