








were less severe than in ashen or PKO mice and pearl mice
recovered from the disease without any treatment. Thus, pearl mice
had regained body weight and normalized ear temperature, leukocyte
counts, and serum levels of ferritin, sCD25, and IFN-g but retained
some thrombocytopenia and splenomegaly at d12 after infection
(supplemental Figure 1; see the Blood Web site). Of note, the
additional heterozygous Rab27amutation did not enhance any of the
disease parameters in pearl mice.

Recovery from HLH in pearl mice is associated with eventual

virus elimination

In our recent study in mouse models of CHS, we found that HLH
manifestations were associated with the persistence of LCMV.17

We therefore analyzed virus elimination kinetics in the different
strains in spleen, liver, and lung. Splenic viral titers were com-
parable in wild-type, pearl, and PKO mice at day 4 after infection
(Figure 4A). However, although wild-type mice had almost
eliminated the virus by day 8 after infection, pearl and pearl-ash1/2

mice retained a virus load that was similar to that of ashen and PKO
mice (Figure 4A). At this time point, spread of LCMV to lungs and
livers was observed in all mutant mice (Figure 4B). Interestingly,
determination of viral titers on day 12 after infection revealed that
pearl and pearl-ash1/2 mice had eliminated LCMV below
detection limit in all investigated organs, whereas ashen and PKO
mice developed long-term virus persistence (Figure 4A-B). Thus,
the presence of HLH correlated with loss of virus control in these
cytotoxicity mutants as well.

Pearl CTL have a defect in degranulation and cytotoxicity that

contributes to delayed virus control

Pearl mice show a number of immunological defects, including
lack of NKT cells, defects in antigen presentation, and impaired
cytotoxicity in vitro.29-33 To determine whether reduced cytotoxicity
was a critical factor for the impairment of virus control and de-
velopment of HLH, we analyzed the capacity of pearl CTL to
degranulate and to lyse LCMV-infected target cells in vitro and to
control LCMV infection in vivo. Eight days after infection with
LCMV, pearl CTL showed a moderate but significant reduction in
degranulation in response to the immunodominant LCMV gp33
peptide compared with wild-type C57BL/6 mice (Figure 5A-B). This
degranulation defect was reflected in a reduced ex vivo cytotoxicity
on LCMV-infected target cells (Figure 5D, left), which was more
pronounced when CTL activity was analyzed on target cells loaded
with a limiting concentration of gp33 peptide (10210 M; Figure 5D,
right). We then transfused MACS-purified activated CTL from pearl
or C57BL/6 control mice into mice that had been infected with 104

pfu LCMV 10 hours earlier and determined virus titers in the spleen
after additional 18 hours. In this short-term protection assay, virus
control depends on perforin-mediated cytotoxicity.26 While trans-
fusion of activated wild-type CTL could clear the infection in this
short-term assay, pearl CTL were not able to fully control the virus
(Figure 5C). These data indicated that the CTL cytotoxicity defect
contributed to the lack of virus control.

Pearl CTL are phenotypically and functionally altered on

d8 after LCMV infection but regain functionality after

virus elimination

We have recently shown in a mouse model of FHL-4 that HLH
in cytotoxicity mutant mice is accompanied by characteristic phe-
notypic and functional alterations of virus-specific CD81 T cells.20

We therefore analyzed the production of intracellular IFN-g upon
gp33 stimulation of spleen cells obtained on days 8 and 12 after
LCMV infection. On day 8 after infection, the total frequency of IFN-
g2producing CTL was similar (data not shown), but the relative
frequency of IFN-ghigh CD81 T cells was lower in pearl and PKO
compared with control mice (Figure 6A). Moreover, the fraction of
cells expressing TNF-awas reduced in the 2 mutant strains compared
with control mice (Figure 6B). However, at day 12 the staining pat-
tern for both cytokines returned to normal in pearlmice, whereasPKO
CTL remained less responsive to antigen stimulation (Figure 6A-B). A
similar pattern was observed when we analyzed the differentiation
phenotype of CD81 T cells. On day 8, pearl CTL resembled PKO
CTL with a reduced fraction of KLRG11CD1272 cells (Figure 6C)
and of CD44hiCD62lo cells (Figure 6D), whereas at day 12 after
infection the phenotype of pearlCTL resembled that ofwild-typeCTL
(Figure 6C-D). Thus, the altered phenotype was linked to virus control
and was transient in pearl CTL, whereas it persisted in PKO CTL.

HPS2 patients have a moderate risk of developing HLH

The findings in the pearl mouse model suggested that because of
a less-severe defect in cytotoxicity, the risk of developing HLH is
lower and episodes are less severe than in other cytotoxicity mutants.
To assess the risk of HLH in human HPS2 patients, we performed
a survey of all 12 so-far published patients with HPS2 and 10
additional, previously unreported patients (Table 1). For 5 patients,
we had to rely on the information given in the published report2,7,14;
for all other patients, a 2012 update on the clinical evolution of the
disease was provided. The mean age at last follow-up was 10.6 years

Figure 4. Pearl mice show a delay in virus control. C57BL/6, pearl, pearl-ash1/2,

ashen, and PKO mice were infected with 200 pfu of LCMV-WE and (A) virus titer in

spleens were determined on days 4, 8, and 12 after infection. (B) Days 8 and 12 virus

titers are shown for lung and liver. The means and the SDs are indicated. Graphs

show pooled data of 2 independent experiments with 3-4 mice per group. For ashen

mice data of 3 mice obtained in 2 different experiments are shown. The dashed lines

indicate the detection limit.
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(range, 1.25-30 years) and the overall observation covered 234
patient years. There were 5 sibling pairs, 6 patients had compound
heterozygous mutations, and 16 had homozygous mutations. All

but 1 patient had neutropenia; 12 received granulocyte-stimulating
colony factor (G-CSF) therapy. Eighteen patients had recurrent
bacterial and viral infections, most of which affecting the respiratory

Figure 5. CTL of pearl mice are impaired in

degranulation and cytotoxicity. CTL from C57BL/6,

pearl, ashen, and PKO mice were analyzed 8 days

after infection with 200 pfu of LCMV-WE. Degranula-

tion of LCMV-specific CTL was analyzed after in vitro

restimulation with the gp33 peptide. (A) Representa-

tive fluorescence-activated cell-sorting plots gated on

CD31CD81 lymphocytes are shown. Numbers indicate

the percentage of CD107a1 cells among gp33-specific

IFN-g1 CTL. (B) Frequencies of CD107a1 cells of IFN-

g1CD81 T cells were analyzed. Pooled data from 3

independent experiments are shown. ***P , .001 (C)

Wild-typemice were infected with 104 pfu LCMV. Then,

10 hours later they were adoptively transfused with 2 3

106 isolated day 8 splenic CTL of either wild-type or

pearl mice and after additional 18-hour splenic virus

titers were analyzed. Pooled data from 2 independent

experiments with 3-4 mice per group are shown. The

dashed line indicates the detection limit. Nil indicates

without transfer. (D) Ex vivo cytotoxicity was tested in

a 5-hour 51chromiumrelease assay on either LCMV-

infected MC57 target cells (left) or gp33 peptide-loaded

EL-4 target cells (right). Results from 1 of 2 in-

dependent experiments with 3 mice per group are

shown.

Figure 6. Function and phenotype of pearl CTL at different time points after infection. (A, B) Cytokine production of C57BL/6, pearl, and PKO CTL was analyzed by flow

cytometry on days 8 and 12 after infection with 200 pfu of LCMV. CTL were stained for (A) IFN-g and (B) TNF-a production after peptide stimulation in vitro. Representative

FACS plots are shown at the top and (A) frequencies of IFN-ghi cells among IFN-g1 CD8 T cells and (B) frequencies of TNF-a1 cells among CD8 T cells are shown at the

bottom. Surface expression of (C) KLRG1 and CD127 and (D) CD44 and CD62L on CTL are depicted as representative FACS plots (top) and frequencies are shown (bottom).

Representative data from 1 of 2 independent experiments with 3-4 mice per group are shown. For IFN-g and TNF-a (day 8) pooled data from two independent experiments are

shown. n.s. indicates not significant (P . .05); *P , .05; **P , .01; ***P , .001.
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tract. Eleven of 20 patients, where this information was available, had
clinically relevant episodes of bleeding, and 9 of 18 patients had
evidence of lung fibrosis.

Apart from the reported patient with lethal HLH,5 one other
patient could be identified who developed 2 transient episodes
fulfilling 5 of 8 HLH criteria. Two further patients had spontaneously
resolving episodes of fever and cytopenia in association with varicella
and CMV infections that did not fulfill the diagnostic criteria but
may have represented incomplete manifestations of HLH.6,7 Of
the 5 reported deaths in HPS2 patients, 1 was from HLH, 2 from
pneumonia in the context of lung fibrosis and 2 after accidents. In 4
patients without any HLH-related symptoms, asymptomatic serocon-
version to Epstein-Barr virus, a known strong trigger for HLH, was
documented. At least one immunological test addressing NK-cell or
CTL cytotoxicity, NK-cell, or CTL degranulation was available from
16 patients. The experimental protocols including local reference
values varied from laboratory to laboratory. However, abnormal
findings in at least one of these tests were reported in all 16 patients.
We also restudied 3 patients with our previously evaluated stan-
dardized panel of diagnostic tests.27 In these in vitro tests, they showed

degranulation abnormalities that were similar to that of patients with
CHS or GS2 (supplemental Figure 2). Overall, despite a significant
degranulation and cytotoxicity defect, human HPS2 appears to confer
only a limited risk for developing HLH.

Discussion

HPS2 is a rare genetic disorder of lysosomal trafficking with clinical
manifestations in several organ systems.2,5-7,11-14 As for other subtypes
of HPS, affected patients have a diathesis toward bleeding as the result
of a platelet storage pool deficiency34 and a risk of lung fibrosis as the
result of aberrant repair mechanisms of the lung caused by lysosomal
mistrafficking.21 In addition, however, patients with HPS2 have
significant immunological problems, manifesting mainly as chronic
neutropenia and a susceptibility to infections. This is in part explained
by chronic neutropenia reflecting a role for AP-3 in neutrophil
development,3,35,36 but HPS2 also involves other immunological
abnormalities, such as an impaired development of NKT cells,14

impaired TLR recruitment to phagosomes, and impaired MHC-II

Table 1. Patients with HPS2

Patient
no./ID
(reference)* AP3B1 mutation

Age at
last visit,
years

Clinical features
NK or CTL

cytotoxicity and/or
degranulationNeutropenia Bleeding

Recurrent
infections

Pulmonary
fibrosis HLH

1 (7) EX10

c.1063_1064delCAinsTATCAATATC;

p.Q355fsX360

7 1 (G-CSF) 2 1 2 2 Impaired

EX16 c. 1789_1790insA;

p.I597fsX608

27 EX10

c.1063_1064delCAinsTATCAATATC;

p.Q355fsX360

4 1 (G-CSF) 1 1 1 One incomplete episode Impaired

EX16 c. 1789_1790insA;

p.I597fsX608

P2 (6) EX19 c.2078_2165del; p.E693fsX706 6 1 2 2 2 2 Impaired

P3 (6) EX2 c.153_156delAGAG p.E52fsX63 7.2 1 (G-CSF) 2 1 (1) Two incomplete episodes Impaired

FR5† EX27 c.3222_3223delTG; p.E1075fs 5‡ 1 11 1 11 2 Impaired

FR1378 EX27 c.3222_3223delTG; p.E1075fs 13 1 (G-CSF) (1) (1) 1 2 Impaired

29 (14) EX15 g.del8172bp; p.del491-550 18 1 (G-CSF) 2 1 n.a. 2 n.a.

30 (14) EX15 g.del8172bp; p.del491-550 21 1 (G-CSF) 2 1 n.a. 2 n.a.

40 (2) EX11-12 c.1166_1228del;

p.del390-410

22 1 1 1 1 2 n.a.

EX16 c.1739T.G; p.L580R 2

42 (2) EX11-12 c.1166_1228del;

p.del390-410

27 1 1 1 1 2 n.a.

EX16 c.1739T.G; p.L580R

FR50 Del Exon 16 16‡ 1 (G-CSF) 2 1 11 2 Impaired

87 (13) Ex15 c.1525C.T; p.R5093 17 1 1 1 1 2 Impaired

Ex18 c.1975G.T; p.E6593

FR393 (5) EX8 c.904A.T; p.R3023 3‡ 1 1 1 2 One lethal episode Impaired

FR1315 EX18 c.2041G.T; p.E6813 2 1 (G-CSF) 2 2 2 Two episodes Impaired

A, P (11) IVS1015G.A 6 1 (G-CSF) 1 1 1 2 n.a.

C, B EX1 c60_delG; p.L20fsX41 1,25‡ 1 n.a. 1 n.a. 2 Impaired

C, A EX1 c60_delG; p.L20fsX41 2‡ 1 (G-CSF) n.a. 1 n.a. 2 Impaired

L, M EX23 c.2770_delC; p.L924fsX926 2.5 1 (G-CSF) (1) (1) 2 2 Impaired

W, M EX23 c.2770_delC; p.L924fsX926 11 1 (G-CSF) (1) (1) 2 2 Impaired

M, Z EX4 c.205T.C p.L102P 11 1 1 2 2 2 n.a.

n.a. (12) IVS1416T.C 30 2 2 2 2 2 Impaired

EX15 c.1619insG; p.A541fsX565

n.a. inv (5) (q14.1) 2.25 1 2 1 2 2 Impaired

N.a. indicates not available.

*Patient ID in published report.

†Kurnik et al, manuscript submitted 2013.

‡Deceased.

BLOOD, 11 APRIL 2013 x VOLUME 121, NUMBER 15 HPS2 CONFERS A MODERATE RISK FOR HLH 2949

For personal use only.on February 18, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


presentation of antigens internalized by phagocytosis.32,37,38 Finally,
lytic granule exocytosis depends upon AP-3, leading to deficiencies of
NK-cell and CTL mediated cytotoxicity in HPS2.5-7,12

Because of limited patient numbers, little is known about the
prognosis of affected patients, which renders treatment decisions
difficult. Life-threatening events may encompass episodes of serious
bleeding, severe infections, or respiratory failure caused by pro-
gressive pulmonary fibrosis. Moreover, the defect in lymphocyte
cytotoxicity can predispose patients to HLH.5,8,39 Because HSCT can
prevent the risk of HLH in other genetic disorders of cytotoxicity,
can correct the platelet defect, and mitigate the increased suscepti-
bility to infection, HSCT is a relevant consideration for HPS2
patients.9,10,40,41 However, this treatment carries its own risks and
may not affect lung fibrosis,42,43 so it must be carefully balanced
against the natural history of the disease. In this study we combined
experimental studies in a mouse model of HPS2 with observations in
the largest reported cohort of 22 HPS2 patients to evaluate the extent
to which AP-3 deficiency predisposes to HLH.We also examined the
effect of other disease manifestations on prognosis.

Pearl mice carry a 793-bp tandem duplication in the Ap3b1 gene
altering the reading frame and truncating the protein 130 amino acids
from the C-terminus.23 There are conflicting data concerning residual
protein expression in these mice,34,44 and we cannot fully exclude the
possibility that some functional AP-3 remains. Nevertheless, the mice
recapitulate the platelet storage pool deficiency,34 the pigment di-
lution,45 and the lung pathology.46,47 They also show impaired NKT
cell development29,30 and impaired TLR mediated type I IFN
responses.32,37,38 In one previous report authors analyzed NK-cell
cytotoxicity in pearl mice and found that it was not significantly
altered.48 In our study, we found a mild NK cell and CTL de-
granulation defect leading to impaired cytotoxicity in pearl mice.
This was less pronounced than in PKO mice or in Lyst-mutant
souris mice.17 Nevertheless, there was a clear impact of the defect
on CTL-mediated control of LCMV infection. However, in contrast to
PKO mice, pearl mice were eventually able to clear the virus from all
organs.

The authors of previous studies have shown that lymphocyte
cytotoxicity is also significantly impaired in HPS2 patients. Although
initial studies who used T-cell lines found a severe defect,12

subsequent studies demonstrated significant residual activity.5,6 Ex
vivo NK-cell cytotoxicity was reduced or absent in all reported
patients.5,7 In the patients collected for our study, different
protocols were used to analyze CTL or NK-cell degranulation
and/or cytotoxicity, but at least one abnormal test result was
reported in all 16 patients analyzed. Of note, CTL cytotoxicity,
which is a less sensitive assay, was normal in 3 patients despite
abnormal NK-cell degranulation tests. This pattern has been
observed previously in patients with variants of CHS associated
with a low risk of HLH.17

We investigated to what extent the cytotoxicity defect in HPS2
predisposes to HLH. Indeed, as for other cytotoxicity mutants,
infection of pearl mice with LCMV-induced HLH as assessed by
the 8 criteria that define the human disease.28 However, in contrast
to other strains, the pearl mice recovered spontaneously without
any treatment once the virus was controlled. Pearl mice thus
represent the first mouse model for transient HLH, represented by
a disease course that can also be observed in FHL patients with
milder cytotoxicity defects as the result of hypomorphic muta-
tions.49,50 The recovery of these mice from HLH after the virus is
controlled indicates that the pathogenic uncontrolled immune
response inducing HLH is not autonomous but that continuous
antigen stimulation is a key factor in the maintenance of the

disease. This finding was also reflected by a more detailed
analysis of disease-inducing LCMV-specific T cells. At the peak
of clinical disease, pearl mice showed phenotypic and func-
tional alterations of CTL that were indistinguishable from those
of PKO mice. However, once the virus was controlled, these
functional and phenotypic changes disappeared, whereas they
were maintained in PKO mice, where virus and disease man-
ifestations persisted.

Our clinical observations indicate that the risk for HPS2 patients
of developing HLH is clearly present but much lower than for
patients with Griscelli syndrome type 2, CHS, or FHL. Considering
our findings in pearl mice, this is likely attributable to the milder
defect in cytotoxicity, allowing delayed, but eventually full control of
the dysregulated immune response. The fact that pearlmice carrying
an additional heterozygous Rab27a mutation showed the same
disease course as pearl mice without that mutation suggests that the
severe course of HLH in our previously reported HPS2 patient was
not caused by that additional mutation.

The prognosis of the patients in our cohort was not only determined
by HLH alone. Of the 3 patients who died of disease manifestations, 2
died of pneumonia in the context of lung fibrosis. In fact, 9 of 18
patients had evidence of lung fibrosis. This disease manifestation is
caused by impaired pulmonary repair mechanism attributable to dis-
turbed vesicle trafficking that may not be corrected by bone marrow
transplantation. The neutropenia was responsive to G-CSF in all
patients, significantly reducing the risk of infections. Only a single
patient had significant recurrent bleeding episodes. Taken
together, this study suggests that pre-emptive HSCT is not
indicated in this patient group, as it is in GS2 and some patients
with CHS.17 Nevertheless, HPS2 patients and their treating
physicians must be aware of the fact that there is a relevant risk of
HLH and must be alert to the early signs of this potentially life-
threatening disease manifestation.
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