




treated animals led to >90% lower engraftment
relative to controls (Fig. 2C), thus confirming that
ACK2 depletes functional HSCs from the bone
marrow.

To determine the mobilizing effects of ACK2
treatment, we transplanted the entire splenocyte
populations of ACK2-conditioned animals into
lethally irradiated recipients (12). The donor chi-

merism resulting from ACK2-treated splenocytes
was reduced by >95% relative to controls (Fig.
2D). These data indicate that ACK2 treatment
does not induce HSC depletion from the bone
marrow by mobilizing HSCs to the spleen. More-
over, wewere unable to detect HSCs in the spleen,
liver, or blood afterACK2 treatment by flowcytom-
etry (fig. S4). Mobilization was only observed

during the recovery phase, well after ACK2 had
already cleared from the serum (fig. S5).

To determine the mechanism by which ACK2
depletes HSCs, we compared the effects of ACK2
treatment to that of 2B8, another c-kit monoclonal
antibody of the same IgG2b isotype. 2B8 treat-
ment did not decrease functional HSC numbers in
vivo, as transplantation of bone marrow cells from
mice treated with 2B8 resulted in levels of engraft-
ment similar to those of controls (Fig. 2C). Next,
we cultured purified HSCs in the presence of
ACK2 and found that it completely inhibited
SCF-dependent proliferation, but not thrombo-
poietin (TPO)–mediated proliferation (Fig. 2E)
(12). These data, along with data showing that
distinct c-kit–expressing progenitors are depleted
at differential rates (12) (fig. S6), suggest that
ACK2 does not deplete through Fc-mediated func-
tions. Rather, consistent with studies using c-kit
mutant mice (12, 24, 25), the complete inhibition
of c-kit signaling by ACK2 (Fig. 2E) can deplete
HSCs, whereas the partial inhibition by 2B8
cannot.

By 23 days after treatment, HSC cell surface
profiles (fig. S5) and numbers (Fig. 2B) had
returned to near normal levels. These data indicate
thatACK2 causes amarked but transient depletion
of host HSCs and results in a short window during
which ACK2-treated animals might be receptive
to donor HSC transplantation. To test whether the
ablation of host HSCs could improve the efficien-
cy of donor HSC engraftment, we conditioned
RAG2−/− (CD45.1) mice with ACK2 and trans-
planted them with 5000 wild-type CD45.2 HSCs
after serum clearance of ACK2. The mean donor
granulocyte chimerism at 37 weeks after trans-
plant was 16.1%, reflecting a factor of >10 in-
crease over control recipients (Fig. 3A). These
engrafted HSCs also gave rise to peripheral B
and T cells (Fig. 3B).

We also analyzed bone marrow HSC chime-
rism directly at this late time point to confirm the
increase in engraftment, and found that it corre-
lated well with peripheral blood granulocyte
chimerism (Fig. 3C). Secondary transplants of
donor HSCs re-isolated from primary recipients
led to multilineage engraftment for at least 16
weeks after transplant (Fig. 3D), confirming that
transplanted HSCs regain their normal cell surface
phenotype and cell cycle status (fig. S7) by at least
7 to 9 months after transplant in ACK2-treated
animals (12).

These data did not distinguish whether ACK2
treatment increased niche space or whether, as in
unconditioned animals, only a small fraction of
transplantedHSCs initially engrafted but then com-
petitively expanded. If niche space had truly been
freed, HSC chimerism would be expected to in-
crease linearly with transplanted cell dose. To dis-
tinguish between these alternatives, we transplanted
ACK2-conditioned RAG2−/− gc−/− (CD45.2)
recipient mice with varying doses of CD45.1
HSCs. Donor engraftment increased linearly with
transplanted HSC dose in two independent exper-
iments at both early and late time points (Fig. 4A),

Fig. 4. Donor chimerism in-
creases with transplanted HSC
cell number in ACK2-treated
mice. (A) ACK2 treatment in-
creases available HSC niche
space. In two separate experi-
ments, RAG2−/− gc−/−mice were
treated with ACK2 and trans-
planted 9 days later with vary-
ing doses of HSCs (CD45.1).
Donor granulocyte chimerism
was measured as above 24
weeks after transplantation for
the first experiment, and 4
weeks after transplantation for
the second experiment. Mean
values ± SEM are shown. (B)
Flow cytometry profiles of mice
transplanted with 35,000 HSCs.
Chimerism of CD3– B220–

Mac1high side scatterhigh peri-
pheral blood granulocytes is
shown. Numerical values repre-
sent percent donor chimerism.

Fig. 3. ACK2 treatment en-
hances HSC engraftment. (A)
ACK2 conditioning leads to
higher donor myeloid chime-
rism. Donor granulocyte chime-
rism was measured after
transplantation of 5000 HSCs
in RAG2−/− mice conditioned
with ACK2 7 days before trans-
plant and compared to that of
unconditioned mice. Mean
values ± SEM are shown (n =
4); **P < 0.01. (B) HSC trans-
plantation of ACK2-treated
animals leads to lymphocyte
reconstitution. We enumerated
splenic donor-derived B and T
cells from ACK2-treated and
unconditioned RAG2−/− mice
39 weeks after transplantation
with wild-type HSCs. Mean
values ± SEM are shown (n =
3 to 5); **P < 0.01. (C) Granu-
locyte chimerism accurately measures bone marrow HSC chimerism. Peripheral blood granulocyte (Ter119–

CD3– B220–Mac-1high side scatterhigh) chimerism at 37 weeks after transplantation was correlated with HSC
(c-kit+ lineage– Sca-1+ CD34– CD150+) chimerism in the bone marrow at 39 weeks after transplantation
upon killing. Solid line illustrates linear regression, with 95% confidence interval shaded in gray. Dashed
line represents theoretical values if donor granulocyte chimerismwere identical to donor HSC chimerism. (D)
Secondarily transplanted donor HSCs from ACK2-treated mice give rise to long-term multilineage
engraftment. Peripheral blood chimerism of B cells (B), T cells (T), and granulocytes (G) is shown 16 weeks
after secondary transplant for two independent experiments. Mean values ± SEM are shown (n = 7 or 8 in
each experiment).
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consistent with the emptying of HSC niches by
ACK2 treatment. Strikingly, donor chimerism
values of up to 90% were achieved at the 35,000
HSC dose (Fig. 4B) and upon repetitive rounds of
ACK2 treatment and transplantation of a total of
15,000 HSCs (fig.S8), which, upon extrapolation
to humans, is a clinically obtainable number (12).

Allogeneic BMT is used routinely for a num-
ber of clinical purposes, such as for the treatment
of SCID (26, 27). Our results provide evidence
that in the absence of conditioning, donor HSC
engraftment is limited by the occupancy of appro-
priate niches by host HSCs. These data offer an
explanation for the poor donor HSC engraftment
observed in unconditioned SCID patients (4, 5),
which in turn may be responsible for the low
levels of donor B lymphopoiesis and the finite
duration of T cell production (6, 28).

We have shown that administration of ACK2
in vivo leads to the rapid but transient depletion of
host HSCs, and that subsequent transplantation of
highly purified HSCs leads to donor chimerism
levels of up to 90%. When coupled with highly
specific immunosuppressive depleting antibodies,
shown to be effective in both mice (29) and hu-
mans (30) as transplantation conditioners, the use
of HSC-specific depleting antibodies may be an
attractive alternative to conventional methods of
conditioning [which carry serious health risks (1)]
and may thus increase the utility of allogeneic
BMT for both hematological and nonhematolog-
ical disorders.
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Requirement of Inositol Pyrophosphates
for Full Exocytotic Capacity in
Pancreatic b Cells
Christopher Illies,1 Jesper Gromada,2 Roberta Fiume,1 Barbara Leibiger,1 Jia Yu,1
Kirstine Juhl,3 Shao-Nian Yang,1 Deb K. Barma,4 John R. Falck,4 Adolfo Saiardi,5
Christopher J. Barker,1* Per-Olof Berggren1

Inositol pyrophosphates are recognized components of cellular processes that regulate vesicle
trafficking, telomere length, and apoptosis. We observed that pancreatic b cells maintain
high basal concentrations of the pyrophosphate diphosphoinositol pentakisphosphate (InsP7 or
IP7). Inositol hexakisphosphate kinases (IP6Ks) that can generate IP7 were overexpressed.
This overexpression stimulated exocytosis of insulin-containing granules from the readily
releasable pool. Exogenously applied IP7 dose-dependently enhanced exocytosis at physiological
concentrations. We determined that IP6K1 and IP6K2 were present in b cells. RNA silencing of
IP6K1, but not IP6K2, inhibited exocytosis, which suggests that IP6K1 is the critical endogenous
kinase. Maintenance of high concentrations of IP7 in the pancreatic b cell may enhance the
immediate exocytotic capacity and consequently allow rapid adjustment of insulin secretion in
response to increased demand.

Phosphoinositides have a prominent role in
cellular signal-transduction events (1–3).
Highly phosphorylated inositol polyphos-

phates, distant derivatives of the inositol 1,4,5-
trisphosphate (IP3) second messenger, function
in signal-transduction and cellular regulation
(4–6). The pyrophosphate derivatives of IP6 di-

phosphoinositol pentakisphosphate, and bis-
(diphospho)inositol tetrakisphosphate are com-
monly referred to as IP7 and IP8 (also, InsP7 and
InsP8, respectively). These inositol pyrophosphate
derivatives rapidly turnover and are estimated
to have similar free energy of hydrolysis to that
of adenosine 5´-triphosphate (ATP) (4). A strik-

ing consequence of this high-energy phosphate
group is the ability of IP7 to phosphorylate a
subset of proteins directly in an ATP- and
enzyme-independent manner (7). The variety of
cellular responses that are apparently controlled
by inositol pyrophosphates (4, 8) may be
facilitated by the differential intracellular dis-
tribution of the kinases that make them (9). The
concentrations of inositol pyrophosphates can
be dynamically regulated during key cellular
events. For example, IP7 concentrations change
during cell cycle progression (10), and IP7 reg-
ulates cyclin–cyclin-dependent kinase complexes
(11), whereas IP8 increases acutely in response
to cellular stress (8). IP6 also functions as an
enzymatic cofactor (4), and so, by analogy, it is
possible that even at concentrations found in
unstimulated cells, IP7 could be an important reg-
ulatory molecule.
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