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Activated expression of the chemokine Mig after chemotherapy contributes to
chemotherapy-induced bone marrow suppression and lethal toxicity
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Alterations in gene expression after che-
motherapy may potentially help to iden-
tify mediators that induce suppression or
regeneration in bone marrow. This paper
reports our observation that the expres-
sion of the chemokine monokine induced
by IFN-y (Mig) and its receptor CXCR3
was significantly activated in mice after
treatment with the chemotherapeutic
agent 5-fluorouracil (5-FU). The neutral-
ization of antibodies against the acti-
vated Mig increased the survival rate
and accelerated BM recovery after che-

motherapy. In addition, elevation of Mig
plasma levels after 5-FU treatment corre-
sponded with increased mortality. The
cell cycle—inhibiting effect of the prophy-
lactic administration of Mig protected
hematopoietic progenitor cells (HPCs)
from 1-g-p-arabinofuranosylcytosine in
spleen colony assays and enhanced
the irradiated recipients’ survival. In
CXCR3~/~ mice, Mig did not propagate
BM suppression, indicating that the sup-
pressive effect of Mig is dependent on
CXCR3. On the one hand, Mig stimu-

lated p70 S6K and Erk1/2 pathways in
mesenchymal stroma cells, inhibiting
mesenchymal stroma cell-dependent
HPC expansion. Moreover, Mig sup-
pressed the STAT5 pathway in HPCs,
inhibiting leukocyte differentiation. Our
results strongly suggest that Mig con-
tributes to the acute lethal toxicity aris-
ing from 5-FU administration. Neutraliza-
tion of Mig may offer new strategies to
alleviate BM toxicity with potentially dra-
matic implications for chemotherapy.
(Blood. 2012;119(21):4868-4877)

Introduction

Blood originates in the bone marrow (BM), where hematopoietic
stem cells (HSCs) and hematopoietic progenitor cells (HPCs)
reside. The process of hematopoiesis is tightly regulated by several
positive and negative signals.!? Of the different types of blood
cells, leukocytes are especially susceptible to intercalating agents,
and because of their proliferative activity and constant turnover,
they have a rather limited life span. They must constantly be
replenished from hematopoietic cells, and because therapeutic
cytotoxins attack these cells directly, the BM is very highly
sensitive to chemotherapy.>* If the direct cytotoxicity of chemothera-
peutic drugs on BM cells were the exclusive cause of BM suppres-
sion, chemotherapy without accompanying BM toxicity would be
an impossibility. If, in contrast, not just BM toxicity alone but also
chemotherapy-related changes in BM gene expression contribute to
BM suppression, then the BM might be saved by inhibiting the
expressed suppressive BM genes.

Chemotherapy-induced BM suppression and regeneration has
several standard characteristics. In normal mice, a limited dose
range of 5-fluorouracil (5-FU) results in decreased bone marrow
cellularity that reaches its minimum at approximately day 7 after
administration and a recovery to pretreatment levels 2 weeks after
5-FU treatment.>® As expected, BM cellularity correlates inversely
with the 5-FU dose: the higher the dose, the lower the BM
cellularity. However, the amount of time required for marrow cells

to reach their minimum and to recover is rather constant and
dose-independent. This suggests that BM suppression after chemo-
therapy may not be solely based on direct cytotoxicity but also may
be affected by other factors, such as the expression of suppressive
components.

Mounting evidence suggests that chemokines are not only
important for the migration and proliferation of leukocytes but also
are involved in tissue repair, tumor progression, and hematopoiesis.
More than 20 chemokines have thus far been shown to manifest
suppressive activity on the proliferation of HPCs.” One of these
chemokines, macrophage inflammatory protein 1 o« (MIP-1a), has
been demonstrated to have a chemoprotective effect by accelerat-
ing neutrophil recovery in mice treated with chemotherapeutic
agents, but it did not protect HPCs or improve the colony-forming
capacities.® That may be attributed to the maturation stage of HPCs,
because MIP-1a preferably targets rather mature HPCs and not the
most primitive HPCs.? In addition, clinical outcomes in tests with
MIP-1a were not satisfactory.!® Which chemokines are induced by
chemotherapy and how their expression modulates the BM re-
sponse to anticancer drugs remains unclear.

Based on a transcriptome analysis of BM cells from mice
receiving 5-FU chemotherapy, we found that the expression of Mig
and its receptor CXCR3 was extremely up-regulated. Mig is a
CXC-chemokine (CXCL9) that shares the receptor CXCR3 with
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IP-10 (JFN-y-inducible protein, also known as CXCL10) and
I-TAC (IFN-y—inducible T-cell a chemoattractant, also known as
CXCLI11)."-12 In recent years, Mig has been studied primarily for
its role in autoimmune diseases, angiostasis, and immunomodula-
tion.!3-!5 The primary protein sequence of murine Mig (MuMig)
and human Mig (HuMig) is highly conserved, with a sequence
identity of 74%.' A high degree of sequence identity also has been
observed for the receptor CXCR3, with an 86% identity level.!”-18
Recombinant HuMig decreases the number of committed and
primitive human HPCs in vitro, and the absolute number and
cycling status of mouse HPCs in vivo."” Interestingly, Mig
knockout mice have normal peripheral leukocyte and differential
counts,?® and CXCR3 knockout mice are normal in both appear-
ance and growth.?! Compared with other chemokines with myelo-
suppressive properties, the physiologic and pathologic roles of Mig
in the regulation of hematopoiesis in steady and stress states remain
unknown. Here, we present a series of in vitro and in vivo
experiments to demonstrate the direct and indirect ways that Mig
regulates HPC proliferation, and we outline the potential applica-
tion of anti-Mig antibody to alleviate or ameliorate chemotherapy-
induced BM cytotoxicity.

Methods

High-density oligonucleotide microarray

The GeneChip methodology developed by Affymetrix was used to monitor
global gene expression during mouse BM regeneration induced by a single
injection of 5-FU. In total, 5 RNA samples were extracted from BM cells
collected on days 0, 3, 7, 11, and 14 after 5-FU treatment. Between 5 and
20 mice were used for each time point to obtain sufficient amounts of cells
for RNA extraction. Equal amounts of poly(A) RNA from each sample were
used to synthesize double-stranded cDNA. Five cRNA samples were
prepared by in vitro transcription using equal amounts of cDNA. These
samples were used for hybridization in mouse genome expression oligonu-
cleotide arrays (GeneChip Mouse Expression Set 430; Affymetrix) contain-
ing 34 323 well-substantiated mouse genes. The hybridization intensity
information was gathered by GeneChip scanner 3000 and analyzed with
Affymetrix Microarray Suite Version 5.1. The global scaling strategy was
used for all arrays conducted, which set the average signal intensity of the
array to a target signal of 500. Comparative analyses for expression data at
each time point were calculated using day 0 BM arrays as the baseline.

Preparation of rMuMig and anti-Mig antibodies

In vitro experiments were performed using commercial recombinant Mig
(PeproTech). For in vivo experiments, tMuMig was produced internally.
rMuMig was expressed in an Escherichia coli expression system and then
purified to a homogeneity of more than 99% with less than 1 EU/pg
endotoxin using the LAL method (Xiamen Houshiji) as described
previously.2?

Anti-Mig polyclonal antibodies were produced in Wistar rats (SLAC-
CAS) by immunization with rMuMig. In brief, 300 wg of rMuMig was
mixed with equal volume of Freund’s complete adjuvant (Bio Basic). The
mixture was injected subcutaneously into 3 rats. Twenty-one days after the
initial injection, the rats were boosted by readministration of the mixture
once a week for 3 weeks. Anti-Mig serum was collected from the animals
2 weeks after the last booster. Control serum was collected from rats
immunized with PBS using the same protocol. The anti-rMuMig polyclonal
antibody was shown to interact specifically and effectively with rMuMig at
the dilution from 1:1000 to 1:10 000 (supplemental Figure 1, available on
the Blood Web site; see the Supplemental Materials link at the top of the
online article).
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CXCR3-deficient (CXCR3 KO) mice

The CXCR3 KO mouse line was developed from C57BL/6 mice by gene
targeting, as described previously,?! and it was kindly provided by Dr Bao
Lu (Harvard Medical School, Boston, MA). The CXCR3~~ and C57BL/6
background wild-type (WT) mice (SLACCAS) were maintained under
pathogen-free conditions in a vented caging system. Animal experiments
were performed on 8- to-10-week old mice with the authorization of the
Animal Care and Use Committee of the School of Pharmacy of Shanghai
Jiao Tong University. rMuMig were administered to mice subcutaneously in
a volume of 50 pL. One microliter of control rat serum or anti-Mig rat
serum diluted in 10 pL of PBS was injected subcutaneously. 5-FU was
administered intravenously (tail vein).

Immunoassay of plasma levels of chemokines

Mouse peripheral blood (PB) samples were obtained by retro-orbital
punctures. Plasma was aliquoted after centrifugation for 10 minutes at
1000g. Aliquots were frozen immediately at —20°C. ELISA were per-
formed in accordance with the manufacturer’s instructions (Quantikine
Immunoassays; R&D Systems).

Hematologic analysis and colony assay

Bone marrow cells were flushed from the femur and tibia from each mouse
with 10 mL of PBS containing 2% FCS. After centrifugation at 1000g for
10 minutes, cell pellets were resuspended in 5 mL of PBS. The total
numbers of BM nucleated cells were counted using a hemocytometer after
lysis of the red blood cells (RBCs) with 3% acetic acid in PBS solution at a
dilution of 1:10. An automated Hematology Analyzer MEK-6318K (Nihon
Kohden) was used to confirm the bone marrow numbers.

For colony assay, nucleated cells were separated from the BM by Ficoll
and seeded in appropriate numbers into 1.2% methylcellulose medium
supplemented with 30% of fetal bovine serum and cytokines (10 ng/mL
human [h]EPO, obtained from Kirin Kunpeng; 10 ng/mL mouse [m]SCF,
mlL-3, mIL-6, obtained from PeproTech; 20 ng/mL hG-CSF obtained from
3SBio). Cells were incubated under humidified conditions for 7 days at
37°C. Colonies consisting of more than 50 cells were scored using an
inverted microscope as described previously.?

Flow cytometry

Flow cytometry analysis of cell surface markers on mouse BM nucleated
cells (BMNCs) was performed as described previously.?* In brief, BMNCs
were flushed from mouse femurs into buffer A (PBS and 2% fetal calf
serum). Cells were then washed with buffer A by centrifugation at 500g for
5 minutes. The color-labeled antibodies anti-CXCR3, c-Kit, Sca-1, lineage-
markers (CDS, CD11b, CD45R, Gr-1, and TERI119), or their isotype
antibodies were added to the cell suspension after incubation of the cells
with an Fc blocker. Stained cells were washed twice and analyzed using the
FACSCalibur flow cytometer (BD Biosciences). Flow cytometry analysis
of cell cycles was performed as described previously.?

Spleen colony assay

Hematopoietic stem cells were determined by the spleen colony (CFU-S)
assay of Till and McCulloch.” Donor mice were killed on day 9 after
treatment with 225 mg/kg 5-FU, and the BM cells were flushed from tibia
and femurs. Lineage negative (lin™) cells were isolated from BM cells using
an EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit (Stem-
Cell Technologies) and reserved for use later as donor cells in the CFU-S
assay. Donor cells were cultured in IMDM plus 20% FBS and cytokines
(10 ng/mL of mSCF, mIL-3, mIL-6, and 20 ng/mL hG-CSF), with or
without rMuMig. After incubation for 4 hours, 1-B3-D-arabinofuranosylcyto-
sine (Ara-C) was directly added to cell cultures to reach a final concentra-
tion of 1mM. After incubation for 1 hour, cells were washed twice and
resuspended in saline.

For each group, 15 recipient mice were irradiated with 790 cGy
(81 ¢cGy/min) from a Cs'37 source. Donor cells were intravenously
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Figure 1. Mig and its receptor CXCR3 are activated in BM cells after chemotherapy. Normal mice received a single injection of 5-FU (250 mg/kg). (A) BM cells were
obtained and counted at different times after 5-FU treatment. Total BM cell counts fell rapidly and reached a minimum on day 7, when BM recovery began. (B left) BM cells
pooled from 5 to 20 mice at each time point were used to prepare samples for hybridization to Affymetrix mouse genome expression oligonucleotide arrays. The hybridization
intensities of genes encoding Mig, IP-10, I-TAC, and CXCR3 are shown on days 0, 3, 7, 11, and 14 after 5-FU treatment. On day 7, the mig and cxcr3 genes were up-regulated
30- and 6-fold, respectively, compared with baseline (day 0). No significant changes in signal intensities of jp-710and i-tac were observed. (Right) Plasma levels of ligand protein
(determined by ELISA) and receptor expression in BM (determined by FACS). Samples of 3 to 5 mice per time point were individually analyzed for each dot. A 30-fold increase
of Mig protein level and more than a 2-fold increase of CXCR3 expression in BMNCs were detected on day 7 (P < .05). There was no change in IP-10 and I-TAC expression.
(C) CXCR3 expression of BMNCs, lin~ cells, and LSK cells were highly up-regulated during BM regeneration. On day 9 after 5-FU treatment lin~ cells and LSK cells were
examined for CXCR3 expression in the BM of both nontreated normal mice and treated mice during regeneration. Gray line indicates PE-conjugated isotype control; black line,
PE-conjugated anti-mouse CXCR3. Shown is 1 representative result of 3 independent experiments (n = 4-6).

injected within a 3-hour period after irradiation. After 11 days, spleens
were excised, fixed in Tellesniczky solution, and the visible splenic
nodules were counted under a microscope. The number of transplanted
lin~ cells was adjusted to 10 to 20 colonies per spleen. The formation of
endogenous colonies was excluded in control mice, which received
saline only and no donor cells.

Isolation and incubation of human CD34* progenitor cells

This experiment was approved by the ethical review board of the
Charite-Universititsmedizin Berlin. Cord blood specimens were collected
from full-term deliveries with informed consent from the mothers. CD34*
cells were isolated with magnetic microbeads (Miltenyi) and then cultured
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Figure 2. Mig inhibits BM proliferation through CXCR3 in vivo and in vitro. Normal mice (n = 6) were injected once daily for 5 consecutive days with 15 p.g/kg recombinant
Mig protein or with PBS as control after 5-FU treatment. BMNCs and lin~ cells were collected within 24 hours after the final injection, and their cell cycle status was analyzed by
flow cytometry. (A-B) Both BMNCs and lin~ cells of WT mice were depressed significantly during the S phase; however, in CXCR3 KO mice (C; n = 4), Mig did not interfere with
the cell cycle. (D-E) BMNCs were collected from healthy WT or CXCR3 KO mice for colony assays with PBS (control) or 30 ng/mL recombinant HuMig (Mig). Mig significantly
inhibited colony formation in WT mouse but had no effect on KO mouse. *P < .05, **P < .01. Shown are means + SEM of 4 separate tests in WT mice and 3 in KO mice.

in stem cell medium (IMDM supplemented with 20% FBS, 2mM L-
glutamine, 50 pg/mL gentamicin, and 7.3 X 107°M mercaptoethanol) as
described previously.”>?¢ For expansion, CD34" cells were cultured in
96-well plates with medium exchanges twice a week. Cell numbers were
determined weekly using a hemocytometer and trypan blue exclusion, and
the expansion rates were calculated. Images of cell pellets at the well
bottom were taken at room temperature under an inverse microscope
(Axiovert 200 M; Carl Zeiss) equipped with a digital camera (MicroPub-
lisher 3.3; Weiss Imaging); QCapture Pro 6.0 software was used for image
acquisition.

Apoptosis assay

After isolation, 10° human CD34* HPCs were incubated with hSCF
(20 ng/mL) for 4 hours in combination with Mig (10 ng/mL) or PBS as
control. Cells were then incubated with 300mM Ara-C for 1 hour. Incubated
cells were then washed and cultured in stem cell medium for another
72 hours. Apoptotic cells were assessed by the Annexin-V Apoptosis
Detection kit (BD Biosciences Pharmingen), using flow cytometry accord-
ing to manufacturer’s instructions. Percentages of early and late apoptosis
were determined.

Development of mesenchymal stroma cell-conditioned
medium

Informed consent having been obtained, MSCs were grown from bone
marrow specimens and cultured with «-MEM supplemented with 12.5%
FBS, 2mM L-glutamine, and 100 U/mL penicillin/streptomycin. MSCs
were characterized by their spinal morphology and mesenchymal surface
markers (CD34 and CD45 negative; CD44, CD90, CD105, CD146, and
CD166 positive; all purchased from BD Biosciences Pharmingen).?”-?8
MSCs (5 X 10°) of passages 3 to 4 were seeded in 25-cm? flasks and
cultured for 1 to 2 days. When the cells reached more than 80% confluence,
they were stimulated with 20 ng/mL Mig with or without 2 pg/mL
anti-CXCR3 monoclonal antibody (R&D Systems) in fresh medium.
Supernatants were collected after 40 hours and mixed with stem cell
medium at 1 + 1, resulting in a final concentration of 10 ng/mL Mig or
1 pg/mL antibody. CD34% cells were cultured with this conditioned
medium of supernatant-media mixture, and CD34-CD45 expression was
analyzed by flow cytometry 1 week later.

Signaling pathway assay

The Milliplex Map Multi-Pathway Signaling Phosphoprotein kit was used
to detect the downstream signaling of Mig-CXCR3 interaction in both,
CD34*% HPCs and MSCs. For cell stimulation, 150 000 freshly isolated
CD34" cells were incubated with or without 20 ng/mL Mig in PBS/0.02%
human albumin at 37°C for 30 minutes. For MSCs, cells were cultured to
confluence and starved of serum for 4 hours before being subjected to the
same stimulation procedure. Cell lysates were collected and total protein
quantities were determined. Signals of phosphorylation of Erk (ERK/MAP
kinase 1/2, threonine 185/tyrosine 187), STAT3 (serine 727), INK (Thr183/
Tyr185), p70 S6 kinase (Thr412), IkB-a (Ser32), STATSA/B (Tyr694/
Tyr699), and p38 (Thr180/Tyr182) were detected by a Luminex 200 system
(Millipore) according to the manufacturer’s manual; the mean fluorescent
intensities were analyzed.

Statistical analysis

Results are expressed as means = SEM. Statistically significant differences
over time in the same treatment group or among different treatment groups
at a single time point were determined by 1-way ANOVA followed by
2-tailed Student ¢ test (Excel 2003; Microsoft). Results from survival
experiments were analyzed using the log-rank test and expressed as
Kaplan-Meier survival curves. Statistical significance was assumed for
P values less than .05.

Results

5-FU treatment induces expression of CXCR3 and its
ligand Mig

In accordance with the time span for 5-FU-induced bone marrow
suppression and regeneration (Figure 1A) the expression of genes
encoding both CXCR3 and its ligand Mig were found to be highly
induced on day 3 after injection of 5-FU, reaching a maximum on
day 7, decreasing on day 11, and returning to pretreatment levels on
day 14. In contrast, genes encoding the other 2 ligands of CXCR3,
IP-10 and I-TAC, were not observed to be significantly altered in
comparison with baseline (Figure 1B left).

20z aunr g0 uo 3sanb Aq Jpd 89800z | 1 208UZ/S0SZSE L/898Y/1.Z/61 L/pd-ajole/poojqAau-suoledligndyse//:djy woly papeojumoq



4872 LUetal

We also detected the expression of CXCR3 and its ligands at
protein levels. Plasma concentrations of the 3 ligands were
examined by ELISA, and Mig concentrations were significantly
increased by 29.8-fold on day 7 (P < .05; Figure 1B right). No
changes in IP-10 and I-TAC were evident. The population of
CXCR3* BM cells was significantly elevated on days 3, 7, and 11,
returning to baseline levels by day 14 after 5-FU treatment
(Figure 1B right). Evidently, the temporary protein expression
profiles of both receptor and ligand comply with their correspond-
ing gene expression patterns. In addition, the expression of CXCR3
in HPC of lin~ and LSK (lin~Sca-1*c¢-Kit") cells, particularly in
LSK cells, was highly up-regulated during the period of BM
regeneration (Figure 1C).

Mig inhibits the cell cycle of HPCs through CXCR3

To elucidate the influence of Mig on cell cycling, BMNCs and lin™
HPCs of WT C57 mice were compared within 24 hours after 5-FU
administration. Exogenous Mig inhibited both BMNC and HPC
cycling, reducing the S phase from 18.97% = 1.07% to
15.30% = 0.87% in BMNCs and from 14.98% * 1.98% to
11.37% = 1.66% in lin~ cells (P < . 01; Figure 2A-B).

Because CXCR3 is the only known receptor for Mig in mice,
we injected Mig into CXCR3 knockout (KO) mice using the
identical protocol as for the WT mice and then examined the cell
cycle status of BMNCs. These CXCR3 KO mice were backcrossed
at least 6 generations onto the C57BL/6 strain.?! No differences
were observed between KO mice receiving Mig or the PBS control
(32.09% = 2.70% vs 30.12% =+ 2.32%; P = .31; Figure 2C). The
baseline of S phase percentage was higher in the CXCR3 KO mice
than in WT mice (32.09% = 2.70% vs 18.97% = 1.07%, P < .001;
Figure 2A,C).

Colony assays were performed with BMNCs collected from
WT or KO mice femurs to evaluate the effects of Mig on
colony-forming HPCs in vitro. Results are demonstrated as percent-
ages in comparison with control group colony numbers. In WT
mice, Mig significantly inhibited the colony formation of HPCs in
vitro (colony numbers from every 10 000 BMNCs: 93.6 = 5.0 in
the Mig group vs 138.7 = 14.1 in the control group; P < .05;
Figure 2D), whereas this ability was lost in CXCR3 KO mice
(colony numbers from every 10 000 BMNCs: 59.2 = (0.3 in the
Mig group vs 53.3 £ 6.5 in the control group; P = .91; Figure 2E).
These data suggest that Mig may hinder BM expansion in vitro
through its receptor CXCR3.

Mig protects HPC from chemotherapy in vitro

To elucidate the influence of Mig on cultured progenitors, lin~
HPCs were isolated and cultured with Mig or PBS as a control
before the addition of the drug Ara-C, which belongs to the same
class of cell cycle—specific chemotherapeutic agents as 5-FU but is
more widely used in cellular experiments. The cultured cells were
injected into recipient mice. A group of mice receiving saline only
but no donor HPCs served as “negative control,” and a group of
mice receiving HPCs and no treatment with Ara-C served as
“positive control.” On day 11 after transplantation, surviving mice
were killed, and CFU-S numbers were counted. Only 0.14 = 0.38
CFU-S were found in the negative control, indicating that there was
almost no recipient-derived CFU-S. Positive control mice had a
mean of 39.2 * 15.3 CFU-S from 1 X 10* donor HPCs, indicating
a successful transplantation of donor HPCs. In Ara-C treated cells,
Mig-pretreated HPCs induced significantly higher CFU-S numbers
than PBS-pretreated HPCs (12.1 = 2.6 vs 7.8 = 2.7, both from
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Figure 3. Mig pretreatment protects lin~ cells from chemotherapy in CFU-S
assays. Donor lin~ cells were isolated and treated with Ara-C and then transplanted
into irradiated recipient mice. Mig group cells were preincubated with the 300 ng/mL
recombinant Mig protein. Before incubation with Ara-C, control cells were supple-
mented with equal volumes of PBS. (A) Eleven days after transplantation, mice from
both groups were killed, and CFU-spleen numbers were counted. In the Mig group
(n = 13), significantly higher CFU-spleen numbers were observed than in the PBS
group (n = 8; **P = .002). (B) Mice injected with Mig-treated cells showed higher
survival rates (*P = .039). Data are representative of 3 independent experiments
(n = 7-16).

1 X 10* donor HPCs; P = .002; Figure 3A). This suggests that a
higher number of HPCs in the Mig group were protected from
Ara-C and reconstituted hematopoiesis after transplantation. We
also analyzed the mice’s survival rate and observed higher
survival rates in the Mig group than in the PBS group (P = .039;
Figure 3B).

Antibody neutralization of Mig accelerates BM regeneration

Having demonstrated that activation of endogenous Mig expres-
sion after chemotherapy is associated with BM suppression, we
further postulated that Mig also might contribute to the acute lethal
toxicity of 5-FU-dependent BM suppression. Mice receiving a
90% lethal dose of 5-FU were treated with Mig or PBS as control
(Figure 4A top). Mice receiving Mig demonstrated significantly
lower survival rates than the control group. The median survival
time for the Mig and control group was 5.8 and 7.3 days,
respectively (P = .048; Figure 4A bottom). Therefore, BM suppres-
sion-induced expression of Mig would seem to contribute to the
acute lethal toxicity of 5-FU.

To test our hypothesis that activated expression of Mig and
CXCR3 are involved in the pathologic changes in BM after
chemotherapy, we applied an antibody neutralization strategy to
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Figure 4. Effects of Mig and anti-Mig antibody after 5-FU treatment. Mice received a single dose 5-FU (300 mg/kg) on day 0 and then were treated for 3 days intravenously
with either Mig (15 pg/kg; n = 16) or PBS as control (n = 15; Atop). Mice treated with Mig showed lower survival rates than the control mice (P = .048; A bottom). When mice
had been treated with either control (nonsensitized rat serum; n = 7) or anti-Mig rat serum (n = 11), the anti-Mig group showed significantly higher survival rates than mice in
the control group (P = .005; B). (C-D) Anti-Mig serum significantly accelerated the recovery of BM (C) and increased colony counts per femur (D) compared with controls. Mice
were injected with 225 mg/kg 5-FU on day 0 and treated with either control serum or anti-Mig serum. BM mononuclear cells were counted and cultured for GM-CFU on days
8,9, 10, 12, and 14. Each point represents the mean + SEM in 2 independent experiments (n = 6; *P < .05).

study the hematologic effects of anti-Mig antibody. Mice receiving
a 90% lethal dose of 5-FU were treated with anti-Mig immune or
control serum (Figure 4B top). We observed that anti-Mig serum
significantly improved the survival of mice compared with control
serum (P = .005; Figure 4B bottom). The median survival time for
the anti-Mig and control group was 10.7 and 8.4 days, respectively.
In another experiment, mice were treated with a single injection of
5-FU at day 0 followed by daily administration of the anti-Mig
immune or control serum from day 1 to day 10. Although the
minimum levels of BM cells remained unaltered, we observed that
anti-Mig significantly improved the recovery of both BM cell
numbers (Figure 4C) and colony-forming progenitors (Figure 4D).

CXCR3 KO mice regenerated faster than normal mice after 5-FU
treatment

We further examined the effect of the interruption of Mig-CXCR3
on hematologic regeneration after chemotherapy in the CXCR3
KO mouse model and the C57/BL6 WT counterparts from which it
derives. Both KO and WT mice were injected with 225 mg/kg
5-FU on day 0. On days 0, 7, 9, and 11, BM and cultured BM

mononuclear cells were counted for the colony assay. As shown in
Figure 5, KO mice were observed to have a significantly better
recovery on days 9 and 11 in BM numbers and on days 7, 9, and
11 in CFU numbers, which supports the idea that blockage of
CXCR3-Mig interaction could enhance the myeloregeneration
after 5-FU treatment.

Mig directly protects human CD34+ HPCs through CXCR3

In our study, Mig protected mouse HPCs from the cell cycle toxic
agent Ara-C. We therefore applied Ara-C to human HPCs to
evaluate the influence of Mig on chemotherapy-induced apoptosis.
Ara-C treatment significantly up-regulated the percentage of apo-
ptosis in CD34% cells (all Ara-C—treated groups, P < .01, com-
pared with non—Ara-C controls), but Mig reduced this percentage
significantly (26.37% * 1.12% of SCF + Mig group vs
35.52% * 1.21% of SCF alone; P < .001). The apoptosis inhibi-
tory effect of Mig was reversed using anti-CXCR3 monoclonal
antibodies (34.26% = 1.22% of SCF + Mig + anti-CXCR3 group
compared with SCF alone; P = .27).
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Figure 5. Regeneration of bone marrow after 5-FU
treatment in WT and CXCR3 KO mice. WT and CXCR3
KO mice were treated with 225 mg/kg 5-FU on day 0. On
days 0, 7, 9, and 11, BM (A) and CFU-GM (B) were
analyzed for hematopoietic regeneration. KO mice dem-
onstrated a significantly better BM recovery than WT
mice. Each point represents the mean = SEM in
2 independent experiments (n = 6; *P < .05).

1 2 3 4
Days after 225mg/kg 5-FU

Mig inhibits CD34* cell expansion through modulating MSCs

Unexpectedly, Mig did not directly inhibit the expansion of CD34*
HPCs in in vitro cell cultures (data not shown), which opposed our
previous in vivo observations. We hypothesized that Mig might
suppress the bone marrow through other cell types, possibly MSCs.
MSCs exist within the BM niches and are key components for
constituting the microenvironment for HSC self-renewal and
differentiation. When cotransplanted with HSCs, MSCs can signifi-
cantly improve the marrow engraftment and support HPC expan-
sion because of a full range of secreted cytokines.”®3° In a
well-established culture system based on MSC conditioned me-
dium (CM), we assessed the influence of Mig on MSC-induced
HPC expansion.”> When Mig was directly added to the culture it
had no effect, but when the MSCs were stimulated by Mig before
harvest of the supernatants, we observed a significant inhibition of
HPC expansion (Table 1, 1P < .01 between Mig CM group and
CM group). Application of the neutralizing anti-CXCR3 mAb IC6,
which targets the amino-terminal 1 to 95 amino acids of CXCR3-A,
reversed the inhibitory effect of Mig on CD45* cells (Table 1,
P < .01 between anti-CXCR3-Mig CM group and Mig CM
group), but only partially the inhibitory effect on CD34* HPCs.

Mig regulates hematopoiesis by reducing phospho-STAT5 in
HPCs and activating phospho-p70S6K and -Erk1/2 in MSCs

To demonstrate the intracellular actions aroused by Mig-CXCR3
binding, we searched for evidence of the phosphorylation of
signaling proteins in cell lysates after stimulation with Mig. We
were in fact successful in observing different profiling of phosphor-
ylation in MSCs and in CD34* HPCs: Mig stimulated the
phospho-p70 S6K and -Erk significantly in MSCs (P = .006 and
P = .014, respectively, compared with control MSCs), but it
reduced the level of phospho-STATS in CD34*" HPCs
(P = .022 compared with control HPCs).

Because STATS is critical in the function of GM-CSF, leading to the
differentiation of CD34* cells into CD34*CD45" HPCs and promoting

Table 1. CD34+ and CD45* cell expansion when cultured with MSC
conditioned medium

Condition Total numbers CD34+ CD45*

Medium control 5944 + 730*t
CM 11 358 + 14061t
CM + Mig 10 549 = 625t
Mig CM 7950 + 437*%
Anti-CXCR3-Mig CM 8933 + 1390*f

4504 + 715"t
8967 + 8981t
8402 + 5161%
6491 + 503*f
7126 = 13 727*%

3541 + 599*t
6689 = 1192+
6363 + 8761t
4817 + 579*t
6057 + 11601+

CM indicates nonstimulated supernatant; CM + Mig, nonstimulated superna-
tant + Mig; Mig CM, supernatant of Mig-stimulated MSCs; and anti-CXCR3-Mig CM,
supernatant of Mig + anti-CXCR3-stimulated MSCs.

*Significant difference compared with CM.

tSignificant difference compared with Mig CM.

}Significant difference compared with medium control.

Days after 225mg/kg 5-FU

the expansion of CD45™ lineage cells,?! inhibition of phospho-STAT5
by Mig could theoretically reduce the effect of GM-CSE. After 1 week’s
incubation with GM-CSF, we observed a high expansion of CD45%
cells (3.28 =0.15 X 10* in GM-CSF alone vs 0.97 + 0.08 X 10*
without GM-CSF control; P = 7.52 X 10~14), whereas the GM-CSF-
dependent expansion was significantly inhibited by Mig
(2.36 = 0.15 X 10* of GM-CSF + Mig vs GM-CSF alone;
P = 3.42 X 107°), which in turn was reversed by the anti-CXCR3 mAb
1C6 (2.89 = 0.12 X 10* of GM-CSF + Mig + anti-CXCR3 vs GM-
CSF + Mig, P = 2.95 X 10~%; Figure 6C).

Discussion

Activation of Mig expression has been reported in several stress-
related, but nonhematopoietic situations, including infections,
inflammatory diseases, malignancies, and graft-versus-host dis-
eases (GVHDs).23% For the first time, using a transcriptome
analysis, we were able to demonstrate that expression of murine
Mig, and its receptor CXCR3, was transiently activated in the
BM after chemotherapy, indicating their potential to regulate
chemotherapy-induced myelosuppression.

A previous study included the testing of more than 30 more or
less randomly selected chemokines and identified 19 of a myelosup-
pressive quality.” Among these chemokines, 9 were found to inhibit
hematopoiesis by inducing cell cycle arrests of progenitor cells
in vivo.'? The studies reported that injection of Mig could impair
the capacity of HPCs to form colonies, thereby inducing myelosup-
pression in normal mice, which worsens, if used in combination
with CCL2 or CCL20.!° The genetically engineered form of one of
these chemokines, MIP-1a, significantly alleviated neutropenia by
protecting myeloid progenitors, when used before chemotherapy.®
In that study, 3 different chemotherapeutics were used in one in
vivo model. The underlying mode of action, however, was not
elucidated.

In the present study, CFU-S assay revealed that incubation with
Mig before Ara-C treatment in vitro protected lin- HPCs and
improved the survival and number of CFU-S in irradiated recipi-
ents after transplantation. According to our results, injection of Mig
after chemotherapy decreased the number of BMNCs, reduced the
colony-forming capacity of HPCs in vitro, and retained the G¢/G,
phase in HPCs in vivo, which explains the Ara-C—protective effect
of Mig in lin~ cells. Alternatively, in the murine myelodepression
and myeloregeneration model, Mig reduced the number of BMNCs
in the S phase, thereby aggravating bone marrow suppression.??
Mig plasma levels were increased immediately after 5-FU treat-
ment that corresponded to the reduced survival rates when the mice
had received additional Mig injections after 5-FU. This emphasizes
the myelosuppressive role of Mig after chemotherapy.
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Figure 6. Mig regulates hematopoiesis through different signaling pathways in
MSCs and HPCs. (A) Mig activated p70 S6K and Erk in MSCs. (B) Mig inhibited
STAT5 phosphorylation in CD34* HPCs. Signaling pathways of MSCs and HPCs
were examined after stimulation with 20 ng/mL Mig for 30 minutes. Shown are
means + SEM of the mean fluorescent intensities (MFI; per 10 g of total protein) of
2 independent, duplicate experiments (*P < .05). (C) Freshly isolated CD34* cells
(8000) were incubated for 1 week. GM-CSF induced the expansion of CD45" cells
compared with medium alone (#P < .001). Mig significantly reduced the GM-CSF-
dependent CD45" expansion, and the effect was reversed by anti-CXCR3 monoclonal
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To date, CXCR3 is the only known receptor for Mig. The other
CXCR3 ligands, IP-10 and I-TAC, share with Mig the same
angiostatic and chemotactic functions,”-3 but of the 3 ligands, only
the expression of Mig was up-regulated in myelosuppressed BM,
which indicates the exclusive role of Mig in myelosuppression. We
anticipate that the myelosuppressiveness of Mig is conveyed
through the common receptor CXCR3. In the absence of CXCR3,
for example in the CXCR3 KO mice, Mig neither reduced the
S phase percentage of BMNCs in vivo nor inhibited colony
formation in vitro. Moreover, when treated with the same dosage of
5-FU, the bone marrows of CXCR3 KO mice regenerated faster
than those of WT mice. We attribute this to the missing Mig-
CXCR3 axis resulting in the lack of a Mig-dependent myelosuppres-
sion. When LSK cells were isolated for Ca®" influx experiments,
we observed that CXCR3 KO mice lacked the react ability to Mig
stimulation (supplemental Figure 2).

In in vitro experiments, Mig did not directly inhibit the
expansion of human CD34" cells, which we found contradictive to
the results observed previously in mice. Therefore, we hypoth-
esized that Mig-induced myelosuppression could depend on nonhe-
matopoietic cells of the bone marrow. MSCs are major nonhemato-
poietic components of BM and constitute a fundamental part of the
microenvironment within the hematopoietic niche, and they are
also known to support hematopoietic reconstitution after transplan-
tation.?%%0 Interestingly, CXCR3 is highly expressed on MSCs in
both mice and humans,?” indicating a possible functionality of Mig
on both cell types. Here, supernatants from MSC cultures elevated
HPC expansion, unless the MSCs had been stimulated with Mig
before harvest. In that case, HPCs expanded significantly less
compared with nonstimulated MSC conditioned medium. Our
conclusion is that Mig-dependent BM suppression also is related to
its influence on MSC. In fact, the phosphorylation of Erk and p70
S6K, which are mostly related to protein synthesis,>**0 were
significantly activated in MSCs on Mig-stimulation. Erk also can
activate STAT1, which is crucial in signal transductions from
interferons and is critical for nitric oxide (NO) production and
inducible NO synthase activation in MSCs.*!#> NO is a potent
inhibitor of cell proliferation,** which could explain the suppressed
HPC expansion in our study. p70 S6K is well known as a negative
regulator in the signaling and secretion of insulin.** Insulin
stimulates cell cycling and enhances the proliferation of hematopoi-
etic cells.* Conversely, the negative regulation of insulin might
have the effect of inhibiting the proliferation of HPC. p70 S6K is
also involved in the expression of mesenchymal transforming
growth factor B (TGFR),*® a potential inhibitor of primitive
hematopoietic cells.*’” Therefore, Mig might suppress the expan-
sion of HPCs through enhancing TGF secretion by MSCs.

In the signaling pathways of CD34* cells, however, Mig acts in
a different way. Instead of stimulating it, Mig reduces the phosphor-
ylation of STATS. STATS is required for the maintenance of HSCs
and HPCs in humans and plays a crucial role in the signaling of
G-CSF and GM-CSF, which initiate differentiation along the white
lineage.*® Inhibition of STAT5 phosphorylation could impair both
CD45 differentiation and the colony-forming capacity of HPCa,
and the GM-CSF-dependent expansion of HPCs was indeed
reduced by Mig. This provides explanation for our findings that
colony formation in WT mice was reduced after treatment with

Figure 6 (continued) antibody (**P < .001) compared with GM-CSF + Mig. Pictures
of cell pellets after incubation were taken, and the dimensions were measured (total
magnification, X100; objective lens’ magnification, x10). Bars represent
means + SEM of 2 independent, quadruplicate experiments.
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Mig. In CFU-S experiments, when the HSCs and HPCs were
incubated with hematologic growth factors such as SCF and
G-CSF, STATS usually increases, initiating the cycling of cells and
increasing the susceptibility of HPCs to chemotherapy. Conversely,
down-regulation of STATS induced by Mig could accordingly
inhibit the cell cycle and protect HPCs as we had observed.

In mice, there exists only one form of CXCR3, and Mig
therefore had no myelosuppressive character in CXCR3 KO mice.
There are however 2 known variants of human CXCR3 that have
distinct functions: CXCR3-A promotes proliferation and che-
motaxis and CXCR3-B inhibits proliferation.** The N terminus of
CXCR3-B mRNA has a longer extracellular domain than that of the
classic CXCR3-A mRNA, and they both share a common sequence
from the 79th nucleotide. That means that the IC6 mAb used here
targeted the N-terminal 1 to 95 amino acids of CXCR3-A and might
have only little affinity to CXCR3-B. That might explain why the
IC6 anti-CXCR3 mAb only partially reversed the Mig-induced
inhibition of the MSC-dependent expansion of CD34* HPCs,
which could imply that Mig’s function on MSCs is conveyed
through CXCR3-B. That notwithstanding, because both were
significantly reversed by the IC6 antibody; the inhibition of CD45%
cell differentiation and the protection of HPCs from chemotherapeu-
tics were probably transmitted through CXCR3-A.

Combining the observations in both HPCs and MSCs, we can
get an idea of the functional role of Mig. When applied in advance
Mig reduced the phosphorylation of STAT5 in HPCs, reducing
downstream cell cycling and protecting them from chemotherapy.
When applied after chemotherapy, Mig delayed the regeneration of
HPCs and BMNCs and reduced the survival rates in mice. But, Mig
activated the p70 S6K and Erkl1/2 signaling pathways in MSCs;
this can explain the inhibition of HPC expansion and the decrease
of hematopoietic cell numbers, which further prevents myeloregen-
eration after chemotherapy.

The profound expression of Mig after chemotherapy led us to
suspect an inhibitory effect of Mig on BM regeneration. Unlike
previous studies,®!” we did not limit the analysis of the chemopro-
tective effect of Mig to one in vivo model. Instead, we investigated
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its influence on different target cells, including human cells, within
the bone marrow niche, such as CD34" HPCs, lin"HPCs, and
MSCs. We also identified the corresponding signaling pathways to
illustrate the underlying molecular mechanisms.

In conclusion, the alleviation of chemotherapy-induced myelo-
suppression using an anti-Mig antibody is an absolutely novel idea.
Furthermore, our microarray-based strategy to define negative and
positive regulators in chemotherapy-induced bone marrow suppres-
sion may open a new arena for the development of bone marrow
regeneromics.
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