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The Journal of Immunology

A Heterozygous RAB27A Mutation Associated with Delayed
Cytolytic Granule Polarization and Hemophagocytic
Lymphohistiocytosis

Mingce Zhang,* Claudia Bracaglia,† Giusi Prencipe,† Christina J. Bemrich-Stolz,‡

Timothy Beukelman,*,x Reed A. Dimmitt,{ W. Winn Chatham,x Kejian Zhang,‖

Hao Li,x Mark R. Walter,# Fabrizio De Benedetti,† Alexei A. Grom,** and

Randy Q. Cron*,x

Frequently fatal, primary hemophagocytic lymphohistiocytosis (HLH) occurs in infancy resulting from homozygous mutations in

NK and CD8 T cell cytolytic pathway genes. Secondary HLH presents after infancy and may be associated with heterozygous

mutations in HLH genes. We report two unrelated teenagers with HLH and an identical heterozygous RAB27A mutation

(c.259G→C). We explore the contribution of this Rab27A missense (p.A87P) mutation on NK cell cytolytic function by cloning

it into a lentiviral expression vector prior to introduction into the human NK-92 cell line. NK cell degranulation (CD107a

expression), target cell conjugation, and K562 target cell lysis was compared between mutant– and wild-type–transduced NK-

92 cells. Polarization of granzyme B to the immunologic synapse and interaction of mutant Rab27A (p.A87P) with Munc13-4 were

explored by confocal microscopy and proximity ligation assay, respectively. Overexpression of the RAB27Amutation had no effect

on cell conjugate formation between the NK and target cells but decreased NK cell cytolytic activity and degranulation. Moreover,

the mutant Rab27A protein decreased binding to Munc13-4 and delayed granzyme B polarization toward the immunologic

synapse. This heterozygous RAB27A mutation blurs the genetic distinction between primary and secondary HLH by contributing

to HLH via a partial dominant-negative effect. The Journal of Immunology, 2016, 196: 2492–2503.

F
amilial, or primary, hemophagocytic lymphohistiocytosis
(fHLH) is an often fatal rare disorder of infancy resulting
from dysregulation of the immune response (1). fHLH

occurs in approximately 1 in 50,000 live births, as it is frequently
a result of homozygous mutations in autosomal recessive genes

encoding proteins involved in lymphocyte cytolytic activity
(e.g., Munc13-4, Rab27A, perforin, Syntaxin 11, Munc18-2) (2),
resulting in excessive immune activation or ineffective dampening
of an immune response to infectious organisms (3, 4). Criteria to
establish the diagnosis of fHLH are either known homozygous
genetic mutations in fHLH genes or the presence of five of eight of
the following: fever; splenomegaly; cytopenias affecting at least
two of three cell lines; hypertriglyceridemia and/or hypofi-
brinoginemia; hemophagocytosis in lymph nodes, bone marrow,
or spleen; low or absent NK cell cytolytic activity; hyper-
ferritinemia; and high levels of soluble (s)CD25 (IL-2R a-chain)
(5). Following the diagnosis, most patients are treated with the
etoposide-based HLH-2004 protocol. The predecessor of HLH-
2004, the HLH-94 protocol and subsequent bone marrow trans-
plantation, has been associated with a 45% mortality rate for
primary and secondary forms of HLH (6).
Secondary forms of HLH (sHLH) frequently result from a re-

active process to a number of infectious and oncologic conditions
(5). When the same process occurs in the setting of rheumatic
disease, it is termed macrophage activation syndrome (MAS) (7).
fHLH criteria are often too restrictive for a timely diagnosis of
sHLH or MAS. Attempts to develop disease-specific sHLH/MAS
criteria have been proposed but these are limited to a few diseases
(8). Most recently, propensity scores for all forms of sHLH and
MAS have been proposed that are not disease-specific, but have
yet to be validated (9).
Treatment for sHLH and MAS often vary widely from etoposide-

based protocols to more traditional immunosuppressive approaches.
Treatment of sHLH andMAS includes high dose corticosteroids (CS),
i.v. Ig, and cyclosporine A (CsA) (7, 10). Recently, in uncontrolled
reports, the rIL-1R antagonist (rIL-1Ra), anakinra, appears highly
effective and well tolerated for rheumatic disease–associated MAS
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refractory to standard treatment (11–16). Mortality for sHLH and
MAS treated by these approaches ranges from 0 to 14%; this is
remarkably low despite the fact that many of these patients possess
heterozygous mutations in fHLH genes that are also present in pa-
tients treated with the etoposide-based protocol (14, 17).
Of late, the genetics of sHLH and MAS have been more fully

explored. Munc13-4 (UNC13D) gene polymorphisms (18) and a
mutation (19), as well as perforin mutations (20), have all been
associated with MAS in systemic juvenile idiopathic arthritis
patients. Furthermore, a variety of heterozygous mutations in
fHLH genes have been identified in a significant number of
children (17, 21) and adults (22, 23) with sHLH and MAS.
Moreover, overexpression in a NK cell line of a novel STXBP2
missense mutation from a patient with sHLH was recently dem-
onstrated to decrease cytolytic capacity (17). Similarly, other
heterozygous STXBP2 mutations in patients with sHLH were el-
egantly shown to act in a dominant-negative fashion to impair
lytic granule fusion to the cell membrane with defective perforin-
mediated cytolysis (24). Most recently, it has been reported that
defective perforin-mediated cell lysis by NK cells and CD8 T cells
results in prolonged interaction between the cytolytic cell and the
Ag-presenting targeting cell, and this contributes to a proin-
flammatory cytokine storm responsible for the clinical features
associated with HLH (25). Thus, fHLH gene mutations in cyto-
lytic pathway genes that disrupt or delay cytolysis likely directly
contribute to HLH pathology even in individuals with complete or
partial dominant-negative heterozygous mutations.
In this study, we explore the effect of a heterozygous RAB27A

missense mutation (c.259G→C) on NK cell cytolytic function.
This variant is listed in the Single Nucleotide Polymorphism da-
tabase as rs104894497 (http://www.ncbi.nlm.nih.gov/projects/
SNP/), and the minor allele frequency in the Exome Aggrega-
tion Consortium database (http://exac.broadinstitute.org/) is 0.02%
in a European population. This Rab27A p.A87P mutation
was identified in two unrelated patients who developed sHLH later
in life during their teenage years. Both patients responded well to
immunosuppression with CS and CsA, with or without rIL-1Ra,
avoiding the toxicity and morbidity associated with etoposide-
based protocols. These disease-contributing single copy fHLH-
associated gene mutations from sHLH patients blur the genetic
distinction between fHLH and sHLH. Moreover, this suggests that
a much larger proportion of the general population may be at risk
for sHLH development if only one mutant copy can contribute to
delayed cytolytic activity. Finally, despite the genetic contribution
to sHLH and MAS shared with fHLH, these patients pose the
question as to whether less toxic immunosuppression-based treat-
ments may be preferred to etoposide-containing regimens as first
line therapy for sHLH and MAS patients.

Materials and Methods
Patient data

Data pertaining to clinical course, laboratory values, and treatment were
abstracted from patients’ electronic medical records. The patients’ PBMCs
were sequenced for the following HLH genes: UNC13D, PRF1, STX11,
STXBP2, and RAB27A. The RAB27A mutation was confirmed by DNA
sequencing as described (23) using DNA obtained from a buccal swab
from the American patient and from both of her parents, as well as from
peripheral blood of the Italian patient, his sibling, and both of his parents.
There was no family history of autoimmunity, autoinflammatory disease,
or unexplained febrile deaths in the families, and no extended RAB27A
genotyping was carried out beyond the patients, parents, and sibling.

DNA constructs

cDNAs encoding wild-type (WT) human Rab27A and Munc13-4 were
generated by reverse transcription from RNA of the human NK-92 NK cell

line (26). The cDNAs were cloned into expression vectors and the WT
sequences were confirmed by DNA sequencing. The patient-derived
RAB27A mutant cDNA (c.259G→C) was generated from the WT
RAB27A cDNA by site-directed mutagenesis as described (27) and con-
firmed by DNA sequencing. The lentiviral expression vector, z-368-DNP,
and the packaging plasmid, D8.91, were provided by Dr. Philip Zoltick
(The Children’s Hospital of Philadelphia) (28). Both WT and mutant
RAB27A cDNAs were independently subcloned into z-368-DNP to help
generate recombinant lentiviruses. These viruses were separately trans-
duced into NK-92 cells as detailed below. Transduction efficiencies were
monitored by coexpression of GFP as detected by flow cytometry (FCM).
For protein–protein interaction assays, a FLAG tag–fused UNC13D cDNA
and hemagglutinin (HA) tag–fused WT and mutant RAB27A cDNAs were
subcloned into z-368-DNP by a 2Aviral linker. Both the FLAG tag and HA
markers were coupled to the 39 ends (carboxyl-terminals) of the respective
proteins and represented exogenous versions of Munc13-4 or Rab27A in
the transduced NK-92 cells studied.

Abs and probes

The anti-human CD56-PE-Cy7 and CD107a-PE mAbs were purchased
from eBioscience (San Diego, CA). The anti-human granzyme B–
allophycocyanin Ab was from BD Biosciences (San Jose, CA), and the
rabbit Ab against GFP was from Invitrogen (Grand Island, NY). F-actin
and granzyme B were also detected with phalloidin conjugated with Alexa
Fluor 555 (Invitrogen) and anti-granzyme B conjugated to Alexa Fluor 647
(Invitrogen), respectively. The anti-FLAG rabbit Abs were purchased from
Cell Signaling Technology (Beverly, MA), and the anti-HA mouse mAb
was obtained from Abcam (Cambridge, MA). Fluorochrome-tagged anti-
perforin and anti–IFN-g were from BD Biosciences and eBioscience,
respectively. For the in situ proximity ligation assay (PLA), the probes,
anti-rabbit PLUS and anti-mouse MINUS, and the Texas Red–conjugated
detection reagents were purchased from Sigma-Aldrich (St. Louis, MO).
For the Western blot assays, rabbit anti-HA and chicken anti-FLAG Abs
were obtained from Abcam. The rabbit anti–b-actin and anti–rabbit IgG
Alexa Fluor 680–conjugated polyclonal Abs were purchased from Invi-
trogen, and the IRDye 800CW donkey anti-chicken IgG was bought from
LI-COR Biosciences (Lincoln, NE).

Lentiviral preparation and transduction

HEK293T cells were transfected with the respective z-368-DNP–expression
constructs along with D8.91 and pVSV-G using the FuGENE HD trans-
fection reagent (Roche, Branford, CT). Lentivial production was concen-
trated using the Lenti-X concentrator reagent (Clontech, Mountain View,
CA). NK-92 cells were infected with lentiviruses overnight at a multi-
plicity of infection of 50:1. Transduction efficiency was between 45 and
55% at day 5 and afterward for up to 4 wk. All assays were performed
between 2 and 3 wk following lentiviral infection.

Cytotoxicity and degranulation assays

The NK-sensitive K562 erythroleukemia target cells (29) were labeled by
the cell tracer dye eFluor 450 (eBioscience) 12 h prior to the cytotoxicity
assay. The GFP-expressing, lentiviral-transduced NK-92 cells and labeled
K562 target cells were mixed together at different E:T cell ratios and in-
cubated at 37˚C for 4 h in the presence (24 h preincubation) or absence of
rIL-6 (10–50 ng/ml). The cells were then stained with Live/Dead near-IR
dye (Invitrogen) and analyzed by FCM (LSR II, BD Biosciences). For
cytotoxicity assays using patient and control frozen peripheral blood
samples, PBMCs were thawed and cultured in RPMI 1640 media with 10%
heat-inactivated FBS (HyClone Laboratories, Logan, UT) and rIL-2 (50 U/ml)
for 24 h. Then, K562 cells were loaded with bis(acetoxymethyl)
2,29:69,299-terpyridine-6,699-dicarboxylate (PerkinElmer, Waltham, MA)
and mixed with Ficoll-separated PBMCs at E:T ratios of 6:1 to 100:1 for
3 h prior to measuring lysis by EuTDA fluorescence.

For degranulation assays, the transduced NK-92 cells were mixed with
K562 cells at a 2:1 E:T ratio and incubated between 0 and 4 h in the presence
of fluorochrome-conjugated anti-CD107a Ab. K562 target cells served as a
stimulus for NK-92 cell degranulation. To identify NK-92 effector cells,
cells were either labeled with CFSE 12 h prior to degranulation assays or
stained with fluorochrome-conjugated anti-CD56 mAb after incubation
with K562 stimulator cells. CD107a cell surface expression on NK-92 cells
was detected by FCM as described by others (30). For degranulation assays
involving patient and control frozen peripheral blood samples, PBMCs
were thawed and cultured as above, and Ficoll-separated PBMCs were
incubated with K562 cells for 3 h at E:T ratios of 10:1 to 1:3 in the
presence of anti-CD107a Ab. NK cells were identified with mAb against
CD56 (NK cells) and CD3 (T cells gated out).

The Journal of Immunology 2493
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Intracellular perforin and IFN-g levels

PBMCs were isolated from the Italian patient and controls by Ficoll sep-
aration and then were frozen. Cells were thawed and cultured at a density of
1 3 106 cells/ml in RPMI 1640 medium supplemented with 10% FBS,
with or without human IL-6 (10 ng/ml) and soluble human IL-6 receptor
(125 ng/ml). After 24 h of incubation at 37˚C in the presence or absence of
IL-6/sIL-6R, IL-2 (50 U/ml) was added to the medium and cells were
incubated for another 24 h. Intracellular perforin expression levels in the
NK cell subset (CD56+CD32) were evaluated by FCM as previously de-
scribed (31). For intracellular detection of IFN-g, Rab27A (WT or
mutant)-transduced GFP+ NK-92 cells were incubated 1:1 with K562 cells
for 4 h prior to detection of intracellular IFN-g by FCM as described (31).

Cell–cell conjugation assays

The GFP-expressing lentiviral-transduced NK-92 cells were mixed with cell
tracer dye (eFluor 450)–labeled K562 cells and centrifuged for 30 s at a
very low speed. Cells were incubated at 37˚C for 0, 15, 30, 60, 120, 240, or
480 min and then fixed with a 1% paraformaldehyde solution. Conjugates
between NK-92 cells and K562 cells were detected by two-color FCM and
analyzed using FlowJo 8.8.6 software (Tree Star, Ashland, OR).

Structural modeling

Modeling and figure generation (see Fig. 4) of Rab27A p.A87P bound to
WT Slp2-a and WT melanophilin was performed using the PyMOL mo-
lecular graphics system software package (DeLano Scientific, San Carlos,
CA) using prior published Rab27A WT structures (32, 33).

Proximity ligation assay

NK-92 cells were infected with a FLAG-tagged WT Munc13-4–expressing
lentivirus, and transfected cells were sorted by coexpression of GFP. Cells
were expanded in vitro and FLAG tag expression was confirmed by in-
tracellular staining and FCM. NK-92 cells were superinfected with an HA-
tagged WT or mutant (p.A87P) Rab27A-expressing lentivirus. Exogenous
Rab27A expression was confirmed by intracellular staining against the HA
tag. Proximity of the proteins, a surrogate of protein–protein interaction,
was detected by the Duolink method as per the manufacturer’s instructions
(Sigma-Aldrich). Dual lentivirus–expressing NK-92 cells were mixed 1:1
with K562 cells for 30 min at 37˚C to activate the cytolytic pathway. Cells
were cytospun onto glass slides and fixed with 1% paraformaldehyde.
Fixed cells were stained with polyclonal rabbit anti-FLAG (Munc13-4)
Abs and a mouse anti-HA (Rab27A) mAb for 1 h prior to two washes.
Cells were then incubated for 1 h with anti-rabbit PLA and anti-mouse
PLA containing complementary proprietary PCR primers. Cells were
washed twice and ligation solution was added for 30 min. Cells were
washed again prior to addition of amplification solution for 100 min. Slides
were sealed and images were taken with an Olympus BX41 camera. Single
protein interactions were visualized using fluorescence and bright-field
images, and the numbers of PLA particles per cell were counted and av-
eraged for 100 cells per condition (blinded to the counter, M.Z.).

Coimmunoprecipitaton assays

WT Munc13-4-FLAG–expressing NK-92 cells were sorted by GFP co-
expression and superinfected with lentiviruses expressing empty vector
control, WT Rab27A-HA, or mutant Rab27A p.A87P-HA. The transduced
NK-92 cells were stimulated with K562 cells at a ratio of 1:1 for 0, 2, and
6 h prior to cell lysis for immunoprecipitation. FLAG immunoprecipitation
kits purchased from Sigma-Aldrich were used as per the manufacturer’s
guidelines. For Western blots, cell lysates and immunoprecipitated proteins
were electrophoresed on Mini-Protean TGX gels from Bio-Rad (Hercules,
CA) under denatured or native conditions. In the blotting process, rabbit
anti-HA and chick anti-FLAG were used to detect HA- and FLAG-
conjugated proteins, respectively, followed by anti-rabbit IgG Ab conju-
gated with Alexa Fluor 680 and donkey anti-chicken IgG conjugated with
IRDye 800CW. Use of an Odyssey infrared imager (LI-COR Biosciences)
was provided by Dr. John Mountz (University of Alabama at Birmingham,
Birmingham, AL) and used to scan the blotted signals on the polyvinyli-
dene fluoride membranes. ImageJ2 software (National Institutes of Health,
Bethesda, MD) was used to measure band intensity.

Confocal imaging assays

For immune synapse imaging assays, the lentiviral-transduced NK-92 cells
were mixed with CFSE (Life Technologies, Grand Island, NY)-labeled
K562 target cells and incubated for 30 min at 37˚C. Cells were then
spun down to a glass slide using a cytospin instrument and fixed using a 1%
paraformaldehyde solution. Immunofluorescence staining of granzyme B

and F-actin distributions within cells was accomplished with fluorochrome-
labeled anti–granzyme B mAb and phallotoxins (34), respectively. To
enhance the imaging, Alexa Fluor 488 (Life Technologies)-labeled anti-
GFP mAb was included for intracellular staining. For granzyme B polar-
ization assays, NK-92 effector cells and K562 target cells were mixed at a
1:1 ratio and incubated for different time periods (0–8 h) before fluorescent
staining of granzyme B and cell nuclei (DAPI). Confocal imaging was
performed and recorded using a laser scanning microscope with a digital
camera (Zeiss, Thornwood, NY). Confocal imaging data were analyzed
using the Bioquant system (Bioquant Image Analysis, Nashville, TN).
Percentage polarized cells (.75% granzyme B at the immunologic syn-
apse) was calculated by counting 200 cells per time point, per condition in
a blinded (time point and condition masked) fashion to the viewer (M.Z.).

Statistical analyses

Statistical analyses were performed with GraphPad Prism 6 (GraphPad
Software, La Jolla, CA) software. Two-way ANOVA analysis was used to
calculate p values (a = 0.05) for the NK-92 cell cytotoxicity assay, the
granzyme B polarization analyses, and the interaction between Munc13-4
and Rab27A as detected by the PLA.

Study approval

The studies were conducted in accordance with the Declaration of Helsinki
principles. Institutional Review Board approval was obtained from the
University of Alabama at Birmingham and the Ospedale Pediatrico
Bambino Gesù, respectively. Written informed consent for all study as-
pects, including publication of potentially identifiable material, was ob-
tained from the patients and their respective parents.

Results
Clinical histories

A previously healthy 18-y-old white American female was ad-
mitted to the hospital on the gastroenterology service for 2 wk of
fever and abdominal pain. On examination her liver and spleen
were notably enlarged, she was hypertensive, and her mental status
was decreased. Her laboratory findings were notable for pancy-
topenia (WBC, 1720 cells/ml; hemoglobin, 10.9 mg/dl; platelets,

FIGURE 1. Rapid clinical response of sHLH to immunosuppression

with high-dose CS, CsA, and anakinra. Serum ferritin (d) and AST (n)

levels, as well as circulating platelet counts (▴), are graphed before (day 0)
and after immunosuppression (methylprednisolone, CsA, and anakinra/

rIL-1Ra) for the American sHLH patient with the heterozygous Rab27A

p.A87P missense mutation.
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44,000/ml), liver failure (albumin, 2.7 mg/dl [$3.7]; aspartate
aminotransferase [AST], 3487 IU/l [#30]; alanine aminotrans-
ferase [ALT], 2523 IU/L [#35]; aldolase, 61.8 U/l [,8.1]; tri-
glycerides, 201 mg/dl [#140]), coagulopathy (prothrombin time,
20.7 s [#15.2]; partial thromboplastin time, 59.2 s [#36.0]; D-
dimers, 7639 ng/ml [#240]; fibrinogen, 139 mg/dl [164–458]),
and inflammation (C-reactive protein [CRP], 5.96 mg/dl [,1.00];
ferritin, 8446 ng/ml [#115]; sCD25, 4171 U/ml [,1105];
sCD163, 1718 U/ml [,1378]). Her NK cell numbers were normal
but NK cell function was virtually absent (2% lysis at the 50:1 E:T
ratio). An extensive infectious work-up was unrevealing with
notably negative or normal evaluations for hepatitis A/B/C, HIV-1,
EBV, CMV, Ehrlichia chaffeensis, and enterovirus. Her anti-
nuclear Ab test was negative, but her serum complement levels
were low (C3, 20 mg/dl [51–95]; C4, 3 mg/dl [8–44]), a feature of
MAS (35). The bone marrow biopsy specimen was essentially
normal except that CD163 staining revealed increased numbers of
activated macrophages. A brain magnetic resonance imaging was
normal. She satisfied criteria for HLH with seven of eight features
(five required) present (fever, splenomegaly, cytopenia, hypofi-
brinogenemia, decreased NK cell function, hyperferritinemia, el-
evated sCD25) (5).
One week into the hospital admission, and just prior to transfer to

intensive care for clinical decompensation, she was started on high-
dose i.v. methylprednisolone (500 mg twice daily for 5 d), CsA (3.5
mg/kg/d divided twice daily, i.v.), and s.c. anakinra (rIL-1Ra) at
100 mg (1.6 mg/kg) daily. Within 24 h of immunosuppressive
therapy, her clinical condition dramatically improved, and her
laboratory features of sHLH showed marked improvement (Fig. 1).
She was discharged to home on prednisone 60 mg twice daily,
CsA 200 mg twice daily, and anakinra 100 mg daily within 6 d of
starting therapy. Within 2 wk of leaving the hospital she developed
a bilateral symptomatic chronic anterior uveitis that required
periocular CS injections for control of inflammation. Three
months after leaving the hospital she developed unilateral herpes
simplex keratitis that responded to acyclovir therapy. Her daily
oral CS had been tapered to off, and by 6 mo she was also off of CsA,
as both sHLH and uveitis were in remission. Anakinra was tapered
to off within a year but she later developed HLA-B27–negative

spondyloarthritis. She has had no further episodes of sHLH/MAS in
the 5 y since her diagnosis.
Her HLH gene testing was negative for coding mutations in

UNC13D, PRF1, STX11, and STXBP2, but she was found to have
a single copy missense mutation in RAB27A (c.259G→C) leading
to an amino acid change (p.A87P). This particular mutation
(Single Nucleotide Polymorphism database no. 104894497) has
been previously reported and is a known cause of Griscelli type 2,
an established cause of fHLH when present as a compound het-
erozygous mutation (36). Because the DNA sample was obtained
from peripheral blood, a buccal swab was analyzed for this mu-
tation in the patient and both of her parents. The Rab27A p.A87P
mutation was found to be germline in the patient and her father
who has not had a known episode of sHLH.
Across the Atlantic Ocean, a previously healthy 15-y-old native

Italian male (unrelated to the prior patient) was admitted to the
hospital with a 4-wk history of persistent fever (up to 39˚C) un-
responsive to antipyretics or broad-spectrum antibiotics, diarrhea,
vomiting, skin rash, and arthritis. On physical examination he was
noted to have a rash, hepatosplenomegaly, and swelling and ten-
derness of his elbows. Blood tests showed an increase in leukocyte
count (16,210 cells/ml) with a normal platelet count (261,000
platelets/ml) and no evidence of anemia (12.7 g/dl), but signs of
liver inflammation (AST, 224 IU/l; ALT, 635 IU/l; lactate dehy-
drogenase [LDH], 676 IU/l) and systemic inflammation (D-
dimers, 2.26 mg/ml; CRP, 33.23 mg/dl; ferritin, 5896 ng/ml)
with an elevated fibrinogen concentration (818 mg/dl). Lumbar
puncture was negative, and viral and bacterial cultures were
negative. Broad spectrum i.v. antibiotic treatment (ceftriaxone 100
mg/kg/d) was started with no effect on fever or clinical symptoms.
Bone marrow biopsy showed increased numbers of activated
macrophages, mostly expressing CD163, and pronounced hemo-
phagocytosis. A diagnosis of sHLH was suspected (four fHLH
criteria met; sCD25 was not evaluated), and oral CsA (5 mg/kg/d)
and i.v. pulse-dose methylprednisolone (1 g/d for 3 d) were ad-
ministered, followed by oral prednisone (2 mg/kg/d). However, his
symptoms did not improve significantly. Laboratory tests showed
a rapid rise in ferritin levels (25,770 ng/ml) and hepatic enzyme
activity (AST, 816 IU/l; ALT, 932 IU/l; g-glutamyl transferase,

FIGURE 2. Rab27A p.A87P mutation decreases NK cell cytolytic function. (A) eFluor 450–labeled K562 target cells were mixed at increasing E:T ratios

with NK-92 cells transduced with lentiviruses expressing empty vector control (left column), Rab27AWT (middle), or Rab27A p.A87P (right) and were

incubated for 4 h prior to FCM analysis of K562 cell death. FCM plots were gated on eFluor 450+ cells with eFluor 450 depicted on the y-axis, and near-IR

staining (dead cells) along the x-axis. One representative experiment is shown with percentages of lysed K562 cells enumerated. (B) Graph showing

percentage cytotoxicity at three different E:T ratios for lentivirus-transduced NK-92 cells (empty vector control [d], Rab27AWT [n], and Rab27A p.A87P

mutation [▴]). Results are plotted as means 6 SEM for five independent experiments. Two-way ANOVA analysis revealed statistically significant dif-

ferences (p, 0.05) among empty vector–, the Rab27AWT–, and the Rab27A p.A87P mutant–transduced NK-92 cells at all three E:T cell ratios. (C) K562

cytotoxicity (means6 SEM) from empty vector, WT, or Rab27A p.A87P mutant lentiviral-transduced NK-92 cells in the presence or absence of exogenous

IL-6 are shown for a 4:1 E:T ratio. IL-6 significantly decreased cytotoxicity of Rab27AWT (*p = 0.0175)– and p.A87P mutant (**p = 0.0058)–transduced

cells (n = 3).
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568 IU/l; LDH, 1629 IU/l), with high fibrinogen (841, mg/dl) and
normal triglycerides (141, mg/dl). He did not develop cytopenia,
possibly because of the high doses of glucocorticoids. Weekly i.v.
cyclophosphamide (500 mg/m2 BSA) and dexamethasone (10 mg/m2)
were started. His fever disappeared within 48 h after the first
infusion and blood tests normalized after the third weekly infusion
of cyclophosphamide. Intravenous cyclophosphamide was subse-
quently administered weekly for the first 5 wk and afterward
monthly for 3 mo. Dexamethasone was gradually tapered and
discontinued after 4 mo of treatment, and CsA was discontinued
after 2 y.
Three years after this first episode, and 1 y after discontinuation

of CsA, the patient relapsed with fever, skin rash, arthralgia, and
myalgia. Blood examinations revealed normal WBC and platelet
counts, no evidence of anemia, mild liver impairment (AST, 33 IU/l;
ALT, 78 IU/l; LDH, 451 IU/l), and inflammation (CRP, 13.26 mg/dl;
ferritin, 5481 ng/ml; fibrinogen, 707 mg/dl; D-dimers, 0.3 mg/ml).
Bone marrow aspirate showed numerous activated macro-
phages and hemophagocytosis. Based on his clinical history, a
relapse of sHLH was hypothesized, and high doses of oral dexa-
methasone (10 mg/m2) and oral CsA (4 mg/kg) were started with
gradual clinical and laboratory improvement. Dexamethasone was
gradually tapered and stopped after 8 mo of treatment while
continuing CsA. He has been free of disease for 3 y now. Genetic
analysis was negative for mutations in PRF1, UNC13D, STX11,
and STXBP2, but a single copy missense mutation in RAB27A
(c.259G→C) was identified leading to the same amino acid change
(p.A87P) found in the American patient. The Italian patient’s
father carries the same mutation in Rab27A (p.A87P). Although
the father is asymptomatic, he has a baseline moderately high
serum ferritin level (800 ng/ml). These two unrelated teenage
patients with sHLH prompted our investigation of the functional
consequences of a single copy Rab27A missense mutation (p.A87P)
on NK cell cytolytic function.

Rab27A p.A87P decreases NK cell cytolytic capacity

Because the American patient’s own NK cells had a defect in
cytolysis, the contribution of her Rab27A p.A87P mutation to
decreased cytolytic activity was explored. Using a lentiviral ap-
proach (see Materials and Methods), Rab27A WT or mutant
Rab27A p.A87P was overexpressed in the human NK cell line
NK-92. Lentivirus-transduced NK-92 cells were sorted based on
coexpression of GFP and mixed with fluorochrome-labeled K562
target cells at three different E:T cell ratios. Cell death was
assessed by FCM using a proprietary dye that enters dead or dying
cells. As seen in Fig. 2A, cell death increased with increasing E:T

ratios in all three conditions (empty vector control, Rab27A WT,
and Rab27A p.A87P), but NK-92 cytolysis of K562 cells in-
creased with overexpression of Rab27A WT, and decreased with
overexpression of the patient mutation, Rab27A p.A87P. This
effect was seen in repeated experiments (Fig. 2B) and suggested
that overexpression of Rab27A p.A87P was able to diminish NK
cell cytolytic capacity. Because it has recently been shown that the
inflammatory environment may also contribute to decreased NK
cell function (31), the experiment was repeated in the presence or
absence of exogenous rIL-6 (37). As seen in Fig. 2C, addition of
IL-6 further decreased NK cell cytotoxicity when either WT or
mutant Rab27A p.A87P was overexpressed. These studies indicate
that a single copy Rab27A p.A87P mutation may diminish NK
cell function, and that in a proinflammatory environment this ef-
fect will be enhanced.
FCM was next used to explore whether decreased NK cell

function was a result of a diminished ability of Rab27A p.A87P–
expressing NK cells to form conjugates with the K562 target cells.

FIGURE 3. Rab27A p.A87P mutation does not alter NK cell conjugate formation with target cells. NK-92 cells transduced with lentiviruses coexpressing

GFP and empty vector control (left), Rab27AWT (middle), or Rab27A p.A87P (right) were mixed with eFluor 450–labeled K562 cells and assayed for cell-

to-cell conjugation at 30 min as assessed by FCM. (A) GFP expression (NK-92 cells) is shown along the y-axis and eFluor 450 fluorescence (K562 cells) is

shown along the x-axis. NK-92–K562 cell conjugates are noted in the upper right quadrants, and percentages of cells in each quadrant are noted. (B) Results

shown are representative of three similar experiments, and the means 6 SEM for percentage conjugates are shown in the bar graph to the right.

FIGURE 4. The Rab27A p.A87P mutation is located in a putative

Rab27A/Munc13-4 binding site. The crystal structure of Rab27A (green) is

shown with Munc13-4 homologs, melanophilin (yellow), and Slp2-a (or-

ange). The positions of Rab27A mutations p.A87P (purple) and p.I44T

(gray), both of which disrupt binding to WT Munc13-4 in vitro, are shown.
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Lentivirus-transduced NK-92 cells were detected by GFP ex-
pression, and K562 target cells were labeled with the eFluor 450
fluorochrome. As seen in Fig. 3A, the percentage of conjugates
(those cell pairs expressing both GFP and eFluor 450, located in
the upper right-hand FCM quadrant) were virtually identical when
the NK-92 cells were overexpressing Rab27A WT, Rab27A
p.A87P, or the empty vector control at 30 min after incubation.
This was seen repeatedly (p . 0.5) (Fig. 3B). Thus, the Rab27A
p.A87P patient mutation had no obvious effect on NK cell–to–target
cell conjugate formation at 30 min as assessed by FCM.

Rab27A p.A87P partially disrupts interaction with WT
Munc13-4

It had previously been reported that the Rab27A p.A87P mutation
completely disrupted the ability of Rab27A to bind Munc13-4
in vitro as evaluated in a mammalian two-hybrid assay (36). We
next analyzed in silico the predicted crystal structure of Rab27A
p.A87P interactions with Munc13-4 homologs, melanophilin, and
Slp2-a. The Rab27A p.A87P mutation is located within the switch
2 region of Rab27A (WT sequence is identical to Rab27B in this
region) (Fig. 4). Structural studies on related Rab27B/melanophilin
(33) and Rab27A/Slp2-a (32) complexes confirm this switch 2
region of Rab27A as a binding site with Munc13-4. This is con-
firmed by biochemical analyses that demonstrate disruption of
binding to WT Munc13-4 by mutants Rab27A p.A87P (switch 2
mutation) (36) and Rab27A p.I44T (located adjacent to switch 2
on switch 1) (38). Modeling of both the Rab27A p.I44T mutant
(gray) and the patients’ p.A87P mutation (purple) predict dis-
ruption of binding to the Munc13-4 homologs, melanophilin
(yellow), and Slp2-a (orange) (Fig. 4).
To test the ability of Rab27A p.A87P to quantitatively bind WT

Munc13-4 in situ, we explored this interaction on a per cell basis
using the PLA as detailed in Materials and Methods. In brief,
NK-92 cells were transduced with a lentivirus expressing a
FLAG-tagged version of Munc13-4 WT and coexpressing GFP.
GFP-sorted NK-92 cells were superinfected with a lentivirus-
expressing HA-tagged Rab27A WT, Rab27A p.A87P, or empty
vector control. Expression levels were stable over several weeks in
culture and roughly equivalent in all conditions (Supplemental
Fig. 1). The dually transduced NK-92 cells were incubated with
K562 target cells to activate the cytolytic pathway, and the cells

were spun down onto glass slides and paraformaldehyde fixed.
The fixed cells were incubated with a rabbit anti-FLAG antisera
and a mouse anti-HA mAb. After washes, the cells were incubated
with anti-rabbit and anti-mouse Abs, each conjugated with com-
plementary proprietary PCR primers. In situ, NK-92 cells were
treated with ligation solution followed by PCR amplification so-
lution containing fluorochrome-tagged DNA complementary to
the ligated primers as per the manufacturer’s instructions. Intra-
cellular single protein–protein (Rab27A to Munc13-4) interactions
were visualized as fluorescent particles and counted using fluo-
rescence microscopy (Fig. 5A). No HA tag was present in the
empty vector control, and there were no particles detected, as
expected. Interestingly, during the 4-h time course the NK-92 cells
transduced with HA-tagged Rab27A p.A87P demonstrated ap-
proximately half as many protein–protein interactions with FLAG-
tagged Munc13-4 WT as did the NK-92 cells transduced with
HA-tagged Rab27AWT (Fig. 5B). This suggests that the Rab27A
p.A87P mutation partially disrupts the ability to interact in close
proximity with Munc13-4 WT. This was supported by Western
blot studies, which revealed decreased coimmunoprecipitation of
Rab27A p.A87P (compared with WT Rab27A) with WTMunc13-4
using lysates from transduced NK-92 cells (Supplemental Fig. 2).

Rab27A p.A87P delays granzyme B polarization to the
immunologic synapse

As Rab27A and Munc13-4 normally function to help transport
granzyme B–containing granules to the NK cell immunologic
synapse, the degranulation ability of NK-92 cells transduced with
Rab27A p.A87P was explored by examining CD107a cell surface
expression. FCM measurement of cell surface CD107a on NK
cells is a simple, quick, and reliable method to measure NK cell
degranulation (30). NK-92 cells were transduced with a lentivirus
expressing Rab27AWT, Rab27A p.A87P, or empty vector control.
The cells were next incubated with K562 cells to stimulate cy-
totoxic granule degranulation as assessed over time by FCM using
fluorochrome-conjugated anti-CD107a mAb. As predicted, at the
0 h time point, there is virtually no detectable CD107a expression
(1%) on the cell surface of NK-92 cells separately transduced with
the three different lentiviruses (Fig. 6A). However, by 2 h post-
incubation with K562 cells, CD107a cell surface expression peaked
(32%). Overexpression of Rab27A WT augmented degranulation

FIGURE 5. Rab27A p.A87P mutation results in decreased interaction with Munc13-4 WT protein. (A) NK-92 cells were transduced with a lentivirus

expressing FLAG-tagged Munc13-4 WT followed by superinfection with lentiviruses expressing nothing (top row) or HA-tagged Rab27AWT (middle) or

Rab27A p.A87P mutant (bottom). The transduced NK-92 cells were stimulated with K562 cells for the indicated time periods prior to in situ PLA as

described inMaterials and Methods. Particles representing protein–protein interactions specifically between transduced Munc13-4 and Rab27A are noted in

orange. Scale bar, 30 mm. (B) Results from three independent experiments are summarized and plotted as in situ PLA particles per cell (means 6 SEM)

along the y-axis and time of stimulation along the x-axis. Two-way ANOVA analysis showed statistically significant differences (p , 0.05) between the

means at the 1 and 2 h time points for the Rab27A WT– and Rab27A p.A87P–transduced cells.
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compared with administered empty vector control at all the time
points analyzed (44% at 2 h), whereas Rab27A p.A87P inhibited
CD107a expression in comparison with empty vector for the entire
8-h time course (22% at 2 h) (Fig. 6A, 6B). This implies that
Rab27A p.A87P inhibits NK cell cytolytic function by disrupting
cytolytic granule polarization to the immunologic synapse with the
target cell.
Granzyme B is an effector molecule in CD8 T cell and NK cell

cytolytic granules that contributes to target cell apoptosis when
delivered via a perforin (also contained in cytolytic granules) pore
formed at the immunologic synapse between the lytic cell and the
target cell (15, 39). The effect of Rab27A p.A87P on granzyme B
polarization to the NK cell immunologic synapse was therefore
explored using confocal fluorescence microscopy. GFP and Rab27A
dual-expressing lentivirus-transduced NK-92 cells were incubated
1:1 with CFSE-labeled K562 target cells at 37˚C for 30 min prior to
being spun down onto glass slides and fixed and permeabilized
with paraformaldehyde. Cells were then visualized with confocal

microscopy (Fig. 6C). In addition to the GFP (NK-92 cells) and the
green nuclear CFSE (K562 cells) stains, both cell types were
identified by the addition of phallotoxins (blue) to highlight cyto-
plasmic actin. Granzyme B (orange to pink) was detected by the
addition of fluorochrome-conjugated anti–granzyme B mAb. NK-92
cells transduced with the Rab27A WT lentivirus demonstrated
granzyme B polarization to the immunologic synapse with the K562
target cell (Fig. 6C, top panel, arrow), whereas Rab27A p.A87P
mutant–expressing NK-92 cells did not appear to polarize granzyme
B to the synapse formed with the K562 cell (Fig. 6C, bottom panel,
arrow). We further refined the immunologic synapse by defining the
plasma membranes of the transduced NK-92 effector cells and the
K562 target cells using directly conjugated and fluorochome-tagged
phalloidin to detect F-actin (Fig. 7). The control-transduced NK-92
cells (effectors) clearly demonstrated granzyme B polarization to
the immunologic synapses with adjoining K562 targets, and this
appeared augmented when WT Rab27A was overexpressed, and
notably diminished when mutant Rab27A p.A87P was transduced

FIGURE 6. Rab27A p.A87P mutation decreases NK cell degranulation and alters cytolytic granule polarization to the immunologic synapse. (A) NK-92

cells transduced with lentiviruses expressing empty vector control (top row), Rab27AWT (middle), or Rab27A p.A87P (bottom) were mixed with K562

cells for the indicated times, and cell surface CD107a expression was detected by FCM. One representative set of results from three independent ex-

periments is shown and gated on CD56+ NK-92 cells with CD56 expression depicted along the y-axis and CD107a along the x-axis. Percentages of

CD107a+ cells and CD107a mean fluorescence intensities (MFI) are noted. (B) Percentage decreased degranulation was calculated by the formula: 100%3
([(CD107a+ % 3 MFI from Rab27AWT–transduced NK-92 cells) 2 (CD107a+ % 3 MFI from Rab27A p.A87P–transduced NK-92 cells)]/CD107a+ % 3
MFI from Rab27AWT–transduced NK-92 cells). The bar graph shows the means 6 SEM from three independent experiments. (C) NK-92 cells transduced

with lentiviruses expressing Rab27A WT (top panel) or Rab27A p.A87P (bottom panel) were incubated with CFSE-labeled K562 target cells. Confocal

microscopy portrays granzyme B (present only in NK-92 cells) as pink to orange in color, F-actin as blue, and both NK-92 and K562 cells as green. The

arrow in the top panel denotes NK-92 cell granzyme B polarization to the immunologic synapse formed with the K562 target cell, whereas the arrow in the

lower panel points to an NK-92 cell bound to a K562 cell but lacking granzyme B polarization to the immunologic synapse. Scale bar, 20 mm.
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(Fig. 7). As this was a single snapshot in time, granzyme B polar-
ization to the immunologic synapse with K562 target cells was
further explored by a time course analysis.
Rab27A-expressing lentivirus-transduced NK-92 cells were

incubated 2:1 with K562 target cells for variable time periods, spun
down to slides, and fixed as in Fig. 6. Nuclei from both cell types
were identified by DAPI (blue) staining, and granzyme B, present
only in the NK-92 cells, was detected with fluorochrome (green)-
tagged anti-granzyme B mAb (Fig. 8A). Two hundred cells per
condition/per time point were counted (assessor blinded to time
point and condition), and percentages of polarized cells (see
Materials and Methods) were calculated for several experiments
and graphed over a time course (Fig. 8B). Cells overexpressing
Rab27AWT polarized granzyme B at a higher rate during the first
hour compared with empty vector control–transduced NK-92
cells. In contrast, NK-92 cells transduced with a lentivirus ex-
pressing Rab27A p.A87P displayed delayed kinetics of polariza-
tion, not reaching control values for 2–4 h. To our knowledge, this
is the first such demonstration of a heterozygous HLH gene mu-
tation significantly delaying cytolytic vesicle polarization to the
immunologic synapse. Thus, the patients’ mutant Rab27A protein
acted in a partial dominant-negative fashion to delay granzyme B
delivery to the immunologic synapse, leading to decreased NK
cell lytic function. It is likely that this delay in cytotoxic granule
polarization results in decreased target cell lysis, prolonged engage-
ment between the lytic and target cells, and increased proin-
flammatory cross-talk between the lymphocyte (CD8 T cell or NK
cell) and the APC in vivo (25). Supportive of this, evaluation of in-
tracellular cytokine levels revealed statistically significant increased
IFN-g expression in the mutant Rab27A p.A87P–transduced versus
WT Rab27A–transduced NK-92 cells incubated with K562 target
cells for 4–8 h (Fig. 9).

Rab27A p.A87P inhibits cytolytic function of unmanipulated
patient-derived NK cells

To explore the effect of the Rab27A p.A87P mutation on the sHLH
patients’ own naturally occurring NK cells during a state of health,
PBMCs were isolated from the Italian patient’s peripheral blood,

along with blood from his father (Rab27A p.A87P heterozygote),
mother (Rab27A WT), sister (Rab27A WT), and three unrelated
healthy adult controls. PBMCs were incubated with K562 target
cells, and NK cells (CD56+, CD32) were analyzed for degranu-
lation (CD107a expression) at varying E:T ratios. With increasing
stimulus from K562 target cells (decreasing E:T ratios), there was
a trend for increased degranulation of NK cells (Fig. 10A). No-
tably, the percentage of NK cells from both the Italian patient and
his father (both heterozygous for Rab27A p.A87P) capable of
degranulation was significantly decreased compared with NK cells
from the patient’s mother and sister (both WT Rab27A). Thus, NK
cell function was decreased in unmanipulated heterozygous
Rab27A p.A87P NK cells from peripheral blood, even during a
state of good health.
Similarly, heterozygous Rab27A p.A87P NK cells from both the

Italian sHLH patient and his father demonstrated significantly
reduced NK cell lytic activity versus K562 target cells in com-
parison with NK cells from healthy adult controls (Fig. 10B). NK
cell lytic activity was ∼50% reduced for Rab27A p.A87P–
expressing NK cells at all E:T ratios studied. Again, the sHLH
patient’s NK cells were analyzed at time of good health (two
separate time points averaged), demonstrating decreased NK cell
lytic activity at baseline. In general, there was no substantial
difference in intracellular perforin levels in NK cells from the
patient and his father in comparison with a healthy control and the
patient’s mother and sister (Supplemental Fig. 3). However, ad-
dition of IL-6 notably lowered perforin levels in those with and
without the Rab27A p.A87P mutation, consistent with decreased
cytolytic activity of the NK-92 cells incubated with IL-6 (Fig. 2C),
as well as a recent publication (31). Thus, it is likely that the
Rab27A p.A87P contributes to decreased NK cell function and
subsequent sHLH clinical expression. However, the mutation
alone is not sufficient to cause sHLH, as the patient’s father ex-
presses the same mutation, resulting in decreased NK cell function
but no clinically overt sHLH, which may require an inflammatory
milieu. Similarly, the Italian Rab27A p.A87P sHLH patient is not
chronically ill with sHLH despite baseline decreased NK cell
function.

FIGURE 7. Polarization of granzyme B occurs at the plasma membrane of the immunologic synapse between NK-92 effector (E) cells and K562 target

(T) cells but is decreased in those expressing mutant Rab27A p.A87P. NK-92 effector (E) cells transduced with lentiviruses expressing empty vector control

(left), Rab27A WT (middle), or mutant Rab27A p.A87P (right) were mixed with K562 target (T) cells and assayed for granzyme B polarization to the

plasma membrane at the immunological synapse by confocal microscopy (original magnification 3630). Granzyme B is noted in green (top left panels),

DNA (DAPI nuclear stain) in blue (upper right panels), and F-actin cytoskeleton (defining cell membranes) in red (lower left panels). Merged images of

granzyme B, DNA, and F-actin are presented in the bottom right panels with yellow representing granzyme B and F-actin overlap, and light blue depicting

granzyme B not polarized to the cell membrane immunological synapse.
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Discussion
fHLH and sHLH or MAS likely represent the same disorder along a
spectrum of hyperinflammation and genetics (17, 40). Historically,
those patients presenting early in life with homozygous and
compound heterozygous mutations of HLH-causing genes have
been classified as having fHLH, even when the inflammatory
cascade initiation was secondary to a known infectious cause.
Those lacking family history or known genetic mutations were
previously classified as having acquired, reactive, or sHLH (41).
However, recent reports have detailed many later onset sHLH and
MAS patients found to have heterozygous mutations of the same
fHLH-causing genes (17–20, 22–24, 42–44), although without any

supporting functional or mechanistic analyses of the effects of
these heterozygous mutants, except for a few studies (17, 24, 42).
Mutations in HLH genes among sHLH andMAS patients are not

likely coincidental, in part based on their relatively high frequency

among these cohorts compared with the background population

(17, 23, 45), but also because of their ability to act in a hypo-

morphic or partially dominant-negative fashion on NK cell cyto-

lytic capacity (Fig. 2A, 2B) (17). Moreover, decreased lytic

activity in the presence of IL-6 (Fig. 2C) may synergize with

heterozygous partial dominant-negative, or hypomorphic, fHLH

gene mutations to lead to clinical sHLH. Consistent with these

findings, excess IL-6 (in vivo and in vitro) has been observed to

FIGURE 8. Rab27A p.A87P mutation delays granzyme B polarization to the immunologic synapse. (A) Vector control (top row)–, Rab27A WT

(middle)–, and Rab27A p.A87P mutant (bottom)–transduced NK-92 cells were stimulated with K562 cells for the indicated time periods prior to intra-

cellular analysis of granzyme B polarization as assessed by confocal microscopy. One representative experiment is shown, where green represents

granzyme B staining and blue denotes cell nuclei (DAPI stain). Scale bar, 20 mm. (B) Three independent experiments are summarized and plotted as

percentages (y-axis) of granzyme B–polarized NK-92 cells (means 6 SEM) versus time (x-axis) for vector control (d), Rab27A WT (n), and Rab27A

p.A87P (▴) expressing lentivirus-transduced cells. Statistically significant differences (p , 0.0001) in the means of granzyme B–polarized cells between

the Rab27A WT– and Rab27A A87–expressing NK-92 cells is noted by two-way ANOVA analysis for the 0.5 and 1.0 h time points.

FIGURE 9. Increased IFN-g expression by mutant Rab27A p.A87P, compared with WT Rab27A, expressing NK-92 cells following incubation of K562

target cells. (A) Empty vector (Con)–, mutant Rab27A p.A87P–, or WT Rab27A lentiviral–transduced NK-92 cells were incubated with K562 cells for 4 h,

and intracellular IFN-g levels of GFP+ NK-92 cells are plotted (x-axis) versus side scatter (y-axis) for one representative experiment. (B) Average IFN-g

levels (means 6 SEM) are plotted for three similar experiments.
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decrease NK cell activity with decreased granzyme B and perforin
expression in murine and human NK cells (31). This may be
particularly relevant to MAS in the setting of systemic juvenile
idiopathic arthritis where IL-6 is often elevated, and heterozygous
fHLH gene mutations are frequently present in those with MAS
(15). Nevertheless, one cannot formally rule out the possibility of
not identifying other contributory genes leading to decreased NK
cell function, or not identifying causative mutations or deletions in
non–coding portions of HLH genes among sHLH and MAS pa-
tients (46). However, the fact that isolated overexpression of
the Rab27A p.A87P mutation in an NK-92 cell possessing the
Rab27AWT gene is able to delay granzyme B polarization to the
immunologic synapse (Fig. 8) and decrease NK cell lytic function
(Fig. 2) argues that these genes may directly contribute to HLH
pathophysiology as single copy mutations. Analogous decreased
NK cell function has recently been reported for overexpression of
a novel Munc18-2 mutation associated with a fatal case of sHLH
in a teenager (17). Thus, single copy mutations in fHLH genes
(identified in sHLH patients) introduced into NK cells can act in a
partially dominant-negative fashion to disrupt NK cell function
and likely directly contribute to sHLH or MAS pathology under
certain inflammatory states (e.g., particular viral infections, lym-
phoma, autoimmune or autoinflammatory disease flares) (47).
In the present study, we explore the mechanism for the het-

erozygous Rab27A p.A87P mutation contributing to sHLH in two
unrelated individuals. The decreased lytic activity of NK cells
expressing Rab27A p.A87P likely results from the mutation dis-
rupting interaction with its binding partner, Munc13-4 (Figs. 4, 5,
Supplemental Fig. 2). The Rab27A p.A87P mutation resides along
the highly conserved Rab protein switch 2 region, critical for in-
teraction with Munc13-4 and its homologs in other tissues (Fig. 4).
The decreased interaction of Rab27A p.A87P with WT Munc13-4
(Fig. 5, Supplemental Fig. 2) likely occurs via a partial dominant-
negative effect leading to inhibition of cytolytic granule exocy-
tosis, because the Rab27A p.A87P mutant probably effectively
competes with WT Rab27A for other binding partners in the

exocytosis pathway. Similarly, a Rab27A p.G78L mutation,
which also resides along the switch 2 region, was shown to
inhibit lymphocyte cytotoxic granule exocytosis via a dominant-
negative effect (48). The decreased interaction of Rab27 p.A87P
with Munc13-4 results in a delay of NK cell cytolytic granule
polarization to the immunologic synapse (Fig. 8). The delay in
polarization occurs as early as 30 min after interaction with the
K562 target cells (Fig. 7B) but without disrupting the interaction
of the NK cells with the target cells (Fig. 3), including several
hours after incubation (Supplemental Fig. 4).
Recently, it has been shown that NK cells or cytotoxic CD8

T cells homozygous deficient in either granzyme B or perforin
delay separation from their target cells with an ∼5-fold longer
interaction at the immunologic synapse (25). Interestingly, the
absence of cell lysis prevents the disengagement of the cells, as
this occurs via a caspase-dependent mechanism from the dying
target cell (25). This prolonged interaction of the lytic cell and the
target cell results in hypersecretion of proinflammatory cytokines
(IL-6, TNF, IFN-g) and thus provides a link between failed
perforin-mediated cytolytic activity and the cytokine storm re-
sponsible for clinical HLH (25). Therefore, it is reasonable to
conclude that a mutation (Rab27A p.A87P) that delays cytolytic
granule polarization to the plasma membrane of the immunologic
synapse (Figs. 7, 8) and decreases target cell death (Figs. 2, 10)
likely leads to prolonged interaction of cytolytic lymphocytes with
APCs, resulting in a proinflammatory cytokine storm (Fig. 9) re-
sponsible for clinical manifestations of sHLH.
The distinction between sHLH/MAS and fHLH currently de-

termines treatment decisions. Patients diagnosed with fHLH have
typically been treated with cytotoxic agents, namely etoposide, and
hematopoetic stem cell transplant (5), with a 5-y survival for both
fHLH and sHLH/MAS patients of only 55%. In contrast, some
patients with MAS and its variants have been treated by targeting
the hyperinflammatory state acutely with high dose CS, CsA,
and IL-1 blockade (Fig. 1) (14), including effective IL-1 blockade
in sepsis patients with features of MAS (49). This treatment

FIGURE 10. Heterozygous Rab27A p.A87P patient NK cells have decreased degranulation and cytotoxicity. (A) PBMCs were obtained from the

heterozygous Rab27A p.A87P sHLH Italian patient (black bar), his Rab27 p.A87P heterozygous father (checkered bar), his Rab27AWT mother (gray bar),

and his Rab27AWT sister (white bar). PBMCs were mixed with K562 cells at various E:T ratios as in Materials and Methods. Percentages of NK cells

undergoing degranulation (CD107+, CD56+, CD32) were determined by FCM. (B) PBMCs were obtained from the heterozygous Rab27A p.A87P sHLH

Italian patient (at two time points during a 24-mo period of disease inactivity; black bar), his Rab27A p.A87P heterozygous father (single time point;

checkered bar), and from three normal healthy unrelated control individuals (white bar). Cell lysis of NK-sensitive K562 cells was analyzed at various E:T

ratios as detailed in Materials and Methods. Error bars represent means 6 SEM for the patient (two time points) and the average of the three controls.
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approach has yet to be evaluated in a large prospective MAS
cohort, but uncontrolled studies report that short-term survival is
.85%; long-term survival data are not yet currently available (14,
17). The patients reported in this study have been clinically stable
for 3 and 5 y, respectively, after their initial MAS presentations
and have received minimal to no immunosuppression for the last
3 y. Nonetheless, the place of hematopoietic stem cell transplan-
tation in this group of patients with heterozygous mutations in
HLH-associated genes remains unclear. These patients are theo-
retically at risk for developing recurrent MAS under certain
hyperinflammatory states (e.g., certain viral infections). However,
a relatively rapid and apparently sustained response to a limited
course of immunosuppression without the use of cytotoxic agents
suggests that transplantation may be unnecessary in many sHLH
and MAS patients, even in the face of heterozygosity of known
disease-causing mutations. Further follow-up of patients with
sHLH and MAS who respond to immunosuppressive therapy
alone is needed to determine the rate of recurrence of sHLH and
MAS and the subsequent response to therapy.
In conclusion, we identified a heterozygous RAB27A known

Griscelli 2 missense mutation (c.259G→C) in two previously
healthy unrelated teenagers who each presented with sHLH.
Overexpression of this single copy HLH gene mutation in a hu-
man NK cell line resulted in decreased degranulation, diminished
interaction with its Munc13-4 binding partner, delayed polariza-
tion of granzyme B to the immunologic synapse, increased IFN-g
expression, and reduced cytolytic function. Decreased NK cell
lytic activity was noted in naturally occurring (patient derived)
heterozygous Rab27A p.A87P NK cells at baseline, arguing for
the requirement of an additional trigger to result in clinically
evident sHLH. When sHLH was clinically severe, both Rab27A
p.A87P heterozygous patients responded to immunosuppression and
have not required traditional etoposide-based treatment or bone
marrow transplantation up to 5 y after initial presentation. Thus,
the identification of partially dominant-negative single copy gene
mutations in late-onset sHLH blurs the genetic distinction between
fHLH and sHLH, underscores the increased prevalence of sHLH
and MAS compared with fHLH, and poses an additional consid-
eration in choosing the safest effective therapy for sHLH and MAS
patients with or without heterozygous HLH gene mutations.
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Supplemental Figure 1. Equivalent expression of WT and mutant Rab27A along with WT 
Munc13-4 by dual lentiviral transduction. Corresponding to the data presented in Figure 5, 
NK-92 cells (far left) were transduced with a GFP-expressing (X-axis) lentivirus co-expressing 
FLAG-tagged Munc13-4 WT alone (middle left) or, after sorting for GFP+ cells, followed by 
superinfection with GFP-expressing lentiviruses (X-axis) co-expressing nothing (middle), or 
HA-tagged Rab27A WT (middle right) or Rab27A p.A87P mutant (far right). Munc13-4 
expression (top row) was detected by FCM with anti-FLAG antibody (Y-axis), whereas Rab27A 
(WT or mutant) expression (bottom row) was detected with anti-HA antibody (Y-axis). One 
representative experiment of 3 is presented. 
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Supplemental Figure 2. Decreased co-immunoprecipitation of WT Munc13-4 with mutant 
Rab27A p.A87P. NK-92 cells were transduced with WT Munc13-4 plus GFP co-expressing 
empty vector control (V-Con), mutant Rab27A p.A87P (R-A87P), or WT Rab27A (R-WT) 
lentiviral vectors, and GFP+ cells were sorted by FCM as described in the Methods. The 3 groups 
of sorted GFP+ NK-92 cells were incubated with K562 target cells for 0, 2, and 6 hours, and 
protein lysates were extracted. Protein extracts were immunoprecipitated with anti-FLAG mAb 
(detects exogenous WT Munc13-4) and eluted precipitates were electrophoresed on agarose gels. 
(A) The gel blots were probed with anti-HA mAb (detects exogenous mutant and WT Rab27A) 
and bands were quantified by densitometry. The intensity ratios (Int. ratio) of the mutant Rab27A 
bands were calculated relative to the corresponding time point bands from WT Rab27A 
(designated 1.00) using ImageJ2 software, with the empty vector control serving as background 
(0.00). (B) Control Western blots for expression of transduced Munc13-4 and Rab27A, as well 
as endogenous β-actin, demonstrate equivalent levels of transduced lentiviral vectors (n=3). 
  



3 

 

 
 
Supplemental Figure 3. Perforin levels in Rab27A patient derived NK cells. PBMC were 
isolated from a healthy control, the Italian patient (Rab27A p.A87P), his father (Rab27A 
p.A87P), mother (Rab27A WT), and sister (Rab27A). PBMCs were cultured with or without 
hIL-6 and soluble hIL-6 receptor. After 24 hours of incubation at 37°C in the presence or in the 
absence of IL-6/sIL-6R, IL-2 was added to the medium, and cells were incubated for a further 24 
hours. Intracellular perforin expression in the NK cell subset (CD56+CD3-) was evaluated by 
FCM (see Methods). The geometric mean fluorescence intensity (MFI) staining of perforin is 
plotted on the Y-axis for NK cells incubated in the presence of IL-2 with or without IL-6 for 
each of the 5 individuals examined. 
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Supplemental Figure 4. Rab27A p.A87P mutation does not alter NK cell conjugation 
formation with target cells at later time points post-incubation. As in Figure 3, NK-92 cells 
transduced with lentiviruses co-expressing GFP and empty vector control (top), Rab27A WT 
(middle), or Rab27A p.A87P (bottom) were mixed with eFluor450-labeled K562 cells and 
assayed for cell-to-cell conjugation as assessed by FCM. GFP expression (NK-92 cells) is shown 
along the Y-axis and eFluor450 fluoresence (K562 cells) along the X-axis. NK-92-K562 cell 
conjugates are noted in the upper right quadrants, and percentages of cells in each quadrant are 
noted. Cell conjugate formation was analysed at 0, 1, 2, 4, and 8 hours post-incubation of NK-92 
and K562 cells. The results shown are representative of 3 similar experiments.  
 
 


