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Key Points

• NF-kB differentially regulates
CXCR4 expression on naı̈ve
and pathogenic CD81 T cells.

• CXCR4 expression on
pathogenic T cells facilitates
their trafficking to the BM in
a mouse model of AA.

Aplastic anemia (AA) is a disease characterized by T-cell–mediated destruction of bone

marrow (BM) hematopoietic stem and progenitor cells. Physiologically, T cellsmigrate to

the BM in response to chemokines, such as SDF-1a, the ligand for CXCR4. However, how

T cells traffic to the BM in AA is poorly understood. CXCR4 is aberrantly expressed in

immune-mediated diseases and its regulation by nuclear factor-kB (NF-kB) in cancer

models is well documented. In this study, we show that CXCR4 is highly expressed on

BM-infiltrating CD41 and CD81 T cells in a mousemodel of AA. Inhibiting CXCR4 in AA

mice, using CXCR42/2 splenocytes or AMD3100, significantly reduced BM infiltration

of T cells. We also report that NF-kB occupancy at the CXCR4 promoter is enhanced in

BM-infiltratingCD81Tcells ofAAmice.Moreover, inhibitingNF-kBsignaling inAAmice

using Bay11 or dehydroxymethylepoxyquinomicin, or transferring p502/2 splenocytes, decreased CXCR4 expression on CD81

T cells, significantly reduced BM infiltration of T cells, and strongly attenuated disease symptoms. Remarkably, therapeutic

administration of Bay11 significantly extended survival of AA mice. Overall, we demonstrate that CXCR4 mediates migration of

pathogenic T cells to theBM inAAmice, and inhibitingNF-kBsignalingmay represent a novel therapeutic approach to treatingAA.

(Blood. 2015;125(13):2087-2094)

Introduction

Aplastic anemia (AA) is a rare bone marrow failure (BMF) disease
characterized by peripheral pancytopenia and hypoplastic bone mar-
row (BM).1Most cases of acquired AA are idiopathic occurring both
in children and adults,with roughly equal frequency inbothgenders.1,2

Studies ofAApatients and animalmodels of BMF suggest acquired
AA is an immune-mediated disease.3,4 Aberrant responses medi-
ated by T helper type-1 (Th1), Th17, and cytotoxic CD81 T cells,
together with impaired function of regulatory T cells,5-10 culmi-
nate in BM destruction. Although the pathophysiology of AA is
well defined, the molecular mechanisms responsible for T-cell infil-
tration into the BM during AA progression are poorly understood.

Small populations of mature CD41 and CD81 T cells reside in
the BM. It is a priming site for antigen-specific T cells,11-13 as well
as a homing site for memory T cells.14-16 Physiologically, T cells
migrate to the BM in response to chemokines, such as stromal-cell
derived factor-1a (SDF-1a) which is highly expressed by BM stro-
mal cells.17,18 SDF-1a, also known as CXCL12, is the natural ligand
for the chemokine receptor, CXCR4.19 SDF-1a–CXCR4 interactions
initiatemultiple signaling pathways that augmentT cell co-stimulation,
proliferation, cytokine production, migration, and survival.20-25 In
T cells, activation through the T-cell receptor, polyclonal stimula-
tion, SDF-1a interaction, and IFN-g are stimuli that downregulate
CXCR4, whereas signaling through IL-2, IL-4, IL-7, and IL-15
upregulates its expression.26-31

The nuclear factor-kB (NF-kB) family of transcription factors
consists of five subunits, RelA (p65), RelB, c-Rel, NF-kB1 (p50),
and NF-kB2 (p52), that function as homo- or heterodimers. NF-kB
signaling plays a central role in T-cell activation, proliferation, dif-
ferentiation, and survival.32

Dysregulated CXCR4 and NF-kB signaling pathways contribute
to disease pathology in multiple immune-mediated diseases including
multiple sclerosis, systemic lupus erythematosus, rheumatoid arthritis,
and type 1 diabetes.33-41 Both signaling pathways have also been asso-
ciated with hematopoietic and nonhematopoietic malignancies.42-44

Moreover, NF-kB–mediated regulation of CXCR4 expression and
function in breast, pancreatic, gastric, prostatic, and ovarian cancers
is well documented.45-51 However, the contribution of CXCR4 and
NF-kB signaling pathways to the pathology of acquired AA has not
previously been explored.

Through pharmacologic and genetic approaches, we demonstrate
thatCXCR4mediatesmigration of pathogenicT cells to theBM in an
established mouse model of immune-mediated AA.5 We further
show that CXCR4 is differentially regulated by NF-kB in naı̈ve and
BM-infiltrating CD81T cells. InhibitingNF-kB signaling inAAmice
decreased CXCR4 expression on BM-infiltrating CD81 T cells, sig-
nificantly reduced BM infiltration of T cells, and strongly attenuated
disease symptoms. Finally, we show that therapeutic inhibition of
NF-kB signaling significantly prolonged the survival of AA mice.
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Materials and methods

Animals

Animal studieswere conducted in compliancewith the InstitutionalAnimalCare
and Use Committee of the University ofMassachusetts Amherst. F1 progeny
were obtained by crossing BALB/c females with C57BL/6 males. Con-
ditionalCxcr4 knockout (CXCR42/2) mice were generated on a C57BL/6J
background by crossingCxcr4fl/flmice (B6.129P2-Cxcr4tm2Yzo/J) toMx1-cre1/2

mice (B6.Cg-Tg[Mx1-cre]1Cgn/J). Cxcr4fl/flMx1-cre1/2 (CXCR42/2),
Cxcr4fl/flMx1-cre2/2, and Mx1-cre1/2 mice were administered polyI:polyC
(12 to 15 mg/g body weight; Imgenex, San Diego, CA) via IP injection every
other day for 5 days.Micewere rested for 3weeks and then used as a source of
donor splenocytes. p50 knockout (B6.Cg-Nfkb1tm1Bal/J; p502/2), BALB/c,
C57BL/6, Cxcr4fl/fl, andMx1-cre1/2 parental strains were obtained from the
JacksonLaboratory (BarHarbor,ME).Mice between7 to 12weekswere used
in experiments.

BMF induction and analyses

F1 progeny were irradiated (3Gy,137Cs source); 4 to 6 hours later, BMF was in-
duced with 5 3 107 splenocytes (IP injection) from age- and gender-matched
C57BL/6 (wild-type [WT] or knockout) donors.5 Mice were harvested on
day117. For survival studies, mice were humanely euthanized when they
could no longer eat or drink. BM cells were flushed from tibias and femurs
of legs using 5% fetal bovine serum (FBS)/phosphate-buffered saline (PBS).
Splenocyteswere passed through a 40mM filter, red blood cells (RBCs) lysed
with ACK buffer, and white blood cells (WBCs) enumerated using trypan
blue exclusion.CirculatingWBCsandRBCswere countedusing aHemaTrue
Hematology Analyzer (Heska). For quantitative real-time polymerase chain
reaction (qRT-PCR) studies, T cells were isolated from spleens or BM of AA
mice using anti-mouse CD4 and CD8 magnetic particles (BD Biosciences)
and separated using the BD IMag system.

In vivo administration of CXCR4 and NF-kB inhibitors

For CXCR4 inhibition studies, mice were treated on day17 postdisease in-
ductionwith AMD3100 (5mg/kg per day; Calbiochem) administered via IP
injection continuing until day 116. Control mice received equivalent vol-
umes of PBS. For NF-kB inhibition studies, mice were administered
dehydroxymethylepoxyquinomicin (DHMEQ) (30 mg/kg per day; provided
by A. Fauq) or Bay11-7085 (Bay11; 5 mg/kg every other day; Calbiochem)
via IP injection, beginning 1 hour after disease induction and continuing until
day116 postdisease induction. Control mice received equivalent volumes of
dimethylsulfoxide (DMSO). For survival studies, mice were given Bay11 via
IP injection (5 mg/kg every other day) from days 17 to 117 postdisease
induction, at which time treatment was discontinued. Control mice received
equivalent volumes of DMSO.

Histology

On day 117 postdisease induction, sterna were harvested, fixed overnight
in 10% neutral buffered formalin (VWR), decalcified for 48 hours in Cal-Rite
(Richard-Allan Scientific), then preserved in 70% ethanol at 4°C until pro-
cessed, paraffin-embedded, sectioned, and stained with hematoxylin and eosin.

Mixed lymphocyte reaction and chemotaxis assay

To generate BM-derived dendritic cells (BMDCs), BMcells fromF1 progeny
were cultured (106 cells/mL) in RPMI 1640 medium supplemented with 10%
FBS (Gibco), 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tomycin, and 20 ng/mL granulocyte macrophage colony-stimulating factor
(R&D Systems), and incubated at 37°C with 5% CO2. On days 2 and 4
postculture, half the media was removed and replaced with fresh supplemented
media. On day 6 postculture, nonadherent cells were harvested and cultured in
fresh supplemented media for 2 additional days. For mixed leukocyte reaction,
BMDCs were cocultured with bulk splenocytes (1:10 from age- and gender-
matched C57BL/6 mice) in a 1:1 mixture of RPMI 1640 and Dulbecco’s

modified Eagle medium supplemented with 10% FBS, 2 mM L-glutamine,
1mMsodiumpyruvate, 100U/mLpenicillin, and 100mg/mL streptomycin in
96-well round-bottom plates and incubated at 37°Cwith 7%CO2 for 12 days.
To inhibit NF-kB, 1mMBay11 or an equivalent volume ofDMSOwas added
at time of plating. From days 6 to 12 postculture, nonadherent cells were
harvested every other day, and CXCR4 expression on CD41 and CD81

T cells was analyzed by flow cytometry. On day 8 postculture, nonadherent
cells were harvested to evaluate their chemotactic response to SDF-1a.
Chemotaxis assays were performed in 24-well plate Transwell inserts (5 mm
polycarbonate membrane, 6.5 mm insert; Corning Costar); 600 ml of RPMI
with 10% FBS with or without 100 ng/mL of SDF-1a (R&D Systems) was
added to wells and 0.5 3 106 cells in 0.1 ml of RPMI with 10% FBS were
added to inserts, and incubated at 37°C with 5% CO2. After 3 hours, inserts
were removed and migrated cells harvested from wells. CD41 and CD81

T cells were enumerated by flow cytometry. Results are expressed as che-
motactic index (number of cells migrated into 100 ng/mL SDF-1a wells
divided by number of cells migrated into 0 ng/mL SDF-1a wells). Media and
supplements were from Lonza Group, unless otherwise specified.

Flow cytometry

Single-cell suspensions from spleens and BMwere surface-stained with PerCP-
conjugated anti-CD4 (RM4-5; BDPharmingen), PE-Cy7-conjugated anti-CD8a
(53-6.7; eBioscience), APC-conjugated anti-CXCR4 (2B11; eBioscience),
APC-conjugated anti-CXCR7 (11G8; R&D Systems), APC-conjugated anti-
CX3CR1 (polyclonal; R&D Systems), PE-conjugated anti-CCR5 (CTC5;
R&D Systems), and PE-conjugated anti-CXCR3 (220803; R&D Systems).
Samples were acquired on an LSRII flow cytometer and analyzed using
FACSDiva acquisition software (BectonDickinson).Analyses offluorescence-
activated cell sorter data were performed using FACSDiva or FloJo software
(Tree Star, Ashland, OR).

Cytometric bead array

Plasma cytokine levels were determined using Th1/Th2 cytometric bead array
kits (BDBiosciences) following themanufacturer’s protocol.Datawere acquired
on an LSRII flow cytometer and analyzed using FCAP array software (BD
Biosciences).

RNA isolation and qRT-PCR

Total RNA was extracted using RNAqueous Kits (Ambion) according to
the manufacturer’s protocol. RNA (1 mg) was reverse transcribed to com-
plementary DNA using dNTPs (Roche), M-MuLV reverse transcriptase
reaction buffer (New England Biolabs, Inc.), oligo-(dT)12–18 (Invitrogen),
RNase inhibitor (Promega), andM-MuLV reverse transcriptase (NewEngland
Biolabs, Inc.) on a Mastercycler Gradient Thermal Cycler (Eppendorf).
qRT-PCR was performed in duplicate with SYBR Premix Ex Taq (Takara
Bio, Inc.) on a Stratagene Mx3000P quantitative PCR system (Agilent
Technologies). Primer sequences were as follows: Cxcr4: forward, 59-
GAC TGG CAT AGT CGG CAA TG-39; reverse, 59-AGA AGG GGA
GTG TGA TGA CAA A-39; and Actb: forward, 59-GGC TGT ATT CCC
CTC CAT CG-39; reverse, 59-CCA GTT GGT AAC AAT GCC ATG
T-39. qRT-PCR conditions were as follows: 95°C for 1 minute, 95°C for
25 seconds, 62°C for 25 seconds (35 cycles), 95°C for 1 minute, 62°C for
1 minute, and 95°C for 30 seconds. Relative expression of Cxcr4 was
determined using the 22DDCt method. Results are reported as fold-change
in gene expression, normalized to Actb and relative to irradiation controls.

ChIP

Chromatin immunoprecipitation (ChIP) was performed as described.5 Briefly,
cells were crosslinked with 1% formaldehyde, lysed in sodium dodecyl sulfate
(SDS) lysis buffer (1% SDS, 10 mMEDTA, and 50 mMTris, pH8.1), and soni-
cated with a Bioruptor Sonicator (Diagenode). Cell lysates were precleared over-
nightwith5mganti–c-Rel (cloneC), anti–NF-kBp50 (cloneC-19), normal rabbit
IgG, or normal goat IgG at 4°C (all from Santa Cruz Biotechnology, Inc.).
Protein–DNA complexes were recovered with ChIP-grade protein G agarose
beads, washed, elutedwith elution buffer (1%SDS, 0.1MNaHCO3), and reverse
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crosslinked overnight at 65°C.DNAwaspurifiedby proteinaseKdigestion and
extracted with QIAEX II gel extraction kit (QIAGEN). Two regions of the
Cxcr4 promoter containing putative NF-kB p50 and c-Rel binding sites were
amplified by PCR. Primer sets were as follows: primer set I (product size 185
bp) forward, 59-GGC TGA CCT CCT CTT TGT CAT C-39; reverse, 59-TGT
TGG TGG CGT GGA CAA TA-39; and primer set II (product size 331 bp)
forward, 59-CAT CAG TCA GGG GGA TGA CA-39; reverse, 59-GAT GGA
GAT CCA CTT GTG CA-39. PCR conditions were 95°C for 2 minutes, 95°C
for 30 seconds, 56°C for 30 seconds, 72°C for 1 minute (38 cycles), and 72°C
for 5 minutes.

Statistical analysis

Results are the mean 6 SEM. Statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad Software). P values were calculated using
an unpaired two-tailed Student t test, one- or two-way analysis of variance
(ANOVA) with post-tests as indicated. Survival curves were generated using
the Kaplan–Meier method and survival differences were determined with a
Mantel-Cox log-rank test.P values# .05were considered statistically significant.

Results

CXCR4 is highly expressed on T cells of AA mice

T cells use CXCR4–SDF-1a interactions to traffic to the BM during
homeostatic processes,17,18 but how pathogenic T cells are targeted to

the BM during AA is not well understood. Here, we sought to de-
terminewhether CXCR4 contributes to the pathogenesis of immune-
mediated AA. Using a well-characterized, lymphocyte transfer
mouse model of AA,5 we first assessed transcript and protein ex-
pression of CXCR4. Seventeen days postdisease induction, Cxcr4
transcripts in T cells from spleens and BMwere expressed at similar
levels both in AA mice and irradiation controls (Figure 1A);
however, for many genes, there is only a modest correlation between
messenger RNA levels and their translated proteins.52 When we
further assessed protein levels, we found that the surface expression
of CXCR4 was significantly higher on T cells isolated from spleens
andBMofAAmice (Figure 1B-C), aswere percentages of CXCR41

T cells (Figure 1D), suggesting that posttranscriptional regulation of
CXCR4 differs between control and pathogenic T cells. We further
noted that CXCR4 was expressed more highly on a per cell basis
on BM-infiltrating CD81 T cells, compared with CD41 T cells
(Figure 1E).

Inhibiting CXCR4 in AA mice reduces T-cell homing to the BM

The natural ligand for CXCR4, SDF-1a, is present in the BM at high
concentrations.53 We hypothesized that sustained CXCR4 expres-
sion on activated T cells might aid in their trafficking to the BM in
diseased animals. Therefore, we askedwhether reducing the CXCR4
expression or preventing SDF-1a–CXCR4 interactions would affect
BM infiltration of T cells in a mouse model of AA.

Figure 1. CXCR4 is highly expressed on T cells of

AA mice. F1 hybrid mice were irradiated only (gIR

control) or AA was induced with 5 3 107 WT C57BL/6

splenocytes. Mice were sacrificed on day 117 postdisease-

induction and T cells were isolated. (A) Relative expression

of Cxcr4 transcript levels in T cells from spleens (BMF

spleen) and BM (BMF BM) of AA mice were determined

by quantitative PCR and compared with expression in

T cells of spleens (gIR spleen) from irradiation controls;

n 5 13 mice per group. (B) Median fluorescence intensity

(MFI), a measure of CXCR4 protein expression, on spleen

and BM T cells of AA mice was determined by flow

cytometry and compared with expression on spleen T cells

of irradiated controls; n 5 13 mice per group. (C) Rep-

resentative comparative histograms of CXCR4 MFI on

T cells from spleens and BM from (B). (D) Percent CXCR4

positive T cells on T cells from spleens and BM of AA

mice, compared with T cells isolated from spleens

of irradiation controls; n 5 13 mice per group. (E) Com-

parison of CXCR4 expression on BM-infiltrating CD41

and CD81 T cells of AA mice; n 5 13 mice per group.

Data represent the mean 6 SEM, and were analyzed

by one-way ANOVA plus Tukey post-test (A-B,D), or

two-tailed unpaired Student t test (E). *P, .05; **P, .01;

***P , .001.
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Cxcr4 knockout mice are embryonic lethal due to defects in B-cell
lymphopoiesis and myelopoiesis, heart and cerebellar development,
and vascularization.54,55 Therefore, we usedCre/loxPDNA recombina-
tion to conditionally deleteCxcr4 from splenocytes ofCxcr4fl/flMx1-cre1/2

(CXCR42/2) donor mice via serial injections of polyinosinic:polycytidylic
acid (poly:IC) (Figure 2A).56 AA mice receiving CXCR42/2

splenocytes had significantly fewer BM-infiltrating CD41 and CD81

T cells compared with mice who received control splenocytes
(Cxcr4fl/flMx1- cre2/2,Mx1-cre1/2, or WT splenocytes; Figure 2B).

We next abrogated SDF-1a–CXCR4 binding using the highly se-
lectiveCXCR4antagonist,AMD3100.57 Toprevent SDF-1a–CXCR4
interactions during T-cell expansion, AA mice were given AMD3100
(5mg/kgper day) for 10 days, beginningday17postdisease induction.
On day117, we assessed T-cell accumulation in the BM and noted a
significant, albeit incomplete reduction, in BM-infiltrating CD41 and
CD81Tcells inAAmice treatedwithAMD3100, comparedwith those
treatedwithvehicle (Figure 2C). Therefore,we analyzed the expression
of additional chemokine receptors associated with BM trafficking.
Compared with irradiated controls, T cells from spleens and BM of
AAmice showed modestly increased CXCR7, CX3CR1, CCR5, and
CXCR3 (Figure 2D-E). Among these, CCR5 showed the greatest
relative increase on BMCD41 T cells, whereas CXCR4was the most
highly upregulated on CD81 T cells (Figure 2D-E). Taken together,

these data provide evidence that inAAmice, pathogenic CD81T cells
aberrantly express and use CXCR4 to traffic to the BM, although
additional chemokine receptors may also contribute to this process.

Inhibiting NF-kB signaling reduces CXCR4 expression and

abrogates T-cell migration

NF-kB signaling is central to the activation, proliferation, differenti-
ation, and survival of T cells.32 NF-kB regulates CXCR4 expression
and subsequent metastasis in a range of malignancies including breast,
pancreatic, gastric, prostatic, and ovarian cancers.45-51 However,
NF-kB–mediated regulation of CXCR4 expression on T cells has not
been previously investigated. Therefore, we asked whether blocking
NF-kB signaling would modulate CXCR4 expression on T cells. We
used amixed lymphocyte reaction inwhichC57BL/6 splenocytes treated
with theNF-kBinhibitor,Bay11 (1mM),orvehicleonly,were cocultured
withBMDCs fromF1progeny (C57BL/63BALB/c), and thenanalyzed
T cells for CXCR4 expression using flow cytometry. Compared with
controls, Bay11-treated CD41 T cells showed significantly diminished
CXCR4 expression after 6 and 8 days of culture (Figure 3A), whereas
Bay11-treatedCD81Tcells displayeddiminishedCXCR4 levels ondays
6, 8, and 10 of culture (Figure 3B). This is in contrast to DMSO-treated
CD41 and CD81 T cells, which display elevated CXCR4 expression.

Figure 2. Inhibiting CXCR4 in AA mice reduces

T-cell homing to the BM. (A) Representative histo-

grams of CXCR4 expression on splenocytes from WT

C57BL/6 mice, poly:IC-treatedMx1-cre1/2mice (Mx1-cre1/2;

Mx1-cre only control), poly:IC-treated CXCR4fl/flMx1-cre2/2

mice (CXCR4fl/flMx1-cre2/2; poly:IC control), or poly:

IC-treated CXCR4fl/flMx1-cre1/2 mice (CXCR4fl/flMx1-cre1/2;

CXCR42/2). (B) Donor splenocytes from (A) were used to

induce AA in F1 recipient mice (BMF). On day 117

postdisease induction, percentages of BM-infiltrating

CD41 and CD81 T cells in AA mice were assessed by

flow cytometry and compared with mice that were ir-

radiated only (gIR control); n 5 7 mice per group. (C)

Mice were induced with AA (BMF), and from days 17 to

116 postdisease induction, were treated with PBS

(BMF 1 PBS) or with the CXCR4 antagonist, AMD3100

(BMF 1 AMD3100). Percentages of BM-infiltrating

CD41 and CD81 T cells in AA mice were determined

as in (B); n 5 11 mice per group. (D-E) F1 hybrid mice

were irradiated only (gIR control) or AA was induced by

transferrin 53 107 WT C57BL/6 splenocytes (BMF). On

day 117 postdisease induction, the MFI of CXCR4,

CXCR7, CX3CR1, CCR5, and CXCR3 on (D) CD41

and (E) CD81 T cells from the spleens and BM of

AA mice or irradiation controls was assessed by flow

cytometry. Expression was relative to gIR control and

was calculated by dividing the MFI of BMF samples by

the mean MFI of gIR controls; n 5 8 mice per group.

Data are the mean 6 SEM, and were analyzed by one-

way ANOVA plus Tukey post-test. *P , .05; **P , .01;

***P , .001.
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We next determined how abrogating NF-kB signaling affects T-cell
migration in response to SDF-1a. Treating CD41 or CD81 T cells with
Bay11 significantly impaired their ability to migrate toward SDF-1a,
compared with control cells treated with vehicle only (Figure 3C-D).
These findings support the notion that NF-kB signaling regulates
CXCR4 expression on CD41 and CD81 T cells, which, in turn, me-
diates their migration across an SDF-1a gradient.

The NF-kB p50 subunit differentially binds the Cxcr4 promoter

in T cells of AA mice

Previous reports using human cancer cell lines confirmed NF-kB
binding sites in the CXCR4 promoter; however, Cxcr4 regulation in
T cells is ill-defined.45,47-50 Therefore, we asked whether NF-kB

directly regulates Cxcr4 in BM-infiltrating T cells from AA mice. We
analyzed a 1 Kb region upstream of the transcriptional start site in the
Cxcr4 promoter and identified 2 putative binding sites for NF-kB
subunits, c-Rel and p50 (Figure 4A). Using chromatin derived from
naı̈ve CD81 T cells or from BM-infiltrating CD81 T cells isolated
from AAmice, we performed ChIP with antibodies specific for c-Rel
and p50.Unlike in naı̈ve cells,wedetected increased p50 occupancy at
both sites in theCxcr4 promoter in pathogenic CD81 T cells. We also
observed differential binding of c-Rel in naı̈ve and BM-infiltrating
CD81 T cells (Figure 4B-C). Collectively, these data reveal that
NF-kB–binding to the Cxcr4 promoter is increased in BM-infiltrating
CD81 T cells from AA mice. Furthermore, differences in NF-kB
occupancy at the regions we investigated suggest that NF-kB dif-
ferentially regulates Cxcr4 in naı̈ve and pathogenic CD81 T cells.

Figure 3. Inhibiting NF-kB signaling reduces CXCR4

expression and abrogates T-cell migration. Spleno-

cytes from C57BL/6 mice were treated with DMSO or

Bay11 (1 mM) and cocultured for 12 days with BMDCs

from F1 hybrids. CXCR4 expression was assessed by

flow cytometry on (A) CD41 and (B) CD81 T cells; n5 3.

On day 8 postculture, nonadherent cells were harvested

from cocultures (as above) and their chemotactic

response to SDF-1a was analyzed. Cells were added

to Transwell inserts; 0 or 100 ng/ml SDF-1a was added

to wells. Cultures were incubated for 3 hours, at which

time migrated cells were harvested from wells and CD41

and CD81 T cells were enumerated by flow cytometry.

The chemotactic index (number of cells migrated into

100 ng/ml SDF-1a wells/number of cells migrated into

0 ng/ml SDF-1a wells) was calculated for DMSO- or

Bay11-treated (C) CD41 and (D) CD81 T cells; n 5 3.

Data are the mean 6 SEM, and were analyzed using

two-way ANOVA plus Bonferroni post-test (A-B) or

two-tailed unpaired Student t test (C-D). *P , .05;

**P , .01; ***P , .001.

Figure 4. The NF-kB p50 subunit differentially binds

the Cxcr4 promoter in T cells of AA mice. (A) Sche-

matic representation of theCxcr4 promoter showing relative

location of predicted binding sites for NF-kB subunits,

p50 and c-Rel, and regions amplified by primer sets

#1 and #2 (not shown to scale). (B) Representative

image of agarose gel showing 2 amplified regions of

the Cxcr4 promoter. Chromatin was from BM-infiltrating

CD81 cells of mice induced with AA (BMF; right) or spleen-

infiltrating CD81 T cells of noninduced mice (Naı̈ve;

left) immunoprecipitated using antibodies specific for

p50 and c-Rel. (C) Quantification of band intensities of

Naı̈ve and BMF samples subjected to ChIP in (B). Data

are representative of 2 independent experiments.
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Inhibiting NF-kB signaling in AA mice reduces CXCR4

expression in T cells and attenuates AA

Blocking NF-kB signaling impairs bone metastasis in experimental
breast cancermodels bypreventingCXCR4expression.58We inhibited
NF-kB signaling in AA mice pharmacologically, using DHMEQ or
Bay11, or by transferring p502/2 splenocytes, to determine what effect
thiswould have onT-cell infiltration to theBMand disease progression
overall. AA mice were treated with DHMEQ (30 mg/kg per day) or
Bay11 (5 mg/kg every other day) beginning 1 hour after disease induc-
tionandcontinuing for 16days.Onday117postdisease induction,mice
were humanely euthanized to assess disease severity. Inhibiting NF-kB
activity inAAmice robustly protectedBMcellularity (Figure 5A-B), and
this protection extended to circulating WBCs and RBCs (see supple-
mental Figure 1A-B, available on the Blood Web site). BM-infiltrating
CD41 and CD81 T cells (Figure 5C), and circulating IFN-g and tumor
necrosis factor (supplemental Figure 1C-D) were negligible in AAmice
with impaired NF-kB signaling, comparedwith vehicle-treated controls.

Moreover, when AA mice received NF-kB inhibitors or p502/2

splenocytes, a significantly lower percentage of BM CD81 T cells
expressed CXCR4 (supplemental Figure 1E), and the per cell ex-
pression of CXCR4 on BM CD81 T cells was significantly lower
compared with control-treated AA mice (Figure 5D). Consistent with
the results of the ChIP (Figure 4), these data support the notion that
NF-kB, andmore specifically p50, play an important role in regulating
CXCR4 expression in pathogenic CD81 T cells.

Finally, we evaluated the survival benefit of pharmacologically
limiting NF-kB signaling in AA mice under clinically relevant con-
ditions.AAmicewere treatedwith Bay11 (5mg/kg every other day) or
vehicle only (DMSO) from days17 to117 postdisease induction, at
which time treatmentwasdiscontinued.ComparedwithDMSO-treated
mice, for which the median survival time was 19.5 days (range, 18 to
24 days), Bay11 treatment significantly extended survival in AAmice,
with 4 of 7 mice fully rescued from lethal BMF (P, .01) (Figure 5E).
Collectively, our data demonstrate that attenuating NF-kB signaling in
a mouse model of AA reduces CXCR4 expression on CD81 T cells,
prevents T-cell homing to the BM, and ameliorates disease symptoms.

Discussion

AA is primarily driven by an aberrant Th1 immune response, whereby
activated T cells traffic to the BM andmediate destruction. Differential
expression of chemokine receptors and adhesion molecules on Th-cell
subsets endow these T cells with distinct migratory abilities and se-
lective recruitment into peripheral tissues.27,59-62 The chemokine re-
ceptor, CXCR4, facilitates cellular chemotaxis in response to its natural
ligand, SDF-1a, found in high concentrations in the BM.17,18,63-65

Aberrantly elevated CXCR4 has been reported in numerous autoim-
mune conditions, and is also thought to provide a means for certain

Figure 5. Inhibiting NF-kB signaling in AA mice

reduces CXCR4 expression in T cells and attenu-

ates AA. F1 hybrid mice were irradiated only (gIR control)

or AA was induced with 53 107 WT C57BL/6 splenocytes.

Mice were treated with DMSO (BMF 1 DMSO), DHMEQ

(BMF 1 DHMEQ), or Bay11 (BMF 1 Bay11). In some

mice, AA was induced with 5 3 107 p502/2 splenocytes

(BMF p502/2). On day 117 postdisease induction, mice

were harvested and (A) total BM cellularity was determined

by trypan blue exclusion; n 5 12 mice per group. (B)

Representative hematoxylin and eosin staining of sternum

from 1 representative animal each of irradiation control

(gIR control), DMSO-treated AA mouse (BMF 1 DMSO),

DHMEQ-treated AA mouse (BMF 1 DHMEQ), Bay11-

treated AA mouse (BMF 1 Bay11), and 1 mouse that

received p502/2 splenocytes (BMF p502/2). Scale

bar 5 200 mM. (C) Percentages of BM-infiltrating

CD41 and CD81 T cells in irradiation controls or AA

mice that received DMSO, DHMEQ, Bay11, or p502/2

splenocytes were determined by flow cytometry;

n 5 12 mice per group. (D) MFI of CXCR4 protein

expression on BM-infiltrating CD41 and CD81 T cells

of AA mice that received DMSO, DHMEQ, Bay11, or

p502/2 splenocytes was assessed by flow cytometry

and compared with CXCR4 MFI on BM-infiltrating

T cells of irradiation controls; n 5 12. (E) Kaplan–

Meier survival estimates of AA mice whose disease

was induced with WT splenocytes and treated with

DMSO (n 5 8) or Bay11 (n 5 7), beginning on day 17

postdisease induction and continuing until day 117

postdisease induction. Data are the mean 6 SEM,

and analyzed using one-way ANOVA plus Tukey post-

test or log-rank test for survival estimates. *P , .05;

**P , .01; ***P , .001.
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cancerous cells to home to SDF-1a–enriched sites, such as the
BM.33-39,47 CXCR4 is highly-expressed on restingT cells, including
naı̈ve and memory T cells, and is downregulated during T-cell
activation.26,30,31,60 Using inhibitors and genetic approaches, we pro-
vide evidence that BM-infiltrating CD41 and CD81 T cells from AA
mice show high CXCR4 expression, suggesting CXCR4–SDF-1a in-
teractionmay be onemechanism pathogenic T cells use to traffic to the
BM during AA progression.

Chemokine receptors, including CX3CR1 and CCR5, facilitate
migration of normal and malignant cells to the BM, whereas CXCR7
has been identified as an additional receptor for SDF-1a.66-69 Data
presented in this study (Figure 2D-E) are in concordance with previous
reports describing elevatedCX3CR1onperipheral andBMTcells, and
increased expression ofCX3CR1 andCXCR3 in BMT cells of patients
with severe AA.67,70,71 Reports also indicate peripheral and BMCD41

regulatory T cells from patients with severe AA have reduced CXCR4
expression, compared with those of healthy controls, with impaired
ability to home to the BM and suppress pathogenic T cells.10 In AA
mice, CCR5 expression on BM-infiltrating CD41 T cells showed the
greatest increase, whereas on BM CD81 T cells, CXCR4 exhibited
the highest relative gain. Residual BM T cells could be detected in AA
mice whose disease was induced with CXCR42/2 splenocytes or were
treated with AMD3100, indicating chemokine receptors other than
CXCR4 may aid in T cell trafficking to the BM. Indeed, we observed
modestlyaugmentedCXCR7,CX3CR1, andCXCR3onBMTcells and
their expression levels remained unchangedwhenCXCR4was inhibited
(data not shown). Thus, dysregulated expression of chemokine receptors
may be a general feature of AA progression in mice and in humans.

In breast cancer cell lines, NF-kB directly regulates Cxcr4 ex-
pression, which enhances motility in vitro and in vivo metastasis to the
BM in animal models.47 Consistent with this notion, we observed in-
creased p50 occupancy at twodistinctNF-kBbinding sites in theCxcr4
promoter in BM-infiltrating CD81 T cells. These sites were not simi-
larly bound in naı̈ve CD81 T cells, suggesting that differential NF-kB
binding to the Cxcr4 promoter in BM-infiltrating CD81 T cells con-
tributes to aberrantCXCR4expression. Inhibitoryor genetic approaches
that limited NF-kB signaling decreased CXCR4 expression on CD81

T cells, and this further correlated with their reduced trafficking to
the BM. However, compared with approaches that only abrogated
CXCR4–SDF-1a interactions in AA mice, limiting NF-kB activity
resulted in a more profound reduction in T-cell infiltration to the BM
and negligible circulating IFN-g and tumor necrosis factor. Finally,
inhibiting NF-kB in AA mice under therapeutic conditions prolonged
their survival, with.50% of mice fully rescued from lethal BMF, and

underscoring the important role for NF-kB in regulating additional
proinflammatory pathways that mediate BMF in mice.

Herein, we provide evidence that NF-kB–regulated, aberrant
CXCR4expressionmaybeonemeans bywhichCD81Tcells infiltrate
theBMduringAAprogression inmice. TheAAmice used in this study
represent an additional tool with which to better understand a rare and
complex BMF disorder; however, as with all animal models, care must
be taken when extrapolating results to the human disease. Further
studies of paired samples of peripheral blood and BM from patients
with AA will be needed to confirm the relevance of our findings. De-
termining the full array of chemokine receptors and adhesionmolecules
that endow pathogenic CD41 and CD81 T cells with the ability to
traffic to the BMduringAAwill undoubtedly add to our understanding
of the molecular mechanisms that drive this disease.
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