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TABLE E2. Characteristics of patients with non-XLA

Serum Ig (mg/dL) cD19* Source
Unique Age

Patient no. patient no. {y) Sex IgG IgA gV % Lymph /pl BTK mutation Guthrie Dry spot
P31 596 4 F 386 <6 6 042 21.27 Normal X
P32 719 0 F <50 <5 <5 0.00 0.00 Normal X

P33 835 8 M 311 323 20 0.09 1.88 Normal X
P34 915 0 M <212 <37 <20 0.00 0.00 Normal X
P35 947 0 M <21 <37 <39 0.00 0.00 Normal X

Age, Age at analysis of KRECs; CDI9" % Lymph, CD19-positive cell percentage in lymphocytes; CDI9™ /L, CD19-positive cell number in 1 L whole peripheral blood;
F, female; M, male; Serum Ig, serum levels of immunoglobulins at diagnosis.
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Rapid diagnosis of FHL3 by flow cytometric detection of intraplatelet

Munc13-4 protein
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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
lymphohistiocytosis were screened for

FHL3 by Western blotting using plate-
lets and by natural killer cell lysosomal
exocytosis assay. Six of these patients
were diagnosed with FHL3. In the acute
disease phase requiring platelet transfu-
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 platelets. These
findings indicate that flow cytometric detec-
tion of intraplatelet Munc13-4 protein is a
sensitive and reliable method to rapidly
screen for FHL3 with a very small amount of
whole blood, 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.** Clinical diagnosis of HLH is
made on the basis of cardinal signs and symptoms including
prolonged fever and hepatosplenomegaly, and by characteristic
Jaboratory 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 (PRF/: FHL2),” Muncl3-4

(UNCI3D; FHL3).® syntaxin-11 (STX//; FHL4),” and syntaxin-
binding protein 2 (also known as Munc18-2) (STXBP2; FHLS)!!
have been identified to date. Perforin is a cytolytic effector
that forms a pore-like structure in the target cell membrane,
Muncl3-4, syntaxin-11, and Muncl8-2 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."*2 Consequently, defective cytotoxic activity of
CTLs and NK cells is one of the hallmark findings of FHL,8.13-16
although NK cell activity is also decreased in some cases of
secondary HLH.'517-20 ’

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
FHLS, %" 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
Munc 13-4 expression through flow cytometry.

Methods

Patients

Between January 2008 and March 2010, whole blood samples from
85 patients were screened for FHL3. 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 pareats, 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", CDI4", CDI9*, and
CD453" cells were separated from PBMCs using an AutoMACS Pro
(Miltenyi Biotee) and magnetic bead—conjugated mAbs according to the
manufacturer’s instructions. Flow cytometric analysis revealed that each
cell population contained > 95% CD4%, CD8*, CDI4*, CDI9”, and
CD45" 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 UNC/3D-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 (Applicd
Biosystems).

Antibodies

Rabbit polyclonal antibodies raised against the N-terminal region (resi-
dues 1-262)* and full-length human Munci3-4 protein were used as
primary antibodies for Western blot and flow cytometric analysis, respec-
tively. Rabbit polyclonal anti-integrin «llb (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 (HIP8; BD Pharmingen);
allophycocyanin-conjugated anti-CD36 (N901:; Beckman Coulter), and
PE-conjugated anti-CD107a (H4A3: eBioscience).

Western blot 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 1gG 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 CD41a expression. The gated platelets were analyzed for Muncl3-4
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 {640 medium supple-
mented with 2mM L-glutamine and 109% 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-CD36-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
sampleymean 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. Munci3-4 expres-
sion in platelets was approximately 10 times higher than that in
PBMCs (Figure 1A). CD8" cells expressed a similar level of
Munc 13-4 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 Muncl3-4 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 | 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 Munc13-4 deficiency because a substantial
number of platelets were present in the PBMCs obtained by the
standard method (Figure 2A right column). By positively selecting
CD45* 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) 8ix FHL3 patients were diagnosed by Western 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 ¢.1596 + 1G —C Homo Splice error
P2 2 months Male €.322-1G — A Hetero Splice error
€.990G - C Hetero p.Q330H
c.3193C — T Hetero p.R1065X
P3 12 months  Female ¢, 764~1G —C Hetero Splice error
¢.2485delC Hetero p.L82gfs
P4 4 months Female ¢.754-1G—C Hetero Splice error
c1799C —» T Hetero p.T600M
¢.1803C — A Hetero p.Y601X
P5 2 months Female ¢.754-1G —C Hetero Splice error
c.1596 + 1G —C Hetero Splice error
P6 5 months Male ND ND ND

only.
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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
Munc13-4
Integrin olib
B-actin
B
DGC
Munc13-4
CD45+
DGC
Integrin ollb
CD45*
DGC
B-actin

l CD45+
1.0

Protein load 30
(pg)

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

"

7.5

Mutations were checked for single nucleotide polymorphisms using the dbSNP
Build 132 database from the National Center for Bioctechnology 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 (P8; 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. Muncl3-4 deficiency was readily
detected in all of the FHL3 patients, with a sample volume
of < 100 pL of whole blood (Figure 4A-C). Muncl3-4 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 Muncl3-4—deficient platelets (PS5 in Figure
4A). As shown in Figure 4B, the method was able to clearly
identify Munc!3-4—deficient platelets in whole blood samples
stored at room temperature for 1 week.

Munci3-4
B C kok
104 + ek
o & &
L 4021 5
10" 4 S )
Munci3-4 10° T . .
Control nFHL3 FHL3
"Z&i’éﬁfé 25 50 75 90 100
Munc13-4
Integrin allb
i,
<
AM
2|
o § p
=

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 MFI of Munc13-4 staining were not observed.
“*P < .01 by the Tukey post hoc test. (D) The sensitivities of Western biot and flow
cytometric analyses for detecting Munct3-4—deficient platelets were compared.

—215—



From bloodjournal.hematologylibrary.org at TOKYO-IKA-SHIKA-DAIGAKU on March 4, 2012. For personal use

BLOOD, 4 AUGUST 2011 - VOLUME 118, NUMBER 5

To determine the sensitivity of the new method, Munci3-4~
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% Munc | 3-4—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. PRF] encodes the cytolytic effector protein perforin that
forms a pore-like structure in the target cell membrane.'? A mu-
tation in PRF/ results in FHL2,” which accounts for 20%-50% of
FHL cases.*? UNCI3D encodes the protein Muncl3-4, which is
crucial for the fusion of cytolytic granules to the plasma mem-
brane and the subsequent release of perforin and granzymes.!-!*
Mutations in UNCI3D result in FHL3.% which accounts for
20%-30% of FHL cases.*!2 FHL4 is caused by mutations in STX//,
which encodes syntaxin-11.° Mutations in STXBP2, which encodes
Munc18-2, were recently reported to cause FHLS.'%!! Syntaxin-11 and
Munci8-2 also mediate the fusion of cytolytic granules to the
plasma membrane.'*!? 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 Muncl3-4 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. Munc | 3-d—deficient platelets were identi-
fied casily 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
fuli-length human Munc13-4 (supplemental Figure 1).

There is a possibility that FHL3 patients with residual
Munc|3-4 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, %} as was the case with the patients
screened in this study (Figure 1C), which suggests that the mutated
Muncl3-4 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 UNC/3D are likely amenable to
rapid detection by the new methods described in this study.
Comparative studies on the UNCI13D 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 Muncl3-4—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.7%163 However, NK-cell activity is also
decreased in some cases of secondary HLH,!>!72 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.!®'!222¢ 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-FHLS./%/82324 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 FHIL4 and
FHLS because they share some granule-transport mechanisms
with other types of hematopoictic cells, including CTLs and
NK cells. 233! Indeed, in the present study, both syntaxin-11 and
Muncl8-2 were expressed abundantly in platelets (data not
shown). We are currently using platelet proteins to screen for
FHL4-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 Muncl3-4 protein
and are a useful tool to screen for FHL3. By detecting intraplatelet
Munc 13-4 expression by flow cytometry, it is now possible to rapidly
screen for FHL3 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 FHL4 and FHLS.
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