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Adult hematopoiesis requires tightly regulated cell-cell interactions between hematopoietic cells and the
bone marrow stromal microenvironment. We addressed the question if the ectodomain sheddase
ADAMI10 is essential to regulate adult hematopoiesis. Induced ADAM10 deletion in hematopoietic cells
resulted in morphological and histological abnormalities that resemble an unclassified myeloprolifera-
tive disorder (MPD). The MPD was characterized by an expansion of granulocytic subpopulations and
their infiltration of peripheral hematopoietic tissues, the development of hepatosplenomegaly with
extramedullary erythropoiesis, lymphnodepathy and death of the mice around 20 weeks after induction.
ADAM10 expression analysis during the different stages of the MPD revealed that non-targeted hemato-
poietic cells repopulated the immune system of the ADAM10-deficient mice. Examination of mice with a
myeloid- or epidermis-specific deletion of ADAM10 and bone marrow transplantation (BMT) experi-
ments indicated that the development of the MPD can be triggered by non-cell autonomous effects.
We found that plasma levels of clinical markers for MPD such as G-CSF, TIMP-1 and IL-16 were signifi-
cantly elevated in ADAM10-deficient mice. Our findings indicate that a tightly controlled ADAM10

Keywords:

Granulopoesis
Myeloproliferative disorder
Ectodomain shedding
ADAM proteases

expression is needed to balance hematopoietic cell-fate decisions in adult mice.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In recent studies emerging evidence for the crucial role of
tightly controlled cell-cell communication between the bone
marrow microenvironment and hematopoietic cells during hema-
topoiesis has been established. However the detailed molecular
mechanisms regulating this process have remained elusive so far.
A rapid and irreversible posttranslational modification of cell
surface protein density can be achieved by an extracellular prote-
olytic cleavage step which is referred to as “ectodomain shedding”
[1-4]. ADAM10 is an ubiquitously expressed protein which is capa-
ble of cleaving numerous transmembrane proteins such as Notch
receptors [5] that are implicated for proper regulation of hemato-
poietic development and homeostasis. In order to study the conse-
quence of ADAM10 downregulation during adult hematopoiesis,
we conditionally inactivated its expression using the inducible
Mx-Cre strain [6] and a myeloid-specific deleter strain [7], respec-
tively. The Mx promoter becomes activated by interferon response
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or synthetic double-stranded RNA in most cells of immunologically
important tissues including bone marrow stroma cells [6]. A simi-
larly induced knockout of the Notch1 receptor and the putative
sole downstream signaling mediator Rbp-j, led to de novo ectopic
B-cell development in the thymus from common lymphoid
progenitors [8] thus underlining the importance of Notch receptor
signaling for cell-fate decisions during lymphopoiesis.

In this study, similar to a recently published report [9], we show
that the induced loss of ADAM10 leads to the development and
progression of a MPD with concomitant loss of mature B- and
T-lymphocytes in the bone marrow, spleen and peripheral blood.
The expanded myeloid population mainly consists of CD11b*/
Gr1* cells with normal ADAM10 expression levels. Additionally
bone marrow transplantation (BMT) experiments strongly support
a non-cell autonomous origin of the MPD which is possibly
triggered and maintained by the excessive secretion of G-CSF,
TIMP-1 and IL-16.

2. Materials and methods
2.1. Generation of inducible conditional ADAM10 (cKO) mice

The ADAM10%°%/1°% mjce were crossed with Mx-Cre mice [10],
K5-tTA-Cre mice [11] or LysM-Cre mice [7]. To induce
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Mx-mediated deletion of ADAM10 during adult hematopoiesis,
6-week old ADAM10%°%/1°oX|Mx-Cre*~ (ADAM10~/~) and ADAM10-
flox/flox (Ctr) mice were injected three times in two-day intervals
with 250 pg polyinosinic-polycytidylic acid (pI-pC).

2.2. Western blot of tissue lysates

Tissues were uniformly lysed (150 mM NaCl, 2 mM EDTA,
0.8 mM EGTA, 10 mM Tris-HCl, pH 7.4 and Complete Protease
Inhibitors (1:25, Roche)). ADAM10 was detected using a polyclonal
antiserum (B42.1) (kind gift of W. Annaert, University Leuven),
EEF-2 was detected by the Abcam antibody 40812 and actin by a
polyclonal antibody from Sigma-Aldrich. The HRP-labeled second-
ary antibodies were from Dianova, Hamburg, Germany, and detec-
tion of chemiluminescence was performed with Amersham ECL
Advance Western Blotting Detection Reagent (GE Healthcare,
Uppsala, Sweden).

2.3. Histology and immunohistochemistry

Bones, spleen, lymph nodes, liver and skin were fixed by
immersion in 4% buffered formalin. For decalcification bones were
incubated for 24 h incubation in 1% acetic acid. After overnight
postfixation, dehydratation and paraffin embedding 5-pm-sections
were either stained with Hematoxylin and Eosin (H&E), Giemsa or
processed for immunohistochemistry to show B220 (Immuno-
tools) or Ki-67 (Abcam).

2.4. Magnetic cell separation

HSCs and progenitor cells from bone marrow aspirates were en-
riched by a negative depletion using the Miltenyi Biotech Lineage
Negative Depletion kit according to the manufacture’s instructions.

2.5. Flow cytometry

Single-cell suspensions of bone marrow, spleen, lymph nodes
were prepared and 5 x 10° cells were stained with the respective
antibodies for 45 min at 4 °C. Monoclonal antibodies were FITC-
conjugated (CD3e, Gr-1, CD23, CD71), PE-conjugated (CD4,
CD11b, CD21, Ter-119) and APC-conjugated (CD8a, F4/80, B220)
or unconjugated (ADAM10, BD Biosciences; detection with second-
ary antibody anti-rat 1gG2a, Jackson ImmunoResearch).

2.6. Preparation of bone marrow derived macrophages (BMDM)

Total bone marrow cells were flushed from long bones (tibiae
and femur), passed through a nylon sieve (BD Biosciences) and cul-
tured with macrophage growth medium (50% DMEM, 50% PAA
Macrophage Growth Medium, 20% FCS, 50 pig/ml Pen/Strep and
20 ng/ml M-CSF (Immunotools, Friesoythe, Germany). For analysis
7-day old BMDMs were harvested using accutase (PAA) and
stained for F4/80 (BD Biosciences) to show maturation and enrich-
ment of mature macrophages.

2.7. Serology

Plasma granulocyte-colony stimulating factor (G-CSF), tissue-
inhibitor of Metalloprotease 1 (TIMP-1) and thymic stromal
lymphopoietin (TSLP) levels were measured according to the
instructions in the corresponding DuoSet mouse ELISA kits (R&D
Systems).

2.8. Myeloperoxidase (MPO) activity measurement

Myeloperoxidase (MPO) activity was measured in cell suspen-
sion of bone marrow, spleen, liver, lymph nodes and skin. After
freezing in liquid nitrogen, equal amounts of tissue samples were
homogenized and incubated at 60 °C for 2 h and centrifuged for
5 min at 10,000g. 10 pl of the supernatant was mixed with 50 pl
peroxidase substrate (BM blue POD, Roche). After 10-20 min the
reaction was stopped by adding 50 pl 2 M H,SO4 and absorbance
was recorded at 450 nm.

2.9. Bone marrow transplantations

Six week old ADAM10%%/M°X/Mx-Cre*/~ (ADAM107/~) and
ADAM10%°¥/1°% (Ctr) mice were injected three times in two-day
intervals with 250 pg polyinosinic-polycytidylic acid (pI-pC) to in-
duce ADAM10 deletion. Two weeks after the last injection recipient
mice (3 females and 2 males per group) were lethally irradiated
with 6 Gy the day before and the day of transplantation. Control
mice were transplanted with 10 x 10° bone marrow cells from
littermate ADAM10~/~ mice (1 male, 1 female), and vice versa for
transplantation of ADAM10~/~ bone marrow into control mice.
After 6 weeks recovery, mice were used for the analyses.

2.10. Statistical analysis

Statistical significance was performed as unpaired Student’s
T-test using Microsoft Excel software. Error bars indicate the
mean * standard deviation of the mean. P values: *P<0.05,
**P < 0.005, ***P < 0.0005.

3. Results

3.1. Lack of ADAM10 expression and activity in the adult
hematopoietic system

We induced the deletion of the protease in ADAM10flox/flox; MxiCre
mice and sacrificed mice 2 weeks after the last injection of double
stranded RNA (pI-pC). Genomic deletion was observed in bone
marrow, spleen, liver and skin (Fig. 1A). Immunoblot analysis
revealed a strong downregulation of ADAM10 protein expression
in bone marrow and spleen as well as of the proform of the
protease in liver (Fig. 1B). Despite significantly downregulated
ADAM10 protein expression (Fig. 1CI) in bone marrow derived
macrophages (BMDMs), we could not observe overt alterations
in cell morphology (Fig. 1CII) or differentiation status (Fig. 1CIII).
[solated B-lymphocytes from spleens of wild type and induced
ADAM10 knock-out mice revealed the downregulation of
ADAM10 protein expression and concomitantly diminished CD23
and Notch2 receptor processing (data not shown). Lineage
depletion of bone marrow cells to obtain hematopoietic stem
(HSC) and progenitor cells was performed. A clear absence of
ADAM10 expression in a subset of HSCs (Fig. 1DIII) was
demonstrated.

3.2. Phenotypical analysis of pI-pC induced ADAM10~/~ mice

About 6-12 weeks following the last injection ADAM10-
depleted mice start to show fatigue, an apathic behavior and loss
of hair especially in facial regions (Fig. 2A). 12 weeks after induc-
tion the mice became moribund showing an enlarged liver with
thrombocytosis (Fig. 2Al, I'), splenomegaly (Fig. 2All), lymphnode-
pathy (Fig. 2AIll) and severe thymic atrophy (Fig. 2AIV). Histologi-
cal examination revealed an increase of white blood cells in the
cavity of long bones (Fig. 2BI, I'), extramedullary hematopoiesis
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Fig. 1. pl-pC induced deletion of ADAM10 during postnatal hematopoiesis. (A) PCR analysis on genomic DNA from bone marrow, spleen, liver and skin. Beta actin was used as
a house keeping gene control. (B) Western blot analysis of cell homogenates from bone marrow, spleen, liver and skin. pA10: precursor of ADAM10; mA10: mature form of
ADAM10. EEF-2: Eukaryotic Elongation Factor-2 was used a loading control. (C) Macrophages developed from bone marrow aspirates (cultured 2 weeks after induction)
shows a significant drop in ADAM10 expression (I), undisturbed morphology (II) and differentiation (III). (D) Flow cytometry analysis of lineage depleted bone marrow cells
showing targeting efficacy of 11% in hematopoietic stem or progenitor cells in pl-pC induced ADAM10~/~ mice 2 weeks after induction.

including infiltration of megakaryocytes in spleen (Fig. 2BII, II’),
thrombocytosis in liver (Fig. 2BIlI, III') as well as epidermal thick-
ening, cyst formation, hyperproliferation of basal keratinocytes
and hyperkeratinization in skin (Fig. 2BIV, IV’). In addition granulo-
cytic infiltration of all histologically examined tissues was
observed using the myeloperoxidase (MPO) activity assay
(Fig. 2BI"-1V").

3.3. Dysregulation of hematopoietic balance in primary and secondary
hematopoeitic tissues of ADAM10~/~ mice

Measurements of total cell counts revealed an initial drop in
cellularity 2 weeks after the last injection but this effect dimin-
ished during later stages of the analysis (Fig. 3Al). The distribution
of cell counts between the different lymphocytic and granulocytic
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Fig. 2. Morphological and histological examination of ADAM10-deleted mice 12 weeks after induction. (A) Morphological analysis of control (Ctr) and ADAM10-deleted cKO
mice (A10~/~) show hepatosplenomegaly with thrombocytosis and eczema formation in facial regions (I) splenomegaly (II), enlarged lymph nodes (IlI) and thymic atrophy
(IV) in ADAM10~/~ mice. Scale bars = 2 mm. (B) Histological analysis revealed an increase in white blood cells in bone marrow of ADAM10-deficient mice. Sections of 20-
week-old mice were stained with H&E (I, I'; II, IT'; II, III’; IV, IV’). In spleen sections (II, II') of ADAM10 deleted mice an increased occurrence of megakaryocytes (indicated by
white arrows) was observed 12 weeks after induction; H&E stained liver sections (III, III') revealed thrombocytosis and granulocyte infiltration. In skin sections (IV, IV’) cyst
formation, thickened epidermis, hyperproliferation of basal cells and hyperkeratinisation were observed. Scale bars are 500 pum for [, I' and III, III'; 200 pum for Il and IT’, IV, IV’;
Myeloperoxidase (MPO) activity assays demonstrate an increase of activity in ADAM10-deficient tissues (I”: bone marrow; II”: spleen; III”: liver; IV”: skin) 12 weeks after
induction and potential degranulation activity of mature granulocytes, n > 3 for each genotype. Error bars represent SEM. P-values: *P < 0.05, **P < 0.005, ***P < 0.0005.

populations was significantly altered between wild type and
knock-out mice six and twelve weeks after the last pI-pC induction
(Fig. 3 AII-1V). The increase in the granulocytic population was
mainly due to an increase in CD11b*/Gr1* positive cells. Freshly
isolated splenocytes were applied to flow cytometric analysis and

revealed a shift in the hematopoietic distribution between
lymphocytes and granulocytes. While granulocyte and macro-
phage cell counts became progressively increased, numbers of
mature B- and T-lymphocytes dropped significantly over time
(Fig. 3BII-IV).
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Fig. 3. Development of a defective hematopoietic balance in the bone marrow and spleen of ADAM10~/~ mice. (A) Analysis of total cell count and selected lymphocyte
populations in bone marrow after 2 (II), 6 (Ill) and 12 (IV) weeks after induction. (B) Analysis of total cell count and selected lymphocyte populations in spleen after 2 (II), 6
(II1) and 12 (IV) weeks after induction. Error bars represent SEM. P-values: *P < 0.05, **P < 0.005, ***P < 0.0005.

3.4. Splenomegaly and extramedullary hematopoiesis
in ADAM10-deficient mice

Total cell counts in spleen increased gradually after pl-pC injec-
tion with a dramatic rise between six and twelve weeks after pI-pC
injection (Fig. 3BI). While granulocytes and macrophages cell
counts became progressively increased, numbers of mature B-
and T-lymphocytes dropped significantly over time (Fig. 3BII-1V).
Other than observed in bone marrow total cell counts of immature
B-lymphocytes and erythrocytes were significantly upregulated.
The histological examination of the spleen showed enlarged areas
of red pulpa and decreased numbers of B-cell follicles (Fig. 2 BII

and II'). Extramedullary hematopoiesis seems to be the major
cause for the observed irregular distribution of hematopoietic cells
in the spleens of induced ADAM10 knock-out mice.

3.5. Development of a myeloproliferative disorder
in ADAM10-deficient mice

We analyzed additional tissues such as skin, liver, thymus and
lymph nodes. Importantly, in all cases a myeloid infiltration was
detectable (data not shown). However, clear morphological
changes such as acanthosis, hyperkeratosis and dermal hyperplasia
(Fig. 2BIV and IV’) were only obvious in the skin. The thymus also
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showed a significant block in differentiation from double-negative 3.6. Disruption of ADAM10 in myeloid cells does not lead to a

to double-positive stage T-lymphocytes and an increase in B220 myeloproliferative disorder
positive B-lymphocytes (data not shown). Wright-Giemsa staining
of blood smears showed the development of granulocytosis, To allow discrimination between cell autonomous and non-cell
thrombocytosis and Pseudo-Pelger Huet formation in ADAM10- autonomous reasons for the observed myeloid infiltration we
deleted mice (data not shown). decided to conditionally delete ADAM10 also in myeloid cells using
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Fig. 4. Myeloproliferative disorder in ADAM10~/~ mice is mediated by a non-cell autonomous mechanism and leads to an increase in plasma levels of G-CSF and TIMP-1. (A)
Western Blot analysis of cell homogenates from bone marrow and spleen showing ADAM10 expression. pA10: precursor of ADAM10; mA10: mature form of ADAM10 (2, 6
and 12 weeks after pl-pC induction). EEF-2: Eukaryotic Elongation Factor-2 was used a loading control. (B) Bone marrow transplantation experiment: the percentage of
myeloid (immunostaining with CD11b and Gr-1 specific antibodies) and erythroid cells (immunostaining with Ter-119 and CD71 specific antibodies) in the bone marrow of
donor and recipient mice was determined by flow cytometry. (C) Flow cytometric analysis of different cell populations in the bone marrow of donor and recipient mice did
not show changes in other cell populations than myeloid or erythroid cells. (D) Proteome Profiler array of 42 different cytokines revealed significant upregulation of G-CSF
(red box), TIMP-1 (blue box) and IL-16 (green box) in ADAM10-deleted mice. ELISA measurements revealed strongly elevated levels of the cytokine G-CSF (E) and Tissue
Inhibitor of Metalloprotease-1 (TIMP-1) (F). (G) Determination of total cell counts after 40 days of ADAM10 deletion in epidermis (K5-tTA-Cre ADAM10 mice). (H) ELISA
measurement revealed strongly elevated levels of the cytokine G-CSF in plasma of K5-tTA-Cre ADAM10 cKO mice, 40 days after ADAM10 deletion n > 4 for each genotype.

Error bars represent SEM. P-values: *P < 0.05, **P < 0.005, ***P < 0.0005. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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the LysM-Cre deleter strain (Supplementary Fig. 1). We could not
detect any overt phenotypical changes in these mice as judged
by flow cytometry, histological and biochemical analysis (data
not shown) suggesting that ADAM10 is dispensable for terminal
myeloid differentiation. The observed myeloproliferative disorder
in the Mx-Cre cKO mice is not predominantly initiated by a
cell-autonomous mechanism. Reevaluation of ADAM10 protein
expression in hematopoietic cells from different tissues of
ADAM10 knockout mice (Mx-Cre) after 2, 6 and 12 weeks follow-
ing induction supported this hypothesis. As shown before,
ADAM10 protein expression in bone marrow, spleen and liver
(Fig. 1B) was significantly down regulated 2 weeks after the induc-
tion of the knockout with pl-pC. However, in induced ADAM10
knockout mice a re-expression of ADAM10 in bone marrow and
spleen from 6 weeks onwards could be observed (Fig. 4A).

3.7. A non-cell autonomous mechanism for the development of the
myeloproliferative disorder is mediated by bone marrow stroma cells

Bone marrow cells from pl-pC induced ADAM10-deficient mice
(donor) were exchanged with bone marrow cells of pI-pC induced
control mice (recipients). Flow cytometric analysis to determine
granulocyte and erythrocyte distribution was performed in bone
marrow of donor and recipient mice 6 weeks after the last pl-pC
injection and subsequent BMT (Fig. 4B and C). These experiments
demonstrated that transplantation of wildtype bone marrow to
knockout mice still leads to MPD, but transplantation of knockout
bone marrow to wildtype did not, strongly suggesting that
ADAM10-deficiency in stroma cells causes the MPD.

3.8. Cytokine release in Mx-Cre driven and epidermis-specific ADAM10
knockouts triggers myeloproliferative disorders

We performed comprehensive cytokine analysis in plasma sam-
ples of ADAM10-deficient and control mice (Fig. 4D). Out of 42 dif-
ferent cytokines only 3 were significantly changed: TIMP-1, IL-16
and G-CSF. ELISA measurements (Fig. 4E and F) confirmed the in-
crease of G-CSF and TIMP-1 in plasma over time. These results
resemble the phenotype of conditional knockout mice with an
induced epidermis-specific deletion of ADAM10 that was initially
described by us before [12]. Also in these mice we observed an
expansion of bone marrow cells with increased size and high gran-
ularity (data not shown), which were identified as granulocytes as
judged by staining of the cells with antibodies against the myeloid
markers CD11b and Gr-1 (Fig. 4G). Increased plasma level of G-CSF
was another key observation during myeloid expansion after
epidermis specific inactivation of ADAM10 (Fig. 4H) arguing for a
similar process explaining the progression and sustainment of
the MPD in these two (Mx-Cre and K5-tTA-Cre) transgenic mouse
models.

4. Discussion and conclusion

Since the metalloproteinase ADAM10 is a well-known control
point to modulate cell-cell contacts [13,14]| we aimed to analyze
if this protease plays a cell autonomous or a non-cell autonomous
role in the hematopoiesis of adult mice. With the generation of
conditional ADAM10-deficient mice under the control of the
interferon-inducible Mx-promoter we were able to address this
question. The different time points chosen for our analysis resem-
ble the chronic and acceleration phases of MPD patients. Although
successful excision of the floxed ADAM10 allele and subsequent
downregulation of the ADAM10 protein within differentiated and
a limited subset of hematopoietic progenitor cells after 2 weeks
of pl-pC induction was observed, we detected a reappearance of

cells with unexcised ADAM10 alleles already 6 weeks after induc-
tion. This observation suggests a competitive advantage for the
hematopoietic progenitors in which excision did not occur. Inter-
estingly, the severity of the described myeloproliferative disorder
in ADAM10-deficient mice did not attenuate with the reemerging
ADAM10 expression in hematopoietic cells, thereby suggesting
primarily non-cell autonomous mechanisms involved in the
progression of the MPD. The results of our BMT experiments
confirmed this hypothesis.

The expression of ADAM10 in bone marrow stroma cells was
revealed in various studies before [15-17]. The bone marrow
transplantation experiments performed in this study suggest that
the MPD phenotype is due to a lack of ADAM10 in non-hematopo-
etic cells. Alterations in bone marrow stromal cells are likely to be
causative for the observed pathology and the role of ADAM10 in
these cells deserves future investigations. According to previous
mouse studies with (inducible) conditional ADAM10 inactivation
[9,12,18,19], ADAM10 downregulation resembled Notch signal-
ing-defective mutant mice [20-22]. Therefore it seems likely that
ADAMT10 is also a major upstream regulator of Notch signaling in
bone marrow stroma cells in vivo.

Plasma analysis revealed a specific upregulation of G-CSF,
TIMP-1 and IL-16. Interestingly TIMP-1 is known to be an endoge-
nous inhibitor of ADAM10 activity [23] and might therefore act as a
compensatory mechanism for upregulated ADAM10 activity due to
increased numbers of granulocytes expressing high amounts of cell
surface ADAM10. In Notch signaling-defective transgenic mice, a
reduction of circulating G-CSF levels led to a rescue of many but
not all of the observed phenotypes [9,24] strengthening our idea
that TIMP-1 and IL-16 play an additional role for the development
and the progression of the MPD.

The predominant role of G-CSF was supported by our observa-
tions in an inducible knockout of ADAM10 in the epidermis, which
also displayed a myeloid expansion by a systemic, G-CSF-mediated
mechanism. Therefore it seems likely that reducing ADAM10 activ-
ity in adult mice may lead to the formation of myeloproliferative
disorders.

Since ADAM10 was proposed to be an attractive target for clin-
ical therapy of various diseases like cancer [25,26], skin diseases
[13,27,28] allergies or asthma [29-31] patients receiving ADAM10
modulating agents should be carefully monitored for a hematopoi-
etic phenotype as observed in the conditional knockout mouse
models described in this report.
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