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Jiusheng Deng,1 Yanqiu Li,1 Andrea Pennati,1 Shala Yuan,1 Jian HuiWu,2 Edmund K.Waller,1 and Jacques Galipeau1

1Division of Bone Marrow Transplantation and Immunotherapy, Department of Hematology andMedical Oncology, Winship Cancer Institute, Emory University, Atlanta,

GA 30322, USA; 2Lady Davis Institute for Medical Research, Department of Oncology, McGill University, Montreal, QC H3A OG4, Canada
Hematopoietic stem cells (HSCs) have the capacity to self-
renew and differentiate into hematopoietic cells and have
been utilized to replace diseased bone marrow for patients
with cancers and blood disorders. Although remarkable prog-
ress has been made in developing new tools to manipulate
HSCs for clinic use, there is still no effective method to expand
HSCs in vivo for quick repopulation of hematopoietic cells
following sublethal irradiation. We have recently described a
novel synthetic cytokine that is derived from the fusion of gran-
ulocyte macrophage colony-stimulating factor (GM-CSF) and
interleukin 4 (IL-4; named as GIFT4), and we have now discov-
ered that GIFT4 fusokine promotes long-term hematopoietic
regeneration in a B cell-dependent manner. We found that
GIFT4 treatment triggered a robust expansion of endogenous
bonemarrowHSCs andmultipotent progenitors in vivo. Deliv-
ery of GIFT4 protein together with B cells rescued lethally
irradiated mice. Moreover, adoptive transfer of autologous or
allogeneic GIFT4-treated B cells (GIFT4-B cells) enhanced
long-term hematopoietic recovery in radiated mice and pre-
vented the mice from irradiation-induced death. Our data sug-
gest that GIFT4 as well as GIFT4-B cells could serve as means to
augment HSC engraftment in the setting of bone marrow
transplantation for patients with hematological malignancy.
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INTRODUCTION
Hematopoietic stem cells (HSCs) have the capacity to self-renew and
differentiate into all kinds of hematopoietic and immune cells,1 even
non-blood cells.2 As a portion of lineage-negative (Lin�), Sca-1 (stem
cells antigen-1)-positive and c-Kit (CD117)-positive cells (LSK cells)
containing hematopoietic stem and progenitor cell pool,3,4 HSCs pri-
marily reside in a highly complex microenvironment of the bone
marrow.5,6 Due to their hematopoietic-generating properties, HSCs
and hematopoietic progenitor cells have been widely used as autolo-
gous or allogeneic transplants to treat patients with blood disorders
and hematopoietic malignancies.7,8 However, following transplanta-
tion, patients may remain cytopenic and immune defective, with
accrued mortality risk arising from engraftment failure, opportunistic
infection, and disease relapse.9,10

During the last decade, remarkable progress has been made in devel-
oping new tools to manipulate HSCs and hematopoietic progenitor
cells for clinic use. G-CSF (granulocyte colony-stimulating factor),
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GM-CSF (granulocyte macrophage colony-stimulating factor), and
CXCR4 (C-X-C chemokine receptor type 4) antagonists have been
utilized to mobilize HSC migration from bone marrow to the blood
and increase the number of myeloid progenitors.11,12 Although these
agents can mobilize HSCs to facilitate the harvest of the cells from
peripheral blood, they do not lead to expansion of endogenous self-
renewing HSCs. An integrated strategy by automated control of
inhibitory feedback signaling can expand HSCs ex vivo.13 Using alex-
idine dihydrochloride and metformin to reprogram HSC metabolism
or inhibiting retinoic acid signaling can facilitate the maintenance of
HSCs in vitro and promote their self-renewal.14,15 Notch, Wnt/b-cat-
enin, Bmi-1 (B lymphoma Mo-MLV insertion region 1 homolog),
HoxB4 (homeobox B4), and aryl hydrocarbon receptor antagonists
have all been shown to promote the expansion of HSCs and progen-
itor cells in vitro.16–20 However, in vitro-expanded HSCs have
decreased engraftment capacity.21,22 Until now, there has been no
effective method to expand endogenous HSCs in vivo for repopula-
tion of hematopoietic cells and immune system.

GM-CSF and interleukin (IL) common gamma chain cytokine-based
fusion genes (GIFT fusokines) have been shown to have novel biolog-
ical functions distinct from their parental molecules,23,24 inducing
regulatory B cells,25 tumor-killing dendritic cells,26 and natural killer
cells.27 Recently, we generated a synthetic fusokine that is derived
from the fusion of GM-CSF and IL-4 (named as GIFT4) and found
that GIFT4 protein has a potent immune stimulatory property and
educates naive B cells into B effector cells with anti-tumor activity.28

Unexpectedly, we discovered that GIFT4 triggers a novel B cell
function on hematopoiesis in vivo. Here, we show that GIFT4 treat-
ment expands endogenous LSK cells and its subpopulations, HSCs
and multipotent progenitors (MPPs), in a B cell-dependent manner
and robustly accelerates long-term hematopoietic reconstitution
following myeloablative therapy in mice.
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Figure 1. GIFT4-Triggered Expansion of Endogenous LSK Cells

(A) Predicted 3D structure of murine GIFT4 protein. (B) Naive B6 mice (n = 10 per group) were administrated with GIFT4 protein, GM-CSF and IL-4, or PBS for 6 days. On day

7, bonemarrow cells were harvested from the femur of the treatedmice and subjected to FACS analyses. Data were representatives of LSK cells gated on Lin� Sca-1+c-Kit+.

(C and D) Percentage of LSK cells in Lin� population (C) and absolute number of LSK cells per femur (D) were calculated. (E and F) LSK cells in the three groups of treatments

were further profiled with anti-mouse CD34 and CD135 antibodies by FACS (E), and LT-HSC, ST-HSC, and MPP subsets in the LSK compartment were gated on

CD34�CD135�, CD34+CD135�, or CD34+CD135+, respectively (F). (G) The cell-number fold change of LT-HSCs, ST-HSCs, or MPPs per femur in GIFT4- or GM-CSF and

IL-4-treated mice was calculated based on the PBS-treated group. (H) Peripheral white blood cells (WBC), red blood cells (RBC), and platelets (PLT) per microliter of

peripheral blood were also counted on an automatic blood counter. Data were from three independent experiments.
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RESULTS
GIFT4 Induces the Endogenous Expansion of Bone Marrow LSK

Cells

We previously demonstrated that GIFT4, a fusion protein from
GM-CSF and IL-4 with a single polypeptide chain of 282 amino acids
(Figure 1A), has a potent immune stimulatory function on B cells.28

Surprisingly, delivery of GIFT4 protein into naive C57BL/6J (B6)
mice significantly increased bone marrow cellularity (Figure S1)
and the proportion of endogenous LSK cells in the Lin-negative pop-
ulation of bone marrow cells in comparison with GM-CSF and IL-4
treatment or PBS controls, as determined by fluorescence-activated
cell sorting (FACS) assay (Figure 1B). The percentage of LSK cells
in the femur of GIFT4-treated mice was 5.8% on average, 2.5-fold
higher than the ones in GM-CSF and IL-4- or PBS-treated mice
(2.3% and 2.2% on average, respectively) (Figure 1C). There was no
significant difference in LSK cell percentage between the two control
groups (Figures 1B and 1C). In comparison with mice treated with
GM-CSF and IL-4 or PBS, GIFT4-treated mice had a significant in-
crease in the absolute number of LSK cells (Figure 1D), with an
average of 34,000 LSK cells per femur, which is 3.5-fold higher than
in control mice. LSK cells are enriched by HSCs and hematopoietic
progenitor cells that have the ability to repopulate the hematopoietic
system. LSK cells contain three subsets, including long-term HSCs
(LT-HSCs) (CD34�CD135� LSK cells), short-term HSCs (ST-
HSCs) (CD34+CD135� LSK cells), and multipotent progenitors
(MPPs) (CD34+CD135+ LSK cells).4 Analyses of bone marrow LSK
subpopulations by FACS demonstrated that the proportions of LT-
HSCs, ST-HSCs, and MPPs in LSK cells in mice treated with
GIFT4, GM-CSF and IL-4, or PBS were similar (Figures 1E and
1F). However, GIFT4-treated mice had more than a 5-fold increase
of LT-HSC, ST-HSC, or MPP cell numbers per femur in comparison
with the PBS-treated group (Figure 1G). There was no significant dif-
ference in the cell number of LT-HSCs, ST-HSCs, or MPPs in mice
treated with GM-CSF and IL-4 or PBS (Figure 1G). Peripheral blood
counts showed that GIFT4-treated mice had similar peripheral blood
profiles on the compartments of white blood cells, red blood cells, and
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Figure 2. Role of B Cells in GIFT4-Induced LSK Expansion

B cell-deficient mMTmice (n = 10 per group) were treated with GIFT4, GM-CSF and IL-4, or PBS for 6 days. Bone marrow cells were then harvested from the femur for FACS

assay with anti-mouse Lin, Sca-1, c-Kit, CD34, and CD135 antibodies. (A) Data were representatives of LSK cells gated on the Lin�Sca-1+c-Kit+ population. (B and C)

Percentage of LSK cells in Lin-negative population (B) and absolute number of LSK cells per femur (C) in the three groups of mice were calculated and presented. (D) The cell-

number fold change of LT-HSCs, ST-HSCs, or MPPs per femur in GIFT4- or GM-CSF and IL-4-treated mice was calculated based on the PBS-treated group. (E and F)

Alternatively, B cells purified from naive B6mice were adoptively transferred into mMTmice. Themice were then treated with GIFT4, GM-CSF and IL-4, or PBS for 6 days. The

number of LSK cells per femur in the treated mice was quantified by FACS with anti-Lin, c-Kit, and Sca-1 antibodies (E), and the cell-number fold increase of LT-HSCs, ST-

HSCs, or MPPs per femur in GIFT4- or GM-CSF and IL-4-treated mice was calculated based on the PBS control group (F). Data were from three independent experiments.
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platelets with GM-CSF and IL-4- or PBS-treated mice or naive mice
(Figure 1H). Ki67 is a cell proliferation marker and has been utilized
to analyze the cell cycle status of HSCs.29 To determine whether
GIFT4 stimulation could trigger the proliferation of bone marrow
HSCs and MPPs in vivo, we performed intracellular staining of
Ki67 on bone marrow cells isolated from GIFT4-treated mice.
FACS analyses revealed that GIFT4 treatment markedly promoted
the proliferation of endogenous bone marrow LT-HSCs, ST-HSCs,
and MPPs in the treated mice in comparison with GM-CSF and
IL-4 or PBS treatment (Figures S2A and S2B). In contrast, there
were no Ki67+ LT-HSCs and a very low percentage of Ki67+ ST-HSCs
or MPPs in mice treated with GM-CSF and IL-4 or PBS (Figures S2A
and S2B). Annexin-V staining of LSK cells showed that GIFT4 treat-
ment also led to a higher percentage of apoptotic death in LT-HSCs
compared with ST-HSCs and MPPs (Figures S2A and S2C).

B Cells Are Essential for GIFT4-Induced LSK Expansion In Vivo

To test our hypothesis that B cells may play an important role in
GIFT4-augmented hematopoietic regeneration, we utilized B cell-
deficient m-chain mutant transgenic (mMT) mice that lacked func-
tional B cells but had normal T cell and other immune cellular
compartments. mMT mice were treated with GIFT4 protein, control
cytokines GM-CSF and IL-4, or PBS. Analysis of LSK cells in the
bone marrow of treated mice by FACS showed that there was no sig-
nificant difference in the LSK cell percentage in the Lin� population
among the three groups of treated mice, and GIFT4 treatment could
not promote the expansion of endogenous LSK cells in the absence of
418 Molecular Therapy Vol. 25 No 2 February 2017
B cells (Figures 2A and 2B). The absolute number of bone marrow
LSK cells per femur was similar among the three groups of mice
treated with or without GIFT4 protein (Figure 2C). To examine
whether B cells are required for GIFT4-triggered expansion of
HSCs and MPPs, we analyzed the three components of LSK cells in
the treated mMT mice. The profile of LSK cell subsets in GIFT4-
treated mice demonstrated that GIFT4 stimulation could not increase
endogenous LT-HSCs, ST-HSCs, and MPPs in the absence of func-
tional B cells (Figure 2D). To test whether the adoptive transfer of
B cells could facilitate LSK cell expansion in the bone marrow of
mMT mice upon GIFT4 stimulation, we purified splenic B cells
from naive B6 mice with a B cell-negative selection kit with the addi-
tion of anti-mouse Sca1 and c-Kit antibodies to remove LSK cells in
purified B cells. mMT mice that received purified B cells were then
treated with GIFT4, GM-CSF and IL-4, or PBS. The profile of LSK
cells in the three groups of treated mice demonstrated that GIFT4
treatment significantly increased bone marrow LSK cells in the
mMT mice adoptively transferred with naive B cells, which was five
times higher than in the mice treated with GM-CSF and IL-4 or
PBS (Figure 2E). Consistently, administration of GIFT4 protein
significantly increased the number of LT-HSCs, ST-HSCs, and
MPPs in B cell-transferred mMT mice in comparison with GM-CSF
and IL-4- or PBS-treated mMT mice (Figure 2F). To examine the he-
matopoietic capability of GIFT4-triggered LSK cells, lethally irradi-
ated B6 mice were transplanted with LSK cells (Figure S3A). Blood
counting and mice body weight change demonstrated that mice
that received GIFT4-augmented LSK cells had similar hematopoietic



Figure 3. Contribution of B Cell-Derived Leukines to GIFT4-Augmented HSCs

Bone marrow cells isolated from B6 mice were treated with GIFT4, GM-CSF and IL-4, or PBS for 4 days and subjected to FACS analyses with anti-mouse Lin, Sca-1, c-Kit,

CD34, and CD135 antibodies. (A) Data were representatives of LSK subset LT-HSCs, ST-HSCs, and MPPs gated on CD34�CD135�, CD34+CD135�, and CD34+CD135+,

respectively. (B) Absolute cell number of LT-HSCs, ST-HSCs, or MPP, in the three groups of cell culture with GIFT4, GM-CSF and IL-4, or PBS were calculated and

presented. (C) Bone marrow cells were treated with GIFT4 protein in the presence of anti-mouse IL-1-, IL-6-, GM-CSF-, CCL3-, and VEGF-specific neutralizing antibodies or

combined antibodies, anti-mouse IL-2-neutralizing antibody, or control IgG for 4 days before they were subjected to FACS analyses. (D) Alternatively, LSK cells were co-

cultured with GIFT4-B cells in the presence of these neutralizing antibodies or control IgG for 4 days. The absolute cell number of LT-HSCs or ST-HSCs (C) or the cell-number

fold decrease in comparison with IgG control treatment (D) in the culture was calculated and presented. Data were from three independent experiments.
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regeneration (Figure S3B) and body weight recovery (Figure S3C) and
survived (Figure S3D), in comparison with mice transferred with
normal LSK cells (Figures S3B–S3D). PBS-treated mice died from
hematopoietic failure within 2 weeks after irradiation (Figures S3B
and S3D).

Blocking B Cell-Derived Leukines Suppresses GIFT4-Induced

HSC Expansion

We previously showed that GIFT4-treated B cells (GIFT4-B cells)
produce a panel of leukines, including IL-1, IL-6, GM-CSF, CCL3
(C-C motif chemokine ligand 3), and VEGF (vascular endothelial
growth factor). To test whether GIFT4 treatment could increase
bone marrow LT-HSCs, ST-HSCs, and MPPs in vitro and whether
those leukines contribute to the augmentation of HSCs and MPPs,
we stimulated bone marrow cells with GIFT4, GM-CSF and IL-4,
or PBS for 4 days or with GIFT4 protein in the presence or absence
of specific neutralizing antibodies against those leukines. The profile
of the three LSK components by FACS demonstrated that GIFT4
treatment significantly increased the percentage and absolute cell
number of LT-HSCs or ST-HSCs in the cell culture system in compar-
ison with GM-CSF and IL-4 or PBS treatment (Figures 3A and 3B).
There were few MPPs in GIFT4-treated bone marrow cells (Fig-
ure 3B). Blocking the activities of IL-1, IL-6, GM-CSF, CCL3, or
VEGF by the addition of specific neutralizing antibodies in the
GIFT4 and bone marrow cell culture system significantly reduced
the number of LT-HSCs and ST-HSCs in the culture (Figure 3C),
although neutralizing antibodies had no significant effect on the pro-
portion of HSCs and MPPs in the LSK compartment (Figure S4).
Interestingly, the combination of those neutralizing antibodies
further suppressed HSCs in comparison with individual antibody
(Figure 3C). However, anti-mouse IL-2-neutralizing antibodies had
no suppressive effect on GIFT4-mediated HSC augmentation (Fig-
ure 3C). To further examine whether neutralizing the activity of
GIFT4-B cell-secreted cytokines could have a suppressive effect on
HSCs, GIFT4-B cells were co-cultured with sorted LSK cells in the
presence of these antibodies for 4 days. Indeed, antibodies against
IL-1, IL-6, GM-CSF, CCL3, or VEGF, but not IL-2, significantly
reduced the number of LT-HSCs or ST-HSCs in the cell culture sys-
tem in comparison with control immunoglobulin G (IgG) treatment
(Figure 3D).

Administration of GIFT4 and B Cells Augments Hematopoietic

Regeneration

To test whether GIFT4 protein could serve on its own as a hematopoi-
etic augmenter to restore the blood system after lethal irradiation, we
radiated B6 mice with a dose of 11Gy and treated mice with GIFT4
protein or purified B cells only or GIFT4 protein plus B cells or
PBS (Figure 4A). Mice did not receive any bone marrow or LSK cells
Molecular Therapy Vol. 25 No 2 February 2017 419
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Figure 4. Hematopoietic Regeneration Induced by GIFT4 and B Cell Treatment

(A) Naive B6 mice (n = 10 per group) were radiated with a 11Gy dose and treated with GIFT4 protein, splenic B cells only (from B6mice), PBS, or a combination of GIFT4 and

B cells by intravenous injection on the next day. Delivery of GIFT4 protein lasted for 6 days. (B and C) Mouse body weight change (B) and survival (C) were monitored and

calculated. (D) Blood cell profiles per microliter peripheral blood in three groups of mice were analyzed with a blood counter on day 13 after irradiation. (E) On day 124 after

irradiation, peripheral blood cellular components per microliter peripheral blood or hemoglobin level in mice treated with GIFT4 and B cell were profiled with the blood counter

in comparison with the base lines on day 0 before irradiation. Data were from three independent experiments.
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as hematopoietic rescue. Monitoring murine body weight demon-
strated that the delivery of GIFT4 protein plus B cells into radiated
mice promoted body weight recovery on day 124 after irradiation
(Figure 4B) and long-term survival (Figure 4C). In contrast, mice
that received GIFT4, B cells only, or PBS continued to lose weight
(Figure 4B) and died from bone marrow failure within 2 weeks after
irradiation (Figure 4C). Peripheral blood counting showed that the
delivery of GIFT4 protein to the mice did not prevent pancytopenia
caused by lethal irradiation, and mice had a very low number of blood
cells on day 13 after irradiation, similar to themice treated with B cells
only or PBS (Figure 4D). However, mice administrated with GIFT4
protein and naive B cells had a significantly higher number of blood
cells in the circulation on day 13, compared to the ones treated with
GIFT4 protein or B cells alone or PBS (Figure 4D). On day 124 after
irradiation, mice treated with GIFT4 plus B cells had almost complete
hematopoietic regeneration, with similar levels of white blood cells,
420 Molecular Therapy Vol. 25 No 2 February 2017
red blood cells, platelets, and hemoglobin in the circulation as the
baseline before irradiation (Figure 4E). Adoptive transfer of LSK cells
from GIFT4 and B cell-treated mice into naive irradiated B6 mice
further confirmed its hematopoietic capability similar to LSK cells
isolated from naive B6 mice (Figure S5).

GIFT4-B Cells Enable Hematopoietic Recovery in

Irradiated Mice

To explore the potential of GIFT4-B cells as an autologous cell ther-
apy, we produced GIFT4-B cells in vitro and adoptively transferred
the cells or syngeneic bone marrow cells, naive B cells (Figure S6A),
or T cells into radiated mice (11Gy) on day 1 and day 4. GIFT4-B
cells, as well as purified naive B cells, are absent of LSK cells (Fig-
ure S6B) and express a panel of B effector markers (Figure S6C), as
we previously showed.28 GFP-positive GIFT4-B cells have the capa-
bility to migrate into the bone marrow and spleen, but not the brain,



Figure 5. GIFT4-B Cell Augmented Hematopoietic Regeneration in Murine Irradiation-Induced Bone Marrow Failure Model

(A) Irradiated (11Gy) naive B6mice (n = 10 per group) were transplanted with syngeneic GIFT4-B cells, bone marrow cells, or purified splenic B cells, T cells (from B6mice), or

PBS on day 1 and day 4 after irradiation by intravenous injection. Mouse body weight was measured with a digital scale, and weight change percentage was calculated.

(B) Mice death in the three groups after irradiation was monitored, and the survival percentage was calculated. (C) Peripheral blood in mice treated with GIFT4-B cells or bone

marrow cells was harvested from tail veins on day 124 after irradiation, and the numbers of white blood cells (WBC), red blood cells (RBC), and platelets (PLT) per microliter of

peripheral blood and hemoglobin levels were profiled on an automatic blood counter in comparison with the baseline levels on day 0 before irradiation. (D and E) T cell and B

cell components in peripheral blood harvested from the mice on day 0 before irradiation or from the irradiated mice received GIFT4-B cell or bone marrow cell treatment on

day 124 were profiled by FACS (D), and the percentage of T cells, B cells, or other mononuclear cells (CD3�B220� cells) was calculated and presented (E). (F) Bone marrow

cells in mice treated with bone marrow cells or GIFT4-B cells were harvested on day 124 after irradiation, and bone marrow cellularity was presented with marrow cells per

femur. (G–I) LSK cells and its three subsets, LT-HSC, ST-HSC, and MPP, in bone marrow were gated on Lin�Sca-1+c-Kit+ (G), Lin�Sca-1+c-Kit+CD34�CD135�, Lin�Sca-
1+c-Kit+CD34+CD135�, and Lin�Sca1+c-Kit+CD34+CD135+ (H), respectively, and the absolute number (per femur) of LT-HSCs, ST-HSCs, and MPPs was calculated and

presented (I). Data were from three independent experiments.
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in vivo (Figures S6C and S6D). The measurement of body weight
showed that the delivery of GIFT4-B cells prevented mice from irra-
diation-induced body weight loss (Figure 5A); the mice continued to
gain weight and survived similarly to bone marrow-transferred mice
(Figure 5B). However, control mice that received normal B cells,
T cells, or PBS treatment failed to recover from body weight loss
and died (Figures 5A and 5B). Peripheral blood counts on day 124 af-
ter irradiation further confirmed that GIFT4-B cell treatment
Molecular Therapy Vol. 25 No 2 February 2017 421
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Figure 6. Hematopoietic Recovery Enhanced by Allogeneic GIFT4-B Cells

(A) Naive B6D2F1/J mice (n = 10 per group) were irradiated with a dose of 11Gy and treated with GFP-positive allogeneic GIFT4-B cells, B cells (B6 background), or PBS on

day 1 and day 4 after irradiation or received GFP+ bone marrow cells on day 1. (B) Bone marrow cells were harvested from irradiated mice (n = 5) 48 hr after intravenous

injection of GFP+ GIFT4-B cells or GFP+ naive B cells and subjected to FACS analysis. The percentage of exogenous B cells migrated into bone marrow were gated on GFP+

cells. (C and D) Mouse body weight change (C) and survival (D) in the four groups of mice were monitored and calculated. (E) Peripheral blood cell profiles per microliter of

peripheral blood in allogeneic GFP+ bone marrow cell- or GFP+ GIFT4-B cell-treated mice were analyzed with a blood counter on day 124 after irradiation, compared with the

base lines on day 0 before irradiation. (F) GFP+ white blood cells in the peripheral blood of mice that received GFP+ bone marrow cells or GFP+ GIFT4-B cells were profiled by

FACS on day 124 after irradiation.
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completely restored hematopoiesis in mice (Figure 5C). Analyses of
T cell and B cell components in peripheral blood in mice treated
with GIFT4-B cells or bone marrow cells on day 124 after irradiation
demonstrated that GIFT4-B cell treatment promoted T cell and B cell
recovery close to the one in bone marrow-transplanted mice or the
baseline level before irradiation (Figures 5D and 5E). Bone marrow
cellularity in mice that received GIFT4-B cells and bone marrow cells
were similar (Figure 5F). There was also no significant difference in
the profiles of LSK cells (Figure 5G) and the three subsets between
GIFT4-B cell-treated mice and bone marrow-transferred mice
(Figures 5H and 5I). Transplantation of LSK cells from GIFT4-B
cell-treated mice into irradiated B6 mice further confirmed the he-
matopoietic ability of the LSK cells similar to the ones isolated from
naive mice (Figure S5).

To test whether allogeneic GIFT4-B cells could function similarly as
autologous GIFT4-B cells in hematopoiesis, we generated GIFT4-B
cells from GFP-positive B6 mice, and adoptively transferred the
GFP+ GIFT4-B cells into B6D2F1/J mice (allogeneic to B6 mice)30

as stated above (Figure 6A). FACS analysis showed that seven times
422 Molecular Therapy Vol. 25 No 2 February 2017
more GFP+ GIFT4-B cells than GFP+ naive B cells entered into the
bone marrow within 48 hr after intravenous injection (Figure 6B).
We also transferred GFP-positive bone marrow cells isolated from
GFP+ mice into radiated mice serving as positive control treatment.
Measurement of mouse body weight showed that mice receiving allo-
geneic GIFT4-B cells prevented mice from losing weight after irradi-
ation, which was slightly lower than mice that received GFP+ bone
marrow cells. Both groups of mice survived lethal irradiation for a
long-term period (124 days) (Figures 6C and 6D). Consistently,
PBS-treated mice or mice transferred with normal B cells failed to
gain weight and died (Figures 6C and 6D). Peripheral blood counting
showed that allogeneic GIFT4-B cell-treated mice had similar levels of
white blood cells, red blood cells, platelets, and hemoglobin levels as
bone marrow-transplanted mice on day 124 after irradiation, which
recovered to the baseline level before irradiation (Figure 6E). FACS
analysis on peripheral blood further showed that white blood cells
in mice that received GFP+ bone marrow were 99.2% GFP positive
(Figure 6F), confirming hematopoietic recovery came from donor
LSK cells. However, white blood cells in mice adoptively transferred
with allogeneic GFP+ GIFT4-B cells were 99.9% GFP negative
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(Figure 6F), demonstrating that long-term hematopoietic regenera-
tion after lethal irradiation was derived from endogenous autologous
HSCs.

DISCUSSION
In this study, we demonstrated that GIFT4 fusokine induces B cell-
mediated expansion of endogenous LSK cells in bone marrow and
GIFT4-B cells promote hematopoietic regeneration in a murine
model of irradiation-induced hematopoietic failure. To our knowl-
edge, it is the first report that an engineered cytokine triggers a previ-
ously undescribed B cell function on hematopoiesis, which supports
the new concept that B cells are involved in the process of hematopoi-
etic regeneration.

The bone marrow niche consists of stromal cells, endothelial cells,
osteoblasts, B cells, and other immune cells,31–33 which regulate
the proliferation, differentiation, and mobilization of HSCs.31,32 As
a heterogeneous population in bone marrow microenvironment,34

B cells have been shown to act as the main osteoprotegerin producer
in bone marrow for maintaining bone basal homeostasis in vivo35

and play a role in the mobilization of HSCs.36 However, whether
B cells play a role in hematopoiesis or hematopoietic regeneration re-
mains unclear. In the clinic, anti-CD20 antibody rituximab therapy
to deplete B cells for the treatment of patients with B cell lymphoma
and autoimmune diseases often causes white cell maturation arrest,
the lack of granulocyte progenitors, and hypocellularity in the bone
marrow niche,37,38 accompanied by life-threatening cytopenias,39

suggesting a potential role of B cells in the steady state of hematopoi-
esis. In this study, our data demonstrated that GM-CSF and IL-4-
derived GIFT4 fusokine induces robust expansion of endogenous
LSK cells, including HSCs and MPPs, through GIFT4-activated B
cells. The non-responsiveness of LSK cells to GIFT4 stimulation in
the absence of B cells in B cell-deficient mMT mice and the GIFT4-
induced expansion of LSK cells in mMT mice requiring exogenous
naive B cells strongly indicate that B cells have a stimulatory function
on hematopoietic stem and progenitor cells. Consistently, without
exogenous B cells, GIFT4 protein alone could not augment hemato-
poiesis in a murine model of radiation-induced hematopoietic fail-
ure, further informing an entirely novel function of B cells on he-
matopoietic regeneration. In a preclinical radiation-induced bone
marrow failure mouse model, adoptive transfer of syngeneic or allo-
geneic GIFT4-B cells augments long-term survival and complete he-
matopoietic recovery in lethally irradiated mice, highlighting the
impact of B cells in the process of hematopoietic regeneration.

Cytokines, chemokines, and growth factors, such as IL-1, IL-3,
IL-6, stem cell factor (SCF), GM-CSF, G-CSF, and VEGF produced
by the cellular components in the bone marrow stem cell niche
contribute to HSC self-renewal, expansion, and differentiation.
G-CSF has been shown to activate dormant HSCs into self-
renewal.40 IL-6 has be demonstrated to have a synergetic effect
with other cytokines and growth factors, including IL-3 and SCF,
to expand HSCs in vitro or ex vivo.41,42 A single-cell proteomics
platform showed that IL-6 is particularly important for regulating
myeloid differentiation and the proliferation of hematopoietic
stem and progenitor cells; neutralizing IL-6 or GM-CSF reduces
the number of LSK cells.43 VEGF is required for adult HSC forma-
tion and survival44 and is essential for erythropoiesis.45 Murine
GIFT4-B cells produce an array of hematopoietic cytokines and
growth factors, including IL-1, IL-6, GM-CSF, VEGF, and chemo-
kine CCL3, but not G-CSF and SCF.28 The role of CCL3 on hema-
topoiesis is controversial. In the presence of GM-CSF or M-CSF or
in combination with SCF, IL-3, IL-6, and Flt3L, CCL3 has a stim-
ulatory effect on the expansion and proliferation of hematopoietic
progenitor cells.46,47 However, CCL3 together with transforming
growth factor b (TGF-b), CCL2, CCL4, and CXCL10 showed an
inhibitory effect on HSC expansion.13 Our data demonstrate that
inhibiting the activities of IL-1, IL-6, GM-CSF, CCL3, or VEGF
by neutralizing antibodies significantly reduced GIFT4- and
GIFT4-B cell-augmented LT-HSCs and ST-HSCs in vitro, suggest-
ing that the aggregate pool of pro-hematopoietic secretome, con-
sisting of IL-1, IL-6, VEGF, GM-CSF, and CCL3 from GIFT4-B
cells, could contribute to GIFT4-induced B cell-dependent expan-
sion of HSCs in vivo.

GIFT4-B cells possess unique secretion of pro-hematopoietic
growth factors, cytokines, and chemokines.28 It was reported that
GM-CSF promoted hematopoietic recovery by enhancing the sur-
vival of HSCs and the proliferation and differentiation of myeloid
lineage cells in irradiated mice.48,49 Cytokines IL-1 and IL-12
also have pro-hematopoietic effects, enhancing hematopoiesis
and immune reconstitution following irradiation.50–53 Chemokine
CCL3 has been shown to help hematopoietic recovery after several
cycles of radiation therapy by maintaining the self-renewal capacity
of HSCs.54 Growth factor VEGF was reported to have mitogenic
activity to suppress HSC apoptotic death and play a role in the sur-
vival and maintenance of HSCs.55 Indeed, the delivery of autolo-
gous or allogeneic GIFT4-B cells rescued the irradiated mice
from hematopoietic injury and augmented hematopoietic regener-
ation and long-term survival. By blocking the activities of GIFT4-B
cell secretome with specific neutralizing antibodies abrogated the
pro-hematopoietic function of GIFT4-B cells on HSCs. Conversely,
naive B cells or GM-CSF and IL-4-treated B cells do not produce
IL-1, IL-6, VEGF, GM-CSF, and CCL3,28 and the delivery of naive
B cells or B cells plus GM-CSF and IL-4 treatment could not induce
the expansion of LSK cells in B cell-deficient mice and failed to
repopulate hematopoietic system in irradiated mice, further
indicating that GIFT4-B cells have a unique pro-hematopoietic
activity.

In summary, our study has identified a previously undescribed novel
B cell function that supports hematopoiesis and hematopoietic
regeneration. Based on the activities of GIFT4 protein and GIFT4-
B cells in tumor28 and hematopoietic regeneration, we propose
that GIFT4 and GIFT4-B cells could serve as means to augment
long-term hematopoietic engraftment in the setting of autologous
and allogeneic bone marrow transplantation for patients with hema-
tological malignancy.
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MATERIALS AND METHODS
GIFT4 Protein

GIFT4 chimeric transgene was cloned from murine GM-CSF and
IL-4 cDNA (Invivogen), and the fusion protein was produced in
bio-engineered 293T cells as previously described.28 Protein was
quantified by an ELISA kit with anti-murine GM-CSF antibodies
(eBiosciences).
Cell Culture

Bioengineered 293T cells stably expressing murine GIFT4 protein
were cultured in DMEM supplemented with 10% fetal bovine
serum. Murine splenic B cells from B6 or GFP-positive transgenic
mice (B6 background) were purified by negative selection with pan
B cell enrichment kit (StemCell) with the addition of biotin-conju-
gated anti-mouse c-Kit and Sca-1 antibodies (1:50 dilution)
(Biolegend). Purified B cells were cultured in complete RPMI
1640 medium (5 � 105 cells/mL) in the presence of GIFT4,
GM-CSF, and IL-4 (2 ng/mL) (PeproTech) for 5 days. The cells
were then harvested for in vivo experiments. Bone marrow cells
(5 � 105 cells/mL) harvested from naive B6 mice were treated
with GIFT4 protein, GM-CSF, and IL-4 (2 ng/mL) or PBS
for 4 days in complete RPMI 1640 medium. Bone marrow cells
(5 � 105 cells/mL) were cultured with GIFT4 protein (2 ng/mL)
in the presence of anti-mouse IL-1-, IL-2-, IL-6-, GM-CSF-,
CCL3-, or VEGF-specific neutralizing antibodies (5 mg/mL) or con-
trol IgG isotype (PeproTech) for 4 days. Alternatively, sorted bone
marrow LSK cells (104 cells/mL) from naive B6 mice were co-
cultured with GIFT4-B cells (105 cells/mL) in the presence of cyto-
kine-neutralizing antibodies or control IgG for 4 days before they
were subjected to FACS analyses.
Flow Cytometry

Bone marrow cells were harvested from the in vitro cell culture sys-
tem or the femur of B6 mice, B cell-deficient mMT mice (B6.129S2-
Igh-6tm1Cgn/J), or B6D2F1/J mice (Allogeneic to B6) and were
stained with peridinin chlorophyll (PerCP)-conjugated anti-mouse
Sca-1 allophycocyanin (APC)-conjugated anti-mouse c-Kit, biotin-
labeled anti-lineage antibodies (CD2, CD3, CD4, CD8, CD11b,
CD11c, CD14, B220, NK1.1, Gr-1, and TER-119) (Biolegend), fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse CD34, and
anti-mouse CD135 (Brilliant Violet 421) for 30 min at 4�C and
then reacted with phycoerythrin (PE)-conjugated streptavidin. Af-
ter a wash with PBS, the cells were subjected to FACS analyses on a
BD Canto Flow Cytometer. Alternatively, bone marrow cells har-
vested from B6 mice were subjected to Annexin-V staining or
intracellular staining with PE-conjugated anti-Ki67 antibody (BD)
after surface staining with anti-mouse Sca-1, CD117, CD34, and
CD135 antibodies. LSK cells were also sorted from the Lin�Sca1+-

c-Kit+ cell population in the bone marrow isolated from naive- or
GIFT4-treated B6 mice or irradiated mice on a BD Aria Cell Sorter
for in vitro or in vivo experiments. For determining the initiation
of hematopoietic recovery from endogenous or exogenous LSK
cells, irradiated B6D21/J mice were treated with GFP+ GIFT4-B
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cells or GFP+ bone marrow cells. Peripheral blood cells, spleno-
cytes, and bone marrow cells were harvested from treated mice. Af-
ter lysis of red blood cells, leukocytes were subjected to FACS an-
alyses with anti-CD3 or B220 antibodies (BD), and GFP-positive
cells were also gated. All FACS data were analyzed with FlowJo
9.1 software.

Blood Cell Counting

Peripheral blood was harvested from B6, mMT, or B6D2F1/J mice
directly to microvette tubes containing ethylenediaminetetraacetic
acid-tripotassium salt (Sarstedt) and subjected to blood cell counting
on a Vet-ABC Animal Blood Counter (Scil) using a mouse software
provided by the company.

Mouse Experiments

Naive B6 and mMTmice were treated with GIFT4, GM-CSF and IL-4
(20 ng/mouse/day), or PBS by intravenous injection for 6 days
(10 mice per group). Femurs were harvested for LSK cell analysis.
For mouse total body irradiation to induce bonemarrow failure, naive
B6 or B6D2F1/J mice were treated with a dose of 11Gy total body irra-
diation (5.5Gy + 5.5Gy with a 3 hr interval) as previously described.56

Irradiated B6 mice were treated with LSK cells (104 cells/mouse) from
naive or GIFT4-treated B6 mice or treated with GIFT4 protein
(20 ng/mouse/day), B cells (5 � 106 cells/mouse), or GIFT4 protein
together with B cells. PBS treatment served as a negative control.
Irradiated B6 or B6D2F1/J mice were transfused with GIFT4-B cells
(B6 background), GFP+ GIFT4-B cells (B6 background, allogeneic
to B6D2F1/J mice) (5 � 106 cells/mouse/time), GFP+ or wild-type
(from B6 mice) bone marrow cells (105 cells/mouse), naive B cells,
or T cells (5 � 106 cells/mouse/time). Alternatively, irradiated B6
mice were transfused with LSK cells (104 cells/mouse) from naive
or irradiation-survived mice in the setting of GIFT4 plus B cell treat-
ment or GIFT4-B cell treatment. B6, mMT, and B6D2F1/J mice
(6–8 weeks old, male) were purchased from Jackson Laboratory.
GFP+ transgenic mice57 were provided by Dr. Masaru Okabe. The
use of mice and the irradiation of mice were approved by Emory
University.

Statistical Analysis

Data were shown as mean ± SEM. p values were calculated using the
one-way analysis of variance test. A p value of less than 0.05 was
considered significant (*p < 0.05; **p < 0.01; ***p < 0.001).
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Supplemental Figure 1. GIFT4-enhanced Bone Marrow Cellularity. Naïve B6 mice (n=10 per 

group) were intravenously injected with GIFT4, GM-CSF and IL-4 (20ng/mouse/day) or PBS for 6 

days. Bone marrow cells were isolated from the femur of treated mice on day 7, and counted under a 

microscopy. Data were from three independent experiments. ** P<0.01.  	
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Supplemental Figure 2. GIFT4-triggered Proliferation of Bone Marrow HSC and MPP. Bone marrow cells isolated from 

GIFT4, GM-CSF and IL-4 or PBS treated B6 mice (n=10 per group) were subjected to surface staining with anti-mouse Sca-1, 

c-Kit, CD34 and CD135 antibodies, followed by Annexin-V staining or intracellular staining with anti-Ki67 antibodies. The 

cells were finally analyzed by FACS. (A) Data were representatives of LT-HSC, ST-HSC and MPP gated on Lin-Sca-1+c-Kit
+CD34-CD135-, Lin-Sca-1+c-Kit+CD34+CD135- and Lin-Sca-1+c-Kit+CD34+CD135+ cells respectively. (B) Percentage of Ki67+ 

LT-HSC, ST-HSC and MPP in bone marrow LSK compartment in the three groups of mice or (C) Annexin+ LT-HSC, ST-HSC 

and MPP in bone marrow LSK population in GIFT4-treated mice were calculated and presented. Data were from three 

independent experiments. * P<0.05, ** P<0.01; *** P<0.001.   	
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Supplemental Figure 3. Hematopoiesis of GIFT4-augmented LSK Cells in a Murine Model of Irradiation-induced Bone 

Marrow Failure. (A) Naive B6 mice (n=10 per group) received a dose of 11Gy total body irradiation. On the next day, the irradiated 

mice were intravenously transplanted with sorted bone marrow LSK cells (104/mouse) from naïve (LSK) or GIFT4-treated B6 mice 

(GIFT4-LSK). Mice treated with PBS served as control. (B) Peripheral blood was harvested from the three groups of mice on day 14 

after irradiation, and the numbers of white blood cells (WBC), red blood cells (RBC) and platelets (PLT) per microliter peripheral 

blood were measured on a blood counter. (C) Mouse body weight was measured with a digital scale, and body weight loses after 

irradiation was calculated basing on the initial weight before irradiation. (D) Mouse death after irradiation was monitored and 

percentage of survival was calculated. Data were from two independent experiments.	





Supplemental Figure 4. HSC and MPP Profile in GIFT4-treated Bone Marrow Cells. Bone marrow cells isolated from naïve B6 

mice were stimulated with GIFT4 protein in the presence of anti-mouse IL-1, IL-2, IL-6, GM-CSF, CCL3 or VEGF specific 

neutralizing antibodies or the combination of those antibodies, anti-mouse IL-2 neutralizing antibody, or control IgG (5μg/ml) for 4 

days. The cells were then subjected to FACS analyses with anti-mouse Lin, Sca-1, c-Kit, CD34 and CD135 antibodies. Data were a 

representative of three independent experiments. 	
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Supplemental Figure 5. Hematopoiesis of LSK cells from Mice Treated with GIFT4 and B Cells or GIFT4-B cells in vivo. (A) 

Naive B6 mice (n=10 per group) were irradiated with a dose of 11Gy. On the next day, the irradiated mice were intravenously 

transplanted with sorted bone marrow LSK cells (104/mouse) from naïve mice (LSK) or mice treated with GIFT4 and B cells (GIFT4/

B-LSK) or GIFT4-B cells (GIFT4B-LSK). (B) Mouse body weight was measured with a digital scale, and body weight loses after 

irradiation was calculated basing on the initial weight before irradiation. (C) Peripheral blood was harvested from the three groups of 

mice on day 35 after irradiation, and the numbers of white blood cells (WBC), red blood cells (RBC) and platelets (PLT) per 

microliter peripheral blood were measured on a blood counter. Data were from two independent experiments.	
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Supplemental Figure 6. Bio-distribution of GIFT4-B Cells in vivo. (A) Naïve B cells were purified from splenocytes of GFP+ 

transgenic mice with B cell enrichment kit by negative selection. Purified B cells were stimulated with GIFT4 protein for 5 days. The 

purity of naïve B cells or GIFT4-B cells was analyzed by FACS with anti-mouse B220 antibody. (B) The presence of LSK cells in 

purified naïve B cells or GIFT4-B cells was examined by FACS with anti-mouse Sca-1 and c-Kit antibodies. (C) The phenotype of 

GIFT4-B cells (Black) or purified B cells (Gray) was profiled with a panel of B cell markers. IgG isotype served as antibody control 

(White). (D) GIFT4-B cells were intravenously injected into naïve B6 mice. On day 2 after injection, splenocytes, bone marrow cells 

and brain mononuclear cells were isolated from treated mice with lymphocyte isolation medium. GIFT4-B cells were gated on GFP+ 

cells. Percentage of GIFT4-B cells in spleen, bone marrow or brain was calculated and presented. Data were from three independent 

experiments. 	
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