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Neuroimmune/Hematopoietic Axis with Distinct Regulation
by the High-Mobility Group Box 1 in Association with
Tachykinin Peptides
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Hematopoiesis is tightly regulated by the bone marrow (BM) niche. The niche is robust, allowing for the return of hematopoietic

homeostasis after insults such as infection. Hematopoiesis is partly regulated by soluble factors, such as neuropeptides, substance

P (SP), and neurokinin A (NK-A), which mediate hematopoietic stimulation and inhibition, respectively. SP and NK-A are derived

from the Tac1 gene that is alternately spliced into four variants. The hematopoietic effects of SP and NK-A are mostly mediated

via BM stroma. Array analyses with 2400 genes indicated distinct changes in SP-stimulated BM stroma. Computational analyses

indicated networks of genes with hematopoietic regulation. Included among these networks is the high-mobility group box 1 gene

(HMGB1), a nonhistone chromatin-associated protein. Validation studies indicated that NK-A could reverse SP-mediated

HMGB1 decrease. Long-term culture-initiating cell assay, with or without NK-A receptor antagonist (NK2), showed a suppressive

effect of HMGB1 on hematopoietic progenitors and increase in long-term culture-initiating cell assay cells (primitive hemato-

poietic cells). These effects occurred partly through NK-A. NSG mice with human hematopoietic system injected with the HMGB1

antagonist glycyrrhizin verified the in vitro effects of HMGB1. Although the effects on myeloid lineage were suppressed, the

results suggested a more complex effect on the lymphoid lineage. Clonogenic assay for CFU– granulocyte-monocyte suggested that

HMGB1 may be required to prevent hematopoietic stem cell exhaustion to ensure immune homeostasis. In summary, this study

showed how HMGB1 is linked to SP and NK-A to protect the most primitive hematopoietic cell and also to maintain immune/

hematopoietic homeostasis. The Journal of Immunology, 2020, 204: 879–891.

B
onemarrow (BM) is the major site of hematopoiesis, with
hematopoietic cells organized in a hierarchical clustering
of cells beginning with hematopoietic stem cells (HSCs)

(1, 2). Despite new technologies revising the hematopoietic hier-
archy, the basic principle of HSC differentiation to immune and
blood cells remain undisputed (2). Hematopoietic activity occurs
in the endosteal and perivascular region of the central sinus (3, 4).
Hematopoiesis is supported by the BM niche that includes cells,
collectively referred as stroma, such as fibroblasts, macrophages,
adipocytes, endothelial cells, and mesenchymal stem cells (4, 5).
Stroma support hematopoiesis via secretome such as cytokines,
extracellular matrices, and microvesicles (6). Innervated fibers also

regulate hematopoiesis by producing neuropeptides belonging to the
tachykinin family as well as others from the adrenergic system (7–9).
The tachykinins are small peptides that are derived from peptidergic

fibers and other nonneural cells such as BM stroma (10–14). The
tachykinins can modulate immune and hematopoietic responses,
mostly through substance P (SP) and neurokinin (NK)-A, with
each acting antagonistically to the other (7, 15–18). The Tac1 gene
is alternately spliced into a-, b-, l-, and d-mRNAs (19). SP is
encoded by Exon 3 of each transcript and NK-A from Exon 6 of
b- and l-transcripts (19). SP and NK-A show binding preference
for the seven transmembrane G-protein–coupled NK1 and NK2
receptors, respectively (20).
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NK1 and NK2 mediate hematopoietic regulation directly or in-
directly via the production of cytokines in stroma (18, 21–24). In
stroma, there is a yin–yang relationship between NK1 and NK2
(24). NK1 is induced by cytokines, including those linked to he-
matopoietic stimulation (17). The increase in NK1 correlates with
decreased NK2, and the latter required hematopoietic suppressors,
such as TGF-b and MIP1, for its expression (18). Additionally,
NK1 and NK2 mediate intracellular cross-talk such that one re-
ceptor regulates the expression of the other, consequently impacting
hematopoietic regulation (24).
The high-mobility group box 1 protein (HMGB1) is a member

of nonhistone, chromatin-associated HMGB1 family that is evo-
lutionally conserved (25). Nuclear HMGB1 binds to the minor
groove of DNA to facilitate the assembly of other transcriptional
complexes such as p53 and NF-kB (25). Membrane HMGB1
can control cell movement (26, 27). In malignant cells, HMGB1
can exert both suppressor and oncogenic functions (26, 28, 29).
HMGB1 is also linked to inflammation with its release in necrotic
cells as alarmins (30–35). HMGB1 can mediate intracellular sig-
naling via TLR4 and RAGE receptor (36, 37). HMGB1 can be
released from nonnecrotic monocytes by exocytosis of micro-
vesicles (38).
Array studies indicated decreased HMGB1 in BM stroma, leading

us to test the link between conservedHMGB1 and Tac1 peptides.We
proposed that HMGB1 negatively regulates hematopoietic stimu-
lation because SP, which is a hematopoietic stimulator, decreased
HMGB1. Because NK-A can negatively regulate SP-mediated he-
matopoietic stimulation, we determined the relationship between
NK-A and HMGB1 (18).
BM stromal support of hematopoiesis was selected to investigate

the SP–HMGB1–NK-A axis because of the key role in regulating
SP/NK-A hematopoietic regulation (17). Furthermore, monocytes,
which can differentiate into macrophages to comprise stroma, can
express HMGB1 (38). Indeed, the results showed NK-A blunting
SP effects to decrease HMGB1. Long- and short-term hemato-
poietic assays with stroma transfected with an inducible HMGB1
lentivirus, as well as studies with immune-deficient mice with a
human hematopoietic system, confirmed a mediating role for NK-A
in the ability of HMGB1 to suppress hematopoietic progenitors and
protect the more primitive hematopoietic cells.

Materials and Methods
Reagents

DMEM, a-MEM, penicillin–streptomycin, hydrocortisone, Ficoll-Hypaque,
glutamine, FBS, accutase, 0.05% trypsin–EDTA, and mammalian protein
extraction reagent (M-PER) were purchased from Thermo Fisher Sci-
entific (Waltham, MA); horse sera, geneticin, and G418 were purchased
from HyClone Laboratories (Logan, UT); PBS, glycyrrhizin (Gly),
vasoactive intestinal peptide (VIP), SP, and NK-A were purchased from
Sigma-Aldrich (St Louis, MO); hydrocortisone and polybrene were pur-
chased from MilliporeSigma; SYBR Green PCR Master Mix was purchased
from Applied Biosystems and Thermo Fisher Scientific; tetracycline-
free FCS, 7-aminoactinomycin D was purchased from BioLegend (San
Diego, CA); and doxycycline (Dox) was purchased from Takara Bio
(Fitchburg, WI). NK2-specific antagonist (SR 48968) was obtained
from Sanofi Recherche & Developpement (Montpellier Cedex, France)
and NK1 receptor enantiomer (CP-100,263-1) was provided by Pfizer
(Groton, CT). The method to dilute SP, NK-A, VIP, CP-100,263-1 and
SR48968 was previously described (17, 24, 39).

Abs

Human anti-rabbit HMGB1 Ab and anti-rabbit b-actin, from Cell Sig-
naling Technology, were used as primary Abs for Western blots. HMGB1
Ab was used at a final dilution of 1:1000, and b-actin was used at 1:3000
final dilution. Anti-rabbit IgG, HRP-linked Ab from Cell Signaling Technol-
ogy, was used as secondary Ab. Mouse anti-human-CD45-allophycocyanin,
-CD3-allophycocyanin, -CD56-PE, -HLA-DR mAb, -CD3-PerCP-Cy5.5,

-CD38-PE, -CD4-PE, CD33–allophycocyanin, and -CD19-PE were pur-
chased from BD Biosciences (San Jose, CA).

Flow cytometry

Cells were directly labeled with fluorochrome-tagged anti-CD45, -CD34,
-CD38, pan-T cell (-CD3), -CD4, -CD19, -CD33 and NK cell (-CD56).
Cells were washed in cold PBS, resuspended in 500 ml of 1% formaldehyde,
and then immediately analyzed on the FACSCalibur (BD Biosciences).

Cell line

HEK 293T cells were purchased from the American Type Culture Col-
lection and propagated as per their instruction.

Western blot

Whole cell extracts were isolated with M-PER (Thermo Fisher Scientific).
The protein samples were quantified using a Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Extracts (10 mg) were electrophoresed
along with a prestained protein ladder and Thermofluor protein ladder in
Mini-PROTEAN precast gels (Bio-Rad Laboratories, Hercules, CA) for
1.5 h at 100 V using a PowerPac HC power supply (Bio-Rad Laboratories).
After this, the proteins were electrically transferred to membrane (Immun-
Blot polyvinylidene fluoride membrane) (Bio-Rad Laboratories).

To reduce the noise by nonspecific binding of the Abs, the membranes
were blocked by incubating in 5% milk in PBS for 20 min at room tem-
perature. Membranes were incubated overnight with primary Ab diluted to
1:1000 for HMGB1 and 1:3000 for b-actin at 4˚C. On the next day,
membrane was washed three to four times with PBS plus 0.1% Tween for
5 min. The HRP-conjugated secondary Ab (anti-rabbit IgG) was used at
1:3000 final dilution for 2 h at room temperature. To remove the excess Ab
PBS plus 0.1% Tween, washing was done twice. Proteins were detected by
chemiluminescence using SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific). Images were taken and stored using
the molecular imager ChemiDoc XRS system (Bio-Rad Laboratories).

Real-time PCR

Total RNAwas isolated with RNeasy Mini Kit (QIAGEN) and then reverse
transcribed with the High Capacity cDNA Reverse Transcription Kit (Life
Technologies, Applied Biosystems). Real-time PCR was performed with
200 ng of cDNA and SYBR Green PCR Master Mix on a 7300 Real-Time
PCR System (Applied Biosystems). The cycle conditions were 50˚C for
2 min as initial activation and initial denaturation at 95˚C for 10 min
followed by 35 cycles of denaturation at 95˚C for 15 s, primer annealing/
extension at 60˚C for 60 s. The following primers were obtained from
Sigma-Aldrich: HMGB1, 59-GCC AGC TTT TCA AAC AAA-39 (for-
ward) and 59-TGC CAA ATT GTT CCC TAA-39 (reverse); b-Actin, 59-
GCC GAG GAC TTT GAT TGC AC-39 (forward) and 59-TGC TAT CAC
CTC CCC TGT GT-39 (reverse); ATF-6, 59-AGT TGC CAT GCC AGA
TTA-39 (forward) and 59-TTA TTG TCA GCC CCA AGA-39 (reverse);
APP, 59-AGC GAC AGT GAT CGT CAT-39 (forward) and 59-TGG TTT
TGC TGT CCA ACT-39 (reverse). The relative expression was calculated
using 2DDCT . This was calculated as follows: b-actin was selected as the
gene of reference (gor) and HMGB1 as the gene of interest (goi). The
relative expression was determined as 2(gor–goi).

Vectors

The HMGB1 expressing pCMV6-AC-GFP was purchased from Origene
(Rockville, MD), and pLVX-TetOne-Puro, from was purchased from
Takara Bio (Mountainview, CA). The coding sequence of HMGB1 was
amplified by RT-PCR using the pCMV6 template: 59-CCC TCG TAA
AGA ATT CAT GGG CAA AGG AGA TCC TAA GAA G-39 (forward)
and 59-GCA GAG ATC TGG ATC CCT ATT CAT CAT CAT CAT CTT
CTT C-39 (reverse). The primers contained 15 bp for BamH1 and EcoR1.
The amplified region was inserted into pLVX with the In-Fusion HD
Cloning Kit (Takara Bio). The insert was confirmed by DNA sequencing at
GENEWIZ (South Plainfield, NJ). The final vector was designated pLVX–
HMGB1/GS.

Viral propagation and quantitation

pLVX–HMGB1/GS was produced with the Lenti-X Packing Single Shots
(VSV-G) (Takara Bio). Lentiviral DNA (7 mg) was incubated with the
VSV-G packaging plasmids in 600 ml MilliQ water for 10 min at room
temperature. The DNA complex was added to 80% confluent HEK
293T cells in 100-mm3 dishes containing 8 ml DMEM with 10%
tetracycline-free FCS (propagation media). The plates were incubated at
37˚C. After 8 h, 6 ml of fresh propagation media was added to the dish.
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After 48 h, the supernatant was collected and filtered through 0.45-mm
followed by concentration using the Lenti-X Concentrator (Takara Bio).
pLVX-TetOne-HMGB1/GS was quantified with the Lenti-X p24 Rapid
Titer Kit, as described in manufacturer’s protocol (Takara Bio).

Transduction and induction of HMGB1

Stromal cells at 70% confluence in six-well tissue culture plates were
transduced with pLVX-TetOne-HMGB1/GS at a multiplicity of infec-
tion of 10:1 in the presence of 4 mg/ml polybrene. The transduction was
performed in 2 ml of stromal media (see below). The plates were imme-
diately centrifuged at 1200 3 g for 60 min at 32˚C. After 24 h, HMGB1
was induced with fresh media containing 10 ng/ml Dox. The dose was
selected with the results of dose-response curves for 24 h and Dox con-
centrations of 1, 10, 50, 100, and 1000 ng/ml.

Array and data analyses

The microarray data and analyses were partly reported (40). The data from
the hybridized slides were acquired with a software by NEN Life Sciences
(Boston, MA). The data are available in the Gene Expression Omnibus data-
base (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131410). The
differentially expressed genes in BM stroma between SP-stimulated and ve-
hicle groups were analyzed using several methods. The accession number for
the 2400 genes along with their C5 and C3 values were uploaded as the input
data set into the respective software. Normalization was based on the average
of the replicates and log2 transform of the data were performed as described
(41). Hierarchical clustering using the average linkage method with a Pearson-
correlated distance metric was performed using TM4 MultiExperiment
Viewer to produce a dendrogram of closely related genes (42). Genes with
log .1 and , 21 were considered as upregulated or downregulated, re-
spectively. After this, we used a 62-fold cutoff of gene expression.

Pathway analyses with Ingenuity Pathway Analysis (IPA) software
(QIAGEN, Redwood City, CA) used genes with the accession number
mapped to the corresponding gene in the Ingenuity Pathways Knowledge
Base. Networks were assigned a score according to the relevance with the
genes used as input. The output networks or pathways show each gene or
gene product as a node for connecting to other functional nodes, which
are represented by different shapes. The genes were filtered based on
hematopoietic function with the networks set to a display 35 molecules.
The input of genes in IPA generated canonical pathways based on the
following: 1) the ratio of the number of genes from the input data to the
total number of genes in the pathway; 2) calculated p value as per Fischer
exact test.

Human subjects

The use of human BM aspirate was approved by Rutgers Human Subjects
Protection Program and Institutional Review Boards. The aspirates were
obtained from healthy donors ages 20–35 y. All donors signed the informed
consent forms.

Stromal culture

Stroma was prepared from BM aspirates of healthy donors 18–25 y of age,
as described previously (18). Unfractionated cells from BM aspirates were
cultured at 37˚C in a-MEM with 12.5% FCS, 12.5% horse serum, 0.1 mM
hydrocortisone, 0.1 mM 2-ME, and 1.6 mM glutamine. At day 3, RBCs
and granulocytes were eliminated by Ficoll-Hypaque density gradient, and
the mononuclear fraction was replaced into the tissue culture flask. Cultures
were reincubated with weekly replacement of 50% medium until confluence.

Culture of mesenchymal stem cell

Mesenchymal stem cells (MSCs) were cultured from BM aspirates, as
previously described (43). Aliquots of BM aspirates added to DMEM
with 10% FCS in vacuum gas plasma-treated plates (BD Falcon; Franklin
Lakes, NJ). After 3 d, the RBCs and granulocytes were removed by
Ficoll-Hypaque density gradient centrifugation, and the mononuclear
fractions were readded to the respective dishes. At 80% confluence, the
adherent cells were serially passaged. At the fifth passage, the cells were
used in the assay. Prior to this, MSCs were characterized by phenotype
and multilineage differentiation (adipogenic and osteogenic lineages), as
described previously (44). MSCs were negative for CD34 and CD45 and
positive for CD29, CD73, CD90, CD105, and CD44.

Autophagy detection

BM stroma, transduced with the HMGB1–pLVX/GS and then induced with
Dox was assessed for autophagy, using the CYTO-ID Autophagy Detection
Kit (Enzo, Farmingdale, NY). Briefly, after 24 h of induction with Dox or

vehicle, the cells were detached with acutase and washed twice with PBS.
Positive control cells were treated with 500 nM rapamycin and 20 mM chlo-
roquine for 16 h. The use of the reagent in the kit followed manufacturer’s
recommendation and then was immediately analyzed by flow cytometry.

ELISA

Samples were studied for SP and NK-A by competitive ELISA. NK-A
quantitation was previously described (45). SP quantitation used a kit
from R&D Systems (Minneapolis, MN). Briefly, samples and standards
were added to wells and SP with immobilized Ab. The captured peptides
were detected with a specific enzyme-linked mAb. The substrate was
analyzed using absorption at 450 nm. The quantity of the peptide was
calculated using a standard curve established with known standards.

Modified long-term culture-initiating cells

Confluent stromal cells were untransfected or ectopically expressed for
HMGB1 in six-well plates. The stromal cells were subjected to 150 Gy
delivered by a cesium source. After 16 h, the floating cells were washed, and
1 3 107 BM mononuclear cells were added to the gamma-irradiated
stroma. At weeks 6, 10, and 16, aliquots of mononuclear cells were
assayed for CFU–granulocyte-monocyte (CFU-GM). Clonogenic assays
for CFU-GM were performed as described in methylcellulose matrices
(13). The cultures were supplemented with 3 U/ml GM-CSF (R&D
Systems). Colonies were counted by a blinded observer. Each colony
contained .15 cells.

In vivo studies

The reporting of in vivo studies followed the ARRIVE guidelines (46). The
use of mice was approved by the Institutional and Animal Care Committee
of Rutgers University (Newark, NJ). Female NOD/SCID BALB/c (NSG)
mice (4 wk old) were purchased from The Jackson Laboratory (Bar Harbor,
ME) and housed in an Association for Assessment and Accreditation of
Laboratory Animal Care–accredited facility. The mice were housed for
1 wk and then humanized as follows: mice (n = 10) were exposed to 150 cGy
with a cesium source. After 16 h, the mice were injected i.v. via the tail vein
with 63 105 human CD45+CD34+ cells (isolated from BM aspirate) in 200 ml
of sterile PBS. Human chimerism was examined at weeks 8 and 12 by flow
cytometry with blood for human CD45. At week 12, chimerism was con-
firmed. The mice (five per group) were injected i.p. with two doses of vehicle
or Gly, 3 mg/kg in 200 ml volume (47, 48). After 3 d, the mice were eutha-
nized, and the femurs and spleen were harvested. Cells were flushed from the
femurs and analyzed by flow cytometry and clonogenic assay for CFU-GM.

Statistical analyses

Data were analyzed using a two tailed Student t test to determine the
significance (p value) between experimental values. A p value #0.05
was considered significant.

Results
Gene validation

SP and other tachykinin members regulate hematopoiesis, directly
or indirectly through BM stroma (18, 49, 50). Indirect effects
occurred through cytokine production, activators, such as HIF1a,
in addition to maintaining bone homeostasis (17, 40, 51). To un-
derstand SP-mediated hematopoietic regulation, we analyzed 16-h
SP-stimulated BM stroma with arrays of 2400 genes. The analyses
used stroma from three different human donors.
The array was validated by randomly selecting ATF-6 and APP for

quantitation by real-time PCR in time-course studies. SP-stimulated
BM stroma showed significant (p , 0.05) decreases for both genes
after 16 h, consistent with the array data (Fig. 1A). ATF-6 was
increased at 48 h, suggesting SP-mediated changes could be re-
versed in BM stroma. Similarly, the effects on APP were reversed to
control level (unstimulated and vehicle) by 24 h (Fig. 1A). The
results allowed us to proceed with further analyses and func-
tional studies.

Hierarchical clustering of genes

A heat map with the total gene set showed variations among the
three donors who were healthy and within the same age (22–25 y).
Although tight clustering, the results showed differences between
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baseline and SP stimulation (Fig. 1B). Heat maps of genes with 2-fold
increases and decreases indicated distinct changes between BM stroma
stimulated with vehicle and SP (Fig. 1C, 1D).

Hematopoietic-associated genes in SP-stimulated stroma

This section determined how the gene expression in SP-stimulated
stroma predicted hematopoietic regulation. We subjected the lowest
and highest expressing 20 genes (vehicle/SP) to IPA (Supplemental
Table I). The predicted networks were consistent with hematopoi-
etic regulation: intercellular communication, assembly and organi-
zation, tissue development, adhesion, migration, and proliferation
(Fig. 2A, Supplemental Table II). The genes linked to apoptosis
were decreased, consistent with a survival role for SP (52). The

growth factors within the network underscored the complex
mechanism by which SP stimulates hematopoiesis (17). The
decrease in nidogen-1 (NID-1) by SP was significant because of
the functional role of NID-1 in differentiation and its link to the
integrins (Fig. 2B, Supplemental Table I). As a hematopoietic
stimulator, SP would require dissociation of HSCs from stromal
extracellular matrices. Hence, by lowering of NID-1, SP would
be able to initiate hematopoiesis through disassociation of HSCs
from the stromal compartment.
We expanded the analyses with genes showing 1.5 fold

changes (increased and decreased). IPA output provided .50
clusters with .300 overlapping genes. Narrowing the analyses
for hematopoietic regulation resulted in groups with significant

FIGURE 1. Array validation and heatmap of the gene arrays. (A) Time-course studies were done with BM stromal cells stimulated with 10 nM SP. Total

RNA was extracted and then studied by real-time PCR for APP and ATF-6. The results are presented as the mean 6 SD (n = 5); each experiment was

performed with stromal cells from a different donor. Each donor was tested in triplicate, and the mean of each was incorporated as one experimental point.

The control (vehicle) values are shown for each time point. *p, 0.05 versus 24 and 48 h time points. (B) Heat map of microarray gene expression profile of

all genes based on SP stimulation or vehicle treated in three biological replicates (each with a different BM donor). (C) Downregulated genes from the data

in (B), and (D) upregulated genes based on the data in (B).
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FIGURE 2. Functional network with the highest and lowest gene expression. (A) IPA established a network of upregulated and downregulated genes

(Supplemental Table I). (B) String analysis established the identity of proteins linked to NID-1.
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p values, 10219–10213 (Supplemental Table II). The networks
were associated with blood cell development (175 genes), granulocytes
(165 genes) and mononuclear cells (147 genes). The latter were
further divided into total lymphocytes (145 genes) and T cells (128
genes). Overall, the analyses showed a significant number of genes
linked to hematopoiesis.

Predicted hematopoietic effects of HMGB1

HMGB1 was identified in the networks that link hematopoiesis
(Supplemental Fig. 1, Supplemental Table II). Because HMGB1
was decreased in SP-stimulated stroma, we performed further
analyses by subjecting the overlapping 278 genes to IPA. The
output indicated genes linked to inflammation and hematopoiesis,
such as IFN-g, NF-kB, and HMGB1 (Fig. 3A). We next narrowed
the analyses with 35 genes based on top scoring networks in IPA
associated with lymphocyte development. This indicated HMGB1’s
involvement with lymphocyte differentiation (Fig. 3B, 3C). The
high scores for HMGB1 in lymphocyte development was reduced in
a network for all leukocytes (Fig. 3D). Because lymphocytes are a
subset of leukocytes, the data suggested that the effects of HMGB1
might be specific to particular hematopoietic subsets. Furthermore,
an examination of pathways formed by differentially expressed
genes indicated a p value of 4.093 10212 in networks with HMGB1
in several functions linked to hematopoiesis (Supplemental Fig. 1).
Overall, the predicted networks suggested that HMGB1 could be key
to tachykinin-mediated hematopoietic regulation.

SP-mediated effects on HMGB1 expression

Because HMGB1 is predicted to be involved in a network with SP-
mediated hematopoietic effects, we validated the array data. Time-
course studies were performed by stimulating BM stroma with
optimum SP (10 nM) or vehicle (PBS). HMGB1 mRNA was
significantly (p , 0.05) decreased at 16 h relative to baseline
(unstimulated/vehicle). These findings were consistent with the array
data (Fig. 3). At each time point, the controls (unstimulated/vehicle)
were similar, and the data were therefore plotted on the same bar.
This decrease was reversible because significant (p , 0.05) increases
were noted at the 24- and 48-h time point relative to 16 h (Fig. 4A).
Because SP can be degraded with proteases in sera, we repeated

the 16-h time-point studies in dose-response analyses with 2 and 10%
FCS. SP stimulation in 10% FCS showed a significant (p , 0.05)
decrease at all SP levels as compared with vehicle but significantly
(p , 0.05) less at 10 and 100 nM SP (Fig. 4B). All experiments
were therefore performed with 10% FCS. The increase in HMGB1
at high SP levels could be explained as follows: increased HMGB1
at the higher SP levels may be explained by the need for HMGB1 to
exert negative feedback on hematopoiesis. A more plausible ex-
planation is that a high concentration of SP could lead to receptor
desensitization. If so, this would allow for the return to baseline
HMGB1. The decrease of HMGB1 in SP-stimulated stroma at
hour 16 will allow for hematopoietic stimulation, but this was
transient because of an increase in HMGB1 by hour 24.

Antagonizing effect of NK-A on HMGB1 induction

SP and NK-A can exert opposite hematopoietic effects, partly by
antagonizing the effects of each other (23, 45, 53). Because SP, a
hematopoietic stimulator, lowered HMGB1 expression in stroma,
we asked whether NK-A can blunt SP’s effect on HMGB1. Stromal
cells were stimulated for 16 h with 10 nM SP, 10 nM NK-A, or 10
nM SP plus 10 nM NK-A. NK-A significantly (p , 0.05) reversed
the suppressive effects of SP on HMGB1 mRNA (Fig. 4C).
HMGB1 mRNA was similar (p . 0.05) between NK-A treatment
and baseline/vehicle change. These changes at the mRNA were
verified at the protein level by Western blots with normalized band
densities (Fig. 4D). Because NK-A and SP are peptides from the

same gene, we selected another peptide (VIP) with hematopoietic
function similar to NK-A (39). The results were similar to those of
NK-A, suggesting that HMGB1 might be a key factor in negative
hematopoiesis (Fig. 4E).

Effects of HMGB1 on long-term culture-initiating cell assay

We investigated a role for HMGB1 in hematopoiesis and asked
whether NK-A can mediate such function. This question was
addressed with the long-term culture-initiating cell (LTC-IC)
assay, which recapitulates in vivo HSC function (54). Because
stromal cells support the function of LTC-ICs, we induced
HMGB1 in stromal cells and observed necrosis with constitutive
HMGB1 expression. We therefore modified the approach with
an inducible system that regulated HMGB1 level (pLVX–HMGB1/
GS). Dose-response studies evaluated HMGB1 by Western blot
using stromal extracts and selected 10 and 100 ng/ml Dox (Fig. 5A,
Supplemental Fig. 2). We omitted the concentration with the highest
HMGB1 levels because of its necrotic effects on stroma (data not
shown).
AsNK-A is proposed to be a negative feedback to SP viaHMGB1,

we first assessed baseline NK-A in stroma. We compared it with
MSCs because of their role as additional support of hematopoiesis
(55). ELISA for NK-A indicated ∼5-fold more in stroma as com-
pared with MSCs, indicating a major role for the former in the
NK-A–HMGB1 axis (Fig. 5B). Next, we asked whether stroma-
derived NK-A induced HMGB1 by an autocrine mechanism. This
was addressed by assessing HMGB1 mRNA levels in the presence
or absence of NK-A receptor (NK2) antagonist. Indeed, at 72 h,
there was a significant decrease in HMGB1 mRNA (Fig. 5C). We
previously reported on the regulation of SP and NK-A in stroma
(24, 45). We therefore asked whether blocking autocrine release of
NK-A with the antagonist would decrease SP. ELISA for SP
showed a significant increase in SP in the presence of NK2 an-
tagonist, indicating a role for autocrine NK-A in the decrease of
SP (Fig. 5D).
Prior to assessing the role of NK-A in the LTC-IC function, we

first studied the role of HMGB1 in regulating HSC function. LTC-
IC assays were performed with pLVX–HMGB1/GS–transduced
gamma-irradiated BM stroma. HMGB1 was induced with 10 and
100 ng/ml Dox at day 0 in the cultures with BM mononuclear cells
(HSCs, progenitors, and immune cells) on top of the stromal cells.
Radiation prevented stromal cell proliferation without compro-
mising metabolic activity (56). At weeks 6, 10, and 16, aliquots of
mononuclear cells were analyzed for CFU-GM. Because pro-
genitors were present in the seeding mononuclear cells, the col-
onies at week 6 mostly represented the seeding progenitors. Those
from week 16 cultures were from the seeded HSCs because the
original progenitors would not survive by week 16. The values for
vehicle, backbone lentivirus, and media were similar and were plotted
together (control). HMGB1 induction significantly (p , 0.05) de-
creased CFU-GM at weeks 6 and 10 as compared with controls
(Fig. 5E). Week 16 CFU-GM colonies were increased with 10 ng/ml
Dox but decreased with 100 ng/ml Dox (Fig. 5E). The decrease
in CFU-GM by 100 ng/ml Dox was probably because of increased
cell death (Supplemental Fig. 2). Based on this, subsequent studies
used 10 ng/ml Dox.
Next, we investigated a role for NK2 in HMGB1-mediated in-

crease in LTC-ICs (Fig. 5E). The LTC-IC assay was performed in
the absence or presence of NK2 antagonist (10 nM SR48968). NK2
antagonist significantly (p , 0.05) increased CFU-GM at 6- and
10-wk cultures, regardless of HMGB-1 induction, indicating a
mediator role for NK-A in HMGB1-mediated hematopoietic
suppression (Fig. 5F, 5G). At week 16, there was a significant
(p , 0.05) increase in CFU-GM with induced HMGB1 as
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compared with baseline, and this increase was returned to
baseline with NK2 antagonist (Fig. 5H). The increase at week
16 indicated that, unlike the suppressive effects of HMGB1 on
progenitors (weeks 6 and 10), HMGB1 enhanced HSC/LTC-IC
function. The increased activity of HSC/LTC-IC at week 16 was
partly because of NK2 activation because its inhibitor signifi-
cantly (p , 0.05) reduced the colonies to baseline. In summary,
HMGB1 via NK-A maintained LTC-ICs but decreased hema-
topoietic progenitors.

In vivo hematopoietic effects of HMGB1

The in vitro studies indicated that HMGB1 can protect the most
primitive HSCs but suppressed granulocytic-monocytic progeni-
tors (Fig. 5). These findings were tested in vivo using NSG mice
with human hematopoietic system. The in vivo method recapitu-
lates physiological sources of tachykinins, which could be neural
and nonneural sources within the femurs of NSG mice (40). Thus,
hematopoietic activity by human cells could be induced by murine
tachykinins because of the evolutionary conserved nature of these

peptides. Because Gly inhibited HMGB1, the humanized NSG
model examined the effects of HMGB1 at baseline/homeostasis
hematopoietic activity.
Mice were treated with a HMGB1 antagonist (Gly) as per

Fig. 6A. Gly did not cause lethargy or weight change (Fig. 6B). At
3 d after the last Gly injection, total nucleated cells were signifi-
cantly (p , 0.05) increased when HMGB1 was blocked with Gly
as compared with vehicle (Fig. 6C). This increase was in line with
the removal of suppressor HMGB1 to increase the proliferation of
hematopoietic progenitors (Fig. 5).
Phenotypic analyses for human CD45+ hematopoietic cells in fe-

murs were performed by flow cytometry. CD34+CD382 cells were
significantly (p , 0.05) reduced by Gly as compared with vehicle,
suggesting loss of the most primitive cells when HMGB1 was absent
(Fig. 6D versus Fig. 5E). There was a significant (p , 0.05) increase
in CD3+CD4+ T cells with Gly, consistent with a suppressive
effect of HMGB1, although in this group, T cell lymphoid lineage
appeared to be also affected by the absence of HMGB1 (Fig. 6E).
This effect contrasted CD19+ B cells, suggesting that HMGB1

FIGURE 3. Genes selected by IPA with functional link between HMGB1 and hematopoiesis. The genes linked to hematopoiesis were established as a

network using IPA. (B) The genes in (A) with a cut off score of 53 were used to establish a network of lymphocyte development. (C) Similar network for

lymphocyte development using a score of 31. (D) Network established with the genes shown in (A) for leukocyte development.

The Journal of Immunology 885



could enhance B cell lymphoid lineage (Fig. 6E). CD33+ cells
(myeloid) were significantly (p , 0.05) increased with Gly,
consistent with a suppressive effect by HMGB1 on in vitro my-
eloid progenitors (Fig. 6E versus Fig. 5C). Because HLA-DR
could be associated with cell activation, we assessed the total
population and showed marked reduction with Gly (Fig. 6E).
Because of the enhanced effects on T lymphoid cells, we analyzed
the femurs for CD3+CD8+ T cells and CD56+ NK cells. The

results indicated a significant (p , 0.05) increase for both subsets
in mice treated with Gly (Fig. 6F, 6G).
In the next set of studies, we performed clonogenic assays using

human GM-CSF. The results showed a significant (p , 0.05)
decrease in CFU-GM with Gly as compared with vehicle
(Fig. 6H). This decrease could not be explained by extramedullary
hematopoiesis because there was no difference in the weight of
the spleens or gross pathology between the two group (Fig. 6I).

FIGURE 4. Time-course and dose-response effects of SP on HMGB1 mRNA and effects of NK-A and/or SP on HMGB1 expression in BM stroma.

(A) Real-time PCR using total RNA in time-course studies with stromal cells stimulated with SP (10 nM) in media with 10% FCS. The values of controls at

each time point in which stroma was unstimulated and stimulated with vehicle (PBS) were similar and are there plotted together. The data were normalized

with b-actin. Each experimental point is presented as the mean 6 SD (n = 4), each with a different BM donor. Each donor was tested in triplicates, and the

data point was entered as the mean value. (B) The studies in (A) were repeated, except with BM stroma stimulated for 16 h with different concentrations of

SP in media containing 10% FCS. The results represent four independent experiments (mean 6 SD), each with a different BM donor. (C) BM stromal cells

were stimulated with 10 nM SP and/or 10 nM NK-A. Controls were stimulated with vehicle. At 16 h, total RNAwas isolated and then analyzed by real-time

PCR for HMGB1 mRNA. The values of unstimulated and vehicle were similar and were therefore plotted together (n = 8). The results are shown for four

independent experiments (mean 6 SD), each with stroma from a different donor. Each donor was tested in triplicates, and the mean was used for each

experimental point. (D) Western blots for HMGB1 were performed with whole cell extracts from BM stroma stimulated for 16 h with 10 nM SP and/or

10 nM NK-A. Controls were unstimulated or treated with vehicle. The membranes were stripped and reprobed for b-actin. Densitometric analyses of

normalized bands for three independent studies are shown below the graph. Each study was performed with a different BM donor. (E) The studies in (C)

were repeated with 10 nM VIP replacing NK-A. The normalized values are presented as mean 6 SD (n = 4); each experiment was performed with a

different donor. *p , 0.05 versus other concentrations of SP, **p , 0.05 versus SP stimulation, ***p , 0.05 versus SP alone.
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In total, the results showed a role for HMGB1 on in vivo hema-
topoiesis in the experimental model of humanized NSG mice.

Discussion
We report on a central role for HMGB1 in Tac1 peptide-mediated
hematopoietic regulation. The model used an inducible system to
express HMGB1, and the level selected did not cause necrosis of
stromal cells. In fact, stromal cells underwent necrosis with a vector

that constitutively expressed HMGB1 (data not shown). The cri-
terion used to select the concentration of Dox was based on the
highest level that showed no evidence of necrosis. There was no
change in autophagy despite the link between HMGB1 and auto-
phagy (57) (Supplemental Fig. 2). HMGB1 regulation in stroma
involves SP and NK-A, evolutionary peptides derived from the Tac1
gene. Although NK-A, which is encoded by the same gene as SP,
was able to reverse the suppression of HMGB1 in stromal cells, this

FIGURE 5. Effects of HMGB1 and NK-A on LTC-ICs. (A) Dose-response analyses for HMGB1 levels in pLVX–HMGB1/GS–transduced stroma, which

were cultured with different concentrations of Dox. After 24 h of Dox treatment, Western blot for HMGB1 was performed with whole cell extracts. The

normalized band densities for two independent experiments are shown below the blot. (B) BM stroma and MSCs were analyzed for baseline NK-A by

ELISA. The results are presented as mean 6 SD pg/ml (n = 9). Cells were obtained from three different BM donors, with each donor studied in triplicate.

(C) BM stroma was cultured in with 100 nM SR48968 or vehicle. At different times, media were collected and then studied for HMGB1 mRNA by real-

time PCR. The results are presented as the mean 6 SD (n = 3). Each experiment was performed with stroma from a different donor. (D) The studies in (C)

were repeated, and instead, the culture media were analyzed for SP level by ELISA. The results are presented as the mean 6 SD picogram per milliliter

(n = 3). (E) LTC-IC cultures were established with stromal cells and transduced with an inducible HMGB1 (pLVX–HMGB1/GS) or vector alone. The

transduced stroma was studied with or without 10 nM NK-2 antagonist (SR48968). HMGB1 was induced with 10 ng and 100 ng of Dox at initiation of

culture. At 6, 10, and 16 wk, mononuclear cells were analyzed for CFU-GM in methylcellulose cultures. The results for cultures with vehicle, media alone,

and virus without the HMGB1 insert (virus) were similar, and the data were combined (controls). The data are the mean 6 SD (n = 4), each experiment

performed with a different donor. Each experiment was performed with stroma from a different donor and tested in sextuplets, and the mean was added as

one experimental point. *p , 0.05 versus Dox. (E–H) The cultures in (C) were repeated, except for HMGB1 induction with 10 ng Dox, in the presence or

absence of 100 nM SR48968 (NK-2 antagonist). The total number of experiments and the results were similarly presented for cultures without antagonists

(E), and those cultures with antagonists at weeks 6 (F), 10 (G), and 16 (H).
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FIGURE 6. Effects of HMGB1 on hematopoiesis in humanized NSG female BALB/c. (A) The outline of humanizing five NSG mice with CD34+ cells

from BM aspirates and injection with HMGB1 inhibitor (Gly) is shown in the diagram. (B) Mean 6 SD (n = 5) body weight of mice. (C) Total nucleated

cells/femur (mean 6 SD; n = 5). (D) Percentage of CD34+CD382 cells/femur is shown in addition to the absolute numbers of CD45+ cells on top of

each bar (mean 6 SD; n = 5). (E) Percentage of CD3+CD4+ T cells, CD19 B cells, CD33+ myeloid cells, and HLA-DR (Figure legend continues)
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feedback mechanism might not be limited to NK-A. The use of
another peptide (VIP), shown to negatively regulate hematopoiesis
also blunted SP-mediated decrease of HMGB1 (Fig. 4E) (39). This
suggested that HMGB1 might be central to other negative hema-
topoietic regulators and opens avenues for further research. Baseline
NK-A in BM stroma appeared to regulate HMGB1 by autocrine
mechanisms and also ensured low levels of SP (Fig. 5B–D). This
indicated a method by which the stromal compartment prevented
hematopoietic exhaustion. In total, unlike VIP, which requires
additional studies, we concluded that NK-A links SP–HMGB1–
mediated hematopoietic homeostasis. The links are based on the
findings in this study as well as reports on SP and NK-A regulating
hematopoietic balance (17, 18). Increased HMGB1 in NK-A–
stimulated stroma at 24 and 48 h is in line with NK-A as a negative
regulator of SP-mediated hematopoietic stimulation (Fig. 4A). The
delayed decrease of HMGB1 in the presence of NK2 antagonist
was not a surprise because NK2 activation is required to maintain
its expression via cytokine production (24). Thus, it would take
some time for NK2 to be decreased with the antagonist.
SP as a hematopoietic stimulator was negatively regulated by

two other peptides, NK-A and VIP, and this occurred partly via
HMGB1. The effects were specific because an inactive enan-
tiomer of NK1 showed no effect (data not shown). SP and CGRP
are generally colocalized nerve fibers. Our ongoing studies have
identified CGRP as a hematopoietic stimulator. However, we did
address the hematopoietic effects of SP and CGRP and also
whether the negative regulator peptides can blunt the stimulatory
effects of SP and CGRP. Additionally, we did not determine
whether CGRP mediates hematopoietic stimulation by decreasing
HMGB1. These are ongoing studies of high significance because
the noted peptides can also be released from the innervated nerve
fibers in BM (7–9).
The tachykinins regulate hematopoiesis partly through the pro-

duction of cytokines from BM stroma (17, 18). This study expanded
on these mechanisms by selecting genes with.2-fold changes from
an array of 2400 genes (Fig. 1). The selected genes, when subjected
to computational studies, predicted hematopoietic functions (Fig. 2,
Supplemental Table II). This gene set, when grouped into networks
with low p values, indicated a low probability that the genes
were randomly linked within the predicted pathways (Figs. 2, 3).
The unfiltered gene set, when presented as a hierarchical clus-
tering, showed distinct differences among the three stromal donors
despite similarities in age and health (Fig. 1B). Despite these
differences, HMGB1 showed a p value ,0.05. Additionally,
there were common genes among the top decrease and increase.
The networks led us to examine HMGB1, which was decreased

in the array with SP-stimulated stroma. Computational analyses
indicated HMGB1 as a key molecule in hematopoietic regulation
(Fig. 3, Supplemental Table II). The networks, combined with a
ubiquitous role for HMGB1 in hematopoietic cell development,
underscored the importance of understanding the SP–NK-A–
HMGB1 hematopoietic axis. An understanding of this axis in the
model using healthy cells is highly significant because the infor-
mation could lead to insights on hematological disorders and
development. As an example, the finding of NID-1 in SP-mediated
hematopoietic stimulation was important because of its role in
fetal liver hematopoiesis (58). Also, because the NK-A–HMGB1

axis acts as a negative regulator of SP, it will be interesting going
forward to examine how NID-1 is linked to the positive and
negative regulating effects of the tachykinins.
The decrease in HMGB1 by SP in BM stroma was reversible

because the level returned to baseline by 24 h (Fig. 4A). However,
addition of exogenous NK-A to SP-stimulated stroma blunted the
ability of SP to decrease HMGB1. This suggested the opposing
effects of SP and NK-A in HMGB1 expression (Fig. 4D, 4E).
The regulation between SP and NK-A in HMGB1 expression

was explained in LTC-IC cultures to assess HMGB1’s effects on
progenitors and LTC-ICs, which are an in vitro surrogate of HSCs.
HMGB1 decreased hematopoietic progenitors (6- and 10-wk cul-
tures) but increased the LTC-IC at week 16 cultures (Fig. 5). These
results indicated a tight control of HMGB1 in hematopoiesis,
maintaining the HSCs and acting as a negative regulator of
progenitor proliferation. The role of HMGB1 appeared to be
mediated by NK-A because its receptor antagonist reversed the
effects of HMGB1 on hematopoietic progenitors and LTC-ICs
(Fig. 5).
The in vitro findings were tested with NSG mice, humanized with

CD34+ cells (Fig. 6A). The mice were treated with an inhibitor of
HMGB1 (Gly) and then examined for hematopoietic activity. The
use of the chemical did not result in evidence of lethargy or change
in body weight in mice. The total number of nucleated cells was
increased, and this was consistent with loss of hematopoietic
suppression when HMGB1 was inhibited (Fig. 6C). The in vitro
studies on the role for HMGB1 in hematopoiesis was validated
in vivo because the number of CD34+CD382 cells was significantly
decreased with HMGB1 inhibition (Figs. 5E, 6D). The increase in
cellularity was not explained by increased progenitors, which were
shown to be decreased when HMGB1 was inhibited (Fig. 6H).
The increased cellularity might be due to increased differenti-
ation to mature cells and suppression of HSC activity. However,
the effects of HMGB1 appeared to depend on the lineage be-
cause blocking of HMGB1 increased T cell subsets and NK
cells (CD4, CD8, and CD56), and decreased B cells (CD19)
(Fig. 6E–G).
The question is whether interrupting HMGB1 could cause extra-

medullary hematopoiesis, which would be an effect of BM inhibition.
The answer to this was briefly addressed with spleen weight that
showed no difference between Gly and vehicle. The issue of
extramedullary hematopoiesis will require long-term observation
of the mice. However, the results of this manuscript would be
important in the study of aging as indicated by the SP–HMGB1
link to development. Indeed, our unpublished studies indicated a
decrease in HMGB1 in the aged hematopoietic cells as compared
with the young human cohort. This observation is consistent with
the suppressive role of HMGB1 in hematopoietic progenitors
and its role in maintaining the LTC-ICs, which are the in vitro
equivalent of HSCs. Decreased HMGB1 in the aged could lead
to increased proliferation of HSCs, as noted in the BM of older
individuals (59). Also of significance, there was increase in
CD33 myeloid cells, similar to aged BM (Fig. 6E) (59).
The investigation in this study adds to our previous validation of

HIF-1a, which showed SP through stromal cells influencing he-
matopoiesis (40). In our previous report, the selection of a HIF-1
alone lacked robust analyses to determine how SP through stroma

(mean 6 SD; n = 5). (F) Percentage of CD3+CD8+ T cells (mean 6 SD; n = 5); (G) Percentage of CD56+ NK cells (mean 6 SD; n = 5). (H) CFU-GM/13
105 nucleated cells from femurs. The results are presented as the mean 6 SD (n = 5). Each clonogenic assay was performed in duplicate, and the mean

value was included as one experimental point. (I) Spleen weight, mean 6 SD (n = 5). (J) H&E staining of spleen sections from mice treated with Gly

or vehicle. The images (original magnification 340) were taken with an Evos FL2 Auto Imager and represented five mice. (K) Summary of key findings.

*p , 0.05 versus Gly treatment, **p . 0.05 versus Gly treatment
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regulated hematopoiesis. This gap has now been fulfilled in the
more robust studies linking HMBG1. The heat map developed
from the array data indicated variations among the three donors
despite similarities in age and health (Fig. 1). Regardless of these
variations, there was consistency in the SP–HMGB1–NK-A axis
with respect to hematopoietic regulation.
Figure 6J summarizes the key findings in the paper. During he-

matopoietic stimulation. SP, which has been shown to induce the
production of cytokines and hematopoietic stimulation, blocked
HMGB1. By doing so, SP removed the hematopoietic suppressor
HMGB1, explaining previous studies reporting on SP’s role as a
hematopoietic stimulator (17). The ability of NK-A receptor (NK2)
antagonist to block the hematopoietic effects of HMGB1 suggested
there is a positive correlation between HMGB1 and NK-A levels.
These two molecules can similarly affect hematopoiesis to at-
tain homeostasis, leading to decrease in progenitor proliferation
and maintenance of LTC-IC. The dual effects of HMGB1 on the
humanized NSG mice on T and B cell types indicate that the
effects on lymphoid lineage at this time is unclear. This will
require further studies, including thymic cultures and CFU–B as
well as CFU–pre-B assays.
This paragraph discusses the findings in the context of NK1 and

NK2 receptors (Fig. 6J). We have reported on NK1 being induced
by growth factors with hematopoietic stimulation and NK2 by
hematopoietic suppressors (17, 18, 24). The findings in this report
add to the already reported network among SP, NK-A, cytokines,
and NK receptors in hematopoietic homeostasis. We showed cy-
tokines inducing NK2 receptor as well as activating the ligand
(40). It appears that once NK-A is increased, it activates NK2 to
induce HMGB1 (Fig. 5). Indeed, the tachykinins can interact with
NK1 and NK2. However, we showed specificity of these receptors
for SP and NK-A (13, 24, 45, 60).
The in vitro studies dissected the tachykinins and determined

how they interact with HMGB1. The tachykinins can be released
from nerve fibers. The findings, therefore, have implications for
processes in which the nerve fibers are activated, such as infection
or peripheral injury. Indeed, surgical insults have been shown to
affect hematopoiesis, and such findings can benefit from this report.
We have begun to determine how physiological SP and NK-A can
interact with HMGB1 to affect hematopoiesis. This began with the
humanized NSG mice, in which HMGB1 inhibitor (Gly) was in-
jected into mice. In this model, regardless of the tachykinin source,
its effects on HMGB1 were determined and confirmed the negative
hematopoietic effects. Physiologically, the tachykinins, as well as
the other peptides, could be the source of hematopoietic regulation
with a network involving the nerve fibers, hematopoietic niche
cells, and hematopoietic stem/progenitors. The findings will be
the basis to further investigate the HMGB1–tachykinin axis in
hematopoiesis.
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