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ARTICLE INFO ABSTRACT

Keywords: Most HIV-1-infected patients experience hematopoiesis suppression complications. Bone marrow mesenchymal
Tat stem cells (BMSCs) are involved in regulation of hematopoietic homeostasis, so we investigated the role of Tat, a
HIV-1 protein released by infected cells in bone marrow and impacted differentiation potential of mesenchymal stem

Bone marrow mesenchymal stem cells
Hematopoiesis
Hematopoietic stem cells

cells, in the BMSC hematopoietic support function. BMISCs were treated with HIV-1 Tat protein (BMSCrat.p),
transfected with HIV-1 Tat mRNA (BMSCr,.mm) or treated with solvent (PBS) (BMSC.,,) for 20 days. Then, the
hematopoietic support function of BMSCrat.p, BMSCrar.m and BMSC,,, was analyzed via ex vivo expansion of
hematopoietic stem cells (HSCs) grown on the BMSCs and via in vivo cotransplantation of HSCs and BMSCs. In
addition, the hematopoiesis-supporting gene expression patterns of BMSCrar.p, BMSCrac.m and BMSC,,, were
compared. The results showed that BMSCra., and BMSCr,..,, displayed reduced expansion, a decline in the
number of colony forming units (CFUs) and a decreased proportion of the primitive subpopulation of hemato-
poietic stem cells under coculture conditions compared with BMSCo,. The ability of BMSCrae.p, to support he-
matopoietic recovery was also impaired, which was further confirmed by the patterns in gene expression ana-
lysis. In conclusion, Tat treatment reduced the function of BMSCs in hematopoietic support, likely by

downregulating the expression of a series of hematopoietic cytokines.

1. Introduction

Although human immunodeficiency virus type 1 (HIV-1) infection is
primarily characterized by the typical deficit in CD4* T lymphocytes,
deficiencies in other hematopoietic lineages are also frequently ob-
served in some HIV-infected patients (Sloand, 2005; Scott, 2010). Cy-
topenia (anemia, eutropenia, thrombocytopenia) is one of the most
common complications of HIV-1 (Opie, 2012). In addition to some
secondary complications of HIV-1 infection, such as antiviral medica-
tion, infection, inflammation, malignancy and polypharmacy, HIV-1
infection can lead to hematopoietic suppression, indicating that HIV-1
itself is involved in hematopoiesis impairment (Redig and Berliner,
2013). Broadly, hematopoietic stem/progenitor cells (HSPCs) barely
can be infected by HIV-1, HIV-1 can exert hematopoietic suppression
mainly through indirect mechanisms. Bone marrow (BM) micro-
environment injury caused by HIV-1 virus or HIV-1 proteins can
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indirectly impair hematopoietic homeostasis. It has been shown that
HIV-1 replication in the stroma cell monolayers in long-term BM culture
(LTBMC) in vitro causes a decrease in hematopoietic cell production
(Bahner et al., 1997). In addition, proteins released by an HIV reservoir
in the BM can activate inflammatory pathway factors to exert deleter-
ious effects on the BM milieu, which HSCs depend on for survival
(Kuller et al., 2008). However, the BM milieu is a heterogeneous cell
population that includes fibroblasts, endothelial cells, adipocytes,
macrophages, osteoclasts, reticular cells and especially bone marrow
mesenchymal stem cells (BMSCs) (Bahner et al., 1997), which play an
indispensable role in maintaining the balance of normal hematopoiesis.
BMSCs, the important component and regulator of bone marrow mi-
croenvironment, give rise to hematopoietic-supporting stromal cells
and form hematopoietic niches for hematopoietic stem cells (HSCs)
(Morrison and Scadden, 2014.). In addition, BMSCs supply cytokines,
adhesion molecules, and extracellular matrix proteins to
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regulateproliferation and differentiation of HSCs (Anthony and Link,
2014; Ehninger and Trumpp, 2011). Although BMSCs express the CD4
coreceptors CCR5 and CXCR4, these cells do not seem susceptible to
HIV infection; integrated proviruses are rarely ever found, and a re-
sulting infection has not yet been discovered (Nazari-Shafti et al.,
2011). Whether HIV proteins exert effects on the hematopoietic support
function of BMSCs remains unclear.

HIV-1 Tat protein binds the transactivation region (TAR) in the HIV
long terminal repeat and affects RNA polymerase activity and function,
playing a pivotal role in HIV replication (Wilhelm et al., 2012). Tat
protein can be released from infected cells into the extracellular
medium (Ju et al., 2012). In addition to its influence on HIV replication,
Tat can bind certain cell membrane receptors, such as Flt-1, KDR, in-
tegrins, heparan sulfates, and chemokine receptors (Morini et al., 2000;
Gibellini et al., 2005; Park et al., 2001), and enter HIV-1-infected or
uninfected cells to activate signal transduction pathways and affect the
biological characteristics of cells. Tat protein affects the survival, pro-
liferation, and function of several cell lineages, such as T lymphocytes,
macrophages, neurons, and endothelial cells (Fanales-Belasio et al.,
2009; Guedia et al., 2016; Johnson et al., 2013). Moreover, some re-
ports have demonstrated that mesenchymal stem cells (MSCs) chroni-
cally treated with Tat have reduced proliferative activity and undergo
early senescence associated with a change in their differentiation po-
tential (Beaupere et al., 2015; Cotter et al., 2008, 2011; Gibellini et al.,
2010, 2012). Cytopenias impede anti-viral therapy and play a sig-
nificant role in the morbidity associated with HIV, such as the oppor-
tunistic infections and neoplasms of AIDS. To better understand the
pathophysiology of hematopoiesis failure in patients with HIV-1 in-
fection, we studied the effects of Tat on the BMSC hematopoietic sup-
port function and analyzed whether Tat may be involved in the he-
matopoiesis suppression observed in HIV-infected patients. This study
provides preliminary evidence for a better understanding of the func-
tional status of BMSCs in HIV patients and the role of Tat in BMSC
function.

2. Materials and methods
2.1. BMSC culture and treatment

Bone marrow was isolated from patients undergoing fracture sur-
gery with informed consent. Experimental procedures were approved
by the Taihe Hospital Ethical Committees for clinical research (Shiyan,
China). Bone marrow cells obtained after Ficoll separation (Invitrogen
Corporation, San Diego, CA, USA) were cultured at an initial density of
5 x 10* cells/cm? in alpha-minimum essential medium, supplemented
with 10% fetal bovine serum (Hyclone, Perbio Science, Erembodegem-
Aalst, Belgium), 2 mmol/L glutamine, 2.5 ng/mL bFGF (R&D Systems,
Minneapolis, USA) and Penicillin/Streptomycin (Gibco, Invitrogen
Corporation). After 2-3 days, nonadherent cells were removed, the
adherent cell culture was continued until cells achieved nearly 80-90%
confluence. Then, adherent cells were trypsinized, harvested and cul-
tured by seeding with a density of 5 x 10°cells/cm®. Cultures were
refreshed with medium every 2 to 3 days and passaged every 5 days.
The analysis of the differentiation potential and the identification of
immunophenotypes were carried out and presented in our previous
study (Yuan et al., 2017). All experiments were performed on BMSCs
isolated from at least three different BM donors. BMSCs were treated
with 100 ng/mL recombinant HIV-1 Tat protein (Abcam, England)
(BMSCrat.p), transfected with HIV-1 Tat mRNA (BMSCrqr.m) Or treated
with the solvent (PBS) (BMSC,,,) for 20 days, from passage 2 to 6. The
medium was refreshed every 2 to 3 days.

2.2. Animals

NOD/SCID mice (females, 6-8 weeks of age) were purchased from
the Model Animal Research Center at Nanjing University (Nanjing,
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China) and housed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The experimental
protocols used in the present study were approved by the Animal Care
Committee at Hubei University of Medicine (Shiyan, China).

2.3. In vitro synthesis of Tat mRNA and BMSC transfection

HIV-1 Tat mRNA synthesis was carried out according to protocols
described earlier (Wang et al., 2014). The Tat sequence from the HXB2
strain (Opi et al., 2002) was synthesized commercially by Sangon
Biotech (Shanghai, China). Template PCR amplicons were subcloned
with the use of a pcDNA 3.3-TOPO TA cloning kit (Invitrogen). Plasmid
inserts were excised via restriction digestion and used to template tail
PCRs. RNA was synthesized with the use of a MEGAscript T7 kit (Am-
bion, San Diego, CA, USA), and a ribonucleoside blend was used com-
prising ARCA cap analog (New England Biolabs, Ipswich, MA, USA),
adenosine triphosphate, guanosine triphosphate (Ambion), 5-methyl-
cytidine triphosphate and pseudouridine triphosphate (TriLink Bio-
technologies, San Diego, CA, USA). Reactions were incubated for 5h at
37°C followed by DNase treatment according to the manufacturer’s
instruction. The reactions were then treated with Antarctic Phosphatase
(New England Biolabs) for 2h at 37°C to remove residual 5’-tripho-
sphates. The synthesized RNA was purified by means of Ambion
MEGAclear spin columns (Ambion) and quantified with a Nanodrop
spectrophotometer (Thermo Scientific, Waltham, MA, USA). RNA
transfection was carried out with TransIT-mRNA (Mirus, Madison, WI,
USA). RNA was diluted in Opti-MEM basal medium (Gibco), and then,
Boost reagent and TransIT-mRNA were added sequentially. After a 2-
min incubation at room temperature (RT), the RNA-lipid complexes
were delivered to culture medium. Four h later, the medium was re-
placed with normal culture medium. In the 20-day treatment process,
transfection was repeated every 3 days.

2.4. Western blot analysis

BMSCs transfected with Tat mRNA were washed with PBS three
times and collected with cell lysis buffer. Cell lysates were incubated on
ice for 30 min. Proteins in the cell lysates were separated via 12% so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and
electrotransferred to nitrocellulose membranes. The blot was put in
blocking buffer for 1 h at RT followed by incubation with 1:500 rabbit
anti-HIV 1 Tat antibody (Abcam, Cambridge, MA, USA) overnight at
4°C. The blots were rinsed with Tris-buffered saline with Tween-20
three times and incubated with mouse anti-rabbit horseradish peroxide-
conjugated secondary antibody (1:1000) for 60 min and detected via
chemiluminescence with ECL Hyperfilm.

2.5. Immunocytochemistry analysis

BMSCs transfected with Tat mRNA were fixed with 4% paraf-
ormaldehyde (Sigma) for 10 min and washed three times with PBS.
Cells were permeabilized with 0.1% Trion-X 100 (Sigma) for 20 min
and blocked with 2% bovine serum albumin at RT for 60 min. The cells
were incubated with rabbit anti-HIV 1 Tat antibody (1:500) for 60 min
at 37°C. After being rinsed with PBS 3 times, the cells were incubated
with Cy3-conjugated mouse anti-rabbit IgG (1:200, Santa Cruz
Biotechnology), followed by 3 rinses with PBS. Cell nuclei were coun-
terstained with 4,6-diamidino-2 -phenylindole and examined under a
fluorescence microscope (Leica DMIRE2, Solms, Germany).

2.6. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis

Quantitative reverse transcriptase polymerase chain reaction (RT-
PCR) was performed to assess the expression of hematopoiesis-reg-
ulating genes, including Thrombopoietin (TPO), Flt-3 ligand (FIt3L),
stem cell factor (SCF), IL-6, IL-7 and IL-8. Total RNA was extracted from



Y. Yuan, et al.

2 x 10° BMSCrat.p, BMSCrac.m and BMSCco,. cDNA was synthesized
using a reverse transcription kit (Takara, China), and PCR amplification
was performed using SyBR GREEN (Takara, China). The PCR proceeded
as follows: 95 °C for 30 s, then 40 cycles of 95 °C for 30's, 60 °C for 30's
and 72 °C for 30s. The fold changes in gene expressions were normal-
ized to B-actin.

2.7. Measurement of hematopoietic cytokine levels in BMSC supernatant via
enzyme-linked immunosorbent assay (ELISA)

BMSCs incubated with Tat protein, Tat mRNA or control medium
for 20 days were seeded in 24-well culture plates at 50,000 cells per
well. Supernatants were collected after 72h and analyzed using com-
mercially available human IL-6, FIt3L, IL-7 and SCF enzyme-linked
immunosorbent assay (ELISA) kits (R&D). The monoclonal antibody
specific for IL-6, FIt3L, L-7 or SCF had been precoated onto the mi-
croplate. Standards and samples were pipetted into the wells, and the
hematopoietic cytokines present bound to the specific monoclonal an-
tibody. After the unbound substances were washed away, an enzyme-
linked polyclonal antibody specific for the hematopoietic cytokines was
added to the wells. Following a wash to remove any unbound antibody-
enzyme reagent, the substrate solution was added, and color developed.
The color development was stopped, and the optical density of each
well was measured using an ELISA reader. All measurements were
performed in duplicate.

2.8. Ex vivo expansion of HSCs on a BMSC layer

CD34" HSCs were isolated from up to 100 mL of umbilical cord
blood using Ficoll-Paque (Invitrogen Corporation, San Diego, CA, USA)
density gradient centrifugation. CD34 ™ cells were then enriched from
the buffy coat by immunomagnetic positive selection using a
MidiMACS™ system (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s instructions. Briefly, the mononuclear cells were labeled
with CD34 microbeads and added to a MACS LD column attached to a
MidiMACS™ magnetic separator. The LD column was then removed
from the MidiMACS™ separator, and the bound CD347" cells were
eluted with a plunger. For the coculture, 3 X 10* BMSCrat.p, BMSCrat-m
and BMSCc,, treated with mitomycin were plated separately in 24-well
plates (Corning Costar, NY) that had been precoated for 24 h with 30%
gelatin (2% solution, Sigma-Aldrich, Irvine, Ayrshire, UK). A total of
2 x 10% CD34™" cells were seeded on the BMSCs in 1 mL of serum-
supplemented IMDM. Control cultures consisted of hematopoietic cells
alone. After five days of coculture, 1 mL of fresh complete medium was
added, and the coculture continued for another 5 days. On day 10 of
coculture, hematopoietic cells expanded on BMSCs were collected.
Adherent hematopoietic cells on the stromal layer were removed by
washing five times with PBS and mixed with dissociated hematopoietic
cells. Then, the viable cell count, subpopulations of the expanded he-
matopoietic stem cells and colony formation were analyzed.

Trypan blue viable cell counts. Aliquots of the cultured CD34 " HSCs
from the BMSC and control plates were collected and stained with 0.4%
Trypan Blue for 1 min at room temperature. The number of live HSCs
(unstained) was determined using a hemocytometer.

Colony forming unit (CFU) assay. The cultured hematopoietic cells
(1000 cells) from the BMSC and control plates were seeded in 24-well
plates containing 0.5mL of semisolid methylcellulose in Methocult
H4435 medium. This medium is a commercial medium from Stem Cell
Technologies, Inc. that contains IMDM, BSA, 2-mercaptoethanol,
rhSCF, rhG-CSF, rhGM-CSF, rhIL3, rhIL6, rhEPO, and supplements.
After 14 days of incubation at 37 °C in 5% CO,, colonies were scored
using standard scoring criteria (Vasko et al., 2016).

Flow cytometric analysis of cell subpopulations. In this experiment,
Atotal of 2 x 10° CD34™* cells were seeded on BMSCs in 1 mL of serum-
supplemented IMDM. On day 10 of coculture, aliquots of cells were
stained for hematopoietic surface markers. In brief CD34-phycoerythrin
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(PE), CD33-fluorescein isothiocyanate (FITC), CD38-FITC and CD45-
FITC (all from BD, Pharmingen, San Diego, CA) monoclonal antibodies
were incubated with cells in PBS/0.1% BSA at room temperature for
30 min. Cells labeled with corresponding isotype-matched IgG were
used as controls. Labeled cells were washed twice, suspended in 2%
paraformaldehyde and analyzed on a flow cytometer. The expanded
hematopoietic stem cell subpopulations were initially gated according
to their morphology (forward vs side scatter FSC/SSC), and dead cells
were excluded from the analysis. Then, the CD34"CD38 and
CD34%CD33~ expanded cells were analyzed by flow cytometry after
gating on CD45™ cells. At least 40,000 events were acquired for each
analysis.

2.9. Cotransplantation of BMSCs and HSCs

After receiving a 2.5 Gy dose of ®°Co total radiation, the animals
were provided with food supplemented with antibiotics and sterile,
acidized drinking water containing amphotericin B (80 mg/1) and ci-
profloxacin (80 mg/1). Within 12h of irradiation, 6 mice in each ex-
perimental group were transplanted or cotransplanted with the fol-
lowing number of cells via the tail vein: (1) BMSC,, +HSC group,
8 X 10° BMSCcon + 1 X 10° CD34™ cells; (2) BMSCra, + HSC group,
8 X 10° BMSCrap + 1 X 10° CD34" cells; (3) HSC group, 1 x 10°
CD34™" cells; (4) IR group, irradiated mice injected with 0.2 mL phy-
siological saline per mouse. The HSCs for transplantation were freshly
isolated from umbilical cord blood.

At 2 and 4 weeks after transplantation, tail vein blood was collected,
and the leukocyte counts were examined. At 4 weeks after transplan-
tation, mice from each group were anesthetized with isoflurane and
sacrificed by cervical dislocation. Peripheral blood samples from mice
were stained with anti-human CD45 antibody and analyzed via FCM.
BM cells from the mouse tibia were harvested. Engraftment of human
cells was evaluated by FCM immunophenotyping with FITC-labeled
anti-human CD45 antibody, PE-labeled anti-human CD33 antibody and
PE-labeled anti-human CD19 antibody (eBioscience, USA). The BM cells
from mouse tibias and femurs were harvested for cytology analysis with
Wright staining.

2.10. Statistical analysis

All results that are expressed as the mean + SEM were obtained
from more than three samples per experiment, and significant differ-
ences between different groups were calculated using a two-tailed
Student’s t-test (SPSS 13). A value of P < 0.05 was considered statis-
tically significant.

3. Results
3.1. Efficient transfection of BMSCs with tat mRNA

To confirm that the synthesized Tat mRNA can enter BMSCs and
then be translated into Tat protein, BMSCs were transfected with Tat
mRNA followed by Tat protein detection through immunostaining. Tat
protein expression was detected via immunofluorescence in the BMSCs
8h after transfection. Fig.1a shows that the Tat mRNA entered the
BMSCs and was translated into protein in the endochylema. Tat protein
expression was also confirmed by Western blotting (Fig.1b).

3.2. Growth states of HSCs when cultured with BMSCs

Live cell counts. After being cultured under different conditions for
10 days, hematopoietic stem cells were observed under a microscope
(Fig. 2a). Suspension cells in BMSCc,,, + HSC culture environments were
dense, circular and exhibited good refraction, but cells in the BMSCr,.
pTHSC and BMSCrya¢.m + HSC groups were slightly sparse, and a small
amount of debris was scattered among them. The cells cultured without
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GAPDH

Tat

Fig. 1. Efficiency of BMSC transfection with Tat mRNA. BMSCs were treated with Tat mRNA for 8 h, and the expression of Tat was determined by immuno-
fluorescence analysis ( X 100) (a). Immunofluorescence images show the intracellular localization of Tat in red and the DAPI-stained nuclei in blue. Western blot
detection of Tat protein at 0, 4, 8 and 20h after transfection of BMSCs with Tat mRNA (b). BMSC extracts were collected with cell lysis buffer, separated via
SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was probed with primary antibody for Tat and horseradish peroxidase-conjugated
secondary antibody. Then, protein expression was detected using an enhanced chemiluminescence system. DAPI, 4’, 6-diamidino-2- phenylindole; BF, bright field.

BMSCs were almost completely fragmented, apart from a few round (35.12 * 2.19 x 10%), BMSCraem+HSC (22.32 = 2.57 x 10%) and

hemopoietic cells seen in the central part of the hole. Then, the sus- HSC alone (1.23 + 0.11 x 10%) culture environments was significantly

pended cells were collected, and Trypan blue staining was used to de- lower than that in the BMSC,,,+HSC (106.55 + 17.12 x 10%) culture

termine the number of viable and expanded hematopoietic cells. The environment (Fig. 2b).

overall number of live hematopoietic cells in the BMSCry., +HSC CFU assay. After 14 days of incubation in Methocult H4435
a

BMSCc,,+HSC BMSCr..,+HSC BMSCrae.m*HSC HSC

-

a

<
J

100

The total number of
o
o
T

hematopoietic cells (X 103)

c BMSCeon+HSC BMSCry.p*HSC BMSCry.*HSC HSC

1504
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Number of total CFU colonies
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Fig. 2. Expansion of HSCs during coculture with BMSCs after 10 days. The phase contrast image shows different densities of hematopoietic cells on the BMSC feeder
layer (a). Nonadherent cells were collected from HSC/BMSC cocultures, and the cell number was determined using trypan blue staining (b). HSCs from different
culture environments formed clones in semisolid methylcellulose medium (c). Six different types of colony morphologies were observed (d). The number of total CFU
colonies formed under different conditions (e). The mean values of three experiments are shown; *P < 0.05 and **P < 0.01 vs BMSC con.
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medium, colonies for normal hematopoiesis were observed (Fig. 2c).
Colony morphologies were classified according to the manufacturer’s
manual (Stem Cell Technologies, Inc., Instruction Manual) as colony
forming unit-erythroid (CFU-E), colony forming unit-granulocyte (CFU-
G), colony forming unit granulocyte/macrophage (CFU-GM), burst
forming unit erythroid (BFU-E), colony forming unit-macrophage (CFU-
M), and colony forming unit-granulocyte/erythrocyte/macrophage/
megakaryocyte (CFU-GEMM) (Fig. 2d). The total colony numbers in the
experimental groups were compared. Although the total colony num-
bers in the BMSGra.,+HSC (28.51 + 5.13) and BMSCram+HSC
(22.41 =+ 4.17) groups were greater than that in the HSC alone group
(7.14 = 2.43), the numbers were significantly lower than that in the
BMSC,on +HSC group (86.21 =+ 11.54) (Fig. 2e).

Immunophenotype assay of the expanded HSCs. To evaluate the
support function of BMSCs toward more primary HSCs (CD34 " CD33~
and CD34%CD38~ subpopulations), the suspension cells in three
groups were assayed via flow cytometry. HSCs cultured without BMSCs
could not be detected by flow cytometry because most of the cells were
dead and broken. The percentage of CD34 " CD33- cells cultured under
BMSCc,, + HSC conditions (25.83 + 4.73) was higher than that of cells
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cultured under BMSCr,.p +HSC (0.57 + 0.05) and BMSCra¢.m +HSC
(1.37 + 0.06) conditions (Fig. 3a and b). Additionally, the percentage
of CD34*CD38 cells cultured under BMSCgon+HSC conditions
(21.83 = 4.95) was higher than that of cells cultured under BMSCry;.
pTHSC (0.97 =+ 0.06) and BMSCra¢.;m + HSC (1.57 =+ 0.07) conditions
(Fig. 3a and c). Comparison of the percentage of CD34% cells in all
groups demonstrated a tendency similar to that observed with
CD34%CD33~ cells (Fig. 3a and d).

3.3. Hematopoietic reconstitution after cotransplantation of CD34* HSCs
and BMSCs

Monitoring of peripheral blood. We examined hematopoietic re-
construction in sublethal-dose-irradiated NOD/SCID mice transplanted
with human CD34* HSCs and BMSCs. On the 14th and 28th day after
transplantation, white blood cells were counted in the peripheral blood
collected from each group. On the 14th day, compared with normal
mice (2.46 = 0.45 x 10°/ L), the number of white blood cells in the IR
group decreased significantly (0.15 * 0.18 x 10°/ L), indicating that
irradiation seriously damaged the hematopoietic system of NOD/SCID
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Fig. 3. Flow cytometric analysis of CD34", CD34*CD33~, and CD34*CD38~ cells performed on the CD45" population under the indicated culture conditions.
Representative plots of the flow cytometric analysis are shown (a). Histogram comparing the percentages of CD34*CD33 (b), CD34*CD38 (c), and CD34 " (d)
subpopulations. The mean values of three experiments are shown; *P < 0.05 and **P < 0.01 vs BMSCcon.
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Fig. 4. Recovery of peripheral hematogenesis in irradiated mice following cell transplantation. At 2 and 4 weeks post transplantation with the indicated cell types,
leucocyte counts were performed in mice from each group (blood was harvested from the tail vein) (a). Only one mouse was still alive in the IR group at 4 weeks post
irradiation, and thus, no statistical data are shown. At 4 weeks post transplantation, PBMCs from the indicated groups were evaluated for the presence of human
CD45™" cells via FCM. Representative results of three independent experiments are shown (b). The statistical analyses are displayed (c). PBMCs, peripheral blood
mononuclear cells; FCM, flow cytometry; IR group, irradiated mice injected with saline. The mean values of three experiments are shown; *P < 0.05 and

**P < 0.01 vs BMSC con.

mice. Compared with the IR group, the number of white blood cells was
recovered after transplantation, and the number in the BMSCc,, +HSC
group (0.76 *+ 0.16 x 10°/L) was significantly higher than that in the
BMSCra., +HSC group (0.30 + 0.14 x 10%/L) and HSC
(0.34 + 0.12 x 10°/L) (Fig. 4a). By the 28th day, only one mouse was
still alive in the IR group, and thus, statistical analysis was not per-
formed. The number of white blood cells in the surviving mice after
transplantation increased further but was still lower than that in the
normal mice (2.67 + 0.37 x 10°/L). The white blood cell number in
the BMSCcon+ HSC group (1.67 + 0.23 x 10°/L) was obviously
higher than that in the HSC (0.79 0.13 x 10°/L) and BMSCratp
+HSC (0.87 + 0.14 x 10°/L) groups (Fig. 4a). Then, PBMCs in

=+
=+

peripheral blood were detected with flow cytometry on the 28th day
after transplantation. Flow cytometry showed that the percentage of
human CD45™ cells in each group was lower than 10% (Fig. 4b). Sta-
tistical analysis of at least 3 mice in each group showed that although
the implantation rate of human hematopoietic cells in the peripheral
blood of mice was relatively low, there were still significant differences
among the different transplantation groups. The implantation rate in
the BMSCco, +HSC group (6.37 = 1.04%) was obviously higher than
that in the HSC (1.27 * 0.61%) and BMSC r4.., +HSC (1.7 + 0.36%)
groups (Fig. 4c).

Bone marrow analysis. Bone marrow cells were collected from all
groups, and the percentages of human hematopoietic cells (CD45"),
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Fig. 5. Recovery of bone marrow hematogenesis in irradiated mice following transplantation. At 4 weeks post transplantation, BM cells from the indicated groups
were evaluated for the presence of human CD45", CD19™ and CD33™* cells via FCM. Representative plots of the flow cytometric analysis are shown (a). Histogram
comparing the percentages of CD45* (b), CD457CD19" (c), and CD45*CD33™" (d) subpopulations. Only one mouse was still alive in the IR group at 4 weeks post
irradiation, and thus, no statistical data are shown. Bone marrow cytology results from all groups are displayed (e). BM, bone marrow; FCM, flow cytometry; IR
group, irradiated mice injected with saline. The data are displayed as the mean = standard deviation; *P < 0.05 and **P < 0.01 vs BMSC con.

myeloid cells (CD45* CD33 ") and B cells (CD45*CD19*) were assayed
via flow cytometry (Fig. 5a). CD45" cell, CD45"CD33% cell and
CD45%CD19" cell recovery was significantly increased in the
BMSCcon+HSC group compared with the BMSCra.p,+HSC group
(CD45% cells 26.33 = 2,92 VS. 12.06 = 1.76; myeloid cells
8.37 £ 1.93 VS. 4.35 + 0.75; B-cells 12.43 + 1.56 vs. 4.27 + 0.85;
Fig. 5b-d). To understand bone marrow reconstitution more intuitively,
bone marrow smears from each group were observed under a micro-
scope. The bone marrow smears from the IR group showed more cell
fragments, the number of hematopoietic cells was very small, and bone
marrow hyperplasia was extremely weakened. In the BMSCc,, +HSC
group, more nucleated cells and fewer cell fragments were observed,
many different types of hematopoietic cells could be seen, and myelo-
proliferation was more active. The number of nucleated cells in the HSC
and BMSCry.p, + HSC groups was lower than that in the BMSCc,, +HSC
group, with a small number of cell fragments and low myeloprolifera-
tive activity (Fig. 5e).

3.4. Expression of hematopoietic cytokines by BMSCs

RT-PCR was applied to quantify the expression level of TPO, FIt3L,
SCF, IL-6, IL-7 and IL-8. The results are expressed after normalization to

the expression value of the actin reference gene. Both treated BMSCs
and control BMSCs expressed the key genes studied (Fig. 6a). Except IL-
6, the expression levels of all these genes in BMSCry¢.p, and BMSCrat-m
were significantly decreased compared with those in BMSC,,, (Fig. 6b).
The levels of FIt3L, SCF, and IL-6 were decreased in BMSCrae, and
BMSCrqat_m compared with BMSC,,,. There were no significant differ-
ences in IL-7 concentration between BMSCrarp, BMSCrarm and
BMSCcon. (Fig. 6¢).

4. Discussion

HIV-1 Tat protein has active biological effects on several cell
lineages and promotes the pathological process of acquired immune
deficiency syndrome (AIDS) (Fanales-Belasio et al., 2009; Guedia et al.,
2016; Johnson et al., 2013). Some recent studies have shown that HIV-1
Tat can impact certain basic biological characteristics of MSCs, such as
self-renewal capacity and differentiation potential (Beaupere et al.,
2015; Cotter et al., 2008; Gibellini et al., 2010, 2012). In this report, we
analyzed the effects of Tat on the hematopoietic support function of
BMSCs. The results of our study demonstrated that (i) Tat reduced the
capacity of BMSCs to support expansion of hematopoietic stem cells in
vitro; (ii) Tat-treated BMSCs lost their ability to assist hematopoietic
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recovery after cotransplantation of CD34* HSCs and BMSCs in vivo;
and (iii) Tat decreased the expression level of a series of key hemato-
poietic factors produced by BMSCs. Based on these results, we propose
that Tat protein can inhibit the hematopoietic support function of
BMSCs, providing new insight into the hematopoietic suppression ob-
served in HIV-infected patients.

Numerous reports have demonstrated the capacity of BMSCs to
support the survival, proliferation, and differentiation of HSCs in vitro
(Isern et al., 2013; Futrega et al., 2017). In this study, BMSCs were
transfected with Tat mRNA or cultured with medium containing Tat
protein, and then, the treated BMSCs were used as a feeder layer to
support HSC expansion in vitro. We observed that Tat treatment caused
reduced expansion, a decline in the number of CFUs and a decreased
proportion of the primitive subpopulation of hematopoietic stem cells
under coculture conditions. Considering that MSCs express a wide array
of hematopoietic cytokines to maintain HSCs in quiescence or promote
their self-renewal or proliferation, we compared the gene expression
patterns of these cytokines in Tat-treated BMSCs with those in control
BMSCs. The cytokine profile, which included TPO, SCF, Flt3L, IL-6, IL-7
and IL-8, of BMSCs assayed in this study confirmed the crucial role of
BMSCs in HSPC maintenance (Askmyr et al., 2009; Hermouet et al.,
2000; Hofmeister et al., 2007; Ivanovic and Boiron, 2009; Weimar
et al., 1998). In the present study, the gene expression level and con-
centration of these cytokines in the supernatant were dramatically de-
creased in Tat-treated BMSCs compared with control BMSCs. In addi-
tion, several studies have shown that BMSCs possess the ability to
promote engraftment and to accelerate hematological recovery after
HSC transplantation (Chou et al., 2013; Masuda and Izpisua Belmonte,
2013; Wu et al., 2013). In this study, we cotransplanted Tat-treated
BMSCs with HSCs and investigated the degree of human HSC engraft-
ment in irradiated mice. Tat-treated BMSCs led to decreased white
blood cell and human CD45* cell counts in peripheral blood from mice
compared with control BMSCs. In addition, we observed that Tat-
treated BMSC and HSC cotransplantation led to inferior engraftment of
CD45", CD33* and CD19™ lineage cells in the bone marrow after 4
weeks compared with the control BMSCs. All of these findings may
suggest a decline in the hematopoietic support function of BMSCs
caused by Tat treatment, which ultimately could lead to hematopoiesis
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Fig. 6. Hematopoietic cytokines expressed by
BMSCs were assayed via RT-PCR and ELISA.
Hematopoietic cytokine mRNA levels were
measured using RT-PCR (a, b). Soluble hema-
topoietic cytokines secreted in the supernatant
of BMSCs were determined via ELISA (c).
n =3, and the data are displayed as the
mean * standard deviation; *P < 0.05 and
**pP < 0.01 vs BMSC con.

B3 BMSCeon
B3 BMSCrap
E3 BMSCratm

insufficiency.

MSCs are pluripotent cells capable of differentiating into several
mesenchymal cell types, including osteoblasts (OBs) and adipocytes
(ACs) (Larrick and Mendelsohn, 2017). The transcription factors per-
oxisome proliferator-activated receptors gamma (PPARYy) and runt-re-
lated transcription factor-2 (RUNX-2) are known to be pro-osteogenic
and pro-adipogenic, respectively. Activity of the RUNX-2 transcription
factor drives differentiation of OBs from MSCs, while the activity of
PPARy in MSCs induces differentiation into adipocytes (Gimble et al.,
2006; Shi et al., 2007). In addition, some studies have shown that (pre)
osteoblast differentiation of MSCs stimulates proliferation of hemato-
poietic precursors, while (pre)osteoblasts progressively disappear in
favor of adipocytic cells, which leads to proliferation downregulation.
In this process, changes in Runx2 and PPARYy expression correspond to
hematopoietic precursor cell numbers (Chitteti et al., 2010; Adler et al.,
2014; Poncin et al., 2012; Zhu et al., 2013).

In fact, it has been confirmed that Tat enhances MSC adipogenic
differentiation through upregulation of PPARy and decreases the MSC
potential for osteoblastic differentiation, associated with a decrease in
RUNX-2 (Gibellini et al., 2012; Geyh et al., 2013). Therefore, Tat im-
pacts the differentiation potential of MSCs by regulating the activities of
PPARy and RUNX-2, which affects the hematopoietic support function
of BMSCs.

In this study, we observed that Tat treatment reduced hematopoietic
cytokine expression in BMSCs. A recent study has shown that Tat not
only alters BMSC differentiation but also promotes early senescence in
human BMSCs (Beaupere et al., 2015). Several studies have reported
that a reduction of some hematopoietic cytokines produced by MSCs
could be induced by senescence. Geyh S showed that MSCs from MDS
patients exhibit aging characteristics and altered expression of key
molecules, leading to deficient hematopoiesis in MDS (Geyh et al.,
2013) Research reported by Huang K showed that the levels of SCF,
FIt3L, IL-6 and SDF-1 in BMSCs from 0- to 20-year-old donors were
higher than those in BMSCs from 40-year-old or older donors (Huang
et al., 2005). Additionally, a report by Tsuboi indicated that a decrease
in IL-7 in stromal cells of senescence-accelerated mice led to home-
ostasis suppression (Tsuboi et al., 2004). Therefore, Tat may affect the
production of hematopoietic factors by inducing BMSC aging.
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Overall, both the presence of Tat protein in the external environ-
ment of BMSCs and transfer of Tat-mRNA into BMSCs inhibited the
hematopoietic support function of BMSCs. These results indicate that
BMSCs in the bone marrow of HIV patients might fail to perform normal
hematopoietic support functions, and Tat protein might be one of the
major factors involved in the hematopoiesis abnormalities of HIV pa-
tients. This would suggest that the status of bone marrow MSCs should
be taken into consideration when HIV patients are treated.
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