228
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Furthermore, the LPS- or hypothermia-induced cytokine
production levels by the PBMCs showed marked elevation
of IL-13 or IL-18 (Figs. 4a~c and 5b), as reported previous-
Iy [16, 22]. The phenomena for hypothermic culture were
similar to the findings in our recent report that NF-xB
activity induced by LPS stimulation through TLR4 is en-
hanced in low-temperature cultures [23], although the pre-
cise mechanism of the association between the NLRP3
variations and the low-temperature stimulation requires fur-
ther clarification. These findings suggest that the cytokine
production assays induced by LPS or hypothermia stimula-
tion should be helpful for the diagnosis of FCAS. It should
be noted that the serum IL-18 levels could be detected in all
of the non-CAPS subjects, although the production levels of
IL-18 from their PBMCs were lower than the detection
limit. This might be dependent on the long half-life of IL-
18 in human blood compared with the above-mentioned
half-life of IL-1f3.

The discrimination between CAPS and JIA cases is
sometimes difficult because of their similar clinical charac-
teristics. Interestingly, although case 5 had a rare missense
variation in NLRP3 (E378K) and some of her clinical symp-
toms were similar to those of CAPS (Table 1), the E378K
variant did not show enhancement of NK-«B activity
(Fig. 2). This gene variation was inherited from her mother
who did not show any inflammatory symptoms. Case 5
showed strong polyarthritis, continuous fever, and a recur-
rent generalized urticaria-like erythema as well as symptoms
of CAPS. In particular, histopathological examination of a
biopsy specimen from her skin rash revealed infiltration of
neutrophils and mononuclear cells, representing similar
findings to case 1 (Fig. 1). Thus, it was difficult to discrim-
inate CAPS by the clinical symptoms alone in this case.

Therefore, to discriminate between CAPS and JIA in this
case, we focused on her cytokine profiles. Her serum IL-6
and 1L-18 levels were extremely high compared with not
only the healthy controls but also the other CAPS patients
(Fig. 3a, ¢). These observations resembled the serum cyto-
kine pattern of systemic-onset JIA [21, 24]. Furthermore,
the LPS-induced and hypothermia-induced IL-1£ and IL-18
production levels by PBMCs from case 5 showed no
increases compared with the control subjects (Figs. 4b, ¢
and 5a, b). Recently, Saito et al. [S] reported that another
screening method, LPS-induced monocyte cell death, was
effective for diagnosing CAPS. The monocytes in case 5 did
not show LPS-induced cell death. These objective results
also supported the diagnosis of case 5 as JIA, rather than
CAPS.

In this study, we evaluated several methods for the lim-
ited genotypes of patients with NLRP3 variants. According
to comparisons of the clinical phenotypes of previous case
reports and our cases, the disease severity seems to be
correlated with the serum cytokine levels and the ex vivo

@ Springer

and in vitro responses and is almost completely determined
by the specific mutations, which appear to suggest that other
genetic or epigenetic determinants or environmental factors
do not play a significant role.

Conclusions

A precise and easy method for the diagnosis of CAPS has
not yet been established. The characteristics of the clinical
phenotypes and the identification of proven gene variations
of NLRP3, as the etiology of CAPS, are very important for
diagnosing CAPS. In addition, the serum IL-18 levels and
NF-kB activities of patients with the NLRP3 variants reflect
the phenotypes of disease severity. Evaluation of the cyto-
kine profile is also a useful tool for diagnosing and discrim-
inating the severity of CAPS.
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Cryopyrin-associated Periodic Syndrome: A Case Report and Review
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Cryopyrin-associated periodic syndrome is an autoin-
flammatory syndrome caused by mutations of the C14S87
gene (currently named NLRP3), and is characterized by
periodic attacks of an urticaria-like rash, fever, head-
ache, conjunctivitis and arthralgia. We report here a
case of a 1-year-old boy with cryopyrin-associated peric-
dic syndrome, which manifested as a recurrent skin rash
in the postnatal period. Genetic analysis revealed a mis-
sense mutation of the CI4S7 gene in the mother and in-
fant. Key words: cryopyrin-associated periodic syndrome;
urticaria-like rash, NLRP3.
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Cryopyrin-associated periodic syndrome (CAPS) is an
autoinflammatory syndrome caused by mutations in
NLRP3 encoding cryopyrin (1). Three clinical types
exist: familial cold autoinflammatory syndrome (FCAS),
Muckle-Wells syndrome (MWS) and chronic infantile
neurological, cutaneous and articular (CINCA) syndrome
(1-4). FCAS is an autosomal dominant inflammatory di-
sease and the least severe phenotype characte-
rized by recurrent episodes of skin rash, fever,
arthralgia and conjunctivitis after generalized
exposure to cold (2). MWS is characterized
by progressive sensorineural deafness as well
as recurrent episodes of skin rash, fever and
arthralgia (1). CINCA has the most severe
phenotype with clinical features mimicking
those of juvenile rheumatoid arthritis, inclu-
ding early onset, recurrent episodes of skin
rash, fever, arthralgia, central nervous system
involvement, and occasionally, a fatal outcome
in the first or second decade of life (4).

We report here a case of CAPS in a Japa-
nese male infant and review the clinical cha-
racteristics of the 19 cases of CAPS reported
in Japanese patients.

© 2012 The Authors. doi: 10.2340/00015555-1322
Journal Compilation © 2012 Acta Dermato-Venereologica. ISSN 0001-5555

CASE REPORT

A 1-year-old boy with a skin rash was referred to our
hospital in April 2010. The skin rash appeared imme-
diately after birth, recurred intermittently, and was not
relieved by antihistamines. It was unclear whether the
infant had itching. The patient’s mother and maternal
grandmother also had a history of a similar urticaria-
like rash without itching, associated with periodic high
fever of unknown origin and arthralgia. On physical
examination, urticaria-like plaques 10-20 mm in dia-
meter surrounded by erythema were distributed across
the cheeks and upper and lower extremities (Fig. 1).
Audiography was normal and no swollen joints were
seen. Haematological examination revealed a red
blood cell count of 5.53 x 10%/ul and a platelet count
of 415 x 10%/ul, with the white blood cell count (7,900/
ul) and C-reactive protein (0.02 mg/dl) within normal
limits. Levels of serum amyloid A (SAA), interleukin
(IL)-1P and IL-6 were not elevated and autoantibodies
including antinuclear antibodies, anti-SS-A, anti-SS-
B and rheumatoid factor were negative. Although the
parents did not consent to a skin biopsy for histopatho-
logical examination, they did consent to investigation
of NLRP3 mutation analysis using blood samples taken
from the patient and his mother. A heterozygous nucleo-
tide transition C1316T (cytosine-to-thymine transition
at position 1316) was detected in exon 3 of NLRP3,

Fig. 1. Clinical appearance of the urticaria-like
rash on the cheek and upper arm.
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1316C0T

180
Ala—Val
v {lad3ov

Fig. 2. Chromatograms of the NLRP3 gene at position 1316, obtained from
NLRP3 gene analysis of the patient. The arrowhead indicates position 1316
on the patient's chromatogram.

resulting in a novel A439V (substitution of alanine
by valine at position 439) amino acid replacement in
the NOD domain (Fig. 2). The mother also had the
same mutation. In light of the gene mutation analysis
findings, together with the clinical features, we made
the diagnosis of FCAS.

DISCUSSION

Systemic autoinflammatory diseases, a recently esta-
blished disease concept, are characterized by recurrent
episodes of inflammation in the absence of infectious
and autoimmune causes. This category includes the
hereditary periodic fever syndromes, namely, familial
Mediterranean fever (FMF), tumour necrosis factor
receptor-associated periodic fever syndrome (TRAPS),
hyperimmunoglobulinaemia D with periodic fever
syndrome and cryopyrinopathies (CAPS). Moreover,
other classifications have been proposed that include
diseases such as Blau syndrome, Behget’s disease and
Crohn’s disease (5-8).

CAPS is caused by a mutation in the CIASI/NLRP3
gene. NLRP3 plays a critical role in innate immunity,
as it responds to intracellular pathogens and some ha-
zardous signals. NLRP3 participates in the formation
of the inflammasome, a multiprotein complex including
an NLR (a Nod-like receptor) protein and an adaptor
protein called apoptosis-associated speck-like protein
containing a caspase recruitment and activating domain
(ASC). The ASC binds and activates procaspase-1
(9, 10). Activation of the inflammasome results in
conversion of pro-caspase-1 into the active protease,
caspase-1, leading to caspase-1-mediated cleavage of
its target molecules, such as pro-IL-1f and pro-IL-18,
into biologically active forms. These cytokines parti-
cipate in systemic and local responses to infection or
injury (9—14). Although these cytokines can induce an
urticaria-like rash, patients usually do not experience
itching as there is no histamine release (15).

We reviewed 19 cases of Japanese patients with a
diagnosis of CAPS (16-29). The clinical symptoms
and laboratory findings are summarized in Table 1.

Acta Derm Venereol 92

Table L. Clinical symptoms and laboratory findings in 19 Japanese patients with cryopyrin-associated periodic syndrome

Chronic

Joint invol- Eye invol- Amyloi-

Family

meningitis

Deafness

dosis

Fever vement vement

Gene analysis

history

Age at onset Symptom of onset

Age/sex

Discase

Author, year (Ref.)

ND
ND
ND

ND

+

ND

ND

ND

ND

fr 4+ B

Urticarial rash

Urticarial rash
Skin rash

3 months

3 years
2 years

31 years/F
3 years/M

35 years/M
1 year/F

MWS
MWS
FCAS
FCAS

Tamaki et al. 1976 (16)

ND

Skin rash

2 months
At birth

Yamashita et al. 1987 (17)

ND

ND
ND

Skin rash

14 years/M
15 years/M

CINCA

ND

ND

ND

Fever, lymph node enlargement

At birth

CINCA

Inamo et al. 1994 (18)
Miura et al. 1997 (19)
Mori et al. 2002 (20)
Saito et al. 2005 (21)
Gotoh et al. 2006 (22)

ND ND

ND

ND

Abdominal distension, bilious vomiting

Fever

At birth

CINCA 0 months/F

ND

ND

ND

2 weeks
1 year

7 years/M

CINCA

ND

S196N, Y570C ND

Axthritis of the knee
CRP(+), skin rash

15 years/M
1 year/F

CINCA

ND

At birth

10 months/M At birth

CINCA

ND

G307V
H312P

ND

Fever, skin rash

CINCA
MWS
MWS

Kawashima et al. 2007 (26) CINCA

Matsubara et al. 2006 (23)
Koike et al. 2007 (24)

ND

+

Fever, conjunctivitis, urticarial rash

Urticarial rash

Fever

Childhood
3rd days
At birth

23 years/F

ND

ND

ND

R260W

12 years/M
11 years/M

14 years/F

Fujisawa et al. 2007 (25)

ND

ND
ND

R260W

Urticarial rash

4 month

FCAS

Itazawa et al. 2008 (27)

ND

ND

Fever, growth disorder
Skin rash

10 month
Infancy

10 months/F
34 years/M

CINCA
FCAS
FCAS
FCAS

Miyamae et al. 2010 (28)
Yamauchi et al. 2010 (29)

Our case

Y563N ND ND

A439V
A439V

Urticaria-like rash

At birth

1 month/M

34 years/F

Urticaria-like rash

At birth

His mother

MWS: Muckle-Wells syndrome; CINCA: chronic infantile neurological, cutancous, articular syndrome; FCAS: familial cold autoinflammatory syndrome; CRP: C-reactive protein; ND: not described.



Eleven patients were male and 8 patients were female,
in which 6 patients had FCAS, 4 had MWS and 9 had
CINCA. Symptoms of CAPS first appeared during
early childhood (0-3 years old), with skin rash being
the most frequent initial symptom (»=12). Regardless
of the nature of the initial symptom, all patients deve-
loped the characteristic, recurrent urticaria-like rash,
with the second most common symptom being periodic
high fever (n=14), followed by arthralgia and arthritis
(n=13). Other clinical features included ocular invol-
vement (optic nerve atrophy, chorioretinitis, uveitis
(conjunctivitis)) in 12 patients, elevated levels of serum
SAA in 4 patients, and deafness in 7 patients. A family
history of recurrent autoinflammatory syndrome was
identified in 6 cases, although it was noted that a family
history was not described in 4 cases. With regard to
genetic analysis, NLRP3 mutations were detected in 9
of 10 patients investigated, with one patient exhibiting
NLRP3 somatic mosaicism. Somatic mosaicism of
NLRP3 may result in a relatively mild phenotype of
CINCA compared with common NLRP3 mutations,
attributable to the difference in genotype expression
among different somatic cells, namely, fewer cells in
the central nervous system express the active mutation
compared with those in skin (21).

An urticaria-like rash is a typical feature of CAPS,
which may be encountered by dermatologists and
paediatricians, and has a high risk of frequent mis-
diagnosis. When infants or toddlers present with an
urticaria-like rash, practitioners should recall CAPS
as a differential diagnosis and examine the recurrent
bouts of unprovoked inflammation in various organs
other than the skin.
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Abstract Reversion mosaicism is increasingly being
reported in primary immunodeficiency diseases, but there
have been few cases with clinically improved immune func-
tion. Here, a case is reported of X-linked severe combined
immunodeficiency (SCID-X1) with multiple somatic rever-
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sions in T cells, which restored sufficient cell-mediated im-
munity to overcome viral infection. Lineage-specific analysis
revealed multiple reversions in T cell receptor (TCR) 3+ and
TCRyd+ T cells. Diversity of the TCRVf3 repertoire was
comparable to normal and, furthermore, mitogen-induced
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proliferation of the patient’s T cells was minimally impaired
compared to healthy controls. In vivo and in vitro varicella
antigen-specific T cell responses were comparable to those of
healthy controls, although a reduced level of T cell receptor
excision circles suggested that recent thymic output was low.
During long-term evaluation of the patient’s immunologic
status, both the number of CD4+ and CD8+ T cells and T cell
proliferation responses were stable and the patient remained
healthy. This case demonstrates that multiple but restricted
somatic reversions in T cell progenitors can improve the
clinical phenotype of SCID-X1.

Keywords Severe combined immunodeficiency -
reversion - multiple

Introduction

X-linked severe combined immunodeficiency (SCID-X1) is
a recessive hereditary disease characterized by a lack of T
cells and natural killer (NK) cells. Without stem cell trans-
plantation, persistent infections with opportunistic organ-
isms uniformly lead to death in the first 2 years of life,
except in those with atypically attenuated phenotypes
[1-3]. Recently, spontaneous genetic reversion has been
reported in primary immunodeficiency disorders. Somatic re-
version mosaicism is considered to be ‘natural gene therapy’;
however, few cases are reported with reversions that restore
functional immunity [4-9]. Here, an atypical case of SCID-X1
with somatic mosaicism due to multiple reversions in T cells,
which restored sufficient T cell immunity, is described.

Materials and Methods
Patient

A male infant was born prematurely at 34 weeks and 4 days
of gestation with a birth weight of 1,660 g to healthy
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parents. There was no family history of consanguinity or
immunodeficiency. He was well until 14 months of age,
when he started to have recurrent bacterial respiratory tract
infections. At the age of 21 months, laboratory tests were
performed. Patient results were compared to age-matched
normal controls (controls). Examination of serum Ig
revealed a decreased level of IgG (IgG, 1.93 g/L [range of
controls: 7.15-9.07 g/L]), and normal levels of IgA (IgA,
0.33 g/L [range of controls: 0.22-1.44 g/L]) and IgM (IgM,
0.72 g/L [range of controls: 0.34-1.28 g/L]). His serum IgG
was constantly under 2.0 g/L. In addition, he had a reduced
number of CD4+ cells (358/ul, [mean of controls: 1,683+
874]) and CD56+ cells (39/ul [mean of controls: 306+
207]), while CD3+ cells (1,803/ul [mean of controls:
2,997+1,751]), CD8&+ cells (1,067/ul [mean of controls:
1,683+874]) and CD19+ cells (1,850/ul [mean of controls:
1,114+£976]) were within the normal limits. The patient’s T
cell proliferative response to phytohemagglutinin (PHA)
(stimulation index (S.I.) of 172 [range of controls: 105—
225]) and to concanavalin-A (Con-A) (S.I. of 140 [range
of controls: 68-154]) was within the normal ranges for his
age. From these data, he was diagnosed with common
variable immunodeficiency (CVID) at that time. Intrave-
nous immunoglobulin therapy was started and he remained
in good health thereafter. Without receiving vaccination,
varicella infection at 5 years of age did not cause fever,
and he was successfully treated with oral acyclovir at an
outpatient clinic. At 9 years of age, warts developed and
spread over his body, and he was referred to our hospital for
assessment of his immunological status. Physical examina-
tion revealed neither detectable lymph nodes nor tonsils, and
his thymus appeared hypoplastic on CT scan. Before the
laboratory studies were performed, informed consent was
obtained from the patient and his parents, in accordance
with the institutional review board of Kyoto University
Hospital and the Declaration of Helsinki.

Flow Cytometry

Flow cytometric analysis was performed according to stan-
dard protocols with a FACSCalibur flow cytometer (Becton
Dickinson, USA). The following fluorochrome-conjugated
antibodies (Abs) were used for flow cytometric analysis:
CD3 (clone SK7), CD4 (clone CK3), CDS8 (clone SK1),
CD14 (clone M5E2), CD19 (clone SJ25C1), CD56 (clone
B159), CD45RA (clone HI100), CD45RO (clone UCHL1)
(BD Biosciences Pharmingen, USA), TCRaf} (clone
IP26A), TCRyd (clone IMMU 510) (Beckman Coulter,
Inc., USA), CCR7 (clone 150503, R&D Systems Inc.,
USA), CD27 (clone 0323, eBioscience, Inc., USA),
CD132 (clone TUGh4, BD Biosciences Pharmingen), and

" rabbit anti-Human IgD polyclonal Ab (DAKO Japan Co.,

Japan).
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Sequencing of Genomic DNA and cDNA, and Subcloning
Analysis

Peripheral blood mononuclear cells (PBMCs) were obtained
from the patient and his parents and various cell lineages
were sorted using a FACSVantage (Becton Dickinson). The
genomic DNA was isolated from the sorted samples and the
cDNA was obtained using reverse transcriptase Super Script
II (Invitrogen, USA) with Oligo (dT),o primer. Genomic
DNA and cDNA were amplified with the proofreading
PCR enzyme, KOD —Plus— (Toyobo, Japan). Direct se-
quencing analysis of all exons of the /L2RG gene, including
introns at least 50 bases adjacent, were performed on an ABI
3700 (Applied Biosystems, USA). For analysing revertant
subclones in each PBMC lineage, the genomic DNA and the
c¢DNA isolated from sorted cell fractions were amplified by
PCR with primer pairs 5'-TCCCAGAGGTT
CAGTGTTTTG-3" and 5'-TTGCAACTGACAGCCA
GAAG-3', and 5'-CGCCATGTTGAAGCCATC-3" and 5'-
TTGCAACTGACAGCCAGAAG-3', for the region span-
ning exons 2 and 3 of IL2RG, respectively. These PCR
products were subcloned using a TOPO TA Cloning Kit
(Invitrogen) and sequenced.

T cell Functional Assays

To obtain PHA-induced T cell blasts, PBMCs were stimulat-
ed with PHA (Invitrogen) at 1:100 dilution and cultured in
RPMI 1640 (RPMI) supplemented with 5 % fetal calf serum
(FCS) with recombinant human IL-2 (50 [U/ml, kindly pro-
vided by Takeda Pharmaceutical Company, Japan) at 37 °C
for 7 days. After being rested in RPMI with 5 % FCS
overnight, the T cell blasts were stimulated with various
concentrations of IL-2 for 48 h, and [*H]-thymidine
uptake assays were performed as previously described
[8]. T cell receptor (TCR) V{3 repertoire analysis and
CDR3 spectratyping were performed as described [10,
11]. In vitro cytokine production against varicella zoster
virus (VZV) antigen was performed as previously de-
scribed [12]. Spots were enumerated automatically using
the KS ELISPOT system (Carl Zeiss). The in vivo
delayed-type hypersensitivity (DTH) reaction to subcu-
taneous purified VZV antigen (BIKEN, Japan) was per-
formed as previously described [13]. The T cell receptor
excision circles (TRECs) from the patient PBMCs were
measured as previously described [14].

Tyrosine Phosphorylation of STATS by IL-2

PBMCs (1x10°) were cultured in RPMI with 5 % FCS at
37 °C for 2 h and then treated with or without IL-2
(10,000 U/ml) for 10 min. The cells were fixed and permea-
bilized with BD Cytofix Buffer and Phosflow Perm Buffer

I (BD Biosciences Pharmingen) according to the manufac-
turer’s instructions. After washing with PBS containing 1 %
FCS, the cells were stained with mouse anti-pSTATS
(pY694) (clone 47, BD biosciences), anti-CD4 and anti-
CD8 mAbs and analyzed by flow cytometry.

Results and Discussion

At the age of 9 years, the patient presented with generalized
warts and no detectable lymph nodes and tonsils. This,
coupled with his prior hypogammaglobulinemia, prompted
a re-evaluation of his immunological status. He showed a
decreased level of IgA and a normal level of IgM but no
isohemagglutinin. Mitogen-induced proliferation assays
showed a slightly reduced response to PHA and Con A
(Table I). Surface marker analysis of PBMCs revealed
slightly decreased levels of CD3+ and CD4+ T cells, and a
normal level of CD8+ T cells (Table II). Naive CD4+ T cells

Table I Laboratory investigations (patient aged 9 years)

Patient Healthy
(IVIG) controls
Blood counts
White blood cells  (count/pl) 7,400 3,600-9,800
Neutrophil (count/pl) 4,773 3,000-5,000
Lymphocyte (count/pl) 2,028 2,500-4,500
Monocyte (count/pl) 340 200-950
Eosinophil (count/pl) 252 0-700
Basophil (count/pl) 7 0-150
Red blood cells (x10° count/pl) 5.15 4.08-5.07
Hemoglobin (g/dl) 12.5 11.6-14.1
Platelet (x10° count/ul) 275 201-409
Serum Immunoglobulin levels
1gG (g/L) 7.69 10.79+2.63
IgA (g/L) 0.26 2.46+0.91
IgM (g/L) 1.08 0.83+0.21
IgD (mg/L) <6 55+16
IgE (IU/mL) <5 <170
isohemagluttinin Undetectable
T cell proliferation
None (cpm) 163 127456
Phytohemagglutinin (cpm) 16,800 20,500-56,800

Concanavalin A (cpm) 16,600 20,300-65,700
DTH reaction to subcutaneous varicella virus antigen
Erythematous change 18 Z5.0

(mm in diameter)

Control values of blood counts are shown as the range from 95 % of
healthy children aged 9 to 12 years. Control values of serum immuno-
globulin levels are based on children aged 8 to 10 years and are shown
as the mean + SD. IVIG indicates monthly intravenous infusion of
2.5 g immunoglobulin
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Table II Surface marker analysis of peripheral blood mononuclear
cells (patient aged 9 years)

Patient Healthy controls

(count/pl) (count/ul)
CD3+ 1,080 2,813+1,197
CD4+ 357 1,699+850
CD8+ 582 972457
TCRof+ 890 2,154+1,004
TCRyé+ 190 324+182
CD4+CD45RA+CCR7+ 8 1,290+756
CD8+CDA45SRA+CCR7+ 25 655+503
CD8+CD45RA+CCR7- 114 221+95.3
CD8+CD45RA-CCR7+ 33 30.1£27.6
CD8+CD45RA-CCR7- 410 132487.4
CD19+ 894 1,238+605
CD19+CD27+smIgD- 0.4 86.6+61.3
CD19+CD27+smlgD+ 14.3 1724123
CD3-CD56+ Undetectable 271+186

Absolute numbers of cells expressing surface markers are shown.
Healthy control values are from children aged 2 to 9 years and are
shown as mean + SD

(CD4+/CD45RA+/CCR7+), naive CD8+ T cells (CD8+/
CD45RA+/CCR7+), and both switched memory B cells
(CD19+/CD27+/smlgD-) and unswitched memory B cells
(CD19+/CD27+/cmlgD-) were scarce. In addition, natural
killer (NK) cells (CD3-/CD56+) were absent. This sug-
gested the existence of a genetic defect causing lack of
NK cells, such as an IL2RG deficiency and JAK3 deficiency,
and therefore the expression of IL2RG (also known as the
common gamma chain or CD132) was examined by flow
cytometry. Reduced expression was found on B cells and
monocytes, although T cells expressed normal levels of
CD132 (Fig. 1a). To determine whether CD132-dependent
signal transduction was functioning, STATS phosphoryla-
tion was analyzed on patient CD4+ and CD8+ T cells in
response to IL-2. It was found to be comparable with that of
normal controls (Fig. 1b). In addition, a proliferation assay
of PHA-induced T cell blasts in response to exogenous IL-2
was performed (Fig. 1¢). This confirmed that the patient T
cells, which were expressing normal levels of CD132, also
had intact IL-2 signaling.

To elucidate the genetic cause of the lineage-dependent
CD132 expression abnormalities, /L2RG genomic sequencing
was performed in various cell lineages. Genomic sequencing
of IL2RG in B cells, monocytes and buccal mucosa revealed a
point mutation, ¢.284-15A>G, in intron 2 of IL2RG. This has
been reported as a causative mutation of SCID-X1 [15],
producing aberrant mRNA with an insertion of 14 bases
spanning nucleotide —14 to —1 of exon 3 (Fig. 2a, b). Genomic
sequencing of IL2RG in T cells showed overlapping bases at
and around the mutation sites, while the cDNA of IL2RG from
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Fig. 1 IL2RG expression and T cell function at 9 years old. a Surface
expression of IL2RG on PBMCs from the patient and healthy control
gated according to the expression of the indicated lineage surface
markers. Black lines indicate staining for IL2RG (with anti-CD132 Ab)
and gray lines indicate staining with the isotype control. Data represent
one of three independent experiments. b STATS tyrosine phosphorylation
in patient and control CD4+ and CD8+ cells after incubation with (shaded
histograms) or without IL-2 (open histograms). ¢ Proliferation of PHA-
induced T cell blasts in response to IL-2 stimulation from the patient and
two controls. Data are shown as means £ SD

the T cells was normal (Fig. 2a, b). Genomic sequencing of
PBMCs from the patient’s mother confirmed her as a carrier of
the mutation. The possibility of maternal engraftment was
excluded by FISH analysis of sex chromosomes (data not
shown), and it was concluded that the patient inherited the
mutation from his mother and that reversion occurred in the
patient’s T cells, which led to somatic mosaicism.

To explore the reversions that could have occurred to
restore normal /L2RG expression in the patient’s T cells,



J Clin Immunol

Fig. 2 Genetic analysis of
various cell lineages at 9 years A
old.aSequencing $€¥¥€£A2F£i§¥tf

chromatograms of the patient’s {\ f fI
Tty

DNA from various immune cell CD14+

lineages and buccal mucosa. ¢
Red arrows indicate the CLTToe AL

mutated base position c.
284-15. PBMCs from the i ? ’fif
patient’s mother carried the %’v ig} ?N v |
same mutation. The patient’s 5 ¥

T cells show overlapping base certTogAneLtT T

¢= —

S LETT G

CD19+

¥

Cﬁ(?ﬁﬁ%b&i?iﬂ‘{‘f

i l\

ceriier
5‘@%‘

ML

LETTCLAs

CD8+ ﬁf&“
A

changes at or around the Buccal s i "z’“
mutated site. Data represent one i il 5
1 Ui
of three independent Mucosa \ﬁ%ﬁ} f 1; : }f\z [%*
experiments. b Sequencing
chromatograms of the patient’s
cDNA from various cell types. Mother ‘s
Re characters indicate the whole blood
inserted 14 bases spanning
nucleotide —14 to nucleotide —1
of exon 3 B
PBMC
Neutrophil
Fratiece
CD14+

subcloning and sequencing analysis of genomic DNA and
cDNA was performed in various cell lineages. In B cells and
monocytes, no reversion was detected and all of the cDNA
clones had aberrant splicing (Table III). Analysis of
TCR P+ cells revealed seven reversions, a true-back rever-
sion, two fully compensating same-site reversions and four
second-site reversions, all of which favored a functional
reversion according to the splicing analysis software
NNSPLICEO.9 [16] (Table IV). None of these base changes
were detected in 200 clones from four healthy controls,
indicating that the identified intron changes were unlikely
to be due to PCR errors. The multiple reversions seen in this

Table III Clonal analysis of /L2RG cDNA in various cell lineages
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case differed from the single reversions seen in other
reported cases of reversion mosaicism of SCID-X1 [2, 3].
One possible reason for this is that, compared with the
previously reported exonic mutations, an intronic mutation
is more likely to acquire additional reversions on top of a
true-back mutation. Additionally, the nine-year lifespan of
the patient may have provided increased opportunities for
extra reversions to occur. TCRV 3 V-to-DJ rearrangement is
reported to be impaired in some SCID-X1 patients, suggest-
ing that differentiation arrest occurs at the CD4 immature
single positive (ISP) stage at which TCRVf3 V-to-DJ recom-
bination is completed in normal T cells [17]. Therefore, the

CDS8+ CD14+ CD19+

CD3+ CD4+
Wild-type cDNA 100 % (25/25) 100 % (31/31)
Aberrant cDNA 0 % (0/25) 0 % (0/31)

100 % (30/30)
0 % (0/30)

0 % (0/45)
100 % (45/45)

0 % (0/34)
100 % (34/34)

Data represent the percentages of wild-type or aberrant spliced cDNA subclones in each lineage. The ratio indicates the number of each clone as
compared to the total number of clones analyzed, based on subcloning and sequencing analysis
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Table IV Multiple additional mutations detected in subclones of the
IL2RG gene

Subclones Mutations

Wild type TT CCTCT T CCT Wild type
T CCAACC

Inherited TTCCTCTTCCTT ¢.284-15A>G

mutation CCAGCC

No.1 TT CCTCT T CCT c.284-15A>T
T CCATCC

No.2 TT CCTCT T CCT c.284-15A>C
T CCACCC

No.3 TT CCTCT T CAT ¢.284-15A>@, ¢.284-21C>A
T CCAGCC

No.4 TT AGAGTGG c.284-15A>G, c.284-29 284-
CCTCT T CCT 28insAGAGTGG
T CCAGCC

No.5 TT CCTC ¢.284-24 284-14delllins
CACCCGCCAAC CACCCGCCAA

No.6 TT CCTCT CAGCC  ¢.284-23 284-18delTCCTTC

reversions found in the patient’s T cells must have occurred
before or around the CD4ISP stage. Differences were ob-
served in reversion genotypes between the TCRx {3+ cells
and TCRyd+ cells. TCRyd+ cells had only one of the
second-site reversions found in TCRaf+ cells in addition
to a true-back reversion (No.3 in Table V). The identifica-
tion of fewer reversions in the patient’s TCRyd+ compared
to TCRaf+ cells may reflect the greater abundance of
TCRaf+ cells, increasing the likelihood of the stochastic
occurrence of additional reversions {18]. Although no
reversions in the patient’s B cells or monocytes were
observed, it is possible that the reversions occurred in
the progenitor at the stage before commitment to T cells
and may reflect the unique nature of T cell proliferation
and expansion [19].

Reversion mosaicism has previously been reported in
SCID-X1 patients with /L2RG mutations, but it was accom-
panied by reduced T cell number and low proliferative
response to mitogens [2, 3]. The paradoxical nature of the
patient’s cellular immunity, a history of uneventful varicella

infection, and the occurrence of widespread warts with very
few naive T cells prompted an evaluation of his T cell
function. The TCR V{3 repertoire analysis of CD4+ and
CD8+ T cells revealed comparable diversity to the normal
controls (data not shown). CDR3 spectratyping analysis
revealed the patient CD4+ T cells had as much variety as
the normal controls, but his CD8+ T cells displayed restrict-
ed diversity (Fig. 3a). To evaluate the antigen-specific re-
sponse of the patient’s T cells, response to VZV was
measured. The DTH reaction to subcutaneous VZV antigen
and the IFN-y production from VZV antigen-stimulated
PBMCs measured by an ELISPOT assay were compara-
ble to those of normal controls (Table I and Fig. 3b).
These data suggested that the patient maintained normal
cellular immune responses in vivo as well as having
normal in vitro IFN-y production ability against VZV
antigen. Multiple reversions from intronic mutations
could provide a sufficient number of normally function-
ing T cells and may improve the clinical phenotype
compared to previously reported cases with single rever-
sions. However, the number of TRECs in the patient’s
PBMCs (<10 copies/ng DNA) suggested a low level of
recent thymic output, and the restricted diversity of TCRs
observed in the patient’s CD8+ cells might reflect the
exhaustion of the T cell reservoir. To gain further insight,
the long-term immunologic status of the patient was
evaluated prospectively for 5 years. Absolute counts of
CD4+ and CD8&+ T cells as well as mitogen-induced T
cell proliferation responses were measured every 2-—
5 months (Fig. 4). Unexpectedly, the number of both
CD4+ and CD8&+ T cells and mitogen-induced T cell
proliferation responses were stable and the patient
remained healthy over this period. In recent years, the
effector memory subset of CD8+ T cells (CD8+/CD45RA+/
CCR7-) has been taken as a marker of cell exhaustion or
replicative senescence [20]. However, the majority of CD8+
T cells of the patient were memory CD8+ T cells (CD8+/
CD45RA-/CCR7+) and the population of effector memory
CD8+ T cells was very small (Table II). These data

Table V Clonal analysis of somatic mosaicism of the IL2RG gene in various cell lineages

No.2

No.3 No.4 No.5 No.6

Wild type Inherited mutation  No.1
TCRoB+ 21 % (7/33) 12 % (4/33) 9 % (3/33)
TCRyd+ 2 % (1/42) 2 % (1/742) 0 % (0/42)
CD3+ 5 % (2/39) 5 % (2/39) 26 % (10/39)
CD4+ 32 % (25/79) 3 % (2/79) 13 % (10/79)
CD8+ 10 % (7/73) 4 % (3/73) 21 % (15/73)
CD14+ 0 % (0/33) 100 % (33/33) 0 % (0/33)
CD19+ 0 % (0/30) 100 % (30/30) 0 % (0/30)

12 % (4/33)
0 % (0/42)
13 % (5/39)
19 % (15/79)
19 % (14/73)
0 % (0/33)
0 % (0/30)

21 % (7/33)
95 % (40/42)
38 % (15/39)
16 % (13/79)
25 % (18/73)
0 % (0/33)
0 % (0/30)

9 % (3/33)
0 % (0/42)
3 % (1/39)
3 % (2/79)
8 % (6/73)
0 % (0/33)
0 % (0/30)

6 % (2/33)
0 % (0/42)
10 % (4/39)
3 9% (2/79)
12 % (9/73)
0 % (0/33)
0 % (0/30)

9 % (3/33)
0 % (0/42)
0 % (0/39)
13 % (10/79)
1 % (1/73)
0 % (0/33)
0 % (0/30)

Data represent the percentages of each additional mutant subclone in each lineage. The ratio indicates the number of each mutant clone in various
cell lineages as compared to the total number of clones analyzed, based on subcloning and sequencing analysis
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Fig. 3 Functional evaluation of T cells at 9 years old. a CDR3
spectratyping of the TCRV{ chain. Each TCRV{ fragment was am-
plified from cDNA with one of 24V 3-specific primers (each V3 chain
is indicated). The size distribution of the PCR products was determined
by an automated sequencer and GeneScan software. The CDR3 size
distribution in CD4+ and CD8+ T cells from the patient is shown. b

demonstrated that the patient maintained a certain level of T
cell immunity for over a decade, despite the fact that the
supply of fresh T cells from the thymus was limited and the
patient suffered from generalized warts. Further follow up is
required to determine if the patient can continue to maintain
long-term T cell immunity.

[] PBMC 3.0x 105 cells
. PBMC 1.0x 10° cells
B PBMC 0.3x 105 cells

Elispot analysis of IFN-y production as a measure of T cell function.
(LEFT) Varicella-specific immune response to varicella zoster (VZV)
antigen in vitro. Patient and control (from a healthy with a previous
history of varicella infection) PBMCs (0.3-3% 10°) were stimulated
with inactivated VZV antigen or (RIGHT) PHA. Data are shown as
mean & SD

In conclusion, this study indicates that it is critical to
determine the NK cell number to avoid overlooking rever-
sion mosaicism of SCID-X1. In addition, it has been shown
that a number of IL2RG gene reversions can restore T cell
functions and maintain T cell immunity against viral infec-
tion for at least 14 years.
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Fig. 4 Long term evaluation of T cell number and mitogen-induced
proliferative response. a Absolute counts (per pl) of total lymphocytes
(lym), CD3+ cells, CD4+ cells and CD8+ cells were measured for

4 years. b T cell proliferation in response to PHA (solid line) and Con
A (dotted line). Healthy control values for PHA range from 20,500 to
56,800 cpm and for Con A from 20,500 to 65,700 cpm
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Familial hemophagocytic lymphohistio-
cytosis (FHL) is a potentially lethal genetic
disorder of immune dysregulation that
requires prompt and accurate diagnosis
to initiate life-saving immunosuppressive
therapy and to prepare for hematopoietic
stem cell transplantation. In the present
study, 85 patients with hemophagocytic
lymphohistiocytiosis were screened for

FHL3 by Western blotiing using plaie-
lets and by natural killer celi lysosomal
exocyiosis assay. Six of these patienis
were diagnosed with FHL3. In the acuie
disease phase requiring platelet iransfu-
sion, it was difficult to diagnose FHL3 by
Western blot analysis or by lysosomal
exocytosis assay. In contrast, the newly
established flow cytometric analysis of

intraplatelet Munc13-4 protein expression
revealed bimodal populations of normal
and Munci3-4-deficient plaiclets. These
findings indicate that flow cytometric detec-
tion of intraplatelet Munci3-4 protein is a
sensitive and reliable method to rapidly
screen for FHL3 with a very small amount of
whole biood, even in the acute phase of the
disease. (Blood. 2011;118(5):1225-1230)

Introduction

The granule-dependent cytotoxic pathway is a major immune
effector mechanism used by cytotoxic T lymphocytes (CTLs) and
natural killer (NK) cells.! The pathway involves a series of steps,
including cell activation, polarization of the lysosomal granules to
the immunologic synapse, exocytosis of lytic proteins such as
perforin and granzymes, and induction of apoptosis in the target
cells.? In addition to its central role in the defense against
intracellular infections and in tumor immunity, this pathway also
plays an important role in the regulation of immune homeostasis.
Defects in the granule-dependent cytotoxic pathway result in a
catastrophic hyperinflammatory condition known as hemophago-
cytic lymphohistiocytosis (HLH).!3

HLH is a life-threatening syndrome of immune dysregulation
resulting from the uncontrolled activation and proliferation of
CTLs, which leads to macrophage activation and the excessive
release of inflammatory cytokines.*3 Clinical diagnosis of HLH is
made on the basis of cardinal signs and symptoms including
prolonged fever and hepatosplenomegaly, and by characteristic
laboratory findings such as pancytopenia, hyperferritinemia, hypo-
fibrinogenemia, increased levels of soluble IL-2 receptor, and low
or absent NK cell activity.>® HLH can be classified into primary
(genetic) or secondary (acquired) forms according to the underly-
ing etiology, although this distinction is difficult to make in clinical
practice.*’

Familial hemophagocytic lymphohistiocytosis (FHL) en-
compasses major forms of primary HLH for which mutations
in the genes encoding perforin (PRFI; FHL2),” Muncl3-4

(UNCI13D; FHL3),% syntaxin-11 (STX1l; FHLA4),® and syntaxin-
binding protein 2 (also known as Munc18-2) (STXBP2; FHL5)!0.1!
have been identified to date. Perforin is a cytolytic effector
that forms a pore-like structure in the target cell membrane.
Munc13-4, syntaxin-11, and Munc18-2 are involved in intra-
cellular trafficking or the fusion of cytolytic granules to the
plasma membrane and the subsequent delivery of their contents
into target cells."'> Consequently, defective cytotoxic activity of
CTLs and NK cells is one of the hallmark findings of FHL,”813-16
although NK cell activity is also decreased in some cases of
secondary HLH.!5-17-20

Prompt and accurate diagnosis of FHL is mandatory to initiate
life-saving immunosuppressive therapy and to prepare for hemato-
poietic stem cell transplantation. Detection of perforin expression
in NK cells with flow cytometry is a reliable method to screen for
FHL2.2! Another test analyzes the expression of CD107a on the
surface of NK cells, which marks the release of cytolytic gran-
ules.?? Reduced expression of CD107a implies impaired degranula-
tion of NK cells and predicts a likelihood of FHL3.? However, this
analysis is not available in some patients with extremely reduced
NK cell numbers, such as during the acute phase of HLH.!® In
addition, NK-cell degranulation is also impaired in FHL4?* and
FHL5,'01! making it impossible to differentiate these disorders.

We reported previously that Munc13-4 protein is expressed in
platelets and regulates the secretion of dense core granules.?
Herein we report that Munc13-4 is expressed far more abundantly
in platelets than in PBMCs. We also describe the development of a
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new method to screen for FHL3 rapidly by detecting intraplatelet
Munc13-4 expression through flow cytometry.

Methods

Patients

Between January 2008 and March 2010, whole blood samples from
85 patients were screened for FHIL.3. The patients had been clinically
diagnosed with HLH by their referring physicians and were suspected of
possible FHL. Characteristics of the enrolled patients are summarized in
supplemental Table 1 (available on the Blood Web site; see the Supple-
mental Materials link at the top of the online article). As a control, blood
obtained from healthy adults at the time of patient sampling was shipped for
screening along with the patient samples. Before the laboratory studies
were performed, informed consent was obtained from the patients and
their parents, in accordance with the institutional review board of Kyoto
University Hospital and the Declaration of Helsinki.

Preparation of PBMCs and platelet samples

Whole blood samples treated with EDTA were centrifuged gently at
100g for 10 minutes, and platelets were collected from the supernatant
plasma layer. Alternatively, platelets were prepared from small aliquots
of blood samples by lysing red blood cells with ammonium chloride.
PBMCs were obtained by Ficoll-Hypaque density gradient centrifuga-
tion from the remaining sample. CD4%, CD8*, CD14*, CD19*, and
CD45% cells were separated from PBMCs using an AutoMACS Pro
(Miltenyi Biotec) and magnetic bead—conjugated mAbs according to the
manufacturer’s instructions. Flow cytometric analysis revealed that each
cell population contained > 95% CD47*, CD8*, CD14*, CD19*, and
CD457* cells (data not shown).

Mutation analysis

Genomic DNA was isolated from the PBMCs of patients with defective
Munc13-4 expression using standard procedures. Primers were designed for
the amplification and direct DNA sequencing of the UNCI3D-coding
exons, including the adjacent intronic sequences for the identification of
splice-site variants. Primer sequences are available upon request. Products
were sequenced directly with an ABI3130 genetic analyzer (Applied
Biosystems).

Antibodies

Rabbit polyclonal antibodies raised against the N-terminal region (resi-
dues 1-262)% and full-length human Munc13-4 protein were used as
primary antibodies for Western blot and flow cytometric analysis, respec-
tively. Rabbit polyclonal anti-integrin ollb (Santa Cruz Biotechnology)
and mouse polyclonal anti-B-actin (Sigma-Aldrich) antibodies were used
as primary antibodies for Western blotting. The mAbs used in the flow
cytometric analysis were FITC-conjugated anti-CD3 (SK7; BD Pharmin-
gen), phycoerythrin (PE)-conjugated anti-CD41a (HIP§; BD Pharmingen);
allophycocyanin-conjugated anti-CD56 (N901; Beckman Coulter), and
PE-conjugated anti-CD107a (H4A3; eBioscience).

Western biot analysis

Cell extracts were fractionated by SDS-PAGE, and the fractionated proteins
were electrotransferred onto polyvinylidene fluoride membranes. The mem-
branes were blocked overnight in blocking buffer (5% skim milk) and
incubated for 1 hour at room temperature with the primary antibodies,
followed by HRP-conjugated anti-rabbit or anti-mouse IgG polyclonal
antibodies (Santa Cruz Biotechnology). Specific bands were visualized by
the standard enhanced chemiluminescence method.

Flow cytometric analysis of Munc13-4 protein

After surface staining with anti-CD41a mAbs, platelets were fixed and
permeabilized by Cytofix/Cytoperm (BD Biosciences) and washed 3 times
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with Perm/Wash buffer (BD Biosciences). After nonspecific reactions were
blocked with Chrome-Pure human IgG (Jackson ImmunoResearch Labora-
tories), rabbit polyclonal antibody against the full-length human Munc13-4
protein was added, followed by FITC-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories). Platelets were gated on the basis
of their appearance on forward- and side-scatter plots in log/log scale and
by CD41la expression. The gated platelets were analyzed for Munc13-4
expression by flow cytometry (FACSCalibur; BD Biosciences).

Lysosomal degranulation assays

To quantify lysosome exocytosis by NK cells, 2 X 10° PBMCs were
mixed with 2 X 10° human erythroleukemia cell line K562 cells and
incubated for 2 hours in complete medium (RPMI 1640 medium supple-
mented with 2mM L-glutamine and 10% FCS) at 37°C in 5% CO,. Cells
were resuspended in PBS supplemented with 2% FCS and 2mM EDTA,;
stained with anti-CD3-FITC, anti-CD56-allophycocyanin, and anti-
CD107a—PE mAbs; and analyzed by flow cytometry.

Platelet exocytosis of the lysosomal granules was analyzed as described
previously?® but with a minor modification. Briefly, platelets were sus-
pended in PBS containing 2mM EDTA and PE-conjugated anti-CD107a
mAb, stimulated with 5 U/mL of thrombin (Wako Pure Chemical Indus-
tries) for 10 minutes at 25°C, and immediately analyzed by flow cytometry.
The degranulation index of platelets was calculated as: (mean fluorescence
value of stimulated sample — mean fluorescence value of nonstimulated
sample)/mean fluorescence value of nonstimulated sample.

Statistical analysis

Statistical analyses were performed with 1-way ANOVA followed by the
Tukey post hoc test to compare multiple groups, with a P <.05 level
considered to be significant.

Results
Diagnosis of FHL3 by Western blot analysis using platelets

Before screening for FHL3, the Muncl3-4 expression level
was compared between platelets and PBMCs. Munc13-4 expres-
sion in platelets was approximately 10 times higher than that in
PBMCs (Figure 1A). CD8* cells expressed a similar level of
Munc13-4 protein as other PBMC cell types (Figure 1B). Similar
amounts of platelet- and PBMC-derived proteins could be ob-
tained from a sample (data not shown). Therefore, platelets were
used to perform Western blotting to screen for Munc13-4 defi-
ciency. Of the 85 patients screened, 6 patients were diagnosed with
FHL3 (Figure 1C). Munc13-4 protein was barely detected in the
platelets of each FHL3 patient regardless of the gene mutation
(Table 1). For each sample, no more than 1 mL of whole blood was
required to perform the analysis.

Difficulty in diagnosing FHL3 in the acute phase of the disease

Patients in the acute phase of the disease who require screening for
FHL often receive platelet transfusions because of thrombocyto-
penia.*® To study the effect of transfused platelets on screening
results, FHL3 screening was attempted in a patient receiving
platelet transfusions. As expected, Western blotting using platelets
could not detect Muncl3-4 deficiency because of the normal
expression of the protein in the transfused platelets (Figure 2A left
column). Surprisingly, Western blotting using PBMCs also could
not clearly identify Muncl13-4 deficiency because a substantial
number of platelets were present in the PBMCs obtained by the
standard method (Figure 2A right column). By positively selecting
CD457 cells and removing platelets, it was found that a consider-
able amount of the Munc13-4 protein detected in PBMC samples
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Figure 1. Diagnosing FHL3 by Western blotting using platelet protein. The
amount of Munc13-4 protein expression was compared between platelets and
PBMCs (A) and among platelets, CD8*, CD4*, CD19*, and CD14" cells (B) by
Western blotting. A representative result of 5 independent experiments is shown.
(C) Six FHL3 patients were diagnosed by Westemn blotting for Munc13-4 protein
using platelets.

obtained by standard density gradient centrifugation was actually
derived from the contaminating platelets (Figure 2B).

We performed a NK-cell degranulation assay for every referred
sample and found the assay to be defective for every FHL3 patient
identified (data not shown). All of the other patients showed a

Table 1. UNC13D gene mutations of FHL3 patients

Age at Predicted
Patient onset Gender Mutation Genotype effect
P1 14 days ‘Female ' ¢.1696 + 1G—C Homo Splice error
P2 2 months Male c.322-1G — A Hetero Splice error
€.990G — C Hetero p.Q330H
c.3193C —» T Hetero p.R1065X
P3. . 12months ~ Female  c.754—1G —C Hetero Splice error
: ©.2485delC Hetero p.L829fs
P4 4 months Female ¢.754-1G —>C Hetero Splice error
c.1799C — T Hetero p.T600M
c.1803C — A Hetero p.Y601X
P5 2 months Female = ¢.754-1G—C Hetero Splice error
; ‘ ¢.1596 + 1G —»C Hetero Splice error
P6 5 months Male ND ND ND
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normal release of lysosomal granules by NK cells; however,
the analysis could not be performed in some patients because of
the extremely low NK-cell number during the acute phase of the
disease (data not shown).

We also examined the lysosomal granule release of platelets
in 31 patients to determine whether this assay could be used as a
screening method for FHL3. Lysosomal exocytosis of FHL3 plate-
lets was partially impaired at steady state, but profound impairment
was observed during the acute phase of the disease (Figure 3A-C).
This profound impairment was also observed in platelets obtained
from some secondary HLH patients during the acute phase
(Figure 3B-C). These results indicate that it is difficult to diagnose
FHL3 during the acute phase of HLH either by Western blot or by
lysosomal degranulation assay.

Rapid diagnosis of FHL3 by flow cytometric detection of
intraplatelet Munc13-4

To overcome the difficulty in diagnosing FHL3 during the acute
phase of HLH, antibodies were raised against the full-length human
Munc13-4 protein (supplemental Figure 1) and a new method was
developed to detect Munc13-4 protein in platelets by flow cytom-
etry. A total of 35 patients, including 4 with FHL3 (P3-P6), were

A
Platelet PBMCs
P5 Cont P5 Cont
Munci3-4
Integrin ollb
g-actin
B
Munci3-4
Integrin oilb
DGC
g-actin
CD4a5*

7.5

Protein load 30 1.0

(v9)

Figure 2. Effect of platelet transfusion on Western blot analysis. (A) Western
blotting analysis for Munc13-4 expression using platelets and PBMCs from an
FHL3 patient (P5) receiving platelet transfusions during the acute phase of the

Mutations were checked for single nucleotide polymorphisms using the dbSNP
Build 132 database from the National Center for Biotechnology Information.
X indicates stop; fs, frame shift; and ND, not determined.

di (B) The expression of Munc13-4 was compared between PBMCs ob-
tained by density gradient centrifugation (DGC) and CD45" cells obtained by
magnetic sorting from healthy controls. A representative result of 3 independent
experiments is shown.
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Figure 3. Analysis of lysosomal exocytosis using platelets from HLH patients.
Platelets from an FHL3 patient (P6; A) and from a secondary (EBV-associated)
HLH patient (B) along with healthy controls were left untreated (open histogram) or
were stimulated with thrombin (closed histograms), and the surface expression of
CD107a was analyzed by flow cytometry. Analysis was performed during the acute
phase of the disease (left column) and after clinical remission (right column).
(C) Degranulation index (DI) of platelets from HLH patients during the acute phase
(®) and after clinical remission (O). HLH patients with normal NK-cell degranula-
tion and Munc13-4 protein expression by Western blot analysis were defined as
non-FHL3 (nFHL3). **P < .01 by the Tukey post hoc test.
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analyzed using this method. Munc13-4 deficiency was readily
detected in all of the FHL3 patients, with a sample volume
of < 100 pL of whole blood (Figure 4A-C). Munc13-4 protein
was expressed at normal level in the platelets of parents and
siblings of FHL3 patients carrying heterozygous UNCI3D muta-
tions (data not shown). In the FHL3 patient receiving platelet
transfusions, flow cytometric analysis revealed bimodal popula-
tions of normal and Munc13-4-deficient platelets (P5 in Figure
4A). As shown in Figure 4B, the method was able to clearly
identify Munc13-4—deficient platelets in whole blood samples
stored at room temperature for 1 week.

A
Muncisd-4
B C %%
10°- ki
108 - @ @
£ 102- 5
10" 5 @
Muncis-4 100 7 . .
Control nFHL3 FHLS
9?:;2:::; © 25 50 75 80 100

Munci3-4

Integrin olib

-
—
-

Munc13-4
<
@ : . X I .
5 T LELELE L
£ e e e e
2 e St T e e e

Cbh41a

Figure 4. Flow cytometric detection of intraplatelet Munc13-4 protein. Flow
cytometric analysis of intraplatelet Munc13-4 expression in 4 FHL3 patients
and healthy controls using whole blood samples shipped overnight (A) and in an
FHL3 patient (P4) and a healthy control using samples stored at room temperature for
a week (B). Dark closed histograms represent platelets from FHL3 patients, whereas
light closed histograms represent platelets from healthy controls. Open histograms
represent staining with isotype controls. (C) Mean fluorescence intensity (MFI) of
intraplatelet Munc13-4 staining for HLH patients and healthy controls. All of the
healthy controls (n = 35) were adults. Non-FHL3 (nFHL3) patients (n = 31), as
defined in Figure 3, varied in age (2 days-39 years) and included 2 patients with
FHL2. Age-related variations in the MF| of Munc13-4 staining were not observed.
**P < .01 by the Tukey post hoc test. (D) The sensitivities of Western blot and flow
cytometric analyses for detecting Munc13-4—deficient platelets were compared.
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To determine the sensitivity of the new method, Munc13-4-
deficient platelets were mixed with normal platelets at varying
ratios. Western blot analysis could not detect Munc13-4—deficient
platelets easily, even when the proportion of normal platelets
was as low as 25% (Figure 4D). In contrast, flow cytometric
analysis easily identified 10% Munc13-4—deficient platelets among
90% normal platelets (Figure 4D), which proved the high sensitiv-
ity of the method in diagnosing FHL3.

Discussion

FHL is a rare but life-threatening inherited immune disorder for
which mutations in 4 genes have been identified as causative
factors. PRFI encodes the cytolytic effector protein perforin that
forms a pore-like structure in the target cell membrane.'? A mu-
tation in PRF1 results in FHL2,” which accounts for 20%-50% of
FHL cases.*> UNCI3D encodes the protein Munc13-4, which is
crucial for the fusion of cytolytic granules to the plasma mem-
brane and the subsequent release of perforin and granzymes.!:!2
Mutations in UNCI3D result in FHL3,® which accounts for
20%-30% of FHL cases.*!? FHL4 is caused by mutations in STX1/,
which encodes syntaxin-11.° Mutations in STXBP2, which encodes
Munc18-2, were recently reported to cause FHL5.!%!! Syntaxin-11 and
Munc18-2 also mediate the fusion of cytolytic granules to the
plasma membrane.!>2 The ability to screen for FHL2-5 rapidly
would facilitate the initiation of life-saving immunosuppressive
therapy and the preparation of FHL patients for hematopoietic stem
cell transplantation.

In the present study, we found that the Munc13-4 protein is
expressed abundantly in platelets (Figure 1A-B). The detection of
Munc13-4 protein in platelets by Western blotting (Figure 1C) or
flow cytometry (Figure 4A-B) was a reliable screening method to
identify FHL3 patients. Munc13-4—deficient platelets were identi-
fied easily among normal transfused platelets by flow cytometry,
which indicated that this method could be applied to patients who
are receiving platelet transfusions during the acute phase of the
disease (P5 in Figure 4A). Detection of intraplatelet Munc13-4 was
enabled by the use of highly specific antibodies against the
full-length human Munc13-4 (supplemental Figure 1).

There is a possibility that FHL3 patients with residual
Munc13-4 protein expression could be overlooked by the screen-
ing methods described in this study. Most FHL3 patients have
mutations that result in the absence or significant reduction of
Munc13-4 protein expression,'6? as was the case with the patients
screened in this study (Figure 1C), which suggests that the mutated
Munc13-4 protein is unstable. The NK-cell degranulation assay,
which was performed for every referred sample with a sufficient
number of NK cells, revealed defective degranulation only in the
identified FHL3 patients (date not shown). These results indicate
that the majority of mutations in UNCI3D are likely amenable to
rapid detection by the new methods described in this study.
Comparative studies on the UNCI3D genotype, Munc13-4 protein
expression, and the lysosomal exocytosis assay must be performed
to confirm the reliability of these methods.

It was also investigated whether the analysis of lysosomal
release by platelets could be used as an alternative method to screen
for FHL3. Profound impairment of lysosomal exocytosis by
platelets during the acute phase of the disease and restoration of
this impairment after clinical remission was observed in FHL3 and
in some secondary HLH patients (Figure 3). It is not clear whether
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this transient impairment of platelet degranulation is involved in
HLH pathogenesis or if it merely reflects in vivo platelet activation
by diffuse endothelial damage during the acute phase of the disease
that renders them unresponsive to ex vivo stimulation. The release
of lysosomal granules by Munc13-4-deficient platelets was im-
paired only minimally at steady state (Figure 3A and 3C), which is
in contrast to a recent study showing the involvement of the
Munc13-4 protein in the release of lysosomal granules in mouse
platelets.”’ Although the precise reason for this discrepancy is
unclear, platelet degranulation is likely to be regulated differen-
tially between species; for example, Muncl3-4-deficient mice
have bruising and bleeding tendencies?’ that are not commonly
associated with human FHL3. Further studies are warranted to
elucidate the exocytosis pathways of platelets and their role in the
pathophysiology of HLH.

With the development of tools for rapid screening, the diagnos-
tic approach for FHL has changed over the years. Impaired NK
cytotoxicity was the first reported signature clinical finding of FHL
patients.!>!* Defective CTL activity was subsequently reported as
another hallmark of FHL.731628 However, NK-cell activity is also
decreased in some cases of secondary HLH,'>!"?0 and the CTL
cytotoxicity assay is not readily accessible to most clinicians. The
NK-cell lysosomal exocytosis assay is a comprehensive method to
identify patients with a degranulation defect.!%!122% However,
this analysis is not available in some patients with extremely
reduced NK-cell numbers, which are often observed during the
acute phase of HLH.!® Although CTLs can be an alternative tool to
perform the lysosomal exocytosis assay,??%?° it remains impos-
sible to differentiate FHL3-FHLS5.19.11.23.24 Impairment in these
assays warrants the genetic confirmation of FHL, but sequencing
all of the candidate genes is not a suitable approach for rapid
diagnosis. Flow cytometric detection of perforin expression in NK
cells is a reliable and rapid way of identifying patients with
FHL2,?! and the new method described in this study for the
detection of Munc13-4 expression in platelets would add to the
rapid diagnosis of FHL3.

Platelets could also be used for the screening of FHL4 and
FHLS5 because they share some granule-transport mechanisms
with other types of hematopoietic cells, including CTLs and
NK cells.2303! Indeed, in the present study, both syntaxin-11 and
Munc18-2 were expressed abundantly in platelets (data not
shown). We are currently using platelet proteins to screen for
FHLA4-FHLS by Western blot analysis, although no cases have been
found so far because of the extreme rarity of these disorders.

In summary, platelets abundantly express Muncl13-4 protein
and are a useful tool to screen for FHL.3. By detecting intraplatelet
Munc13-4 expression by flow cytometry, it is now possible to rapidly
screen for FHL.3 with a very small sample of whole blood, even in the
acute disease phase requiring platelet transfusion. Because platelets
share some of their granule transport systems with other types of
hematopoietic cells, they could also be used to screen for other types of
immune disorders, including FHL 4 and FHLS.
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