NATURE COMMUNICATIONS | DO 10.1038/ncommis8687

ARTICLE

Disease severity

a ControllgG  IL-17Abiopg  IL-17Ab8opg b
T ; 12 WTC')“"f’“gG 12 IL-17 Ab 10 g 12 IL-17Ab 80 g
-
& 104 = Adipo KO « &+ @10 & 10
T 8 i 18 . * T8
o
s 6 ; 56 g e
= 5 4 5 4 /j-« 5 4
2 3 3
@B 2 w 2 w2 /w
0 0 0 .
01 2 3 4 5 86 01 2 3 4 5 8 01 2 3 456
Days Days Days
Ear thickness
2 Control IgG 2 IL-17 Ab 10 pg 2 1L-17Ab 80 pg
£ 1607 T £ 160 £ 160
ol o -+ Adipo KO o] ]
2 £ 140 * £ 140 £ 140
° £ £ £
=y B 120 % 120 & 120
2 I =S <
g, 100 & 100 g, 100 ST ETR
8 5 &
5 80 5 80 5 80
- 01 2 3 4 5 68 01 2 3 45 86 o 01 2 3 4 5 8
3 3 3
Days Days Days
¢ Control IgG IL-17 Ab 10 g IL-17 Ab 80 g

WT

Adipo KO

Figure 7 | Adipo knockout (KO) mice need a further dose of anti-IL-17 antibody to prevent the psoriasiform dermatitis. Wild-type (WT) and Adipo KO
mice were intraperitoneally injected with control 1gG, or 10 and 80 ng of anti-IL-17 antibody (IL-17 Ab) at 1 day before (day — 1) and 2 days after (day 2)
imiguimod (IMQ) treatment. (a) Phenotypical manifestation of WT and Adipo KO mouse back skin induced by IMQ at day 5. (b) Disease severity (upper
panel) and ear thickness (lower panel) during IMQ treatment. Clinical scores for disease severity were calculated as described in the Methods. Data are
presented as mean +s.e, (n=4 for each group). *P<0.05 versus WT mice with IMQ application. Data are analysed by Welch's t-test. (¢) Histological

presentation of WT and Adipo KO mouse back skin induced by IMQ at day 5 with the indicated dose of IL-17 antibody injection. Scale bar, 50 um.

CD4- or CD8-positive T cells. Human CD4- and CD8-positive
T cells expressed adiponectin receptor, AdipoRl, but not
AdipoR2, at the protein level (Fig. 8c). Peripheral blood mono-
nuclear cells (PBMCs) were activated with IL-23 (0 and
25ngml ~1), plate-bound anti-CD3 and soluble anti-CD28 with
pretreatment of indicated concentrations of adiponectin. IL-17
production by PBMC was inhibited by adiponectin, in a
dose-dependent manner up to 25pgml ™! (Fig. 8d). We also
determined the percentage of IL-17-positive cells among CD4- or
CD8-positive T cells, activated as mentioned above with or
without adiponectin (25 pgml ™) pretreatment. Flow cytometric
analyses revealed the inhibitory effects of adiponectin on human
CD4- and CD8-positive T cells (Fig. 8e,f).

Discussion

A number of epidemiologic studies have been focusing on the
close relationship between psoriasis and metabolic disorders in
terms of adipokines, including adiponectin. However, specific
roles of adiponectin in the regulation of skin immune responses
remain to be unknown. Using a mouse model of psoriasiform
dermatitis, alongside human samples, we set out to determine
whether and how adiponectin is involved in the immunological
development of psoriasiform skin inflammation in this study.

First of all, to confirm that there is not a baseline difference in
cutaneous immune responses or epithelia between wild-type and
adiponectin-deficient mice, we have conduced contact hypersen-
sitivity experiments on these mice using 2,4-dinitrofluorobenzene
or fluorescein isothiocyanate. As shown in Supplementary Fig. 4,
no significant difference was observed in mouse ear thickness
between these mice in both 24-dinitrofluorobenzene- and
fluorescein isothiocyanate-applied conditions. We observed that
adiponectin deficiency resulted in severe psoriasiform inflamma-
tion. Since it is widely known that inhibition of adiponectin
upregu.lates TNF-o. production from macrophages or adipo-
cytes?™*3, we expected that the increased skin inflammation in
adiponectin-deficient mice was mainly due to the overexpression
of TNF-a. Although TNF-o expression was indeed elevated in the
inflamed skin of adiponectin-deficient mice, even more striking
was the upregulated expression of Thl7-related cytokines,
TL-17A/IL-17F/IL-22. The regulation of IL-17 by adiponectin
was strengthened by the flow cytometric analysis, in which
adiponectin deficiency caused increased amount of IL-17
expression by CD3-positive cells on a per-cell basis, along with
enhanced recruitment of CD3-positive cells to the skin. In
addition, adiponectin exerts a direct suppressive effect on the
production of IL-17. Since IL-17 plays central roles in the
pathogenesis and maintenance of psoriasis, it could be speculated
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Figure 8 | Adiponectin suppresses IL-17 production from human CD4~ and CD8-positive T cells. (a) Messenger RNAs of subcutaneous fat (left panel)
and skin (middle panel) tissue from psoriasis patients (n=26) and healthy controls (n=12) were extracted and examined for adiponectin level by
quantitative (q)PCR. Data are mean t s.e. and analysed by Welch's t-test. (b) Correlation of adiponectin level in psoriasis patients between subcutaneous
fat and skin tissue is shown in the right panel. (¢) Human CD4 and CD8-positive T cells were sorted and were analysed for the expression of adiponectin
receptors, AdipoR1 and AdipoR2. (d) PBMCs were obtained from human whole blood, and were pretreated with indicated concentrations of adiponectin for
1h, followed by treatment with plate-bound anti-CD3(5 pgml =), soluble anri-CD28 (Tpugml =" and IL-23 (0 and 25 ngml ") for another 7 days. The
supernatant [L-17 levels were determined using the IL-17 ELISA kit. Data are mean £ s.e. (n=4) and are representative of two independent experiments.
Data are analysed by one-way analysis of variance with Dunnett’s multiple comparison test. (e) Human PBMCs were treated as mentioned above for 5
days, stimulated with PMA and ionomycin and were stained with antibodies specific for [L-17A as well as CD4 and CD8 cell surface markers, followed by
flow cytometric analysis. Data are representative of three independent experiments. (f) Graph shows the percentage of IL-17-positive cells among CD4- or
CD8-positive T cells (n=3: IL-23 Ongmi ™", n=6: IL-23 25ngml~"). Data are analysed by Welch's t-test.

that adiponectin deficiency would drive skin inflammation, decreased adiponectin levels at both subcutaneous fat and skin
especially IL-17-related psoriasiform inflammation. In the site, suggesting that psoriasis patients possess a condition
analyses of human samples, psoriasis patients displayed predisposed to produce IL-17 and develop subsequent dermatitis.
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Although anti-inflammatory properties of adiponectin have
been well-investigated and discussed, most reports have been
focusing on the relation between adiponectin and TNE-o or IL-6.
Adiponectin suppresses TNF-o or IL-6 production and TNF-u-
induced biological effects of certain cells, such as adipocytes,
macrophages, endothelial cells and hepatocytes?>*345, These
anti-inflammatory and suppressive effects of adiponectin against
TNE-o and IL-6 are involved in the pathogenesis of life-related
diseases, such as atherosclerosis, insulin resistance or alcoholic/
non-alcoholic liver disease, in which these cytokines act as main
players in the disease development*~#8, However, there still exist
few reports investigating the function of adiponectin in the
regulation of IL-17. Two reports with different disease models
have shown the enhanced IL-17 production and disease
exacerbation in adiponectin-deficient mice. In the mouse model
of multiple sclerosis, which is another representative Th17-related
disease, adiponectin-deficient mice developed worse experimental
autoimmune encephalomyelitis with higher IL-17 expression of
spinal cord tissues®. Another report can be obtained from an
ozone-induced pulmonary inflammation model, one of the
mouse models for asthma, in which adiponectin-deficient mice
showed increased ozone-induced inflammation and IL-17A
expression in the lung®. In the present study, adiponectin-
deficient mice developed worse psoriasis inflammation with
increased IL-17 expression of the skin, strengthening the
hypothesis that adiponectin possesses anti-inflammatory
properties in the regulation of IL-17. Another point to be
focused on is a time course of IL-6 and IL-17A expression. In the
imiquimod-induced skin inflammation, IL-6 expression was first
enhanced and thereafter IL-17A expression was upregulated. In
addition, IL-6 depletion by IL-6 antibody attenuated about half of
IL-17A expression, suggesting that IL-6 might regulate the
subsequent IL-17A expression. The function of IL-6 in the
differentiation of IL-17A-producing y3-T cells, which are main
producers of IL-17A in the imiquimod-induced dermatitis, is still
controversial®>>2, It has been reported that IL-6-deficient mice
showed a twofold decrease in the percentage of IL-17A + cells®?,
suggesting a partial contribution of IL-6 in the IL-17A production
by ¥8-T cells. Thus, it could be speculated that IL-6
overproduction in adiponectin-deficient mice might induce a
favourable condition for y8-T cells to differentiate and produce
IL-17A in the development of skin inflammation. In fact, the past
report 'anestigsatmg the function of adiponectin in the murine
asthma model®® also demonstrated a similar result to our data,
demonstrating upregulated levels of IL-17A in association
with IL-6 in lung tissues. Thus, hypoadiponectinemia,
associated with IL-6 overproduction, could be responsible for
IL-17A development and production.

Chronic inflammation in adipose tissue accelerates obesity-
related insulin resistance, leading to the development of the
metabolic syndrome, including diabetes mellitus. Increasing
evidence from human studies and animal experiments has
established TNF-o as a main player of obesity-linked adipose
inflammation!®1°, Recently, besides the classic proinflammatory
cytokine TNF-a, the role of IL-17 in adipose tissue and fat
metabolism has been drawing attention®*%. Clinical studies have
demonstrated that obese women exhibit increased levels of
circulating IL-23 and IL-17, suggesting a potential role for IL-17
in obesity’>. As comparable to human studies, several animal
experiments indicate that obesity promotes Th17 expansion and
subsequent IL-17 production, exacerbating disease severity in
murine models of multiple sclerosis and inflammatory bowel
disease, both of which are representative Th17-related diseases as
well as psoriasis®®. Furthermore, it has been reported that IL-17A
production from PBMCs are increased in type 2 diabetes patients
compared with healthy controls®’, and percentage of

haemoglobin Alc, a common clinical marker of diabetes
severity, is positively correlated with IL-17 production®. Thus,
IL-17 is now increasingly recognized as a new mediator of
adipose tissue metabolism and inflammation, indicating that
psoriasis and obesity-related metabolic disorders have a common
immunopathological basis in disease development. Although the
regulation of IL-17 by adiponectin was revealed by a murine
model of psoriasiform dermatitis induced by imiquimod or IL-23,
one of the problems in interpreting these data obtained from
murine experiments is that chronicity are lacking and different
cellular mediators from human psoriasis are involved in this
model®®, A murine model of imiquimod-induced psoriasiform
dermatitis is indeed a powerful model to investigate the IL-17-
related immunological pathway. However, this model describes
an acute and simple skin inflammation, and thus, it has
disadvantages in evaluating the maintenance of human chronic
disease. Regarding cell types responsible for IL-17 production,
v0-T cells are main producers of IL-17 in a murine model
of psoriasiform dermatitis®>36, whereas y8-T cells take up a
minority of IL-17-producing cells and conventional of-T cells
produce most of IL-17 in the inflammation site of human
psoriasis®®>®, Thus, we also examined the effect of adiponectin on
IL-17 production by human CD4- and CD8-positive T cells.
In agreement with the results obtained from the murine
experiments, IL-17 production by human CD4- or CD8-
positive T cells was dose-dependently suppressed by
adiponectin. Since adiponectin level was reduced at the skin,
the actual site of inflammation, in psoriasis patients, decreased
adiponectin would enhance IL-17 production from CD4- or
CD8-positive T cells and finally exacerbate psoriasis dermatitis.

Supplementation of adiponectin ameliorates disease progres-
sion induced by adiponectin deficiency in other several murine
models®0-62, suggesting that elevation of adiponectin level would
be one of the strategies to improve the pathological condition of
the disease. Consistent with past reports, exogenous adiponectin
supplementation was effective to protect from dermatitis in
adiponectin-deficient mice, but interestingly, it was not effective
in wild-type mice. One possibility of this discrepancy in
responsiveness between wild-type and adiponectin-deficient
mice is that the effects of adiponectin might be elicited below a
certain concentration and that, above that concentration, the
effect might reach a plateau. Thus, it could be speculated that
additional administration of exogenous adiponectin to wild-type
mice might not have resulted in exerting biological effects.
Adiponectin could be used as a potential therapeutic of dermatitis
for those with low adiponectin levels, such as diabetic and obese
patients, but not for those with sufficient adiponectin levels.

In conclusion, adiponectin plays a crucial role to regulate
psoriasis inflammation by directly suppressing IL-17 production
from T cells. Our results provide a new therapeutic suggestion that
increasing adiponectin levels after diet-induced weight loss would
be efficient in improving psoriasis as well as metabolic disorders.

Methods ,

Mice. Original adiponectin-deficient mice (C57BL/6 and 129/Sv-mixed back-
ground)63 were backcrossed with C57BL/6 mice more than seven times. Mice were
7-10 weeks old for all experiments. Age- and sex-matched wild-type C57BL/6 mice
(CLEA Japan, Tokyo, Japan) were used as controls for adiponectin-deficient mice.
All mice were maintained under a 12-h light/12 h dark cycle in a specific pathogen-
free barrier facility. All studies and procedures were approved by the Committee on
Animal Experimentation of Tokyo University.

Induction of psoriasiform skin inflammation by imiquimod. A daily topical dose
of 62.5mg of commercially available imiquimod cream (5%) (Beselna Cream;
Mochida Pharmaceuticals, Tokyo, Japan) or control cream (Vaseline and a cream
containing isostearic acid) was applied to the shaved back skin and ears of mice for
6 consecutive days (days 0-5). In some experiments, mice were intraperitoneally
injected with mouse anti-IL-6 antibody (250 pg per mouse, R&D Systems,
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Minneapolis, MN), anti-IL-17 antibody (10 and 70 pgper mouse, R&D Systems)
and control rat IgG (R&D Systems). The antibodies were injected 1 day before
imiquimod application and day 1 (anti-IL-6 antibody) or day 2 (anti-IL-17 anti-
body). In the experiments of adiponectin supplementation, mice were given daily
intraperitoneal injection of recombinant adiponectin (50 pg per day per mouse)”
or PBS from 1 day before imiquimod treatment. Disease severity was assessed by
using a scoring system based on the clinical Psoriasis Area and Severity Index,
except for the affected skin area®2. To be precise, erythema, scaling and thickening
were scored independently on a scale from 0 to 4 (0, none; 1, slight; 2, moderate; 3,
marked; 4, very marked), and the cumulative score was used as a total score
(scale 0-12).

Induction of psoriasiform skin inflammation by IL-23. Intradermal injections of
10 pl of PBS, either alone or containing 500 ng of recombinant mouse IL-23
(eBioscience, San Diego, CA) were performed into the dorsal aspect of the ear skin.
Injections were performed every other day, and skin samples were collected 24h
after the second injection.

Histological and immunohistochemical analyses. Samples of naive or imiqui-
mod-applied mouse back skin were collected. The samples were formalin-fixed and
processed for standard haematoxylin and eosin staining. For immunohistochem-
istry, mouse skin was embedded in optimal cutting compound (OCT), snap-frozen
in liquid nitrogen and stored at — 80 °C. Cryosections were fixed with cold acetone
for 5min and incubated overnight at 4 °C with anti-mouse major histocompat-
ibility complex class II antibody (1/50 dilution, Abcam, Cambridge, UK) or anti-
mouse CD3 antibody (1/100 dilution, Abcam). Tissues were subsequently stained
with an avidin-biotin peroxidase complex using a Vector ABC staining kit (Vector
Laboratories, Burlingame, CA).

Quantitative real-time reverse transcription~PCR analysis. Total RNA was
isolated from mouse back skin using RNeasy fibrous Tissue Mini kits (Qiagen,
Germantown, MD) and complementary DNA was synthesized using Superscript
III First strand synthesis kits (Invitrogen Life Technologies, Carlsbad, CA). Gene
expression was quantified using the TagMan gene expression assay (Applied
Biosystems, Warrington, UK). Primers for TNF-o, IFN-y, IL-6, IL-12p40,
IL-23p19, IL-17A, IL-17F, IL-22 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were available from Applied Biosystems. All samples were analysed in
parallel for GAPDH gene expression as an internal control. The relative expression
levels of each gene were determined by the 2”AACT method.

PCR analysis for the Vy chain. Epidermal y5-T cells and dermal y3-T cells were
sorted using FACS Aria II or IIL Since a certain population of dermal y3-T cells is
recruited to the epidermis upon imiquimod treatment, epidermal y3-T cells were
collected before imiquimod treatment. Dermal ¥3-T cells were collected after
imiquimod application. Complementary DNA was synthesized and thermocycled
for PCR amplification with 10 uM of each primer and 1.5U of Taq polymerase
(Invitrogen), using the following primers: Vy4 5'-TGTCCTTGCAACCCCTA
CCC-3', Vg5 5'-TGTGCACTGGTACCAACTGA-3', Cy 5'-CTTATGGAGATTT
GTTTCAGC-3', GAPDH 5-AACTTTGGCATTGTGGAAGG-3' and 5'-ACACAT
TGGGGGTAGGAACA-3". The nomenclature of TCR Vy chains is according to
Garman®% Images have been cropped for presentation. Full-length gel images are
shown in Supplementary Fig. 5.

Preparation of cells and flow cytometric analysis. Skin samples applied with
imiquimod or control cream for 5 days were incubated in 2mgml ~! Dispase
(Gibco), and were separated into epidermis and dermis. Dermis was minced and
then incubated with 2mgml ~! of collagenase type 2 (Worthington, Lakewood,
NJ) in Tyrode buffer for 60-90 min. In some experiments, whole-skin samples were
directly minced and digested mentjoned above. The digested tissues were cen-
trifuged, resuspended in PBS and filtered through a 70-um mesh. Single-cell sus-
pensions were stained on ice with either labelled monoclonal antibody or isotype
control antibody. Cells were then analysed by FACSVerse flow cytometer (Becton
Dickinson, San Jose, CA). The antibodies used were anti-CD3, y8TCR, Vvy4 and
Vy5 (1/100 dilution, Biolegend, San Diego, CA). In selected experiments, intra-
cellular IL-17 staining was performed. Cells were stimulated with plate-bound anti-
CD3e monoclonal antibody (BD Pharmingen, San Diego, CA) in the presence of
PMA (Sigma, St Louis, MO), ionomycin and brefeldin A (1/1,000 dilution, Bio-
legend) for 4 h at 37 °C. Cells were first stained with each cell surface antibody and
then fixed, permeabilized, followed by anti-mouse IL-17 monoclonal antibody
staining (1/100 dilution, Biolegend). Thereafter, the cells were analysed.

Cell sorting. For analysis of in vitro experiments, dispase-separated epidermis and
dermis were minced and digested as mentioned above, and the cells were sorted on
a FACS Aria II or III with a purity of 97-99%.

Immunoblotting. Anti-AdipoR1 and AdipoR2 antibodies were obtained from
Immuno-Biological Laboratories (Gunma, Japan). Sorted dermal y8-T cells and

human CD4- and CD8- T cells in lysis buffer were dissolved in NuPAGE LDS
Sample Buffer with NuPAGE Sample Reducing Agent (Invitrogen) and denatured
by heating for 5 min at 95 °C. Lysis buffer contained 20 mM Tris (pH 7.5), 150 mM
NaCl, 1mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5mM sodium pyropho-
sphate, 1 mM glycerophosphate, 1 mM sodium orthovanadate, 1 mM phe-
nylmethylsulphonyl fluoride and 1 pgml ™7 leupeptin. SDS—polyacrylamide gel
electrophoresis was performed with NuPAGE 4-12% Bis-Tris gels and MES run-
ning buffer (Invitrogen). After transfer to an Immobilon-P transfer membrane
(Millipore, Bedford, MA), the membrane was incubated for 1h at room tem-
perature with blocking buffer, overnight at 4 °C with the primary antibody, anti-
AdipoR1 or AdipoR2 antibody (1/25 dilution), washed and incubated for 1h at
room temperature with the appropriate secondary antibody (1/2,000 dilution).
After washing, visualization was performed by enhanced chemiluminescent tech-
niques (Thermo Scientific, Rockford, IL). Images have been cropped for pre-
sentation. Full-length blotting images are shown in Supplementary Figs 6 and 7.

Secretion of IL-17 from dermal y3~T cells. Dermal y8-T cells were sorted as
mentioned above. Thereafter, y8-T cells were cultured with complete medium
(RPMI 1640 containing 10% FCS) overnight, and then were incubated with the
indicated concentrations of adiponectin for 1h, followed by treatment with IL-1f8
(10 ngml ~ ;; R&D systems) and IL-23 (5ngml ™~ L R&D systems) for another 24 h.
The IL-17 protein levels in the supernatants were measured using an ELISA kit
from R&D Systems according to the manufacturer’s direction.

RNA interference for adiponectin receptors. Accell siRNAs against AdipoR1
and AdipoR2, or nontargeting control siRNA were obtained from Thermo Fischer
Scientific (Waltham, MA). All transfections were done using Accell siRNA
Reagents following the manufacturer’s instructions (Thermo Fischer Scientific).
Breifly, isolated y8-T cells were incubated with Accell siRNA mixed with Accell
siRNA delivery medium. After 72h, transfected y8-T cells were pretreated with
adiponectin (10 pgml ~ 1y for 1h, followed by treatment with IL-1B (10 ngml ™ 1y
and IL-23 (Sngml ~!) for another 6h. Control experiments have revealed that
AdipoR1 and AdipoR2 mRNA levels are reduced by >65%. Gene expression levels
of IL-17A were quantified by real-time PCR as described above.

Human subjects. Subcutaneous adipose tissue and skin tissue samples were taken
from both psoriasis patients and healthy controls. Samples were taken from 26
patients with psoriasis vulgaris (17 males and 9 females; aged: 51.8 £ 11.9 years)
before treatment and 12 healthy controls (8 males and 4 females; aged 49.8 + 9.4
years). All of the patients were diagnosed with clinical appearance and histological
findings. Total RNA was then isolated using Trizol (Invitrogen), after which
relative mRNA levels were determined using TagMan gene expression assay as
mentioned above. Institutional approval (University of Tokyo Graduate School of
Medicine and Teikyo Universtiy School of Medicine) and written informed consent
were obtained from all the subjects. Primers for human adiponectin and GAPDH
were available from Applied Biosystems.

Isolation and culture of PBMC. PBMCs were obtained by density centrifugation
over Ficoll-Paque (GE Healthcare, Buckinghamshire, UK) and were resuspended in
RPMI 1640 supplemented with 10% fetal bovine serum. For IL-17 production,
PBMCs were activated by plate-bound anti-CD3 (5 pgml ~ 1), soluble anti-CD28
(1pgml™ 1y and IL-23 (25 ngml™ B by pretreatment with indicated concentra-
tions of adiponectin for 1h. For intracellular staining, PBMCs were incubated for
4h with PMA and ionomycin in the presence of brefeldin A (all from Sigma) at
37°C, and intracellular cytokine staining was carried out as mentioned above.
The antibodies used were anti-CD4, CD8 and IL-17 (1/100 dilution, all from
Biolegend).

Statistical analyses. Data obtained are presented as mean + s.e. Welch’s ¢-test was
used for the statistical analysis of differences between two groups. One-way analysis
of variance with Dunnett’s multiple comparison test was used for statistical analysis
of the differences among multiple groups. Values of P<0.05 were considered to
represent a significant difference.
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Familial platelet disorder with propensity to acute myeloid leukemia (FPD/AML) is an auto-
somal dominant disease associated with a germline mutation in the RUNXI gene and is char-
acterized by thrombocytopenia and an increased risk of developing myeloid malignancies. We
generated induced pluripotent stem cells (iPSCs) from dermal fibroblasts of a patient with
FPD/AML possessing a nonsense mutation R174X in the RUNXI gene. Consistent with the
clinical characteristics of the disease, FPD iPSC-derived hematopoietic progenitor cells
were significantly impaired in undergoing megakaryocytic differentiation and subsequent
maturation, as determined by colony-forming cell assay and surface marker analysis. Notably,
when we corrected the RUNXI mutation using transcription activator-like effector nucleases
in conjunction with a donor plasmid containing normal RUNXI ¢cDNA sequences, megakaryo-
poiesis and subsequent maturation were restored in FPD iPSC-derived hematopoeietic cells.
These findings clearly indicate that the RUNXI mutation is robustly associated with thrombo-
cytopenia in patients with FPD/AML, and transcription activator-like effector nuclease-
mediated gene correction in iPSCs generated from patient-derived cells could provide a

promising clinical application for treatment of the disease. Copyright © 2015 ISEH -
International Society for Experimental Hematology. Published by Elsevier Inc.

Familial platelet disorder with propensity to acute myeloid
leukemia (FPD/AML) is an autosomal dominant disease
characterized by mild to moderate thrombocytopenia,
impaired platelet function, and an increased risk for devel-
oping hematopoietic malignancies such as myelodysplastic
syndrome (MDS) and acute myeloid leukemia [1-3]. The
disease is associated with an inherited mutation in the
RUNXI gene [4], which is located at chromosome 21g22
and known as a transcription factor that regulates fetal
and adult hematopoiesis. Genetic mutations and transloca-
tions involving RUNXI have been reported in a variety of
hematopoietic malignancies including MDS and AML

Offprint requests to: Mineo Kurokawa, Department of Hematology &
Oncology, Graduate School of Medicine, University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-8655, Japan; E-mail: kurokawa-tky@
umin.ac.jp

[5-8]. Although the prevalence of FPD/AML was initially
considered to be very low, there has recently been an in-
crease in the number of reported cases worldwide, along
with an increased awareness of FPD/AML by clinicians
[9-14]. Because RUNXI is a key regulator in megakaryo-
cytic differentiation in hematopoiesis [15,16], its mutation
is considered to be definitely associated with the pathogen-
esis of FPD/AML, and developing a gene therapy that
corrects the RUNXI mutation could lead to fundamental
therapeutics for the disease.

Induced pluripotent stem cells (iIPSCs) provide an attrac-
tive platform for studying heritable diseases [17]. Once
iPSCs harboring genomic abnormalities specific for a dis-
ease are established, they can be differentiated into cells
with relevant lineages. Particularly because sufficient
patient samples are not available in rare diseases including
FPD/AML, patient-derived iPSCs have great potential as a

0301-472X/Copyright © 2015 ISEH - International Society for Experimental Hematology. Published by Elsevier Inc.
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disease model, as they could generate unlimited quantities
of cells. Furthermore, genetic manipulations, such as intro-
duction of exogenous genes and specific correction of the
defined mutation in established iPSCs, could lead to novel
cellular therapy. Previous studies reported that gene correc-
tion of iPSCs from patients with sickle cell anemia, beta
thalassemia, and Fanconi anemia successfully reestablished
normal hematopoiesis [18-24]. In FPD/AML, RUNXI-
corrected hematopoietic cells with the capacity to produce
both qualitatively and quantitatively normal platelets could
be a new source for autologous hematopoietic stem cell
transplantation.

In this study, we generated iPSCs from dermal fibro-
blasts derived from a patient with FPD/AML. Consistent
with the clinical phenotype of the disease, we found that
FPD iPSC-derived hematopoietic cells had a prominent
dysfunction in megakaryocytic differentiation. Addition-
ally, we demonstrated that transcription activator-like
effector nuclease (TALEN)-mediated gene correction of
the RUNXI mutation restored megakaryopoiesis in FPD
iPSC-derived hematopoietic cells.

Methods

Generation and culture of iPSCs from a patient with FPD/AML
This research was approved by the ethics committees at the Uni-
versity of Tokyo. Skin biopsy of an adult female patient with FPD/
AML was performed after she provided written informed consent.
The fibroblasts obtained were culture expanded and reprog-
rammed to iPSCs as previously described, with retroviral trans-
duction of four factors: OCT3/4, SOX2, KLF4, and ¢c-MYC [17].
Normal control human iPSCs were established from fibroblasts
of healthy volunteers in the same manner. Human iPSCs were
routinely maintained on mouse embryonic fibroblast (MEF)
feeders and passaged as described previously {25]. Immunofiuo-
rescence staining was carried out with Alexa fluor 555 mouse anti-
human TRA-1-60 antigen (BD Pharmingen) and Alexa fluor 488
mouse anti-human SSEA4 antigen (BD Pharmingen, San Diego,
CA) as described previously [17].

Hematopoietic differentiation of iPSCs

To differentiate iPSCs into hematopoietic cells, we used the same
protocol as previously used with embryonic stem cells and iPSCs
[26]. In brief, small clusters of iPSCs were transferred onto mito-
mycin C-treated C3H10T1/2 cells and co-cultured in hematopoiet-
ic cell differentiation medium, which consisted of Iscove’s
modified Dulbecco medium supplemented with a cocktail of
10 pg/mL human insulin, 5.5 pg/ml human transferrin,
5 ng/mL sodium selenite, 2 mmol/L. L-glutamine, 0.45 mmol/L
monothioglycerol, 50 pg/ml ascorbic acid, and 15% highly
filtered fetal bovine serum (FBS) in the presence of 20 ng/mL hu-
man vascular endothelial growth factor (VEGF). Culture medium
was replaced on days 3, 6, 9, 11, and 13. After 14 to 15 days of
culture, the iPSC sacs were crashed with pipette tips and filtered
with cell strainer, and CD34TCD43% hematopoietic progenitor
cells (HPCs) were isolated with anti-CD34 antibody (eBioscience,

San Diego, CA) and anti-CD43 antibody (Beckman Coulter, Brea,
CA) using FACS Aria II (Becton Dickinson, Franklin Lakes, NJ).

Hematopoietic colony-forming cell assay

Colony-forming cell (CFC) assays for evaluating the capacity to
produce erythroid, myeloid, and multilineage cells were
performed in MethoCult H4034 semisolid medium (StemCell
Technologies). Twenty thousand HPCs harvested from iPSC sacs
were plated in 1 mL of medium and cultured for 14 days. Mega-
karyocytic CFC assays were performed in MegaCult-C semisolid
medium (StemCell Technologies). Twenty-five thousand HPCs
were cultured in double-chamber slides for 10 to 12 days. After-
ward, the slides were dehydrated, fixed, and stained for
anti-CD41 antibody according to the manufacturer’s protocols.
All colonies were classified into three categories: megakaryocytic
colony (Mk), mixed Mk colony, and non-Mk colony.

Megakaryocytic differentiation of hematopoietic progenitor

cells

To differentiate iPSC-derived HPCs into megakaryocytes,
CD34*CD43% HPCs were transferred onto mitomycin C-treated
C3HI10T1/2 cells in six-well plates and maintained in differenti-
ation medium supplemented with 25 mg/mL human megakaryo-
cyte growth and development factor (MGDF), 50 ng/mL human
stem cell factor, and heparin. Culture medium was refreshed
every 3 days. Nonadherent cells were collected, and CD41a/
CD42b positivity was examined with flow cytometry after
9 days of culture [27]. Data analysis was performed with FlowJo
software (Treestar, Ashland, OR). The CD41a"CD42b* cells
were sorted by flow cytometry and stained using the Wright—
Giemsa method.

RUNX1 TALEN construction

We constructed a pair of TALENs that make DNA double-strand
breaks at the site of the RUNX/ mutation in the REAL assembly
method, as previously described [28]. In brief, the plasmids
harboring modules of repeat-variable di-residue (RVD) nucleotide,
which recognizes each DNA code, were digested with either Bsal
or BbsI, and BamHI. The digested strands were ligated in a step-
wise manner into designed order. Then the specific DNA sequence
recognition parts assembled were inserted into expression vectors,
which include the Fokl nuclease domain. In this way, fusion pro-
teins combining the TALE DNA recognition domain and nuclease
domain were made. The donor sequence for homologous recombi-
nation was made by using OCT4-2A-EGFP-PGK-puro vector as a
backbone vector [29], and RUNXI cDNA sequences after the
mutation site followed by polyadenylation signal were inserted be-
tween approximately 700 bp of homologous arms of both 5 and 3’
sides.

TALEN-mediated gene correction of iPSCs

We dissociated iPSCs into single cells with Accutase after the
Y-27632 treatment and suspended them in Opti-MEM. The
TALEN pair and a donor plasmid were transfected with
NEPA21 electroporator (Nepa Gene, Ichikawa, Chiba, Japan).
After transfection, iPSCs were seeded on MEF feeder cells with
supplemented with 10 pmol/L Y-27632. Puromycin was added
to iPSC medium 2 days after electroporation, and resistant clones
were picked up after 10-14 days. Every puromycin-resistant clone
was examined by polymerase chain reaction (PCR) amplification
to determine whether insertion accompanied by homologous
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recombination has occurred at the specific site. The following
primers were used for genomic PCR: primer 1, GAGTCATCAAT
TTTATTCTGACTGATCC; primer 2, TAAAGGCAGTGGAGT
GGTTCA; primer 3, CCACCAACCTCATTCTGTTT; primer 4,
GAGGCGCCGTAGTACAGGT; primer 5, TTTCCAGAACCACA
CCCTTC; primer 6, TCCCTCACTCCAAGAAGAGAGTAT. For
sequencing of the RUNXI cDNA, mutation-containing regions
of RUNXI were amplified with the following primers: forward,
TTTGTCGGTCGAAGTGGAAG; reverse, GGCAATGGATCCC
AGGTATT.

Immunoblotting

Total-cell lysates were subjected to immunoblotting. Membranes
were probed with anti-RUNX1 (Cell Signaling) and anti-B-actin
(Cell Signaling) monoclonal antibody. Detection was performed
with horseradish peroxidase-labeled secondary antibodies (Santa
Cruz Biotechnology), Immunostar LD Western blotting detection
reagent (Wako), and an LAS-3000 image analyzer (FujiFilm).

Real-time quantitative PCR

Real-time quantitative PCR was carried out on the LightCycler480
system (Roche) using SYBR Green reagents according to the
manufacturer’s instructions. The results were normalized to 18S
rRNA levels. Relative expression levels were calculated using
the standard curve method. The following primers were used for
quantitative PCR experiments: 18S forward, CGCGGTTC
TATTTTGTTGGT, and reverse, AGTCGGCATCGTTTATGGTC,;
RUNXI forward, TGGAAGAGGGAAAAGCTTCA, and reverse,
TTCTGCCGATGTCTTCGAG.

Results

Generation of iPSCs from a patient with FPD/AML

In this study, we analyzed a patient with FPD/AML. of the
pedigree we had previously reported [30]. The pedigree
displayed a C-T mutation in exon 5 of one of the RUNX1 al-
leles, changing the codon for the arginine residue at position
174 (runt domain) into a stop codon (R174X mutation). The
nonsense mutant has been found to interfere with transacti-
vation by normal RUNX1 in a dominant-negative manner
[14]. We established iPSCs from the dermal fibroblasts of
the patient by reprogramming with retroviral transduction
of OCT3/4, SOX2, KLF4, and c-MYC, as previously
described [17]. The established FPD iPSCs exhibited char-
acteristic embryonic stem cell-like morphology (Fig. 1A).
We also confirmed that they expressed embryonic stem
cell gene transcripts, such as NANOG, OCT4, REXI,
SOX2, and LIN28 (Fig. 1B), and pluripotent markers
SSEA-4 and TRA-1-60, as determined by immunofluores-
cence staining (Fig. 1C). In addition, the established FPD
iPSCs had the same RUNXI heterozygous mutation as the
patient’s primary fibroblasts, indicating that they were truly
derived from the patient with FPD/AML (Fig. 1D). Teratoma
formation capacity of the iPSCs when they were injected
into immunodeficient NOD/scid mice was also confirmed
(Fig. 1E).
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Figure 1. Generation and characterization of induced pluripotent stem
cells (iPSCs) from a patient with familial platelet disorder with propensity
to acute myeloid leukemia (FPD/AML) (FPD iPSCs). (A) Phase contrast
micrograph of the morphology of FPD iPSCs. Embryonic stem cell-like
colony formation was observed. (B) Levels of expression of stem cell
genes in FPD iPSCs, compared with those of parental FPD fibroblasts.
(C) Immunofluorescence staining for pluripotent markers such as SSEA4
and TRA1-60 in FPD iPSCs. (D) Genomic sequencing of exon 5 of the
RUNX1 gene in the established FPD iPSCs revealed the same RUNXI het-
erozygous mutation, R174X, as in the patient’s primary fibroblasts. * Indi-
cates the point mutation. (E) Teratoma formation assay of FPD-derived
iPSCs. All three germ layers were included in the tumor. Hematoxylin—
eosin stain.

FPD iPSC-derived hematopoietic cells have reduced
capacity for megakaryocytic differentiation

To investigate the hematopoietic potential in the established
FPD iPSCs, we first differentiated them into HPCs by
co-culture with C3HI0T1/2 feeder cells. FPD iPSCs
yielded CD347CD43™ HPCs comparable in frequency to
normal iPSCs (Fig. 2A and B). Approximately 10° iPSCs
generated several hundred thousands of CD34TCD437
cells after differentiation culture. Although we tested a pro-
longed culture period 1 or 2 days longer than usual, HPC
yield was not increased (data not shown). Then, the gener-
ated CD347CD43%* HPCs were seeded into semisolid
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Figure 2. Hematopoietic differentiation capacity of induced pluripotent stem cells (iPSCs) from a patient with familial platelet disorder with propensity to
acute myeloid leukemia (FPD/AML) (FPD iPSCs). (A, B) Flow cytometric analysis of CD34 and CD43 after hematopoietic differentiation of iPSCs: (A)
representative plots, (B) mean percentages of hematopoietic progenitor cells (HPCs0. Experiments were repeated three times independently. Error bars indi-
cate SD. (C) Colony-forming cell assay for myeloid and erythroid lineages of HPCs derived from FPD iPSCs and normal counterparts in MethoCult H4034
semisolid medium. (D) Colony-forming cell assay for megakaryocytic lineage of HPCs derived from FPD iPSCs, as compared with normal cells, in
MegaCult-C semisolid medium. CD34TCD43™ cells were sorted and used in the colony-forming assay. Experiments were repeated three times indepen-
dently. Error bars indicate SD (*p < 0.05). (E) Wright-Giemsa-stained cytospin images of CD41a*CD42 b* megakaryocytes differentiated from normal
or FPD-derived HPCs. (F, G) Flow cytometric analysis of CD41a and CD42b after megakaryocytic differentiation of HPCs: (F) representative plots, (G)
mean percentages of CD41a*CD42b™ fractions. Experiments were repeated three times independently (*p < 0.05). Error bars indicate SD.

culture medium and evaluated for their colony-forming ca- myeloid colonies, compared with the normal control,
pacity. Notably, while FPD iPSC-derived HPCs exhibited when seeded into MethoCult H4034 semisolid medium
no significant difference in numbers of erythroid and (Fig. 2C), they had a prominently decreased capability for
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Figure 3. Transcription activator-like effector nuclease (TALEN)-mediated RUNXI gene correction. (A) Plasmid design for TALEN-mediated correction of
RUNXI mutation. (B) Confirmation of precise integration into HEK293T cells transfected with a pair of TALENSs and a donor plasmid with polymerase chain
reaction analysis. (C) Immunoblot of RUNX1 in HEK293T cells with or without integration of a donor plasmid.

megakaryocytic colony formation as determined by CD41%
CFU-Mk colonies (Fig. 2D). To further evaluate the capac-
ity for differentiation into megakaryocytic lineages of
iPSC-derived HPCs, we analyzed the generation and matu-
ration of megakaryocytes after 9 days of culture of HPCs in
differentiation medium supplemented with stem cell factor
and MGDF on C3H10T1/2 feeder cells. The cytospin image
of the CD41a"CD42b" cells obtained revealed mature
polyploid megakaryocytes in both normal and FPD iPSC-
derived cells (Fig. 2E). Interestingly, the differentiation
into mature megakaryocytes was less efficient in HPCs
derived from FPD iPSCs, as assessed with flow cytometry,
than in normal iPSC-derived HPCs, indicating that FPD
iPSC-derived HPCs had a reduced capacity for megakaryo-
cyte differentiation and subsequent maturation (Fig. 2F
and G).

Design of TALEN plasmids targeting the RUNX1
mutation site

Next, we were interested in investigating if repair of the
RUNXI gene mutation could normalize the capacity for
megakaryocytic differentiation in FPD iPSC-derived
hematopoietic cells. To specifically correct the RUNXI
mutation, we used TALENs targeting the region near the
mutation site in conjunction with a donor plasmid contain-
ing normal RUNXI cDNA sequences from exons 6 to 8, as
illustrated in Figure 3A. After the pair of TALENs intro-
duces the double-strand break at the target site, homologous

recombination between genomic DNA and the donor
plasmid replaces mutated RUNXI! with wild-type cDNA
sequences of RUNXI. To select the cells with successful
homologous recombination, we introduced a puromycin-
resistant gene cassette into the donor plasmid. First, we
validated the efficacy of our strategy using cell lines.
HEK?293T cells were transfected with TALEN plasmids
and the donor plasmid with electroporation and subse-
quently cultured for 1 week with 1 pg/mL puromycin,
and the genomic DNA of surviving clones was purified.
We confirmed that the donor plasmid was precisely inte-
grated at the target site by detecting PCR amplification
with the specific primers (Fig. 3B). Also, the protein level
of RUNXI in puromycin-resistant cells was almost the
same as that in the control cells, indicating that the inserted
RUNX1 cDNA sequence was properly transcribed and
translated into protein (Fig. 3C).

Correction of RUNX1 mutation in FPD iPSCs restores
megakaryopoiesis

As a next step, we tried to correct the RUNX1 gene in FPD
iPSCs with this strategy. A single-cell suspension of FPD
iPSCs was transfected with the two TALEN-encoding
plasmids and the donor template, and seeded for colony for-
mation (Fig. 4A). After selection with puromycin, we
finally obtained four puromycin-resistant clones, which
had proper integration of a donor plasmid as confirmed
by genomic PCR analysis. Although only preliminary
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assessment was performed with three lines of each set
of FPD iPSCs and RUNXI-corrected iPSCs, they did not
seem different in terms of cell biological properties as
iPSCs (data not shown). In subsequent analysis, we used
one of the RUNXI-corrected clones. First, we synthesized
a cDNA from mRNA of the clone and confirmed that it
possessed a wild-type RUNX! sequence without containing
a mutant one (data not shown). We differentiated the re-
paired FPD iPSCs into HPCs and then into megakaryo-
cytes, and evaluated their differentiation efficiency.
Consistent with our hypothesis, the HPCs from repaired
clones produced significantly increased megakaryocytic
colonies (Fig. 4B) and CD41a™ cells compared with the
original FPD iPSC-derived HPCs (Fig. 4C and D). Further-
more, they generated more mature megakaryocytes as
determined by the intensity of CD42 b within CD41a* cells
(Fig. 4E). Importantly, RUNXI-corrected FPD iPSC-
derived cells had almost the same levels of RUNXI expres-
sion as parental FPD iPSC-derived cells throughout the
differentiation process (Fig. 4F). These results clearly indi-
cate that TALEN-mediated correction of RUNXI gene
mutation restores wild-type RUNXI expression to physio-
logic levels and normalizes megakaryopoiesis in hemato-
poietic cells derived from patients with FPD/AML, which
could provide a promising therapeutic approach for funda-
mental treatment of those patients.

Discussion

In the present study, we generated iPSCs from skin fibro-
blasts of a patient with FPD/AML. Hematopoietic cells
derived from FPD iPSCs exhibited a significantly reduced
ability to differentiate into a megakaryocytic lineage
compared with the control cells in vitro, which well
reflected the clinical features of the disease. In the colony
assay, FPD iPSC-derived HPCs exhibited no significant
defects in forming erythroid and myeloid colonies. We
also found that the megakaryocytes derived from FPD
iPSCs had impaired capacity for generating mature mega-
karyocytes in vitro, indicating that RUNXI plays an impor-
tant role in both differentiation of HPCs into
megakaryocytes and their subsequent maturation. These
phenotypes were successfully corrected by TALEN-based
cleavage at the RUNXI mutation site followed by the inte-
gration of normal RUNXI ¢cDNA sequence. Further techno-
logical improvements in TALEN-mediated genome editing
are awaited, based on the extremely low efficiency of
homologous recombination in our experiments (data not
shown).

Gene therapy, which introduces genetic material into
cells of patients to manipulate the causative genes, is one
of the most promising therapeutic options for inherited dis-
orders. So far, viral vectors have most commonly been used
because of their high transduction efficiency compared with
nonviral vectors. In hematologic disorders caused by

single-gene defects such as several immunodeficiency
diseases, autologous transplantation of gene-corrected
hematopoietic stem cells is a potentially curative approach
and has been the subject of a number of clinical trials
[31-36]. One of the most critical concerns regarding the
procedure is the risk for insertional mutagenesis, which
could trigger oncogenesis as a result of unexpected upregu-
lation of the expression in proto-oncogenes near the vector
insertion sites by enhancer sequences within the long-
terminal repeat of the retroviral vector, as previously
reported [37-41]. Although lentiviral vectors are reported
to be safer than retroviral vectors because of the integration
sites, as recently reported in the treatment of Wiscott—
Aldrich syndrome with autologous transplantation of
CD34% cells lentivirally transduced with the causative
gene [42], there still exists a possibility of dismal complica-
tions accompanying integration of a transgene [43].
Compared with viral vector-mediated gene addition/
complementation, our TALEN-mediated insertion of the
desired sequences has several advantages. First, a transgene
can be integrated into a highly specific locus by recognition
of bilateral homologous arms. Second, because the inserted
genes are under the control of physiologic promoter, the re-
paired clones are expected to fulfill almost normal pheno-
type, in contrast to the overexpression of wild-type genes
by viral vectors, which does not always confer the same
phenotypes as those in the endogenous levels of expression.
Especially when a causative mutation has a dominant-
negative effect as in this case, integration of a normal
cDNA sequence at random locations might be insufficient
to restore normal function because of the remaining mutant
transcripts.

One of the greatest advantages of using iPSCs in gene
therapy is that they allow nearly unlimited expansion of he-
matopoietic cells derived from the patients themselves,
which can be used for autologous transplantation after
gene correction in vitro. On the other hand, efficient gener-
ation of self-renewing long-term hematopoietic stem cells
(HSCs) from iPSCs still remains difficult. Previous studies
have reported that ESC- or iPSC-derived CD34* hemato-
poietic cells could not be efficiently engrafted in the trans-
planted recipients [44-46]. As maintenance of HSCs
requires finely tuned control by bone marrow niches
in vivo, it is still challenging to artificially reconstruct the
microenvironment in vitro. Although a recent study has re-
ported that engraftable HSCs could be obtained from iPSCs
by way of teratoma formation in vivo [47], further studies
are required to establish a safe and efficient technology to
obtain functional HSCs for future clinical applications. In
addition to thrombocytopenia, another critical complication
of FPD/AML is its progression to myelogenous leukemia
[48]. The increased risk for leukemic transformation might
be associated with genomic instability caused by RUNXI
mutation [49]. Therefore, correction of the mutation is
important in preventing the emergence of aberrant clones,
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as well as the normalization of platelet counts. Considering
the progressive accumulation of DNA damage, it is desir-
able to repair the mutation as early as possible.

In summary, we generated iPSCs from a patient with
FPD/AML and analyzed their characteristics in megakaryo-
cytic differentiation. Dysmegakaryopoiesis associated with
RUNXI mutation was successfully reverted to normal by
TALEN-mediated replacement of mutant RUNX! with the
wild-type sequence, which could be incorporated into cura-
tive therapeutics for thrombocytopenia and prevention of
the incidence of myeloid malignancies in patients with
FPD/AML.
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SUMMARY

Upon systemic bacterial infection, hematopoietic
stem and progenitor cells (HSPCs) migrate to the pe-
riphery in order to supply a sufficient number of
immune cells. Although pathogen-associated molec-
ular patterns reportedly mediate HSPC activation,
how HSPCs detect pathogen invasion in vivo re-
mains elusive. Bacteria use the second messenger
bis-(3'-5')-cyclic dimeric guanosine monophosphate
(c-di-GMP) for a variety of activities. Here, we report
that c-di-GMP comprehensively regulated both
HSPCs and their niche cells through an innate im-
mune sensor, STING, thereby inducing entry into
the cell cycle and mobilization of HSPCs while
decreasing the number and repopulation capacity
of long-term hematopoietic stem cells. Furthermore,
we show that type l interferon acted as a downstream
target of c-di-GMP to inhibit HSPC expansion in the
spleen, while transforming growth factor-g was
required for c-di-GMP-dependent splenic HSPC
expansion. Our results define machinery underlying
the dynamic regulation of HSPCs and their niches
during bacterial infection through c-di-GMP/STING
signaling.

INTRODUCTION
Hematopoietic stem cells (HSCs) have both self-renewal and
multiple differentiation capacities to replenish the entire hemato-

poietic system throughout the organismal lifespan (Orkin and
Zon, 2008). While HSCs remain quiescent in terms of the cell cy-

@ CrossMark

cle at a steady state, they rapidly re-enter the cell cycle to
generate differentiated hematopoietic cells in a demand-driven
manner following exposure to various stimuli, including cytotoxic
agents, irradiation, and infectious stresses (Blanpain et al.,
2011). Upon systemic infection by external pathogens, periph-
eral immune cells are challenged and rapidly consumed,
requiring a continuous supply of leukocytes. Hematopoietic
stem and progenitor cells (HSPCs) play a major role in supplying
these peripheral immune cells. Various inflammatory cytokines
and interferons (IFNs) from immune or infected cells reportedly
induce both HSPC cycling and their homing to infectious sites
(King and Goodell, 2011). In addition to cytokines, pathogen-
associated molecular patterns (PAMPSs), including lipopolysac-
charide (Nagai et al., 2006), directly stimulate HSPCs through
specific pathogen recognition receptors. However, the mecha-
nisms underlying HSPC activity following infectious stress in vivo
remain elusive. Bis-(3'-5')-cyclic dimeric guanosine monophos-
phate (c-di-GMP) is a second messenger that is utilized ubiqui-
tously by prokaryotes and is associated with numerous bacterial
activities, including motility, biofilm formation, and pathogenesis
(Hengge, 2009). In addition to its role as a bacterial second
messenger, c-di-GMP was recently recognized as an immune-
stimulating molecule in mammalian cells (Karaolis et al., 2007).
The endoplasmic protein stimulator of IFN genes (STING, also
designated TMEM173) was originally identified as an adaptor
protein essential for the innate immune response against cyto-
solic DNA (Ishikawa and Barber, 2008; Zhong et al,, 2008).
STING is also recognized as an endogenous c-di-GMP receptor,
sharing the same signaling pathway with the cytosolic DNA-
sensing mechanism (Burdette et al., 2011). Thus, it is essential
to determine whether the c-di-GMP/STING pathway functions
in host defense mechanisms against bacterial infection and, if
s0, how that activity affects HSPCs.

In this study, we identify c-di-GMP as a signal-transducing
PAMP for HSPCs. We repott that c-di-GMP alters HSPC kinetics
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and dynamics through the STING pathway, promoting cell cycle
entry and expansion of multipotent progenitors (MPPs) as well as
mobilization of HSPCs into the spleen. Furthermore, we show
that c-di-GMP modulates the bone marrow (BM) microenviron-
ment to induce HSPC mobilization. Overall, we propose that
c-di-GMP is a crucial regulator of HSPCs following bacterial
infection.

RESULTS

Bacterial Infection Decreases the Number of Long-Term
Hematopoietic Stem Cells

To determine how HSPCs respond to septicemia, we used a
murine cecal ligation and puncture (Cel.P) model to induce
poly-microbial intraperitoneal infection (Rittirsch et al., 2009).
The number of white blood cells (WBCs) (especially granulo-
cytes) and platelets significantly decreased 48 hr after CelP,
consistent with observations in mice with severe sepsis (Fig-
ure 1A). BM cellularity did not significantly decrease (Figure 1B),
but, as in peripheral blood (PB), the number of granulocytes
decreased while the number of monocytes increased (data not
shown). The number of Lin™ Sca-1* c-Kit* (LSK) cells increased
2-fold, while myeloid progenitors with the marker phenotype
Lin™ c-Kit* Sca-1~ (LKS™) slightly decreased in number (Fig-
ure 1C). Although the frequency (Figure 1D) and number
(Figure 1E) of MPPs with the phenotypes CD150 and
CD150%CD48™ LSK expanded 48 hr after CeLP, cells in the highly
purified long-term hematopoietic stem cell (LT-HSC) fraction
with the marker phenotype CD150°CD417CD48~ LSK (Fig-
ure 1E) or CD150"CD41~CD48~CD34 FIt3™ LSK (Figure 1F)
significantly decreased when compared with the sham-surgery
group. The CelP group showed an activated cell-cycle status
in each HSPC fraction examined (Figure 1G).

To assess HSPC behavior following infectious stress, we sub-
jected mice to Salmonella infection, which induces septicemia,
and determined the HSPC number 5 days later (Figure S1A).
Similar to CeLP, the number of cells in the LSK fraction, espe-
cially MPPs, expanded (Figures S1B-S1D), whereas enriched
HSC fractions decreased (Figures $1D and S1E). These findings
suppott the idea that HSPCs directly respond to systemic bacte-
rial infection and that the MPP fraction expands at the expense of
the LT-HSC fraction.

c-di-GMP Administration Mimics Bacterial Infection

Toll-like receptor (TLR) signaling and type | IFN signaling are
dispensable for HSPC expansion in a CeLP model (Scumpia
et al., 2010); therefore, we speculated that other bacteria-spe-
cific molecules that circumvent conventional TLR signaling path-
ways must target HSPCs to stimulate expansion. The c-di-GMP-
activated STING/Ir3 axis senses cytosolic DNA independent of
TLR signaling (Ishikawa and Barber, 2008; Zhong et al., 2008);
therefore, we focused on c-di-GMP as a candidate molecule
that could affect HSPC kinetics. To analyze an effect of c-di-
GMP on hematopoiesis in vivo, we administered c-di-GMP to
mice (Figure 2A). WBC counts, hemoglobin levels, and platelet
counts were transiently halved 3 days after c-di-GMP treatment
(Figure S2A). The number of bone marrow mononuclear cells
(BMMNCs) also decreased (Figure 2B). The frequency of lym-
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phocytes decreased, whereas myeloid cells increased 3 days af-
ter c-di-GMP treatment (Figure S2B). However, the number of
cells in each differentiated fraction decreased upon c-di-GMP
treatment (Figure 82B). Thus, c-di-GMP treatment faithfully
mimics the conditions associated with transient pancytopenia
observed following severe sepsis, prolonged infection, and im-
mune dysregulation (King and Goodell, 2011).

c-di~-GMP Alters HSPC Number and Function in the BM
We next examined the effect of c-di-GMP on immature hemato-
poietic fractions in the BM. c-di-GMP treatment induced a
striking reduction in the humber and frequency of all these pro-
genitors in the BM (Figure S2C). c-di-GMP decreased the
HSC-enriched fraction in number and frequency (Figures 2C
and 2D). Analysis of the LSK fraction revealed that c-di-GMP
treatment upregulated Sca-1 expression in a manner similar to
that reported following IFN stimulation (Pietras et al., 2014) (Fig-
ure 2C), raising the possibility that Sca-1~ progenitor fractions
contaminate the LT-HSC fraction. To minimize this possibility,
we examined dye efflux (Challen et al.,, 2010) (Figures 2E and
2F), activity of an Evi1-GFP reporter (which is specifically ex-
pressed in the LSK fraction; Kataoka et al., 2011) (Figures 2G
and 2H) and CD34 and Fit3 staining (Figures S2D and S2E).
The number of CD150*CD417CD48~ LSK EviT1* cells weakly
or not stained by Hoechst dye among HSPCs and
CD150*CD41~CD48~CD34 FIt3™ LSK cells decreased (Figures
2F, 2H, and S2E). Overall, the number of HSCs decreased
following c-di-GMP treatment.

Furthermore, upon bone marrow transplantation (BMT), c-di-
GMP-treated BM cells showed a reduced repopulation capacity
(Figure 2l), supporting the idea that the number of functional
HSCs decreases following c-di-GMP treatment, as reported for
HSPCs in a sepsis model (Burberry et al., 2014). However,
HSCs (CD150*CD41~CD48 CD34 Flt3~ LSK cells) purified
following c-di-GMP treatment showed a repopulation capacity
comparable to that of control cells, except for at 1 month after
BMT (Figure 2J), suggesting that anomalous HSC activity is
transient.

By contrast, in c-di-GMP-treated mice, the frequency and
number of MPPs, which give rise to all hematopoietic lineages
but have a limited self-renewal capacity, exceeded that seen in
control mice (Figures 2C and 2D). We also confirmed that the fre-
quency of MPPs, defined as CD34*FIt3* LSK cells, increased
upon c-di-GMP treatment (Figure S2F). We next examined the
effect of c-di-GMP treatment on MPP function, as indicated by
short-term reconstitution and in vitro clonogenic capacity. Both
CD150*CD41/CD48" LSK cells and CD34*FIt3* LSK cells from
c-di-GMP-treated Ubc-GFP reporter mice, which ubiquitously
express GFP, showed reduced short-term reconstitution of
myeloid/lymphoid/erythroid/platelet cells (Figure 2K). In addi-
tion, colonies derived from single MPPs of c-di-GMP-treated
mice were primarily granulocytes and the number of cells per
colony was lower than that in controls and was similar to that
in the LKS™ fraction. By contrast, STING-deficient cells showed
a comparable colony-forming capacity in the presence or
absence of c-di-GMP (Figure $2G). This result does not exclude
the possibility that LKS™ cells contaminated the LSK fraction.
Given that LKS™ cells do not express FIt3, we conclude that
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Figure 1. Polybacterial Infection Decreases the Number of LT-HSCs

(A~F) Mice underwent a sham operation (sham, open bars) or CeLP (closed bars) and were sactificed 48 hr later (mean + SD, n = 4). (A) Peripheral WBC counts,
hemoglobin levels (Hb), and platelet counts (PIt) were examined. (B) Analysis of BM cellularity. (G) The number of LSK cells and myeloid progenitors (LKS™) from
sham (open bars) and CelLP (closed bars) groups (mean = SD, n = 4). (D) Representative FACS plots of LSK-gated BM cells from sham and CeLP groups. CD150
and CD41/CD48 expression is shown. (E) The number of HSPCs in the LSK fraction from sham (open bars) and CeLP (closed bars) groups (mean = SD, n = 4).
(F) The number of purified HSCs as determined by the marker phenotype CD150*CD41~CD48~CD34 Fit3™ LLSK (mean + SD, n = 4). SLAM LSK indicates the

marker phenotype CD150"CD41~CD48™ LSK.

(G) Cell-cycle status was analyzed 48 hr after sham or CeLP surgeries (mean = SD, n = 3-4). The indicated HSPC fractions in the BM were analyzed by Hoechst

33342 and BrdU staining. The percentages of BrdU* cells are shown.
See also Figure S1.

following c-di-GMP treatment, the frequency of CD34* Flt3*
MPP cells increased while their reconstitution potential in BM
decreased.

c-di-GMP Dampens the Cell-Cycle Quiescence,
Reconstitution Capacity, and Metabolic Status of HSPCs
We next asked how c-di-GMP treatment altered HSC number
and function. We assessed the cell-cycle status of HSPCs using
short-term bromodeoxyuridine (BrdU) incorporation assays.

c-di-GMP induced the proliferation of primitive HSCs, but not
of other HSPCs (Figure 2L). Metabolic analysis of HSPCs from
c-di-GMP-treated mice revealed reduced intracellular ATP levels
and increased lactate dehydrogenase (LDH) activity (Figures
S2H and S2l) in STING** HSCs and MPPs, which was not
seen in STING™~ cells. Several glycolytic genes and tricarbox-
ylic acid (TCA) cycle-associated genes were also inversely regu-
lated in STING** cells (Figure S2J). On the other hand, no signif-
icant increase in apoptotic cells was detected in the HSPC
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Figure 2. ¢-di-GMP Administration Induces HSPC Proliferation and Attenuates Their Reconstitution Capacity

(A) Experimental design of in vivo c-di-GMP administration. Mice were intraperitoneally injected with PBS {open bars) or 200 nmol of c-di-GMP (closed bars), and
BM cells were analyzed 72 hr later.

(B) The total number of BMMNCs was halved after ¢c-di-GMP treatment (mean = SD, n = 10 from three independent experiments).

(C) Flow cytometric analysis of the BM HSPC fraction. Representative FACS plots of the Lin™ fraction and the frequency among whole BM cells are shown (mean +
SD, n = 5 from two independent experiments).

(D) The number of cells in the LSK-gated fraction (mean + 8D, n = 5 from two independent experiments). The c-di-GMP-treated group showed a significant
decrease in the number of cells in the HSC fraction (CD150*CD41~CD487LSK), whereas the number of cells in multipotent progenitor fractions (CD150*CD48*
and CD150~CD48*LSK) increased.

(E) Flow cytometric analysis of the BM side population (SP). Representative FACS plots of the CD1507CD41-CD48™ (SLAM) LSK-gated SP fraction and the
frequency among whole BM cells are shown (mean = SD, n = 4).

(F) The number of BM cells residing in the SP among the SLAM LSK-gated fraction (mean x 8D, n = 4).

(G) Gating strategy of Evi1* cells using EviT-GFP reporter mice. A representative histogram of the CD150*CD41~CD48~ (SLAM) LSK~gated fraction is shown.
Gray line, EviT™* mouse; blue line, Evi1®™™* mouse treated with PBS; orange line, Evi1®™™* mouse treated with c-di-GMP.

(H) The number of Evi1-GFP* CD150*CD41~CD48~ LSK cells in the BM from PBS- (Ctlr} or c-di-GMP (cdG)-treated mice (mean + SD, n = 4 from two independent
experiments).

(y A competitive repopulation assay in which 4 x 10° BM cells from mice (Ly5.1) intraperitoneally injected with PBS (Ctrl) or 200 nmol of c-di-GMP (cdG) 3 days
before sacrifice were transplanted into lethally irradiated recipients (Ly5.2) together with 4 x 10° competitor BM cells (Ly5.2). Percentages of donor-derived cells
among PB cells of control (open boxes) or c-di-GMP-treated (closed boxes) mice at the indicated number of weeks after BMT are shown (mean + SD, n = 6).
(J) A competitive repopulation assay in which 500 sorted LT-HSCs (CD1507CD41~CD48~CD34FIt3~ LSK) from mice (Ly5.2) intraperitoneally injected with PBS
(Ctrl) or 200 nmol of c-di-GMP (cdG) 3 days before sacrifice were transplanted into lethally irradiated recipients (Ly5.1) together with 4 x 10° competitor BM cells
(Ly5.1). Percentages of donor-derived cells among PB cells of control (open boxes) or c-di-GMP-treated (closed boxes) groups at the indicated number of weeks
after BMT are shown {mean = SD, n = 6; representative of three independent experiments).

(legend continued on next page)
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