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Griscelli syndrome type 2 is caused by mutations in the RAB27A gene and is a rare and
potentially fatal immune disorder associated with hemophagocytic lymphohistiocytosis
(HLH). Animal models could provide assistance for better understanding the mechanisms
and finding new treatments. Rab27a-deficient (ashen) mice do not spontaneously develop
HLH. When injected with lymphocytic choriomeningitis virus (LCMV) strain WE, Rab27a-
deficient C57BL/6 mice developed wasting disease, hypothermia, splenomegaly, cytopenia
(anemia, neutropenia and thrombocytopenia), hypertriglyceridemia and increased levels
of IFN-y, TNF-a, GM-CSF, IL-12, CCL5 and IL-10. Activated macrophages with hemophago-
cytosis were found in liver sections of these mice. Compared with perforin-deficient mice,
LCMV-infected Rab27a-deficient mice showed a substantially better survival rate and
slightly higher viral doses were needed to trigger HLH in Rab27a-deficient mice. This study
demonstrates that LCMV-infected Rab27a-deficient C57BL/6 mice develop features
consistent with HLH and, therefore, represent a murine model of HLH in human Griscelli
syndrome type 2.
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Introduction

Griscelli syndrome type 2 (OMIM no. 607624) is an autosomal
recessively inherited, rare immune disorder associated with
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hypopigmentation [1]. Mutations in the gene encoding the small
GTPase Rab27a are responsible for Griscelli syndrome type 2 [2]
and the corresponding mouse model, Rab27a®" mice [3].
Rab27a-deficiency causes transport defects of cytotoxic granules,
which lead to impaired cytotoxicity [4] and are associated with an
uncontrolled, T-lymphocyte and macrophage activation syndrome
and production of large quantities of cytokines, including IFN-y,
IL-6, IL-18, TWEAK and TNF-o [5-8]. Hypercytokinemia and cell
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Figure 1. Susceptibility to LCMV and hypercytokinemia upon LCMV injection of Rab27a~/~ mice. Survival of (A) Rab27a~/~ and (B) pfp /™ mice after
injection of different doses of LCMV. Black triangles indicate mice injected with 100 PFU LCMV; gray circles, 500 PFU; black diamonds, 1 x 10*PFU;
and white squares Rab27a*/~ (A) or wt (B) injected with 100, 500 or 1 x 10*PFU, data are shown for 100 PFU but the same result was obtained for 500
and 1 x 10*PFU. Data shown in (A) and (B) are pooled from two to three independent experiments as specified in (C), survival rate in Rab27a~/~
mice was higher than in pfp~~ mice after injection of the different LCMV doses (p<0.05). Serum levels of IFN-y in (D) Rab27a~~ and (E) Rab27a*/~
(control) mice, as determined by ELISA, at various times after injection of different doses of LCMV. Black triangles indicate mice injected with
100 PFU LCMYV; gray circles, 500 PFU; and black squares, 1 x 10* PFU. Mean + SD of duplicate measurements of six mice per group are shown. Serum
levels of (F) TNF-o, GM-CSF, IL-12 p40, IL-12 p70, CCL5 and IL-10 in Rab27a~/~ (gray bars) and Rab27a*/~ mice (white bars) 13 days after injection of
500 PFU LCMYV, as determined by Multiplex cytokine measurements. Data are representative for two independent experiments with at least four
mice per group and are shown as mean+SD. *p<0.05, ***p<0.001.
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Figure 2. LCMV-infected Rab27a~/~ mice display clinical and laboratory features of HLH. (A) Body weight and (B) body temperature of Rab27a ™/~
(gray circles) and Rab27a™~ (white squares) mice after injection of 500PFU LCMV. Serum levels of (C) triglycerides and (D) aspartate

aminotransferase (ASAT) in Rab27a™/~ (gray bars) and Rab27a*/~ (white bars) mice 13 days after injection of 500PFU LCMV. Mean+SD of
measurements in at least four mice per group are shown. (E) Spleen (upper panel) and liver (lower panel) weights in mice after injection of 500 PFU
LCMV. White circles represent measurements in Rab27a*/~ (control) mice, either uninfected or on day 13 after LCMV injection; gray circles
Rab27a /" either uninfected or on days 13, 18-25, 35 and 70 after LCMV injection. The horizontal lines represent mean of organ weights. (F) Blood
hemoglobin level, thrombocyte and neutrophil granulocyte counts in Rab27a*/~ (control) mice (white bars) and in Rab27a~/~ mice (gray bars) on
day 13 after injection of 500 PFU LCMV. Mean+SD of measurements in five mice per group are shown. Lines correspond to normal values in C57BL/

6] wt mice given in the book by Metcalf [14]. *p<0.05, **p<0.005.

infiltration of organs lead to the clinical and laboratory features
of hemophagocytic lymphohistiocytosis (HLH) such as fever,
splenomegaly, cytopenia, hyperferritinemia, hypofibrinogenemia
and hypertriglyceridemia [9]. HLH in patients with Griscelli
syndrome type 2 can be fatal and current treatment can have
serious side effects. HLH can also be observed in patients
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who do not have any of these known, inherited defects;
these acquired forms of HLH can occur in patients suffering
from severe infections, malignancies and autoimmune, auto-
inflammatory or rheumatic diseases [10, 11] but may not have
the very high fatality rate characteristic of the inherited forms
of HLH.
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Figure 3. LCMV-infected Rab27a~/~ mice display histologic features of
HLH. Rab27a*/~ and Rab27a~/~ mice were infected with 500 PFU LCMV
and 13 days later the indicated tissues were isolated and stained.
Spleen sections stained with H&E of (A) a Rab27a™/~ (control) mouse
with preserved anatomical architecture (r=red pulp, m = marginal
zone and w = white pulp) and (B) a Rab27a~/~ mouse with disorga-
nized anatomical architecture and substantially enlarged spleen
(original magnification x 2.5 for both panels). Liver sections, H&E
stained, of (C) a Rab27a™~ (control) mouse and of (D) a Rab27a™/~
mouse with periportal infiltrates (black arrow) and intraparenchymal
infiltrates (white arrows) (original magnification x 10). (E) Detail of (D),
white arrows indicate intraparenchymal lymphocytic infiltrates
(original magnification x 63). Liver sections of a Rab27a~/~ mouse
stained (in red) with (F) an anti-macrophage antibody (arrows indicate:
H =nucleus of hepatocyte, M = nucleus of macrophage, P = phagocy-
tosed cell, the combination of M and P indicating hemophagocytosis),
(G) anti-LCMV and (H) anti-CD3 antibodies (original magnification
x 100). Bone marrow sections, H&E stained, of (I) a Rab27a*/~ (control)
mouse and (J) a Rab27a~/~ mouse (original magnification x 25). Light
microscopy was performed using Axioplan 2 microscope (Zeiss), a
QICAM Fast 1394 camera and Qcapture software (Qimaging). Image
processing (i.e. uniform adjustment of brightness of all images without
altering any features, and addition of labels) was done with Adobe
Photoshop CS.
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Animal models could provide assistance for better under-
standing the mechanisms of HLH and finding new treatments.
Although it is known that C57BL/6J-Rab27a*"/J (Rab27a~"")
mice have an impaired cytotoxicity, it has not been described so
far whether they develop HLH [12, 13]. Infections can trigger
HLH. The present study was conducted to investigate whether
lymphocytic choriomeningitis virus (LCMV)-infected Rab27a~"~
mice would develop HLH and could therefore be considered a
murine model of HLH in Griscelli syndrome.

Results and discussion

LCMV-infected Rab27a~/~ mice display clinical and
laboratory features of HLH

We investigated whether LCMV strain WE (LCMV WE)-infected
Rab27a’~ mice would display the clinical and laboratory
features required for the diagnosis of human HLH such as fever,
splenomegaly, cytopenias and hemophagocytosis. After LCMV
injection, Rab27a”~ mice showed worsening of the general
condition and one out of six mice receiving 100 or 1 x 10*PFU
and one out of eight receiving 500 PFU died; as a control,
perforin™
out of ten mice receiving 100PFU LCMV, five out of nine
receiving 500PFU and two out of eight receiving 1 x 10*PFU
died (Fig. 1A-C). IFN-y serum levels were increased in Rab27a™"~
mice, 6-13 days after LCMV injection and decreased below
detection limit on day 22 while Rab27a*/~ (control) mice
showed a moderate peak on day 6 (Fig. 1D and E). IFN-y levels
were higher in those Rab27a™/~ mice that had been injected with
500 PFU LCMV than in those receiving a higher (1 x 10* PFU) or a
lower dose (100 PFU). We considered that 500 PFU represented a
viral dose that was high enough to efficiently elicit an immune
reaction as based on IFN-y serum level and, therefore, this viral

~ mice were infected with the same viral doses and ten

dose was used for further experiments. Increased serum levels of
macrophage-dependent cytokines TNF-o, GM-CSF, IL-12 and
predominantly T-cell-dependent cytokines (additionally to IFN-y)
such as CCL5 and IL-10 were detected in Rab27a~~ mice when
compared with heterozygous littermates 13 days after injection of
500 (as in L36.) PFU LCMV (Fig. 1F). These values normalized
with time (data not shown). Clinically, Rab27a~’~ were visibly
more ill than control mice, as assessed by observation of scrubby
fur from day 7 post-LCMV injection on, lethargy (reduced
mobility, reduced defense reactions) and loss of color in the
padding of the front and rear paws on about days 8-20. Weight
loss was observed in both, Rab27a~/~ and control mice, in the
second week after LCMV injection. Within the third week, control
mice regained weight whereas Rab27a "~ mice were still loosing
weight (Fig. 2A). Rab27a /™ mice started to regain body weight
about 5wk after LCMV injection but did not catch up with the
weight of the littermates. Control mice were febrile 6-8 days after
LCMV injection and had normal to slightly elevated body
temperature thereafter. In contrast, Rab27a~/~ mice became
febrile about 2 days later and were hypothermic thereafter. Their
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body temperature normalized 7wk after LCMV injection
(Fig. 2B). Increased serum levels of triglycerides and liver

transaminases were also found in Rab27a~/~

mice 13 days after
LCMV injection when compared with heterozygous littermates
(Fig. 2C and D). Splenomegaly, a slightly increased liver
size and lymphadenopathies were observed in mice that were
18, 21 and 25 days after LCMV injection

(Fig. 2E and data not shown) while the organ sizes tended to

analyzed 13,

return to normal afterwards (days 35 and 70). Severe pancyto-
penia was observed in Rab27a~/~ mice 13 days after LCMV
injection whereas control mice had hemoglobin levels
and thrombocyte counts at the lower limit of the normal range
and neutrophilia (Fig. 2F).

LCMV-infected Rab27a~/~ mice display histopathologic
features of HLH

Histopathological changes consistent with HLH were present in
Rab27a~/~ mice 13 days after LCMV injection whereas they were
absent in Rab27a*/~ mice infected with the same viral dose and
sacrificed also on day 13. While the splenic architecture was
preserved in LCMV-infected Rab27a*/~ control mice, since red
pulp, marginal zone and white pulp were identifiable, the
anatomical structure was completely disorganized with lost
distinction between red and white pulp in Rab27a "/~
(Fig. 3A and B). The main histopathological changes in the liver
of Rab27a™~ mice 13 days after LCMV injection were
periportal lymphocytic infiltrates and intraparenchymal lymphocy-
tic infiltrates (Fig. 3C-E). The latter consisted not only of
lymphocytes but also of macrophages that had engulfed
lymphocytes (i.e. hemophagocytosis) as revealed by immunohisto-
chemistry (Fig. 3F). Additionally, these clusters contained cells

mice

that were positively stained for LCMV-antigen that were surrounded
by T cells (Fig. 3G and H). These pathological changes in the
liver were absent in Rab27a™/~ control mice 13 days after injection
of the same LCMV dose. Bone marrow sections showed hypoplasia
in Rab27a~/~ mice, while bone marrow cellularity was preserved
in Rab27a™~
(Fig. 3I and J).

In summary, LCMV-infected Rab27a /"~ mice developed a severe
wasting disease, change in body temperature, splenomegaly,
hypertriglyceridemia and pancytopenia. =~ Hemophagocytosis
(macrophages that had engulfed other blood cells, namely
lymphocytes) was found in liver sections. These features correspond

control mice 13 days after LCMV injection

to the diagnostic criteria of human HLH. Additionally, also relevant
to human HLH in Griscelli syndrome, mice showed hypercytokine-
mia. In contrast to humans, who suffer from fever and develop
hypothermia mostly only permortem, mice had hypothermia even if
recovering later on. However, the pathophysiological importance of
this difference is difficult to interpret. While this is the first report of
HLH in LCMV WE-infected Rab27a /" mice, other investigators
have described some features of HLH in perforin-, Unc13-d- (the
mouse orthologue to human Muncl3-4) and SAP-deficient mice
infected with the LCMV strains WE and Armstrong [15-17]. Similar

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to Uncl3d™~, Rab27a™’~ mice showed a transient, mostly non-
lethal course of the disease. In contrast to Uncl13d™~ mice that
developed neutrophilia on day 12 after LCMV Armstrong-infection,
which does not correspond to the diagnostic criteria in human HLH,
LCMV WE-infected Rab27a/~ mice were neutropenic at this time
and went through a transient neutrophilia 3 wk later (not shown).
Compared with perforin™~, Rab27a~~ mice showed better survi-
val rates. This may correspond to the situation in humans, since
HLH onset occurs later in patients with Rab27a-deficiency than in
those with perforin-deficiency. This may be related to a residual
cytotoxic function of Rab27a-deficient lymphocytes as suggested by
studies showing in some conditions, a residual cytotoxic function of
Rab27a-deficient T and NK cells [2, 18, 19]. A residual cytotoxic
activity may be sufficient to deal with some but not all (especially
persistent) infectious agents.

Concluding remarks

LCMV-infected Rab27a™/~ mice developed
features that correspond to the diagnostic criteria of human
HLH. Thus, the present study describes a murine model of HLH in
Griscelli syndrome. HLH in humans is a potentially fatal disease

In conclusion,

and current treatment can have serious side effects. Because of
survival of HLH, LCMV-infected Rab27a /" mice represent a
useful model to study the pathophysiology of HLH in more detail,
including the role of dendritic cells, macrophages, NK and T cells.
Additionally, this model could be wuseful for preclinical
studies of differences
groups of future
human HLH.

between treatment and placebo

treatments for inherited and acquired

Materials and methods

Mice

C57BL/6J-wt, C57BL/6J-Prf1™%/J (pfp~”~) and C3H/HeSn-
Rab27a®"/] mice were purchased from The Jackson
Laboratory. C57BL/6J-Rab27a®"/J (Rab27a~"~) were obtained
by backcrossing C3H/HeSn-Rab27a®"/J with C57BL/6J-wt
mice for ten generations. All mice were housed under specific
pathogen-free conditions. Mice were maintained and handled
in accordance with all relevant national and institutional
polices. Body temperature was measured using a rodent rectal
thermometer (BIOSEB).

Virus

LCMV WE [20], kindly provided by Professor Maries van den
Broek and Professor Rolf Zinkernagel (University of Ziirich,
Switzerland), was injected intraperitoneally to 6-8 wk-old pfp~/~
and 6-14 wk-old Rab27a "~ mice.
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Blood counts and cytokines

Blood counts were determined using the MS 9-5V automated cell
counter (Melet Schloesing Laboratories). IFN-y levels were
determined using an ELISA kit (R&D Systems), the other
cytokines by Bio-Plex custom-mixed immunoassays (BioRad
Laboratories) run on a Bioplex 200 System.

Immunohistochemistry

Immunohistochemistry was performed using AEC Cell and Tissue
Staining Kits (R&D Systems) on formaline-fixed, araffine-
embedded sections with monoclonal rat IgG,, anti-mouse
macrophage F4/80 antigen or on 4% paraformaldehyde-fixed
cryosections incubated with monoclonal rat IgG; anti-CD3
(Serotec AbD) or biotinylated KL-25 mouse monoclonal IgG;
anti-LCMV WE GP-1 at 4°C overnight. Counterstaining was
performed with hematoxylin. The KL-25 hybridoma was kindly
provided by Professor Michael Buchmeier (Scripps Research
Institute, USA) in agreement with Professor Demetrius Mosko-
phidis (Medical College of Georgia, USA) [21].

Statistical analysis

Statistical hypothesis testing was performed with Prism version 4
for Macintosh (Graphpad) using two-tailed T-tests. Survival
curves were compared using the log-rank test.
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