Y. Kobayashi et af

. MFLalio (FITC PAG-1)

.y MFI o (FITC PAC-1) s0;

Lantrol

MFrstio (FITG Fibrinogen)
5.

0 —.%

: ,'1'5'

‘Pathent

104

Provand (v3P | Contol | Patient Control Fatient

Count

- PRETTRITC) < RAC (FITC)

c 4 .
© oo e Activation index

LCHO i LT8R
+RGUE

WT  L718P D723H T362N

3 (DY) (PerCP)

Fig 3. Functional analysis of integrin B3-L718P mutation. (A) Spontaneous binding of PAC-1 antibody to platelets obtained from affected indi-
viduals of the pedigree. Non-activated platelets (within 10 min after blood collection), incubated with or without 1 mM RGDS, were stained with
FITC-conjugated PAC-1 antibody. After fixation, binding of PAC-1 to platelets was analysed by flow cytometry. Activation status of alIbp3 com-
plex on resting platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Mean fluorescence intensity (MFI) ratio was estimated by
dividing the MFI of resting platelets by that of resting platelets incubated with RGDS. (B) Reduced activation of alIbB3 from affected individuals.
The resting and ADP-stimulated platelets, stained with FITC-conjugated PAC-1 antibody were analysed by flow cytometry. Activation status of
oIIbB3 on stimulated platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Values were estimated by dividing the MFI of platelets
stimulated with ADP by those of resting platelets. (C) Partial activation of aIIb$3-L718P and -D723H on CHO cells. CHO cells transfected with
alIbP3 expression vectors (B3-WT, -L718P, -D723H and -T562N) were seeded on 100 pg/ml fibrinogen-coated coverslips in 6-well dishes. The
cells, treated with or without RGDS, were stained with FITC-conjugated PAC-1 antibody and PerCP-conjugated anti-CD61 antibody and analysed
by flow cytometry. (D) Activation index of aIIbB3 mutants. Activation status of CHO cells expressing alIbp3-L718P and -D723H was compared
with that of aIlbB3-T562N as described in the “Materials and methods”.
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(A) Mock-transfected

L718pP

Fig 4. Overexpression of RhoA mutants or
integrin ($3-L718P (del. 759) modulates the
formation of proplatelet-like cell protrusions in
CHO cells. (A) Changes in CHO cell morphol-
ogy by allbB3 mutants. CHO cells transfected

with alIbf3-L718P, -T562N and -D723H were
seeded on fibrinogen-coated coverslips. After
an 8-h incubation, the cells were fixed and
stained with anti-CD41 and -CD61 antibodies
followed by staining with Cy3- and Alexa
488-conjugated secondary antibodies. Mock-
transfected cells were stained with Alexa
488-conjugated phalloidin and Hoechst 33342.
(B) Inhibition of proplatelet-like protrusion

formation by constitutively-active RhoA. An (B
expression vector that encodes FLAG-tagged
RhoA (Q63L) was transfected together with
olIbB3-L718P or -WT expressing vectors into
CHO cells. The cells grown on fibrinogen-
coated coverslips were fixed and stained with
anti-CD41 and anti-DDDDXK-tag antibodies
followed by staining with Alexa 488- and
Cy3-conjugated secondary antibodies. (C)
C-terminal deletion of B3-L718P inhibits the
formation of proplatelet-like protrusions. ©

FLAG
itz
Hosshst

L718P+ Rho (QB3L)

WT+ Rhio {Q83L)

VT Rhio (110N

C-terminal deleted integrin $3-L718P or -WT
(del. 759) was expressed together with aIlb in
CHO cells. The cells were fixed and stained
with anti-CD41 antibody followed by staining
with Cy3-conjugated secondary antibody and
Alexa-488-labeled phalloidin. (D) A dominant-
negative (T19N) form of RhoA was overexpres-
sed in CHO cells. Images were taken as in (B).

Involvement of RhoA signalling in proplatelet-like
protrusion formation

As previously reported by others (Ghevaert et al, 2008; Jayo
et al, 2010), CHO cells expressing allbB3-L718P, as well as
ollbf D723H, formed long proplatelet-like protrusions on
fibrinogen-coated dishes that were not observed in cells
expressing wild-type ollbf3 (Fig 4A). In contrast, although
cells expressing olIbB3-T562N, which yields a fully activated
conformation (Kashiwagi et al, 1999), changed from their
original round shape surrounded by a broad protrusion
(Fig 4A, mock-transfected) to rhomboid-like cell morphol-
ogy, proplatelet-like protrusions were rarely seen (Fig 4A).

© 2012 Blackwell Publishing Ltd
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This suggests that mutants partially activating the integrin
complex induce long proplatelet-like protrusions.

Recently, it was reported that the formation of proplat-
elet-like protrusions in CHO cells is mediated by the
downregulation of RhoA activity (Chang et al, 2007; Schaff-
ner-Reckinger et al, 2009), which is initiated by the binding
of ¢-Src to the C-terminal tail (amino acid 760-762,
Arg-GIn-Thr; RGT) of integrin B3 (Flevaris ef al, 2007). We
found that the formation of long cell protrusions was inhib-
ited when a constitutively-active form of RhoA (Q63L) was
introduced into olIbP3-L718P-expressing cells (Fig 4B).
In addition, CHO cells expressing olIbB3-L718P (del. 759)
mutant, which lacks the C-terminal c-Src binding site of in-
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tegrin B3 (RGT), did not form any proplatelet-like protru-
sions (Fig 4C). Given that enforced activation of RhoA
caused by introducing RhoA (Q63L), as well as de-repression
of RhoA through C-terminal deletion of B3 in cells express-
ing oIIbB3-WT, did not induce morphological changes in
CHO cells (Figs 4B, C), it is proposed that constitutive inhi-
bition but not activation through the c-terminal of B3 is
responsible for the formation of abnormal cell protrusions in
L718 mutants. However, as the enforced expression of a
dominant negative form of RhoA (TI19N) in olIbB3-WT
expressing cells did not result in typical proplatelet-like pro-
trusions (Fig 4D), this suggests that downregulation of RhoA
was required but not sufficient for the formation of proplat-
elet-like protrusions induced by integrin B3-L718P.

Discussion

We report a pedigree with individuals suffering from a
lifelong haemorrhagic syndrome, all of whom were carrying
the integrin (33-L718P mutation. This had previously been
reported only in a sporadic patient (Jayo et al, 2010).
Next-generation sequencing, together with the clinical data
of the patients, established that this integrin B3-L718P
mutation causes thrombocytopenia resembling the disease
caused by a different integrin mutation, f3-D723H,
although the size of the platelets seems to differ somewhat
between these mutations (Ghevaert er al, 2008; Schaffner-
Reckinger et al, 2009).

Considering the dominant inheritance pattern of the
haemorrhagic tendency caused by integrin 3-L718P as well
as B3-D723H, these would be gain of function mutations,
unlike those causing Glanzmann thrombasthenia. Indeed,
expression of integrin [3-D723H partially activates the
olIbB3 complex, resulting in downregulation of RhoA activ-
ity and induction of microtubule-dependent proplatelet-
like cell protrusions considered relevant for production of
macrothrombocytes (Ghevaert et al, 2008; Schaffner-Reckin-
ger et al, 2009). Integrin B3-L718P appears to act in a similar
fashion (Fig 4A and B). Interestingly, we demonstrate that
the three C-terminal amino acid residues (RGT) of integrin
B3 are required for L718P to form proplatelet-like cell
protrusions (Fig 4C). RGT provides a binding site for c-Src
tyrosine kinase, which was shown to inactivate RhoA
(Flevaris et al, 2007), further supporting the hypothesis that

integrin B3-L718P plays a role in causing megakaryocytes to
produce abnormal platelets through the inhibition of RhoA.

In platelets derived from megakaryocytes that carry the
integrin B3-L718P mutation, full activation of olIbf3 com-
plex in response to inside-out stimuli is inhibited, as shown
by reduced binding of PAC-1 and fibrinogen on stimulation
with ADP (Fig 3B). A simple scenario is that, in platelets,
integrin B3-L718P acts as a loss of function mutation. How-
ever, given that the carriers of Glanzmann’s thrombasthenia
who have both normal and mutant allele and express
reduced amounts of the oIIbB3 complex, in general show
normal platelet aggregation, it is possible that the integrin
3-L718P mutation gains a function that ultimately results in
the reduction of inside-out signals.

In summary, identification of a pedigree showing autoso-
mal dominant inheritance leads to a model whereby the
integrin $3-L718P mutation contributes to thrombocytopenia
accompanied by anisocytosis most likely through gain-
of-function mechanisms. Further investigations are necessary
to fully elucidate these mechanisms by which this mutation
exerts its abnormal effect on thrombocytosis and platelet
aggregation.

Acknowledgements

We thank Prof. M. Matsumoto and Ms. M. Sasatani for
providing clinical data; Ms. M. Nakamura, Ms. E. Kanai and
Ms. R. Tai for excellent technical assistance. This work was
partly supported by Grants-in-Aid for Scientific Research
from the Ministry of Health, Labour and Welfare of Japan.

Author contributions

H.M., T.I. and M.K. designed the work. Y.K., H.M., AK,, S.0.
and M.T. performed experiments and analysed data. S.K.
contributed essential materials and interpreted data. M.M and
K.N. contributed clinical materials and data. H.M, Y.K. and
T.I. wrote the manuscript.

Conflict of interest

The authors declare no competing financial interests.

References

Chang, Y., Auradé, F., Larbret, F., Zhang, Y., Couedic,
J.PL, Momeux, L., Larghero, J., Bertoglio, J.,
Louache, F., Cramer, E., Vainchenker, W. & Debili,
N. (2007) Proplatelet formation is regulated by the
Rho/ROCK pathway. Blood, 109, 4229-4236.

Flevaris, P., Stojanovic, A., Gong, H., Chishti, A.,
Welch, E. & Du, X. (2007) A molecular switch
that controls cell spreading and retraction.
Journal of Cell Biology, 179, 553~565.

528

George, J.N., Caen, J.P. & Nurden, A.T. (1990)
Glanzmann’s thrombasthenia: the spectrum of
clinical disease. Blood, 75, 1383-1395.

Ghevaert, C., Salsmann, A., Watkins, N.A., Schaff-
ner-Reckinger, E., Rankin, A., Garner, S.F., Ste-
phans, J., Smith, G.A., Debili, N., Vainchenker,
W.de, Groot, P.G., Huntington, J.A., Laffan, M.,
Kieffer, N. & Ouwehand, W.H. (2008) A non-
synonymous SNP in the ITGB3 gene disrupts
the conserved membrane-proximal cytoplasmic
salt bridge in the ollbB3 integrin and cosegre-

gates dominantly with abnormal proplatelet
formation and macrothrombocytopenia. Blood,
111, 3407-3414.

Hughes, P.E., Diaz-Gonzalez, F., Leong, L., Wu,
C., McDonald, J.A., Shattil, S.J. & Ginsberg, M.
H. (1996) Breaking the integrin hinge. A defined
structural constraint regulates integrin signaling.
Journal of Biological Chemistry, 271, 6571-6574.

Jayo, A., Conde, 1., Lastres, P., Martinez, C,
Rivera, J., Vicente, V. & Manchén, C.G. (2010)
L718P mutation in the membrane-proximal

© 2012 Blackwell Publishing Ltd

British Journal of Haematology, 2013, 160, 521-529

177



cytoplasmic tail of B3 promotes abnormal
allbP3 clustering and lipid domain coalescence,
and  associates with a thrombasthenia-like
phenotype. Haematologica, 95, 1158-1166.
Kashiwagi, H., Tomiyama, Y., Tadokoro, S., Honda,
S., Shiraga, M., Mizutani, H., Honda, M., Kurata,
Y., Matsuzawa, Y. & Shattil, S.J. (1999) A muta-
tion in the extracellular cysteine-rich repeat
region of the [3 subunit activates integrins
olIbf3 and oV P3. Blood, 93, 2559-2563.
Kunishima, S., Kashiwagi, H., Otsu, M., Takayama,
N, Eto, K., Onodera, M., Miyajima, Y., Takama-
tsu, Y., Suzumiya, J., Matsubara, K., Tomiyama,
Y. & Saito, H. (2011) Heterozygous ITGA2B
R995W mutation inducing constitutive activation
of the ollbP3 receptor affects proplatelet forma-

© 2012 Blackwell Publishing Ltd

Familial Thrombocytopenia Caused by Integrin B3 L718P Mutation

tion and causes congenital macrothrombocytope-
nia. Blood, 117, 5479-5484.

Nurden, A.T. (2006) Glanzmann thrombasthenia.
Orphanet Journal of Rare Diseases, 1, 10.

Nurden, P. & Nurden, A.T. (2008) Congenital
disorders associated with platelet dysfunctions.
Thrombosis and Haemostasis, 99, 253~263.

Nurden, A.T., Fiore, M., Nurden, P. & Pillois, X.
(2011a) Glanznmann thrombasthenia: a review
of ITGA2B and ITGB3 defects with emphasis on
variants, phenotype variability, and mouse mod-
els. Blood, 118, 5996-6005.

Nurden, A.T., Pillois, X., Fiore, M., Heilig, R. &
Nurden, P. (2011b) Glanzmann thrombasthenia-
like syndromes associated with macrothrombo-
cytopenias and mutations in the gene encosing

British Journal of Haematology, 2013, 160, 521-529

178

the olIbB3 integrin. Seminars in Thrombosis and
Hemostasis, 37, 698-706.

Schaffner-Reckinger, E., Salsmann, A., Debili, N.,
Bellis, J., Demey, J., Vainchenker, W., Ouwehand,
W.H. & Kieffer, N. (2009) Overexpression of the
partially activated olIbB3D723H integrin salt
bridge mutant downregulates RhoA activity and
induces microtubule-dependent proplatelet-like
extensions in Chinese hamster ovary cells. Journal
of Thrombosis and Haemostasis, 7, 1207-1217.

Shattil, S.J.,, Cunningham, M. & Hoxie, J.A.
(1987) Detection of activated platelets in
whole blood using activation-dependent mono-
clonal antibodies and flow cytometry. Blood,
70, 307-315.

529



Experimental
Hematology

ELSE Experimental Hematology 2012:40:751-760
Regulation of hematopoietic stem cells using protein transduction
domain—fused Polycomb

Teruyuki Kajiume®, Yasuhiko Sera®, Yumi Kawaharab, Masaya Matsumotob, Takahiro Fukazawab,
Takeshi Imura®, Louis Yuge®, and Masao Kobayashi®

Department of Pediatrics, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima, Japan; °Division of Bio-Environmental
Adaptation Sciences, Graduate School of Health Sciences, Hiroshima University, Hiroshima, Japan

(Received 9 November 2011; revised 7 May 2012; accepted 16 May 2012)

The Polycomb-group complex is a chromatin regulatory factor that is classified into two
different complexes: Polycomb repressive complex 1 and 2. Components of Polycomb repres-
sive complex 1 are involved in the self-renewal of hematopoietic stem cells. Bmil, one of these
components, maintains the immaturity of neural and cancer stem cells as well as that of hema-
topoietic stem cells. We constructed recombinant protein transduction domain (PTD)-
Polycomb proteins and transduced them into murine bone marrow (BM) cells. We designed
and fused the PTD-protein transduction domain to three proteins (i.e., green fluorescent
protein, Bmil, and Mell8). Murine BM cells were incubated for 48 h and each PTD-
Polycomb protein was added. Then, we analyzed the function of hematopoiesis using the
colony assay and transplantation. BM cells exposed to PTD-Bmil showed an increased
number of colonies. In contrast, BM cells exposed to PTD-Mel18 or to both proteins showed
a decreased number of colonies. Hematopoietic cells derived from PTD-Bmil-transduced BM
cells were significantly increased in the peripheral blood at 6 weeks after transplantation.
Moreover, 80% of mice transplanted with PTD-Bmil-transduced BM cells died at 8 to 24
weeks after transplantation. However, only a few early deaths were observed in the mice
transplanted with BM cells exposed to both PTD-Bmil and PTD-Mel18. We expect that hema-
topoietic stem cells could proliferate after transduction with PTD-Bmil, but this may generate
undesirable effects, e.g., tumorigenesis. Thus, Bmil and Mel18 have opposing functions and
are present in distinct complexes. © 2012 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.

Polycomb-group genes encode molecules that form the
Polycomb-group complex, which is involved in the methyl-
ation and ubiquitylation of histones [1-4]. The Polycomb-
group complex is a chromatin regulatory factor that
includes two types of complexes: Polycomb repressive
complex (PRC) 1 and PRC2 [5-9]. The components of
PRCI are involved in the self-renewal of hematopoietic
stem cells (HSCs) in mammals [10-14]. Bmil, one of these
components, maintains the immaturity of neural and cancer
stem cells as well as that of HSCs [15-20]. However, BMI1
is also involved in the malignancy of cancer cells, and
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Pediatrics, Graduate School of Biomedical Sciences, Hiroshima University,
1-2-3 Kasumi, Minami-ku, Hiroshima 734-8551, Japan; E-mail: kajiume @
hiroshima-u.ac.jp

Supplementary data related to this article can be found online at http:/
dx.doi.org/10.1016/j.exphem.2012.05.005.

a relationship between BMII expression and prognosis
has been reported for various types of tumors [21-24].
BMII is related to tumorigenesis as well as to the immatu-
rity of cells.

The Mell18 protein is composed of 342 amino acids, and
the N-terminal region of the 102" amino acid, which
includes the really interesting new gene (RING) finger motif
and shares 93% homology with the Bmil protein [25]. In
addition, the secondary structure of this region shows
a high homology with the Mel18 and Bmil proteins. Many
studies have shown that mell8, which has 90% homology
to bmil, has opposing functions to bmil [26-29]. We previ-
ously reported that mel/8 is necessary for the differentiation
of murine HSCs, and not for their self-renewal, in experi-
ments using knockout mice and gene knockdown with
RNA interference (RNA1i) [13]. This function of mell8 is
the opposite to that of bmil. Moreover, we reported that
bmil and mell8 act reciprocally in HSCs [14].

0301-472X/$ - see front matter. Copyright © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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In protein transduction, high molecular-weight target
proteins are induced into cells by fusing them with peptides
called protein transduction domains (PTDs), such as HIV
tat and polyarginine [30,31]. An innovative study showed
the induction of self-renewal in murine HSCs using a re-
combinant TAT-HoxB4 protein [32]. Furthermore, Zhou
et al. recently reported the successful establishment of
induced pluripotent stem cells using a recombinant protein
fused with polyarginine [33].

In this study, we constructed recombinant PTD-Polycomb
proteins and transduced them into murine HSCs. Although
the transduced HSCs showed potential symptoms of tumor-
igenesis, our results indicate that the transduced Bmil or
Mell8 may regulate the self-renewal or differentiation of
HSCs without gene transduction.

Materials and methods

Mice

We used 5- to 8-week-old C57BL/6 mice (Ly5.1 or Ly5.2). LyS5.1
mice were obtained from The Sankyo Labo Service Corporation
(Tokyo, Japan). All mice were bred and maintained in the animal
facility at Hiroshima University.

Cells

Collection of murine bone marrow cells. Bone marrow (BM) was
flushed from the medullary cavities of murine bones using
phosphate-buffered saline.

Murine erythroleukemia cells. Murine erythroleukemia (MEL)
cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum and 2% penicillin/streptomycin.

Preparation of the Polycomb expression vector, protein
extraction, and purification
Full-length bmil and mell8 complementary DNAs were generated

by real-time reverse transcriptase polymerase chain reaction

(PCR) (ReverTra Ace and KOD plus; TOYOBO Co., Ltd., Osaka,
Japan) from messenger RNA extracted from murine BM cells.
Restriction enzyme sites were created on both ends of the PCR
primers. To generate recombinant proteins that could penetrate
the plasma membrane, we designed and fused a TAT peptide to
the N-terminus or a polyarginine protein transduction domain to
the C-terminus of three proteins (i.e., green fluorescent protein
[GFP], Bmil, and Mel18). The TAT and the polyarginine peptides
enabled the recombinant proteins to enter the cells and allowed
their translocation into the nucleus. GFP, bmil, and mell8
complementary DNAs were cloned into the pET47 expression
plasmid (Merck KGaA, Darmstadt, Germany). The plasmids
were transformed into Escherichia coli BL21 (DE3). Cells were
grown in LB medium with kanamycin at 37°C using the Overnight
Express Autoinduction System (Merck). His-tagged proteins were
purified using TALON metal affinity resin (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s instructions.

Addition of PTD-Polycomb proteins
We added 20 ng/mL solution of the human fit3 ligand (PeproTech,
London, UK) and human thrombopoietin (Kirin Brewery Co.,
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Tokyo, Japan) to Dulbecco’s modified Eagle’s medium containing
a supplement (StemPro 34; Invitrogen Inc., San Diego, CA, USA).
The initial concentration of BM cells was 1.0 x 10° cells/mL. The
culture plates were incubated at 37°C for 48 h in a humidified
atmosphere with 5% CO,. Each PTD-Polycomb protein was added
at a final concentration of 50 nM. We introduced each PTD-
Polycomb protein into our cell cultures every 6 h.

Flow cytometry analysis

To analyze the primitive hematopoietic cells, the collected cells
were labeled with an antibody cocktail consisting of biotinylated
anti-Grl, anti-Macl, anti-B220, anti-CD4, anti-CD8, and anti-
Ter119 mouse antibodies. The cells were stained with
phycoerythrin-conjugated anti-Scal, allophycocyanin-conjugated
anti—c-Kit, and streptavidin-conjugated peridinin-chlorophyll-
protein complex. All antibodies were purchased from BD Phar-
mingen (San Diego, CA, USA). Dead cells stained with propidium
iodide were excluded from the analysis. Flow cytometry analysis
was performed on a FACSCaliber system (BD Biosciences, Bed-
ford, MA, USA).

Western blot analysis

The MEL cells that were exposed to PTD-Polycomb proteins were
separated into the nuclear and cytosolic fractions. For fraction-
ation, a Nuclear/Cytosol Fractionation Kit (BioVision Inc., Moun-
tain View, CA, USA) was used according to the manufacturer’s
protocol.

After 48 h of coculturing MEL cells with PTD-Polycomb
proteins, His-tagged Polycomb proteins were extracted using
TALON metal affinity resin (BD Biosciences). Cell extracts
were used as samples for the pull-down assays.

Protein extracts were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and immunoblotting. The blot was
removed from the transfer apparatus and blocked overnight at 4°C
in Tris-buffered saline-Tween 20. The blot was washed three times
in Tris-buffered saline-Tween 20 after the overnight incubation.
We used the following primary antibodies: mouse monoclonal
antibodies against Ring1 and Bmil (Millipore Corporation, Biller-
ica, MA, USA), a goat polyclonal antibody against Mell8 (Ab-
cam, Cambridge, UK), and a mouse monoclonal antibody
against the 6x His synthetic peptide (Abcam). Chemiluminescence
was detected using ECL plus Western blotting detection reagents
(GE Healthcare UK Ltd, Little Chalfont, UK).

Quantitative reverse transcriptase PCR

To analyze the influence of PTD-Polycomb proteins, we per-
formed reverse transcription using ExScript reverse transcriptase
and SYBR Premix Ex Tag (TAKARA BIO Inc., Shiga, Japan) ac-
cording to manufacturer’s protocol. Real-time PCR was used for
the quantitative analysis of gene expression (Opticon; Bio-Rad
Laboratories, Hercules, CA, USA). The following specific primers
were used: mouse cdkn2a (ink4a), sense primer 5-CGA TTC
AGG TGA TGA TGA TGG-3' and antisense primer 5-CAG
CGT GTC CAG GAA GC-3'; and mouse actB, sense primer 5'-
CAT CCG TAA AGA CCT CTA TGC CAA C-3’' and antisense
primer 5'-ATG GAG CCA CCG ATC CAC A-3'.

Methylcellulose colony assay

In vitro colony-forming cell activity was assessed by performing
a methylcellulose colony assay. BM cells (1000 cells/well) were-
cultured in a methylcellulose medium containing various
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Figure 1. Preparation of recombinant TAT-Polycomb proteins. (A) bmil, mell8, and GFP genes were fused with a HisTag and TAT at their N-terminus. (B)
The recombinant TAT-Polycomb proteins were purified. Proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis, and the
polyacrylamide gel was stained with Coomassie brilliant blue. (C) Purified TAT-Polycomb was added to cultures of MEL cells. The MEL cells were sepa-
rated into the nuclear and cytosolic fractions. GFP was detected more often in the cytosol than in the nucleus. Bmil and Mel18 were detected exclusively in

the nucleus.

cytokines (Methocult GF M3434; StemCell Technologies, Van-
couver, BC, Canada). The culture plates were incubated at 37°C
for 7 days in a humidified atmosphere with 5% CO,. A colony
was defined as a group of >50 cells. Erythroid, myeloid, and
mixed erythroid-myeloid colonies were counted using an inverted
microscope. A secondary colony-forming cell assay was per-
formed by replating aliquots of the cells obtained by harvesting
complete primary colonies. The secondary colonies were counted
after an additional week of incubation.

In vivo BM transplantation assay

We performed a transplantation experiment in which the recipient
mice were F1 hybrids of Ly5.1 and Ly5.2 mice. Donor and
competitor cells (2.0 x 10° cells each) were intravenously trans-
planted into F1 recipients that were lethally irradiated with
a dose of 9 Gy (rate, 1 Gy/min). Four donor and four competitor
mice were used for each marrow transplantation experiment. Eight
to 12 mice were used as the recipient mice for each BM transplan-
tation experiment. For the donor Ly5.2 cells, each cell was
exposed to PTD-Polycomb proteins before being analyzed, and
the competitor Ly5.1 cells were exposed to PTD-GFP. Peripheral
blood samples were collected from the recipient mice every 4
weeks after transplantation. To distinguish between the 2
competing transplant cell populations, we stained the cells with
phycoerythrin-conjugated  anti-Ly5.1 and allophycocyanin-
conjugated anti-Ly5.2. All antibodies were purchased from Abcam.

Statistical analysis

Data are presented as the mean = standard error, unless otherwise
stated. Student’s ¢ test was applied. Differences of p < 0.05 were
considered statistically significant.
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Results

Preparation of recombinant PTD-Polycomb proteins

We manipulated the bmil, mell8, and GFP genes such that
they were fused to a HisTag and TAT at their N-terminus or
a polyarginine at their C-terminus and inserted the designed
genes into pET plasmids (Fig. 1A, Supplementary
Figure ElA; online only, available at www.exphem.org).
These pET plasmids were transformed into DE3 cells,
and the recombinant PTD-Polycomb proteins were purified
as described previously (Fig. 1B, Supplementary
Figure E1B; online only, available at www.exphem.org).
Most GFP proteins form dimers because of their high
concentrations. Purified PTD-Polycomb was added to
cultures of MEL cells. The MEL cells were separated
into their nuclear and cytosolic fractions after 6 h of culture,
and the distribution of the PTD-Polycomb proteins was
analyzed. GFP was detected more often in the cytosol
than in the nucleus. Bmil and Mell18 were detected exclu-
sively in the nucleus (Fig. 1C, Supplementary Figure E1C;
online only, available at www.exphem.org). These results
indicate that PTD-Polycomb proteins can be translocated
to the nucleus after their addition to the culture medium.

Flow cytometry profile of recombinant TAT-Polycomb
protein-transduced murine BM cells

We performed flow cytometry analysis of murine BM cells
exposed to recombinant TAT-Polycomb proteins for 48 h.



754

>

before culturing

Counts
i 1}3203000596 ?a::ﬁo

1

0 pl) P "] 164
"=—=p|'ineage’

after 48h with TAT-GFP

=
g 3.
- 23
Qs "
Oa 273
T Tnekgs ekt ©
after 48h with TAT-Bmi1
2 3
R4
By
oy
k-
8
_jndora . a
A I D (R A I
=] iN€QQE e CKit

TAT or polyarginine

fusion protein m

Each PTD-Polycomb protein
was added every 8 hours

Bone marrow cells were
cuitured for 48 hours

cultured for seven days

number of LSKs (x 10°) 48hrs

T. Kajiume et al./ Experimental Hematology 2012;40:751-760

after 48h with TAT-Mel18

84 R3
] g
e &3
Qs
Qs 21
0 ?’| 0 gl ui;‘ Ll
| ineage = CKit
after 48h with TAT-Bmi1+Mel18
.,g;'“"‘**? 0" 134%
58
Qs
S |
e WSSV %
e w0l

"—neage’ = CKif

W

QO - N WhgT] N ©

TAT-GFP TAT-Bmi1 TAT-Mel18 TAT-Bmii
+Mel18

first replate

secondary
colony lony

cultured for seven days

Figure 2. In vitro colony assay of recombinant TAT-Polycomb protein-transduced murine bone marrow (BM) cells. (A) The initial ratio of LSK cells from
BM of fresh mice was ~0.14%. The ratio of LSK cells was increased when TAT-Bmil was added in BM cells and cultured for 48 h compared with the other
recombinant proteins. (B) In comparison with the total cell number, the number of LSK cells was significantly increased following the addition of TAT-Bmil.
In addition to TAT-Mel18§ alone, or the addition of both TAT-Bmil and TAT-Mell8, the number of LSK cells was not significantly increased compared with
TAT-GFP. (C) Recombinant TAT-Polycomb proteins were added during the first 48 h of culturing. A methylcellulose colony assay was performed using
marrow cells to which each protein was added. Then, the secondary colony-forming potential of the cells was assayed.

Because the lineage marker-negative, Sca-1-positive, and
c-Kit—positive (LSK) cells possess the highest long-term
multilineage reconstitution activity [34,35], we used this
population for these experiments. The ratio of LSK cells
from murine BM was 0.14%. The ratio of LSK cells
increased when TAT-Bmil was added to BM cells and
cultured for 48 h compared to the addition of other fused
proteins (Fig. 2A). The initial concentration of BM cells
was 1.0 x 10° cells/mL; the number of LSK cells was
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significantly increased after the addition of TAT-Bmil. In
addition to TAT-Mell8 alone, or the addition of both
TAT-Bmil and TAT-Mell8, the number of LSK cells was
not increased compared with TAT-GFP (Fig. 2B).

In vitro colony assay of recombinant TAT-Polycomb
protein-transduced murine BM cells

We performed a secondary colony assay to assess primitive
hematopoiesis [13,14]. The secondary colony-forming
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Figure 2. (Continued) (D) There was no significant difference in primary colony-forming potential between the recombinant proteins. However, BM cells
exposed to recombinant TAT-Bmil showed an increased number of secondary colonies. In contrast, BM cells exposed to recombinant TAT-Mel18 or to both

proteins showed a decreased number of secondary colonies.

potential of murine BM cells exposed to recombinant TAT-
Polycomb proteins at a final concentration of 50 nM for 48
h was assayed (Fig. 2C). There were no significant differ-
ences in the primary colony-forming potential between the
recombinant proteins. There was no significant difference
in the classification of the colonies (e.g., colony-forming
unit granulocyte-macrophage, burst-forming unit erythroid),
even when TAT-Polycomb protein was added. However, BM
cells exposed to recombinant TAT-Bmil showed an
increased number of secondary colonies. In contrast, BM
cells exposed to recombinant TAT-Mel18 or to both recombi-
nant proteins showed a decreased number of secondary colo-
nies (Fig. 2D). Similar results were obtained for recombinant
polyarginine-Polycomb (Supplementary Figure E2; online
only, available at www.exphem.org). These results suggest
that Mell8 may attenuate the potential of Bmil to increase
the formation of secondary colonies.

In vivo BM transplantation assay of recombinant
TAT-Polycomb protein-transduced murine BM cells

and tumorogenesis

Murine BM cells exposed to TAT-Polycomb for 48 h were
tfansplanted into 9-Gy-irradiated mice. Hematopoietic cells
derived from TAT-Bmil—transduced BM cells were signifi-
cantly increased in the peripheral blood at 6 weeks after trans-
plantation (Fig. 3A). The effect of Bmil was attenuated after
the transplantation of BM cells exposed to both TAT-Bmil
and TAT-Mel18. Figure 3B shows the flow cytometry analysis
of peripheral blood cells from these transplanted mice at 6
weeks after transplantation. Because 80% of mice trans-
planted with TAT-Bmil-transduced BM cells died at 8 to
24 weeks after transplantation, we could not perform long-
term engraftment analysis. However, only a few early deaths
were observed in mice transplanted with BM cells exposed to
both TAT-Bmil and TAT-Mel18 (Fig. 4A). It is possible that
the mice transplanted with BM cells exposed to TAT-Bmil
died because of cancer, such as leukemia, because BMII is
also involved in the malignancy of cancer cells [21-24].
However, we were not able to analyze this before the mice
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died. Murine BM cells were exposed to TAT-Polycomb for
only 48 h and then cell culturing was continued for 8 weeks
with cytokines. However, we detected no morphological
malignancies in the cells (Fig. 4B). During cell culturing
for 8 weeks, the number of Bmil-exposed cells was expanded
by approximately 500 times the original number of cultured
cells (Fig. 4C). Although we could not prove the malignancy
of these cells, this phenomenon could represent the prolifera-
tion of malignant cells.

Regulation of target gene expression by recombinant
TAT-Polycomb proteins in vitro

We added each TAT-fusion protein to MEL cells every 6 h
until 48 h and examined cell proliferation. Cell proliferation
increased after the addition of either Bmil or MellS8, as as-
sessed by cell growth (Fig. 5A). The cell cycle inhibitory
gene ink4a/arf is a target of Bmil. To analyze whether the
transduced recombinant Polycomb proteins regulate the
expression of their target genes, we performed real-time
reverse transcriptase PCR on MEL cells that were cultured
for 48 h with TAT-Polycomb at a final concentration of
50 nM. The expression of these genes was inhibited in
MEL cells exposed to TAT-Polycomb (Fig. 5B).

Bmil and Mell8 are present in distinct complexes
We previously demonstrated that only a small number of
hematopoietic cells simultaneously express bmi/ and
mell8 [14]. In the present study, we performed a pull-
down assay with HisTag to analyze whether Polycomb-
group complexes includes both Bmil and Mell8.

We did not detect Bmil, Mel18, or RinglA in the pull-
down assays of protein extracts from MEL cells exposed to
TAT-GFP for 6 h using a HisTag-specific resin. However,
in the pull-down assay of MEL cells exposed to TAT-Bmil,
Bmil, and RINGA1A were detected together with a small
quantity of Mell8. In contrast, Bmil was not detected in
MEL cells exposed to TAT-Mell8 (Fig. 5C). These results
suggest that PRC1 includes either Bmil or Mel18 (Fig. 5D).
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Figure 3. In vivo BM transplantation assay of recombinant TAT-Polycomb protein-transduced murine BM cells. (A) Hematopoietic cells derived from TAT-
Bmil-transduced BM cells were significantly increased in the peripheral blood at 6 weeks after transplantation. The effect of Bmil was attenuated following
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Discussion

Bmil is involved in cell proliferation through the negative
regulation of cdkn2a (ink4alarf), which is one of the major
target genes of Bmil and cell cycle inhibitory genes [36].
We report that the expression of ink4a is inhibited in
MEL cells exposed to TAT-Polycomb. We do not consider
that the influence of PTD-Polycomb persists for days, and
suggest that cell fate was decided within 48 h of exposure
to PTD-Polycomb. Despite the opposing functions of
Bmil and Mell8 in the self-renewal of HSCs, they showed
no opposing function in the expression of ink4a. Therefore,
ink4a might not be involved in the regulation of HSC self-
renewal by Bmil/Mell8. However, in the present study, the
growth rate differed between BM cells and MEL cells after
exposure to TAT-Polycomb. ink4a is located downstream of
both Bmil and Mell8. Because both inhibit cell cycle
inhibitors such as ink4a, the finding of increase in the
number of cells is expected. However, with the BM cell
including stem cell, the outcomes differed between Bmil
and Mell8. Further studies are required to determine the
cell type of BM cells that increased after 2-week culture
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with exposure to TAT-Bmil and the behavior of Polycomb
proteins in stem cells and during cancer cell growth.

It has been reported that bmil is essential for the main-
tenance and self-renewal of stem cells, including hemato-
poietic, neural, and cancer stem cells [16-20]. Although
side population cells in the stem cells of hepatocellular
carcinoma expressed bmil preferentially, the number of
side population cells decreased after bmil knockdown
with RNAI. It was thought that BMI! contributes to tumor-
igenesis and prognosis, and the high expression of BMI! is
associated with a poor prognosis [21-24].

Although we expected that HSCs could proliferate after
transduction with TAT-Bmil, we also found a risk of tumor-
igenesis. In this study, although transplantation of HSCs
exposed to TAT-Bmil into irradiated mice resulted in the
short-term proliferation of hematopoietic cells derived
from transplanted HSCs, 80% of the transplanted mice
died after 8 weeks. Although we could not analyze the BM
of the dead mice, we speculate that the transplanted HSCs
exposed to TAT-Bmil had transformed into tumors, espe-
cially leukemia. Therefore, the probability of developing



T. Kajiume et al./ Experimental Hematology 2012;40:751-760

leukemia might increase after exposure to Bmil. The BM of
the surviving mice was confirmed to be normal. Interest-
ingly, Mel18 had the potential to inhibit this tumorigenesis;
therefore, Mell8 might inhibit the development of cancers
involving Bmil. It is known that mell8 inhibits tumorigen-
esis [37]. The tumorigenicity of NIH3T3 cells treated with
sense or antisense mell8 has been analyzed, and it was found
that treatment with antisense mell8 reduces tumor size,
probably because of the contribution of c-myc. Tetsu et al.
proposed that mell8 negatively regulates the cell cycle
through a c-myc/cdc25 cascade [38].

Previous studies have reported a relationship between
Bmil and Mel18. Some studies demonstrated the opposing
functions of BMI1 and MELI1S in gastric cancer [29] and
medulloblastoma. In a medulloblastoma cell line, BMI1 and
MEL 18 were present in distinct protein complexes [28]. More-
over, we previously reported that the increased expression of
bmil and mell8 is associated with the self-renewal and differ-
entiation of HSCs [14]. One HSC that was undergoing self-
renewal or differentiation expressed bmil alone or mell8
alone, respectively. These reports indicate that bmil and
mell8have opposing functions in cell proliferation and differ-
entiation. Elderkin et al. reported that MEL18 and BMI1
proteins are components of similar but mutually exclusive
PRCl1-like complexes in the human 293T cell line [39]. Our
results suggest that Bmil and Mell8 induce opposite
phenomena, which is consistent with these reports. Because
Bmil and Mell8 are present in distinct complexes, Mel18
may function as an antagonist by inhibiting Bmil competi-
tively. Thus, we have demonstrated that PRC1 complexes,
including Bmil (referred to as bmiPRC1) and Mel18 (referred
to as melPRC1), regulate the self-renewal and differentiation
of HSCs, respectively. To investigate the signaling pathway,
Guo et al. analyzed the proliferation of human fibroblasts
transduced with Mell8 and Bmil or the knockdown of these
proteins with RNAI [26]. They analyzed various molecules
involved in the cell cycle and concluded that Mel18 negatively
regulates Bmil through c-myc. Furthermore, in a study using
a breast cancer cell line transduced with MELI8 and BMI]
or knockdown of these proteins with RNAi, MEL18 was
shown to inhibit Akt, thereby repressing Bmil and tumorigen-
esis [27]. In a recent study, although Akt and Mell8 were in
a reverse order, the helix-loop-helix differentiation and DNA
binding (Id1) protein enhanced the phosphorylation of Akt
and inhibited Mel 18, thereby activating c-myc and increasing
the transcription of bmil [40]. However, because the upstream
“and downstream signaling pathways remain controversial and
the microenvironment affects the regulation of HSC self-
renewal, it is commonly recognized that Bmil and Mell8
have opposing functions and are present in distinct complexes.
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Abstract We experienced two cases of unrelated Japa-
nese children with bacille Calmette~Guérin (BCG) multi-
ple osteomyelitis with partial interferon (IFN)-y receptor 1
(IFNGR1) deficiency. Heterozygous small deletions with
frame shift (811 del4 and 818 del4) were detected, which
were consistent with the diagnosis of partial dominant
IFNGRI1 deficiency. Case 1: a 2-year-old boy visited us
because of limb and neck pain. He had been vaccinated
with BCG at 17 months of age. Multiple destructive lesions
were observed in the skull, ribs, femur, and vertebral
bones. Mycobacterium bovis (BCG Tokyo 172 strain by
RFLP technique) was detected in the bone specimen. The
BCG multiple osteomyelitis was treated successfully
without recurrence. Case 2: an 18-month-old girl devel-
oped multiple osteomyelitis 9 months after BCG inocula-
tion. Radiologic images showed multiple osteolytic lesions
in the skull, ribs, femur, and vertebrae. M. bovis (BCG
Tokyo 172 strain) was detected in the cultures from a bone
biopsy. Her clinical course showed recurrent osteomyelitis
and lymphadenitis with no pulmonary involvement. The
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effects of high-dose antimycobacterial drugs and IFN-y
administration were transient, and complete remission has
since been achieved by combination antimycobacterial
therapy, including levofloxacin. Partial dominant IFNGR1
deficiency is a rare disorder, but it should be considered
when a patient presents with multiple osteomyelitis after
BCG vaccination. The cases that are resistant to conven-
tional regimens require additional second-line antituber-
culous drugs, such as levofloxacin.

Keywords Interferon-y receptor 1 deficiency - Multiple
osteomyelitis - Bacille Calmette~Guérin - Mycobacterial
infection - Levofloxacin

Introduction

Interleukin-12 (IL-12)- and IFN-y (IFNG)-mediated
immunity plays an important role in host defense against
intracellular pathogens [1]. Mendelian susceptibility to
mycobacterial disease (MSMD) is a rare disorder and
sometimes lethal disease that occurs in response to poorly
virulent mycobacteria, such as bacille Calmette—Guérin
(BCG) and environmental nontuberculous mycobacteria
(NTM). In patients with MSMD, different types of muta-
tions in six genes—IFNGRI1, IFNGR2, IL12RB1, IL12B,
STAT-1, and NEMO—have been revealed [2].

Sasaki et al. [3] previously reported a partial IFNGR1
mutation in three Japanese children with BCG osteomy-
elitis and in the father of one of the patients. We have
followed the two unrelated cases over 10 years since their
onset in the same department (Koshigaya Municipal Hos-
pital). Based on our longitudinal experience, we intend to
provide important clinical information for the diagnosis
and treatment of IFN-yR1 deficiency in Japan.
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Case report
Case 1

A Japanese boy became spontaneously positive to a
tuberculin purified protein derivative (PPD) skin test at the
age of 11 months. There was no family history of tuber-
culosis. A chest X-ray film showed no abnormal findings.
The PPD skin test turned negative after 6 months of pro-
phylactic treatment with isoniazid (INH). He was inocu-
lated with BCG (Tokyo 172 strain) by the multiple
puncture technique at the age of 17 months. Nine months
later (at 26 months of age), he started to limp and could not
move his neck. He visited Koshigaya Municipal Hospital,
and multiple osteolytic lesions were observed on his skull,
vertebrae (cervical and lumbar), ribs, and femur by X-ray,
bone scintigram, and magnetic resonance (MR) imaging.
Mycobacterium was detected in the bone biopsy. Myco-
bacterium bovis was identified as the BCG Tokyo 172
strain by restriction fragment length polymorphism
(RFLP). The BCG osteomyelitis was treated successfully
with antimycobacterial therapy with isoniazid (INH), rif-
ampicin (RFP), and streptomycin (SM) for 1.5 years
without recurrence. He is now 17 years old and has not had
a mycobacterial infection since the treatment.

Case 2 (Fig. 1)

An 18-month-old girl (13 years old at present) developed
left axillary lymphadenitis 2 months after BCG inoculation
at the age of 8 months. Multiple skin eruptions and
abscesses appeared 9 months after the vaccination. At the
BCG inoculation site, there were signs of hypertrophic scar
and keloid. Granuloma was also observed below the

inoculation site. X-ray, skeletal scintigram, and MR
imaging showed multiple osteolytic lesions in the skull,
ribs, femur, and vertebrae. A bone biopsy specimen of the
femur revealed granulomatous inflammation without cen-
tral necrosis. M. bovis (BCG Tokyo 172 strain) was
detected in cultures from the bone biopsy by RFLP. She
was treated with INH, RFP, and SM, and showed slow
improvement. Eighteen months after her initial presenta-
tion, she started to develop recurrent osteomyelitis. Addi-
tional administration of ethambutol (EB) and IFN-y was
effective but the effect was temporary. She exhibited
osteomyelitis soon after discontinuation of EB and RFP.
High-dose INH and EB, with the addition of clarithromycin
(CAM) and IFN-y, proved effective. Her osteomyelitis
appeared to have subsided. However, later, at the age of
11 years, she experienced a third relapse of the osteomy-
elitis. Antimycobacterial therapy was started again,
but lymphadenitis also developed on her right supraclavi-
cle. The findings from the swollen lymph nodes were
nonspecific. Additional administration of high-dose IFN-y
was partially effective against the osteomyelitis and the
lymphadenitis. As the cervical lymphadenopathy appeared
again, the CAM was changed to levofloxacin (LVFX). A
three-drug regimen of INH, RFP, and LVFX for a period of
9 months was successful in achieving remission.

The clinical features of these two unrelated Japanese
children with BCG multiple osteomyelitis are summarized
in Table 1. Two-color flow cytometric analysis was per-
formed [3] and showed significantly higher levels of
IFNGRI1 expression on monocytes in both cases. IL-12 and
IFN-y production was normal. Genomic DNA was obtained
from peripheral blood mononuclear cells. cDNA sequences
were analyzed by polymerase chain reaction. Heterozygous
small deletions with frame shift (case 1, 811 deld; case 2,

Fig. 1 Recurrent osteomyelitis 2000 2001 2002 2003 2006 2009 2011 2012
and lymphadenitis in case 2. Feb Sep Mar Aug Feb May Feb
INH isoniazid, RFP rifampicin, +
SM streptomycin, EB 18mg/Kg
ethambutol, CAM INH 15mg/ g _ e 15mg/Kg
clarithromycin 25mg/Kg 15me/Kg
RFP emmmwases s s e s |
15mg/Kg
SM
ZOmg/Kg 23mg/Kg 20mg/Kg
EB
20mg/Kg 20mg/Kg
CAM pzmmmmem PR g, /K
LVFY e
450,000JRU/Wk 900,000 1200,000JRU/W1{
IFN-y
Skin absc§s§ Lymphadenitis
Osteomyelitis Osteomyelitis
1st relapse 2° relapse 3rd relapse
£ femur vertebrae 1t
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Table 1 Immunological data at the onset of patients with bacille
Calmette-Guérin (BCG) osteomyelitis

Case 1 (17 years/M) 2 (13 years/F)

BCG given at 8 months

Age at onset

1 year 5 months

2 years 2 months 1 year 5 months

Type Multiple Multiple, recurrent
Histology Inflammation Granuloma

Other organs None Skin, lymph node
WBCs/pl 5,300 29,600
Lymphocytes/pl 3,657 7,400

IgG, mg/dl 1,370 1,430

IgA, mg/dl 188 104

IgM, mg/dl 602 181

CD3 cells, % 40.7 56.6

CD4:CD8 3 3

CD109 cells, % 10.4 26.4

PHA response Normal Normal

Cytokine production Normal Normal

IL-12/INF-y

818 del4) were detected, which were consistent with the
diagnosis of partial dominant IFNGR1 deficiency (data not
shown). Sequence analysis of six coding regions was per-
formed and showed that none of the family members of the
patients had any mutations. Furthermore, neither sets of
parents were consanguineous. Thus, de novo mutation had
occurred in both cases 1 and 2.

Discussion

Bacille Calmette-Guérin vaccines are safe in immuno-
competent hosts, and Japanese BCG substrain Tokyo 172 is
the safest BCG in the world [4]. Complications of BCG
vaccination can be severe and life threatening in infants
with immunodeficiency. Systemic adverse reactions to
BCG vaccine, including osteomyelitis and disseminated
BCG infection, are rare. Toida and Nakata [5] reviewed
severe adverse reactions to BCG from 1951 to 2004 in
Japan and identified 39 cases (incidence rate, 0.0182 cases
per 100,000 vaccinations). Thirteen cases exhibited pri-
mary immunodeficiency; 5 of these exhibited chronic
granulomatous diseases, 4 exhibited severe combined
immunodeficiency, and 4 exhibited IFNGR1 deficiency.
Unidentified defects in cellular immunity were observed in
6 cases. The 6 fatal cases had cellular immunodeficiencies.
Bone and joint involvement was observed in 27 cases, 15
cases with multiple lesions and 12 cases with single site
lesions.

Hoshina et al. [6] analyzed the clinical characteristics
and the genetic background of 46 patients with MSMD in
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Japan from 1999 to 2009, and found that 6 had mutations in
the IFN-yR1 gene. All the cases of IFN-yR1 deficiency
exhibited multiple osteomyelitis, and disseminated myco-
bacterial infection recurred in 5 patients. All the patients
exhibited the partial dominant type, and 4 of them had 818
del4. Two of the patients were from the same family, and
therefore autosomal dominant inheritance was suspected.
The 4 others were considered to have occurred spontane-
ously. In Taiwan, 3 patients from two unrelated families
were identified with a hotspot IFNGR1 deletion mutation
(818 del4) and exhibited chronic granulomatous disease-
like features, presenting as cutaneous granuloma and
multiple osteomyelitis infected with NTM [7]. Fewer
patients of Asian origin have been reported with partial
dominant IFNGR1 deficiency compared with those of
Western countries [8]. The clinical phenotype of partial
dominant IFNGRI1 deficiency is milder than that of
complete deficiency. In this type, BCG and NTM are the
major pathogens. Complete IFN-y receptor deficiency is
associated with the early onset of severe disease caused by
BCG or NTM, whereas the other genetic forms are asso-
ciated with a milder course of mycobacterial infection [8].

Patients with partial IFGR1 deficiency usually respond
well to antibiotic treatment, and for those who do not
respond well, additional IFN-y therapy has been shown to
be effective [9]. There is no single standard regimen for the
treatment of children with BCG osteomyelitis. M. bovis is
resistant to pyrazinamides because of the expression of a
pyrazinamidase. Case 1 was successfully treated with a
long-term combination therapy of INH, RFP, and SM.
However, in case 2, conventional therapy was inadequate
to fight the infection. Additional administration of EB and
relatively low dose IFN-y was not able to control the
intractable osteomyelitis. As NTM infection was also
possible, high-dose EB, INH, and CAM were administered.
The regimen was effective but temporary. Combination
therapy, including LVFX and high-dose INF-y, was the
most successful strategy. Treatment with second-line
antituberculous drugs, such as fluoroquinolone, and two
first-line drugs (RFP and EB), may be more effective than
RFP and EB alone against multidrug-resistant M. bovis
[10]. LVEX plays an important role as a substitute agent for
those patients who are intolerant of first-line antitubercu-
lous agents.

IFN-y receptor deficiency is a rare disorder that should

be considered when patients exhibit BCG lymphadenitis

and disseminated osteomyelitis. Multifocal mycobacterial
osteomyelitis without other organ involvement is only seen
in dominant partial IFNGR1 deficiency [6, 8]. This type of
immunodeficiency tends to exhibit recurrent mycobacterial
infection and resistance to conventional antimycobacterial
therapy. LVFX is likely an effective option for cases with
the partial dominant type that are resistant.
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NKRP1A*™ v8 and of T cells play an important role at the early phase of Salmonella infection in mice.
Meanwhile, association between NKRP1A* T cells and human Salmonella infection has not been reported.
The objective of this study was to investigate the role of the peripheral NKRP1A* T cells in immune
response to Salmonella infection. Expression of NKRP1A in peripheral v and of T cells and production
of interferon (IFN) y and interleukin (IL)-4 in NKRP1A* v$ and o T cells were analyzed in 28 patients with
acute phase Salmonella infection, 23 patients with acute bacterial enterocolitis other than Salmonella
infection (disease controls) and 44 normal controls by flow cytometry. The proportion of v& T cells
expressing NKRP1A and that of IFNy-producing cells in NKRP1A* v cells were significantly higher in Sal-
monella group than those in other two groups. Compared with normal controls, the proportion of o T
cells expressing NKRP1A and that of IL-4-producing cells in NKRP1A* o cells were significantly higher
in Salmonella group. These data suggested that NKRP1A" T cells might play an important role in the early
defense mechanism against Salmonella infection.

© 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

Salmonella species form a group of Gram-negative intracellular
bacteria, and are common pathogens that cause enterocolitis in
humans. The immune response to Salmonella infection includes
innate immunity comprised of the intestinal epithelium, neutro-
phils, macrophages, dendritic cells, natural killer (NK) cells, NK T
cells and y3 T cells, as well as adaptive immunity comprised of
antigen-specific T cells and B cells [1-3]. Among the T cell popula-
tions, af T cells express CD4 and/or CD8 and recognize MHC-
associated peptides, whereas the majority of y3 T cells lack CD4
and CD8 expression and recognize antigens independently of
classical MHC class I- or class II-presenting molecules [4]. It was
speculated that y3 T cells might bridge the innate and adaptive
immunity and it was shown that these cells could act as antigen-
presenting cells [5,6].

NKRP1A, an NK-cell receptor equivalent to the antigen NK1.1 in
mice, is a type Il transmembrane C-type lectin-like receptor ex-
pressed on the cell membrane as disulfide-linked homodimers
[7]. It is expressed on almost all NK and NKT cells, and on a subset
of ~25% of CD4™ T cells [7,8]. Engagement of this receptor modu-
lates several cell functions including cytokine release and transen-

* Corresponding author. Fax: +81 92 642 5435.
E-mail address: hoshina@pediatr.med kyushu-u.ac.jp (T. Hoshina).

dothelial cell migration [8,9]. NKRP1A" T cells secrete several
inflammatory cytokines such as IFNy and tumor necrosis factor
(TNF) o, [8,10], and also play an immunoregulatory role in several
diseases [11,12]. During the early phase of Salmonella infection in
mice, MHC class lI-dependent NK1.1" y3 T cells are induced to pro-
duce IFNYy, whereas NK1.1* o T cells are the main source of IL-4
production [13,14]. However, no association between NKRP1A* T
cells and human Salmonella infection has so far been reported.

In the present study, to investigate the role of the peripheral
NKRP1A* T cells in the human immune response to Salmonella
infection, we compared the proportion of peripheral of T cells
and y3 T cells expressing the NKRP1A molecule and then examined
the IFNy- or IL-4-producing cells within the NKRP1A" y§ and op T
cell populations in patients with acute phase Salmonella infection,
other non-Salmonella bacterial enterocolitis (disease controls) and
healthy normal controls.

2. Materials and methods
2.1. Subjects

We studied 28 patients with Salmonella infection (14 males and
14 females; median age, 6.3 years; range, 1.0-33 years). Stool cul-
tures were carried out for all patients, and blood cultures were car-
ried out for the patients with a fever over 38 °C. The diagnosis of
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