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Key Points

• The accumulation of
monoallelic mutations in
HLH-causing genes impairs
lymphocyte cytotoxicity
contributing to HLH
immunopathology in mice.

• A polygenic model may
account for some of the cases
of secondary HLH observed
in humans.

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening hyperinflammatory

disease. Inherited forms of HLH are caused by biallelic mutations in several effectors of

granule-dependent lymphocyte-mediated cytotoxicity. A small proportion of patients

with a so-called “secondary” form of HLH, which develops in the aftermath of infection,

autoimmunity, or cancer, carry a monoallelic mutation in one or more HLH-associated

genes. Although this observation suggests that HLH may have a polygenic mode of

inheritance, the latter is very difficult to prove in humans. In order to determinewhether the

accumulation of partial genetic defects in lymphocyte-mediated cytotoxicity cancontribute

to the development of HLH, we generated mice that were doubly or triply heterozygous for

mutations in HLH-associated genes, those coding for perforin, Rab27a, and syntaxin-11.

We found that the accumulation of monoallelic mutations did indeed increase the risk of

developing HLH immunopathology after lymphocytic choriomeningitis virus infection. In

mechanistic terms, the accumulation of heterozygous mutations in the two degranulation

genesRab27a and syntaxin-11, impaired the dynamics and secretion of cytotoxic granules

at the immune synapse of T lymphocytes. In addition, the accumulation of heterozygous mutations within the three genes impaired

natural killer lymphocyte cytotoxicity in vivo. The genetic defects can be ranked in terms of the severity of the resulting HLH

manifestations. Our results form the basis of a polygenic model of the occurrence of secondary HLH. (Blood. 2016;127(17):2113-2121)

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a rare, life-threatening
syndrome, characterized by severe hyperinflammation and immuno-
pathologic processes in several tissues.These features result fromorgan
infiltration by over-activatedCD8T cells andmacrophages, which pro-
duce high levels of cytokines such as interferon (IFN)-g, tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-18.1-3Consequently, patients
with HLH develop prolonged fever, hepatosplenomegaly, pancytope-
nia, liver failure and, in many cases, central neurologic manifestations.
Thisdisease canaffect bothchildrenandadults, andcases canbebroadly
classified as “primary” or inherited and “secondary” HLH with no hint
for an inherited cause.4,5 PrimaryHLHpredominates in early childhood,
and has a clearly autosomal recessive pattern of inheritance caused by
genetic defects in the perforin-dependent granule exocytosis pathway of
cytotoxic lymphocytes. Biallelic mutations in the gene coding for
perforin (ie,PRF1) are responsible for familial lymphohistiocytosis type
2 (FHL2),6 with the involvement of the UNC13-D gene in FHL3,7

STX11 in FHL4,8 STXBP2 in FHL5,9,10 RAB27A in Griscelli syndrome

type 2,11 and LYST in Chediak–Higashi syndrome.12,13 Furthermore,
signaling lymphocytic activation molecule-associated protein de-
ficiency in X-linked lymphoproliferative type 1 syndrome also leads
to HLH and defective cytotoxicity against B cells, frequently in the
context of Epstein-Barr virus infection.14

Animal models of HLH, in which cytotoxicity-deficient mice are
challenged with lymphocytic choriomeningitis virus (LCMV), have
been invaluable for understanding the pathogenesis of HLH under
defined conditions. Following LCMV infection, genetically modified
mice lacking cytotoxic effectors (such asPrf1,Rab27a,Unc13d, Stx11,
and Lyst mice) recapitulate most of the features of HLH following
LCMV infection.15-20 These include severe leukopenia, anemia, and
hypercytokinemia (mainly involving IFN-g and inflammatory cyto-
kines), elevated liver enzymes levels, splenomegaly, and tissue in-
filtration by activated macrophages that can be fatal. In Prf1-deficient
mice, theHLH-like phenotype is thought to result from the failure of the
cytotoxic cell to kill and eliminate the infected and antigen presenting
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cells (APCs), an important feedback required to eliminate T-cell–
mediated immune response.21,22 In the absence of effective cytotoxicity,
APCs continue to stimulate cytotoxic T lymphocytes (CTLs), whereas
natural killer (NK) cell cytotoxicity fails to reduce T-cell activation.21,22

In the various mutant mice, hyperactivated T cells secrete high levels of
IFN-g, which appears to be critical for the development of HLH.
Furthermore, the magnitude of cytotoxicity impairment appears to be
the best predictor of the development and severity of HLH in mice, as
shown by studies of the time course of HLH onset in various HLH-
prone strainswith defects in the granule-dependent cytotoxic pathway.20,23

The same appears to be true in humans20,23

The secondary forms of HLH generally occur later in life than the
primary forms. The condition develops in response to infections, in
association with concurrent malignancies or in the context of autoim-
mune or rheumatologic disorders.4 However, the distinction between
primary and secondary forms of HLH is becoming blurred. Biallelic hy-
pomorphicmutations in HLH genes, which do not fully abolish cytotox-
icity, are associated with late-onset of HLH in adults up to the age of
62 years.24-27 Furthermore, adults with HLH have been found to carry a
monoallelicmutation inoneormoreHLH-associatedgenes.26,28-30 This
observation prompted the hypothesis whereby, additive effects of
monoallelic variants in genes encoding cytotoxic effector proteins
may account for some cases of HLH. However, this hypothesis has yet
to be demonstrated. Murine models of HLH constitute a powerful tool
for addressing this question.

In the present study, we generated mice carrying heterozygous
mutations in combinations of two to three HLH genes. The study’s
objective was to determine whether the accumulation of partial defects
in lymphocyte cytotoxicity could lead to the development of HLH and
the impairment of immune homeostasis. We found that when each
of the tested components in the pathway, Prf1, Rab27a, and Stx11 is
present in a half-dose, a 2- or 3-gene combination reduces cytotoxic
activity and increases the risk ofHLHdevelopment.Our results support
the existence of polygenic inheritance in secondary HLH.

Methods

Mice and mice studies

C57BL/6J wild-type (WT), C57BL/6J-Prf1tm1Sdz/J (Prf12/2), C57BL/6J-
Rab27aash/J (Rab27a2/2), and C57BL/6J-Stx112/2 mice have been described
previously.19,20,31 Mice carrying monoallelic defects in HLH genes were gen-
erated by breeding the different knockout (KO) mice between them (see supple-
mental Methods, available on the Blood Web site). Mice were maintained in
pathogen-free conditions and handled according to national and institutional
guidelines.Basedonanimal careguidelines,micehad tobeeliminatedwhen they
had lost .30% of their weight. Induction of HLH by LCMV infection and
analysis of the clinical and biological parameters of HLH in mice were done
as previously described,20,22 and are detailed in supplemental Methods.

In vitro CD81 T-cell activation and degranulation assay

Degranulation assaywere performedonCD81Tcells purified from the spleen as
previously reported20 (see supplemental Methods).

In vivo assay for NK cytotoxic activity

Spleencell suspensions fromb2-microglobulin (b2m)-deficientmiceandC57BL/6
controls were differentially labeled with CellTrace carboxyfluorescein diacetate
succinimidyl ester (CFSE) or Violet Cell Proliferation Kit according to the
manufacturer’s instructions (ThermoFischer Scientific). The twopopulationswere
mixed at a 1:1 ratio and IV injected into recipient mice. Sixteen hours later,
recipients were euthanized and spleenmononuclear cell (MNC) suspensions were
analyzed forCFSEandViolet stainingbyflowcytometer. The cytotoxic indexwas

determined as the ratio of killing of control vsb2m-deficient cells corrected by the
ratio of cells present at the input. The values were corrected by subtracting the
spontaneouscell lysis andreported tomaximumcell lysismediatedbycontrol cells.

Immunodetection of proteinswere performed using standard techniques (see
supplemental Methods). The intensity of the immunoblot bands was quantified
using ImageJ Software and Gel-Pro Analyzer version 3.1.
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Figure 1. Accumulation of monoallelic mutations in HLH-causing genes increases

the risk to develop clinicalmanifestations of HLH.Control (black squares),Prf12/2 (open

squares), Rab27a1/2 Stx111/2 (AS, open gray circles), Rab27a1/2 Prf11/2 (AP, gray

squares), andRab27a1/2Prf11/2Stx111/2mice (ASP, gray open squares) were infected

with 200 PFU of LCMV-WE. (A) Survival, (B) body weight, and (C) body temperature are

shown. Data (mean 6 standard error of the mean [SEM]) are representative of 3 to 4

independent experiments with at least 3 mice in each group. *P , .05.
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Total internal reflection fluorescence (TIRF) microscopy

ToperformTIRFassays,CTLwere labeledwith2mg/mLofwheat germagglutinin
(WGA)-Alexa555 (Molecular Probes) for 20 minutes at 37°C, and then incubated
for 16 hours with 1000 U/mL of IL-2.32 Glass coverslips coated with anti-CD3
antibody were used to stimulate WGA-labeled CTL (33 105 per well). After the
cells had attached to the glass, a TIRF image was acquired for 5 minutes (exposure
time, 200 milliseconds). During the observation, the cells were kept at 37°C.
Fluorescence data were acquired with an Eclipse Ti-E TIRF imaging system
(Nikon). Images were acquired with a Roper Scientific QuantEM 512 SC camera
(Nikon) and NIS-Elements Advanced Research software (version 3.1). Image sets
were processed with ImageJ and Imaris software and analyzed blinded.

Statistical analysis

Data were analyzed with GraphPad Prism 4 software. Survival and HLH
incidence curves were analyzed by using the log-rank test. All other analyses
were performed by using Student t tests or one-way analysis of variance with
posttest. Differences were considered to be statistically significant whenP, .05
(indicated as *P, .05, **P, .01, ***P, .001, and ****P, .0001).

Results

In mice, the accumulation of monoallelic mutations in HLH

genes induces manifestations of HLH

Both others and our study group have previously shown that following
LCMV infection,mice that are heterozygous for a singleHLHgene (ie,
Rab271/2 or Stx111/2 animals) do not display the features of HLH
whencomparedwithWTmice.18,19,31The same is true forPrf11/2mice
(supplemental Figure 1). To evaluate the impact of an accumulation

of monoallelic mutations along the granule-dependent cytotoxicity
pathway, we generated C57BL/6J (B6) mice carrying heterozygous
mutations in several HLH genes. By breeding perforin- (Prf12/2),
Ashen- (Rab27a2/2), and syntaxin-11–deficient (Stx112/2) mice, we
generated Rab27a1/2 Stx111/2 mice (hereafter referred to as “AS
mice”, for “Ashen syntaxin-11”), Rab27a1/2 Prf11/2 mice (“AP
mice”), and Rab27a1/2Prf11/2 Stx111/2mice (“ASPmice”). In each
of these strains, themonoallelicmutation results in half the normal level
of protein expression (supplemental Figure 2). When compared with
control (WT) B6 mice, heterozygous mice grew and developed
normally and had normal immune cell distribution (T, B, NK cells,
and APCs) in lymph nodes, thymus, and spleen (data not shown).

To determine the impact of the accumulation of monoallelic
mutations in HLH genes on immune homeostasis and susceptibility to
HLH, mice were infected with a single intraperitoneal injection of 200
plaque-forming units (PFUs) of LCMV-WE. As expected, control B6
mice survived the LCMV infection, whereas HLH progression in the
cytotoxicity-deficient Prf12/2 mice was fatal about 2 weeks post-
infection (Figure 1A), andmice had to be eliminated due to animal care
guidelines. As previously reported,18,20,31,33 the increased susceptibil-
ity inPrf12/2micewas associatedwith bodyweight loss and amarked
drop in body temperature (Figure 1B-C). The combination of
monoallelicmutations inASmice did not affect survival (Figure 1A). In
contrast, the combinations of heterozygousmutations present inAP and
ASPmice increased susceptibility to LCMV infection, because 20% to
30% of the mice in each group died around 10 days postinfection
(Figure 1A). Compared with control B6 mice, the accumulation of
monoallelic mutations in HLH genes led to sustained body weight
loss following infection (Figure 1B), whereas the body temperature
normalized rapidly in surviving mice (Figure 1C).
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Figure 2. Poly heterozygous mice for HLH-causing

genes display biological features of HLH upon LCMV

infection. Control (black bars), Prf12/2 (lightest gray

bars), Rab27a1/2 Stx111/2 (AS, light gray bars),

Rab27a1/2 Prf11 /2 (AP, medium gray bars), and

Rab27a1 /2 Prf11 /2 Stx111 /2 mice (ASP, dark gray

bars) were infected with 200 PFU of LCMV-WE. (A)

WBC counts, (B) RBC counts, (C) hematocrit, (D) Hb,

and (E) platelets counts were monitored 14 and 21 days

postinfection. Data (mean6 SEM) are representative of

3 to 4 independent experiments with at least 3 mice in

each group. Dashed lines represent normal values for

mice. *P , .05; **P , .01; ***P , .001; ****P , .0001.

Hct, hematocrit; PTL, platelets.
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In homozygous cytotoxic-deficient Prf12/2 mice, LCMV-
induced HLH is characterized by severe pancytopenia (ie, low
counts of white blood cells (WBCs), red blood cells (RBCs), and
platelets; Figure 2). In contrast, LCMV infection of heterozygous
mice was associated with leukocytosis, 2 weeks postinfection.
This leukocytosis was statistically significant, relative to control
mice, in the triple-heterozygoteASPmice (Figure 2A), and resulted
mainly from an increase in the number of circulating, acti-
vated (CD44hi Ly6Chi KLRG11) T lymphocytes (data not shown).
The leukocytosis was only transient, because normal WBC
counts were observed in all heterozygous mice 3 weeks postinfection
(Figure 2A).

Relative to control mice, doubly heterozygous AS mice did not
develop anemia 2 weeks postinfection (Figure 2B-D). Anemia was
defined as significant impairment of at least twoparameters amongRBC
counts, hematocrit, and hemoglobin (Hb) levels. In contrast, both AP
and ASP mice developed anemia (Figure 2B-D). LCMV infection was
also associatedwith thrombocytopenia in all heterozygousmice2weeks
postinfection (Figure 2E). As was observed for the WBC counts, the
changes in blood parameters seen in heterozygous mice were mostly
transient and normalized over time. In fact, only the Hb level was still

abnormally low in triply heterozygous ASP mice 21 days postinfection
(Figure 2D).

Thesedata show that the accumulationofmonoallelic defects inHLH
genes in mice is associated with (1) the transient development of clinical
manifestations of HLH after viral infection, and (2) a fatal outcome in a
small proportionof animals,with themildest phenotype seen inASmice.

The severity of the biological features of HLH increases with the

cumulative introduction of monoallelic mutations in HLH genes

To establishwhether LCMV infection of doubly or triply heterozygous
mice induced additional features of HLH, we measured several bio-
logical parameters in control, Prf12/2, and heterozygous mice. As
expected, Prf12/2 mice had high serum levels of IFN-g and the
inflammatory cytokines IL-6 and TNF-a after LCMV infection
(Figure 3A-B). Similarly, doubly and triply heterozygous mice had
high serum levels of IFN-g (Figure 3A), although the increase was
less pronounced than in Prf12/2 mice (particularly for AS mice)
(Figure 3A).Heterozygousmice still displayed elevated serum levels of
IL-6 and TNF-a 2 weeks postinfection (Figure 3B), albeit to a lesser
extent than Prf12/2mice.
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Figure 3. Accumulation of heterozygous mutations

in HLH-causing genes induces biological parame-

ters of HLH after LCMV infection. Control (black

bars), Prf12/2 (lightest gray bars), Rab27a1/2 Stx111/2

(AS, light gray bars), Rab27a1/2 Prf11/2 (AP, medium

gray bars), and Rab27a1/2 Prf11/2 Stx111/2 mice

(ASP, dark gray bars) were infected with 200 PFU of

LCMV-WE. (A) Serum IFN-g on day 8 postinfection.

(B) Serum IL-6 (left) and TNF-a (right) on day 14

postinfection. (C) MNC infiltration in liver on day 14

postinfection. (D) The percentage of CD81 among all

MNCs from the liver. (E) Fluorescence-activated cell

sorter (FACS) analysis of MNCs from liver cells gated

on CD32 CD192 NK1.12 (left). Quantification of abso-
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infection (right). (F) ASAT on day 14 postinfection. (G)

ALAT on day 14 postinfection. (H) Serum LDH on day

14 postinfection. Data (mean 6 SEM) are representa-
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One of the hallmarks of LCMV-induced HLH consists of liver
infiltration anddestruction by immune cells. The number ofMNCs, and
particularlyCD8T lymphocytes, in the liverwashigher inPrf12/2mice
than in controlmice, andevenhigher inheterozygousAPandASPmice
(Figure 3C-D). In Prf12/2 mice, LCMV infection induced massive
liver infiltration by activated macrophages, relative to controls, as evi-
denced by both relative and absolute cell counts (Figure 3E). Although
levels of inflammatorymacrophage infiltration in doubly heterozygous
AS and AP mice were similar to that observed in control mice, higher
levels were seen in triply heterozygous ASPmice, although lower than
in Prf12/2 mice (Figure 3E). Two weeks after LCMV infection, liver
damage, as evidenced by elevated serum levels of liver enzymes, was
more severe in triply heterozygous ASP mice than in control, AS, and
AP mice (Figure 3F-H). These data indicate that the accumulation
of monoallelic mutations within the granule-dependent cytotoxicity
pathway increases the risk of developing biological features of HLH,
and the number and severity of the features vary as a function of the
gene dosage.

Polygenic heterozygous mutations within the cytotoxicity

pathway partially impair granule-dependent cytotoxicity

in lymphocytes

To determine whether the development of LCMV-triggered
HLH manifestations in doubly or triply heterozygous mice was
correlated with partial defects in the granule-dependent cytotox-
icity pathway, we compared the in vitro degranulation capacities of
activated CTLs from control mice, doubly heterozygous mice (AS
and AP), the triply heterozygous ASP mouse, and a completely
cytotoxicity-deficient mouse. CTLs purified from the Rab27a2/2

Stx112/2 double KO mouse were used as a model in which
exocytosis was absent (as measured in a lysosomal-associated
membrane protein [LAMP]1 assay). The magnitude of the de-
granulation defect was similar in Rab27a2/2 Stx112/2 double KO
mice, and Rab27a2/2 and Stx112/2 single KO mice (Figure 4A). As
expected, granule exocytosis was normal in Prf12/2 mice (data not
shown).20
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Rab27a1/2 Prf11/2 (AP, medium gray bars), and

Rab27a1/2 Prf11/2 Stx111/2 mice (ASP, dark gray

bars) were activated in vitro. Degranulation capacity

was assessed upon re-stimulation with anti-CD3

antibody after 5 days of culture. (A) Graphs show the
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Compared with control CTLs, CD8 T cells fromAS and ASPmice
displayed an impairment in CD8 T-cell degranulation, albeit to a lesser
extent than the KO mice (Figure 4A). These findings indicate the
presence of residual granule secretion in the heterozygous mice. As
expected, CD8 T cells from AP mice, which carry a monoallelic
mutation in Rab27a, displayed normal degranulation (Figure 4A).
Thus, monoallelic mutations in the cytotoxicity pathway do not
significantly impair the exocytosis of lytic granules upon CTL
activation in vitro; this observation correlates with the absence of
HLH manifestations in vivo after LCMV infection. It is noteworthy
than CD8 T cells from AS and ASP mice displayed a lower LAMP1
mean fluorescence intensity than control mice, suggesting a decrease
in the number of lytic granules secreted per cell upon T-cell receptor
activation (Figure 4B-C). The impaired degranulation of CD8 T cells
fromAS andASPmice did not appear to be a consequence of impaired
T-cell activation, because similar levels of activation markers (CD44
and CD62L) were simultaneously expressed in all cases (data not
shown).

Given that a combination of monoallelic null mutations in Rab27a
and Stx11 partially impaired the exocytosis of lytic granules, we next
sought to determine whether the impaired degranulation capacities in
AS and ASP CD8 T cells were correlated with alterations in lytic
granule dynamics at the immune synapse. To this end, we used TIRF
microscopy to analyze and compare the behavior of lytic granules in
CD8 T cells from WT mice, doubly heterozygous mice (AS and AP),
triply heterozygous mice (ASP), and the Rab27a2/2 Stx112/2 double
KOmouse. The T cells were placed on anti–CD3-coated coverslips. A
16-hour pulse with fluorescent-labeled WGA specifically labeled the
lytic granules and thus enabled their visualization with real-time video
microscopy.32 As expected, the vast majority of lytic granules from
control CTL displayed a constrained movement in the TIRF area
(Figure 4D-E). In contrast, most of the lytic granules from Rab27a2/2

Stx112/2 CD8 T cells were highly mobile, as evidenced by a greater
mean displacement than controls (Figure 4D-E). These results indicate
that the docking of lytic granules with the plasma membrane was
defective, and agree well with previous reports on the regulatory roles
of Rab27a (docking) and Stx11 (tethering/fusion) in late degranula-
tion.1 The accumulation ofmonoallelicmutations inRab27a and Stx11
(in AS and ASP mice) partially impaired the docking of lytic granules
with the plasmamembrane, because themeandisplacementwasgreater
than for control cells but lower than for Rab27a2/2 Stx112/2 cells
(Figure 4D-E). The presence of a monoallelic mutation in Prf1 had no
additional effect. These in vitro results show that the accumulation of
monoallelic mutations in Rab27a and Stx11 impair lytic granule
dynamics and degranulation in activated CTLs.

To determine whether the transient development of HLH manifes-
tations observed in doubly and triply heterozygous mice (Figures 1-3)
were indeed correlatedwithdefective in vivo cytotoxicity,we indirectly
evaluated cytotoxic effector function in CD8 by measuring LCMV
viral titers in the liver 14 and 21 days postinfection. Indeed, as
previously shown, CTLs play a key role in LCMV clearance.22,34

Whereas control B6 mice were able to fully control LCMV repli-
cation, Prf12/2 mice were unable to clear the virus and had high
LCMV titers 14 days postinfection (Figure 5A). Compared with
control mice, doubly heterozygous mice (AS and AP) and triply
heterozygous mice (ASP) cleared the virus more slowly (Figure 5A),
suggesting that the accumulation of monoallelic mutations in HLH
genes partially impairs CTL cytotoxic activity and delays viral
clearance.

Recently, both others and our study group highlighted an im-
munoregulatory role for NK cytotoxicity in restraining CTL hy-
peractivation and preventing HLH immunopathology.22,35,36 To
determine whether the accumulation of heterozygous mutations
in HLH genes impaired NK cytotoxicity in vivo, we assessed
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cytes in mice carrying heterozygous mutations

in several HLH-causing genes. Control (black

bars), Prf12/2 (lightest gray bars), Rab27a1/2 Stx111/2

(AS, light gray bars), Rab27a1/2 Prf11/2 (AP, medium

gray bars), and Rab27a1/2 Prf11/2 Stx111/2 mice

(ASP, dark gray bars) were infected with 200 PFU of

LCMV-WE. (A) LCMV titers in the liver of infected mice

14 and 21 days postinfection. Data (mean 6 SEM) are

representative of 3 to 4 independent experiments with

at least 3 mice in each group. Control (black bars), Prf12/2

(lightest gray bars), Rab27a1/2 Stx111/2 (AS, light

gray bars), Rab27a1/2 Prf11/2 (AP, medium gray bars),

and Rab27a1/2 Prf11/2 Stx111/2 mice (ASP, dark
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NK-cell–dependent cytotoxicity against b2m-deficient cells. To this
end, we differentially labeled control and b2m-deficient splenocytes
with two fluorescent dyes and transferred them to control mice,
doubly heterozygous mice (AS and AP), triply heterozygous mice
(ASP), and a completely cytotoxicity-deficientPrf12/2mouse. Sixteen
hours later, we quantified the presence of control and b2m-deficient
splenocytes in the spleen. In AS, AP, and ASP mice, we observed a
gradient of NK cytotoxic impairment, ranging from the absence of an
impairment relative to controls (in AS mice) to a severe defect (in
ASPmice) (Figure 5B-C). These results show that the accumulation of
monoallelic mutations in HLH genes reduces the cytotoxic activity of
both CTLs and NK cells, in strong correlation with the development
of HLH manifestations. Taken as a whole, our data suggest that a
minimum threshold of lymphocyte cytotoxicity is required to maintain
immunehomeostasis andprevent the onset ofHLH immunopathology.

Discussion

In humans with HLH, the cytotoxicity defect resulting from biallelic
disruptive mutations in one of the HLH-related genes leads to a similar
full-blown syndrome, although the distribution of ages at HLH onset
differs significantly according to the affected gene.20,23 The clinical and
functional impact of cumulative monoallelic mutations in these genes
has not beenwell characterized. This question is becoming particularly
important, given the growing number of sporadic and adult cases of
HLH carrying heterozygous mutations in one or several of the HLH-
related genes.37,38 The present results demonstrate that in well-defined
murine models, the accumulation of partial genetic defects in the
granule-dependent cytotoxicity pathway increases the likelihood of
developing HLH.

Most of the manifestations that characterize full-blown HLH in
homozygous, cytotoxic-deficient mutant mice, were observed in the
triply heterozygous ASPmutant. However, in ASPmice, these man-
ifestations were less severe than in homozygous, perforin-deficient
mice and were transient in the surviving mice, but nevertheless were
typical features of murine HLH. Double heterozygotes for Rab27a1/2

and Prf11/2 (AP mice) or for Rab27a1/2 and Stx111/2 (AS mice)
displayed intermediate HLH patterns, although the features of HLH
were more numerous and more intense in AP mice than in AS mice.
Hence, in contrast to singly heterozygous Rab27a1/2, Stx111/2, or
Prf11/2 mice, which have the same phenotype as WT mice, partial
defects in effectors of lymphocyte cytotoxic activity had cumulative
effects on the development of HLH with an ordered hierarchy
(Rab27a1/2 Stx111/2 Prf11/2 (ASP) . Rab27a1/2 Prf11/2 (AP) .
Rab27a1/2 Stx111/2 (AS). Rab27a1/2, or Stx111/2 or Prf11/2 or
WT). The observation that HLH was more severe in AP mice than in
AS mice fits well with the relative severity previously reported for
homozygous perforin vs syntaxin-11 KO mice.20,23

Studies of T and NK lymphocytes from the various mutants further
illustrated the cumulative functional impact of half-doses of key ef-
fectors in the granule-dependent cytotoxicity pathway. The observed
reduction in the number of cytotoxic granules stably docking at the
immune synapse suggests that both Rab27a and syntaxin-11 mediate
key steps in granule exocytosis that precede fusion of the granule with
the plasma membrane.1 Although Rab27a and syntaxin-11 do not
interact directly, the accumulationof limiting effects at distinct steps has
a significant impact on overall function. In vivo, the cumulative impact
of the partial genetic defects in the granule-dependent cytotoxicity
pathwaywas alsomanifestwhen observing the activity ofNK cells and
the clearance of LCMV.

It is important to note that two major clinical and biological
differences between mice with homozygous mutations and mice
with combinations of heterozygous mutations were observed. Firstly,
although doubly and even triply heterozygous mutants can clear
LCMV, a certain proportion of the animal died postinfection. In
contrast, homozygous Stx112/2 mice do not clear the LCMV but
always survive.18,20 Weaker disease progression in Stx112/2 mice
was related to exhaustion of Stx11-deficient T cells,18 ie, a protective
process that may not occur in heterozygous mutants. Secondly,
circulating WBC counts, and especially T-lymphocyte counts, were
elevated 2 weeks after LCMV infection in doubly or triply hetero-
zygous mutants but not in homozygous mutants. This could be
related to partial effectiveness of LCMV clearance by residual T-cell
cytotoxicity. In the doubly or triply mutants, elimination of the virus
likely protects from T-cell exhaustion and therefore not from T-cell–
related immunopathology. Thus, in the context of LCMV infection,
the intensity of the lymphocytes’ cytotoxic response must be
balanced between clearance of the virus on one hand and protection
against immunopathology driven by excessive T-cell activation on
the other hand.

The present study shows that an accumulation of half-doses of
key effector molecules in the granule-dependent cytotoxicity path-
way creates quantitative traits and prompts qualitative changes in cell
behavior. When the accumulation of heterozygous gene mutations
exceeds a certain threshold, as in the triply heterozygous ASP mice,
HLH immunopathology occurs. This sensitivity to gene dosage has
several implications for human disease. Firstly, the cumulative ef-
fects of mutations in different genes may characterize the genetic
predisposition to rare diseases such as HLH, and might account for
“secondary” forms of this syndrome. Some monoallelic mutations
may alsopotentially act in a dominant-negativemanner.39 It is probably
too early to be able to appreciate the exact relevance of polygenic
inheritance in the secondary forms of HLH. Few retrospective studies
reported in some patients the presence of deleterious monoallelic
mutations in one or two HLH genes, among the few analyzed.30,40

Besides, there is no evidence of an increase in rare, putatively path-
ogenic monoallelic variants in HLH-associated genes in secondary
HLH patients so far analyzed.41 Prospective studies analyzing the
different HLH-related genes systematically and the combination of
the genes’ variants in large cohorts of secondary HLH patients, should
help in evaluating the contribution of this genetic mechanism in
conferring a greater risk in developing HLH.

Secondly, the gene dosage effect suggests that the addition of
monoallelic mutations in genes within this pathway, and possibly in
other pathways that are involved in inflammatory processes, could
increase an individual risk of developing HLH. It is noteworthy that
genetic defects in IL-10 and Myd88 were shown to promote disease
development inmurinemodels of HLH.42,43 Such features have not yet
been analyzed in humans. The presence of activating mutations in the
nucleotide-binding domain of the inflammasome component NLRC4
was recently found to be associated with recurrent HLH in several
patients.44-46 Similarly, hemizygous XIAP mutations, which cause an
inherited form of HLH in humans, were shown to result in excessive
inflammasome activation inmice.47 The synergistic effects of these and
other candidate genes on the occurrence of HLH should be further
tested in murine models. Indeed, murine models of HLH are useful
tools for evaluating the risk of disease development under defined
genetic and environmental conditions. In humans, the nature of the
mutation (null vs hypomorphic), the nature and time of exposure to
infectious or inflammatory HLH triggers, and the potential existence of
underlying immune disease (such as autoimmunity and lymphoma)
make it difficult to predict the risk of HLH in a given individual.
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Nevertheless, themurinedata reportedhereargue infavorof apolygenic
model for the development of secondary HLH. The occasional reports
of heterozygous mutations in secondary HLH are consistent with this
model.26,30 Besides HLH immunopathology, a partial decrease in cyto-
toxicity resulting from the accumulation of heterozygous mutations in
HLH genes may predispose to cancers, as reported in patients with
biallelic hypomorphicmutations24,48,49 or recently, in relativesof patients
withprimary formsofHLH.50Moregenerally, thepresent results indicate
that the cumulative effects of severalweak alleleswithin a givenpathway
or converging pathwaysmay characterize an individual’s genetic predis-
position to complex diseases.
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