Bone marrow CD34* cells and megakaryoblasts
secrete [3-chemokines that block infection
of hematopoietic cells by M-tropic RS HIV
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CD34* cells are nonpermissive to infection by HIV strains X4 and RS, despite the fact that many
CD34" cells express high levels of the viral receptor protein CD4 and the coreceptor CXCR4 on their
surface. In these cells, the co-receptor CCRS protein, which, like CXCR4, is a chemokine receptor, is
detected mainly intracellularly. We hypothesized that CD34* cells secrete CCRS5-binding chemokines
and that these factors interfere with HIV RS interactions with these cells, possibly by binding CCR5
or by inducing its internalization. We found that human CD34* cells and CD34'KIT* cells, which are
enriched in myeloid progenitor cells, expressed and secreted the CCRS ligands RANTES, MIP-10, and
MIP-1f3 and that IFN-y stimulated expression of these chemokines. In contrast, SDF-1,a CXCR4 lig-
and, was not detectable in the CD34*KIT* cells, even by RT-PCR. Conditioned media from CD34" cell
culture significantly protected the T lymphocyte cell line PB-1 from infection by RS but not X4 strains
of HIV. Interestingly, the secretion of endogenous chemokines decreased with the maturation of
CD34* cells, although ex vivo, expanded megakaryoblasts still secreted a significant amount of
RANTES. Synthesis of CCRS5-binding chemokines by human CD34* cells and megakaryoblasts there-
fore largely determines the susceptibility of these cells to infection by RS HIV strains. We postulate
that therapeutic agents that induce the endogenous synthesis of chemokines in human hematopoi-
etic cells may protect these cells from HIV infection.

J. Clin. Invest. 104:1739-1749 (1999).

Introduction

HIV-infected subjects frequently exhibit a variety of
hematologic abnormalities, including anemia, neu-
tropenia, and thrombocytopenia, in addition to the
invariable loss of CD4* lymphocytes (1, 2). The patho-
genesis of bone marrow dysfunction is probably multi-
factoral in origin (3, 4). Hematopoietic cells may be
damaged directly by HIV in addition to being inhibit-
ed by HIV-related proteins, proinflammatory
cytokines, and chemokines, which are upregulated in
response to infection (1, 2).

HIV entry is dependent on binding to both the CD4
antigen and to chemokine receptors present on the cell
surface (1,4, 5). The macrophagotropic RS HIV strains
use CCRS as a coreceptor, whereas lymphotropic X4
HIV strains use CXCR4. The natural ligands for CCR5
(MIP-1a, MIP-1pB, and RANTES) and CXCR4 (SDF-1)
may interfere with RS and X4 HIV entry into the cells
(5). In support of this theory, natural killer (NK) cells,
which secrete several B-chemokines, have been report-
ed to be highly resistant to HIV infection (6-8).

Most researchers agree that human CD34* hematopoi-

etic progenitor cells are highly resistant to HIV infection
(3,9, 10). We recently confirmed this observation in a set
of experiments in which human CD34" cells were
exposed to RS and X4 HIV envelope-pseudotyped virus-
es that contained a sensitive luciferase reporter gene (9).
Because CD34" cells express CD4 (2, 3, 11) in addition to
CXCR4 and CCRS5 (10), the explanation of this phe-
nomenon is puzzling. We hypothesized that CD34* cells
may produce HIV-related chemokines and thus remain
resistant to HIV infection in a manner analogous to that
of NK cells (6, 7). CD34" cells have previously been
shown to produce a variety of cytokines including
growth factors (IL-1f, IL-8, TGF-f31, KL, and STK-1L)
(12-15), and it may be that these cells also secrete impor-
tant protective chemokines. We also looked for the
expression and production of chemokines in megakary-
ocytic, myelocytic, and erythroid precursors derived
from CD34* progenitor cells ex vivo.

We report that RS HIV-binding chemokines (MIP-
la, MIP-1B, and RANTES) are secreted by normal
human CD34* cells. The secretion of endogenous
chemokines decreased with the maturation of CD34*
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cells, with the exception of ex vivo expanded cultures of
megakaryoblasts, which still secreted a significant
amount of RANTES. The endogenous secretion of
CCRS-binding chemokines by various subsets of nor-
mal human hematopoietic cells may influence their
infectability with RS HIV strains.

Methods

Normal human bematopoietic cells. Light-density marrow
mononuclear cells (MNC) were obtained from 10 con-
senting, healthy donors, and were depleted of adherent
cells and T lymphocytes to obtain A“T- MNC as
described (9). Cord blood was isolated from S term
deliveries after obtaining consent from patients; blood
was depleted of erythroblasts.

Selection of CD34* cells. A"'T- MNC were enriched for
CD34" cells by immunoaffinity selection with Mini-
MACS paramagnetic beads (Miltenyi Biotec, Auburn,
California, USA) according to the manufacturer’s pro-
tocol. The purity of isolated CD34" cells was greater
than 95% by FACS™ analysis.

Selection of CD34*KIT* A"T- MNC by FACS". The KIT
receptor-positive subset of CD34" cells was isolated by
FACSP as described (13, 16). Briefly, A"'T- MNC were
enriched for CD34" cells by immunoaffinity selection
with MiniMACS paramagnetic beads, and subsequent-
ly labeled for 30 minutes at 4°C with anti-KIT recep-
tor mAb SR-1directly conjugated with CyS (20 UL/10°
cells; Becton Dickinson Immunocytometry Systems,
San Jose, California, USA). After the final incubation,
cells were washed 3 times in ice-cold PBS supplement-
ed with 5% bovine calf serum (BCS) and then sorted
with a FACStar Plus II cell sorter (Becton Dickinson
Immunocytometry Systems). The purity of isolated
CD34*KIT" cells was greater than 98%.

Ex vivo expansion of human erythroid, megakaryocytic, and
myeloid cells. CD34* cells were expanded in a serum-free
liquid system as reported previously (17-19). Briefly,
CD34* A'T- MNC (10* cells/mL) were resuspended in
Iscove’s DMEM (GIBCO BRL, Grand Island, New York,
USA) supplemented with 25% artificial serum contain-
ing 1% delipidated, deionized, and charcoal-treated
BSA; 270 pg/mL iron-saturated transferrin; 20 pg/mL
insulin; and 2 mmol/L L-glutamine (all from Sigma
Chemical Co., St. Louis, Missouri, USA). Erythrocyte
burst-forming unit (BFU-E) growth was stimulated
with recombinant human (rH) erythropoietin (2
U/mL) and rH KIT ligand (10 ng/mL). Megakaryocyte
colony-forming unit (CFU-Meg) growth was stimulat-
ed with rH thrombopoietin (50 ng/mL) and rHIL-3 (10
ng/mL). Granulocyte-macrophage colony-forming
unit (CFU-GM) growth was stimulated with rH IL-3
(10 ng/mL) and rH KIT ligand (10 ng/mL). Cytokines
were obtained from R&D Systems Inc. (Minneapolis,
Minnesota, USA). Cultures were incubated at 37°C in
a fully humidified atmosphere supplemented with 5%
COs,. Under these conditions, approximately 100% of
BFU-E-derived cells were positive for glycophorin A,
100% of CFU-GM-derived cells were negative for gly-

cophorin A and 0,/fB5 and expressed CD33, and 85%
of CFU-Meg-derived cells were positive for Oyp/[33. In
some experiments, CFU-Meg-derived cells were further
enriched for om,/Bs* cells (to > 97% of total cells) by
additional selection with immunomagnetic beads (Mil-
tenyi Biotec).

Isolation of buman blood platelets and activation of platelets
by thrombin. Platelets were isolated by differential cen-
trifugation of whole blood. Briefly, blood obtained by
venipuncture from normal volunteers for studies
(approved by the University of Pennsylvania Institu-
tional Human Subjects Review Board) was anticoagu-
lated with 3.8% sodium citrate. Platelets were isolated
by centrifugation of the blood for 20 minutes at 150 g
at room temperature, and were used for further stud-
ies requiring platelet-rich plasma. Subsequently,
platelets were gel-filtered in calcium-free Tyrode’s
buffer (5 mM HEPES at pH 6.5, 4 mM NaH,POy,, 137
mM NaCl, 2.6 mM KCl, 1 mM MgCl,, and 5 mM glu-
cose) with a pH of 7.4, containing 1 mg/mL albumin.
To obtain washed platelets, prostaglandin E1 was
added to platelet-rich plasma to a final concentration
of 1 UM. Platelets were then pelleted by centrifugation
at room temperature for 20 minutes at 800 g. The pel-
let was resuspended and washed twice in a Tyrode’s
buffer supplemented with 1 mg/mL albumin, 5 U/mL
apyrase, and 1 mM EGTA (all from Sigma Chemical
Co.). After each wash, platelets were centrifuged at
room temperature for 15 minutes at 900 g. The final
pellet was resuspended in HEPES buffer (pH 7.5) to a
concentration of 3 x 10% platelets/mL. After each
preparation, platelets were tested for their ability to
aggregate with ADP in the absence or presence of 200
Mg/mL fibrinogen and 1 mM CaCly; platelets were
used within 5 hours. For a release study, aliquots of
washed platelets were stimulated for 5 minutes in an
aggregometer cuvette with agonist (10 UM ADP or 2
nM thrombin), and then centrifuged for 3 minutes at
1,200 g. The supernatant was used for detecting the
presence of RANTES by ELISA.

FACSY analysis of chemokine receptor expression. Bone
marrow MNC (BMMNC) were double stained with
chemokine receptor-specific mAbs to CCRS and
CXCR4; primary mAbs were then detected with phyco-
erythrin (PE) conjugated sheep anti-mouse mAbs
(Sigma Chemical Co., St. Louis, Missouri, USA). Subse-
quently, cells were stained with an anti-CD34 mADb
directly conjugated with FITC anti-HPCA-1 (20 pL/10°
cells; Becton Dickinson Immunocytometry Systems) as
described (9). CD4 was detected as described previous-
ly (9). The mAbs used for chemokine receptor expres-
sion were purchased from R&D Systems Inc. (clone
12GS5 for CXCR4 and clones 531 and 549 for CCRS).
CCRS was also detected with clone mAbs 2D7
(PharMingen, San Diego, California, USA) and CTCS (a
kind gift from Protein Design Laboratories Inc., Fre-
mont, California, USA). Data analysis was performed
using CellQuest software from Becton Dickinson
Immunocytometry Systems.
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Detection of intracellular chemokines by FACSY. Cells were
isolated using MiniMACS magnetic beads. Purity of the
isolated cells was greater than 95% according to FACSP
staining. After isolation, cells were resuspended in 1 mL
of Iscove’s DMEM supplemented with 25% serum-free
medium and cultured in a 24-well plate for 24 hours
with or without IFN-y (1,000 U/mL). Four to six hours
before the staining procedure, GolgiStop (PharMingen)
was added to cell cultures. Cells were stained with
Cytofix/Cytoperm (PharMingen) according to the
manufacturer’s protocol. Briefly, cells were washed
twice with a staining buffer and then resuspended in
250 L of Cytofix/Cytoperm and incubated on ice for
20 minutes. The cells were then washed twice with
Perm/Wash solution (PharMingen) and stained with
labeled anti-chemokine mAbs (anti-RANTES or
anti-MIP-1a; PharMingen). In some cases the reaction
was blocked with unlabeled Abs before staining. After
staining, cells were washed twice with Perm/Wash and
resuspended in a staining buffer. Cells were analyzed
using a FACSCalibur flow cytometer.

Detection of RANTES in CD34*KIT* BMMNC cells. Gol-
giStop was added to the cell cultures 4-6 hours before
the staining procedure. Subsequently, cells were
washed twice and resuspended in 100 PL of staining
buffer. Antibodies against CD34 and KIT were added,
and cells were incubated for 30 minutes on ice. Cells
were then washed and resuspended in 250 YL of
Cytofix/Cytoperm (PharMingen) and incubated on ice
for 20 minutes. Cells were washed twice with
Perm/Wash solution and stained with labeled anti-
chemokine Abs (anti-RANTES or anti-MIP-1q;
PharMingen). In some cases, cells were blocked with
unlabeled Abs before staining. Finally, the cells were
washed twice with Perm/Wash, resuspended in stain-
ing buffer, and analyzed using FACStar.

ELISA assay for detection of chemokines. Secretion of MIP-
la, MIP-1f3, and RANTES by hematopoietic cells was
detected by Quantikine human MIP-1a, MIP-1f3, and
RANTES immunoassay (all from R&D Systems Inc.)
according to the manufacturer’s protocol. Equal num-
bers of CD34* cells, CD34*KIT* cells, and day 6 and day
11 normal human CFU-GM-, BFU-E-, and CFU-
Meg-derived cells were cultured for 24 hours in serum-
free media before collecting cell-conditioned media for
ELISA. Media from each cell culture was analyzed by a
quantitative sandwich enzyme immunoassay technique.
Sensitivity of the ELISA assays for MIP-1a, MIP-1[3, and
RANTES was greater than 31 pg/mL, greater than 31
pg/mL, and greater than 15 pg/mL, respectively.

Isolation of mRNA from CD34" cells. CD34" cells were
analyzed for chemokine mRNA expression (MIP-1q,
MIP-13, RANTES, and SDF-1) by RT-PCR. Briefly, cells
were lysed in 200 UL of RNAzol (Biotecx Laboratories
Inc., Houston, Texas, USA) with 22 pL of chloroform
as described (13, 19). The aqueous phase was collected
and mixed with 1 volume of isopropanol (Sigma
Chemical Co.). RNA was precipitated overnight at
-20°C. The RNA pellet was washed in 75% ethanol and

resuspended in water that had been autoclaved 3 times.

RT-PCR. Briefly, mRNA (0.5 [g) was reverse tran-
scribed with 500 U of Moloney murine leukemia virus
reverse transcriptase and 50 pmol of an oligodeoxynu-
cleotide primer complementary to the 3' end of the
reported chemokine sequences of MIP-1a (5'-CAC TCA
GCT CCA GGT CGC TGA-3'), MIP-lB (5'-GTA CTC CTG
GCC CAG GAT TC-3"), RANTES (5'-CTC ATC TCC AAA GAG
TTG ATG-3'), and SDF-1 (5'-CAC ATG TTG AAC CTC TTG
TTT AAA AGC-3'). The resulting cDNA fragments were
amplified using 5 U of Taq polymerase and primers spe-
cific for the 5" end of chemokine sequences of MIP-1a
(5'-CCT TGC TGT CCT CCT CTG CAC-3'), MIP-1PB (5"-TGT
CCT CCT CAT GCT AGT AG-3'), RANTES (5'-TCATTG CTA
CTG CCCTCT GCG-3'), and SDF-1 (5'-AAC GCC AAG GTC
GTG GTC GTG CTG-3'). Amplification of 3-actin mRNA
was performed simultaneously using specific primers as
reported previously (9, 13, 19). Amplified products (10
UL) were electrophoresed on a 2% agarose gel and trans-
ferred to a nylon filter before photographing. Specifici-
ty of the amplified products was further confirmed by
Southern blotting (data not shown).

Detection of chemokines in CD34* cells, CFU-Meg—derived
cells, and platelets by Western blot. Purified CD34 cells (S x
10°), purified day 14 CFU-Meg-derived cells (5 x 10°),
gel-filtered platelets (108), or bone marrow stromal cells
(5 % 10 were lysed in 0.5 mL of Mammalian Protein
Extraction Reagent (M-PER) buffer (Pierce Chemical
Co., Rockford, Illinois, USA) supplemented with pro-
tease and phosphatase inhibitors, for 15 minutes on ice.
Cell lysates were precleared by centrifugation at 15,000 g
for 15 minutes at 4°C. Protein concentration in super-
natants was measured by Bradford assay using a kit from
Bio-Rad Laboratories Inc. (Hercules, California, USA).
Supernatants were mixed with tricine loading buffer and
boiled for 5 minutes. Equal amounts of protein were
resolved on 16.5% Tris-Tricine Ready Gels (Bio-Rad Lab-
oratories Inc.) and transferred to 0.05-m nitrocellulose
membranes (Schleicher & Schuell Inc., Keene, New
Hampshire, USA). Membranes were subsequently
blocked in 5% BSA for 60 minutes at room temperature.
The goat polyclonal primary Abs (0-RANTES, o—MIP-
1a, and a—MIP-1f3, all from R&D Systems Inc.) were
added at a concentration of 1.5 HL/mL and membranes
were incubated overnight at room temperature. Mem-
branes were then washed and incubated with sheep anti-
goat horseradish peroxidase-conjugated secondary Ab
(Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA) for 1 hour. Finally, membranes were developed
with ECL reagent from Amersham Pharmacia Biotech
(Piscataway, New Jersey, USA) before being dried and
exposed to film.

Infection of PB-1 cells with HIV. The T lymphocyte cell line
PB-1 (a kind gift from M. Wasik, Department of Pathol-
ogy & Laboratory Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania, USA) was maintained in
RPMI (GIBCO BRL) supplemented with 10% BCS
(HyClone Laboratories, Logan, Utah, USA). Cells were
infected on day O with Ba-L (RS HIV) or HXB.2 (X4 HIV).
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Figure 1

Expression of chemokine receptors on bone marrow CD34* BMMNC. BMMNC were isolated from bone marrow aspirates of healthy donors
by Ficoll-gradient centrifugation and then stained with mAbs against CD34 antigen (FITC) and chemokine receptors (PE). (a) Forward (FSC)
and side scatter (SSC) analysis of BMMNC. Lymphocyte region is defined by R1. (b) Analysis of cells dual-labeled with FITC anti-CD34 mAb
and PE anti-CXCR4 mAb. (c) Analysis of cells dual-labeled with FITC anti-CD34 mAb and PE anti-CCR5 mAb. Data from at least 5 differ-
ent donors were analyzed with similar results. Data from a representative donor is presented.

All of these HIV strains (kind gifts of F. Gonzalez-Scara-
no, Department of Neurology, University of Pennsylva-
nia, Philadelphia, Pennsylvania, USA) are propagated in
a P3 laboratory at the University of Pennsylvania. Initial-
ly, 105 PB-1 cells (20) were resuspended in 200 YL of medi-
um and exposed to 2 ng of HIV protein. The multiplicity
of infection for both viruses was 0.002-0.02, having been
carefully established using U373-MAGI-CCRS and U373-
MAGI-CXCR4 tests as described (21). Subsequently, 300
ML of conditioned medium collected from serum-free
cultures of CD34* cells, megakaryoblasts, erythroblasts,
or myeloblasts was added to the PB-1 cells. As negative
and positive controls we used medium alone, condi-
tioned medium containing human CD34" cells that were
heat inactivated before addition to the cultures, and con-
ditioned medium from human CD34* cell cultures,
respectively. In our further infection studies, we used
both viruses at a multiplicity of infection of 0.02, and
used conditioned medium collected from CD34* cell cul-
tures, conditioned medium collected from human
CD34 cell cultures to which were added the neutralizing
goat polyclonal Abs a-RANTES (10 pg/mL), a-MIP-1a

Y]
o

(50 pg/mL), and o-MIP-1p (50 pg/mL) (R&D Systems
Inc.), and medium alone that was mock cleared with an
equal amount (110 pg/mL) of the nonreactive goat Ig
(Sigma Chemical Co.). The PB-1 cells were subsequently
incubated for 24 hours in 5% CO; at 37°C. After incuba-
tion, PB-1 cells were washed and resuspended in DMEM
with 10% BCS and placed into the tissue culture incuba-
tor. Aliquots of medium were aspirated on days 1, 5, and
10 of culture for p24 ELISA assays. Infection of the PB-1
cells was measured by using p24 ELISA (NEN Life Sci-
ence Products Inc., Boston, Massachusetts, USA).

Statistical analysis. Mean and SD were calculated on a
Maclntosh computer using Instat 1.14 software
(GraphPad Software for Science Inc., San Diego, Cali-
fornia, USA). Data were analyzed using the Student’s ¢
test for unpaired samples. Statistical significance was
defined as P < 0.05.

Results

Expression of HIV-related chemokine receptors and CD4 anti-
gen by human CD34* cells. We studied the expression of
CXCR4, CCRS, and CD4 on human bone marrow
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Figure 2

Intracellular expression of CCR5 on bone marrow CD34* BMMNC. BMMNC were isolated from bone marrow aspirates of healthy donors
by Ficoll-gradient centrifugation. Cells were permeabilized before staining with mAbs against CD34 antigen (FITC) and CCRS receptor (PE).
(a) Forward (FSC) and side scatter (SSC) analysis of permeabilized BMMNC. Lymphocyte region is defined by R1. (b) Iso-PE staining. (c)
FITC anti-CD34. (d) Analysis of cells dual-labeled with FITC anti-CD34 mAb and PE anti-CCR5 mAb. Data from at least 3 different donors
were analyzed with similar results. Data from a representative donor is presented. We obtained similar data by using 3 other mAbs (clones
2D7 and 549 from R&D Systems Inc., and CTC5 from Protein Design Laboratories Inc.) for CCRS5 detection.

1742 The Journal of Clinical Investigation | December1999 | Volume 104 | Number 12



CD34" cells by FACS" analysis. As reported by others
(3, 22), we confirmed that 15-50% of CD34" cells
expressed CD4 (not shown). As shown in Figure 1,
50-75% of human CD34" cells express CXCR4, but less
than 5% of CD34* cells were CCRS5*. However, by
mRNA analysis, we found high levels of both CXCR4
and CCRS mRNA in CD34* cells (9).

We then asked if this discrepancy between the results
of RNA analysis and immunostaining might be
explained by the fact that CCRS protein was expressed
intracellularly. To address this issue, we looked for
intracytoplasmic expression of this molecule. Accord-
ingly, the BMMNC were permeabilized and then
stained for CD34 antigen and CCRS. Figure 2 shows
the observed high intracellular expression of the CCRS
protein in all permeabilized CD34* bone marrow cells.

There are 2 possible explanations for the observation
that CCRS is expressed intracellularly but not on the
cell surface. CCRS proteins may not mature beyond the
Golgi apparatus in CD34" cells. Alternatively (or in
addition), CCRS may be internalized rapidly from the
cell membrane after binding to specific chemokines
(MIP-1a, MIP-1f3, or RANTES) that are secreted by
CD34" cells into the culture medium.

CD34* cells express mRNA for several HIV-related
chemokines. To test the second hypothesis, we performed
analyses to discover whether CD34 cells synthesize or
secrete MIP-1a, MIP-13, or RANTES. We isolated
mRNA from both total CD34* cells and CD34*KIT*
BMMNC, and tested for mRNA expression of MIP-1q,
MIP-1(3, and RANTES. Simultaneously, we evaluated the
expression of mRNA for SDF-1. We found that CD34"
cells express mRNA for MIP-1a, MIP-1[3, and RANTES
(Figure 3a, lanes 1,4, and 2 respectively), but apparently
little SDF-1 (Figure 3, lane 3). A similar pattern of MIP-
la, MIP-13, and RANTES mRNA expression was
observed by RT-PCR in CD34*KIT* BMMNC (Figure 4,
lanes 1 and 2). These cells, however, did not express
mRNA for SDF-1 (Figure 4, lane 3).

Presence of chemokine proteins in CD34* cells by intracellu-
lar immunostaining and Western blot analysis. We used both
FACS" analysis and Western blot assays to determine
whether the mRNAs encoding CCRS-related
chemokines were translated in CD34* cells. Human
CD34" cells were permeabilized and then stained with
PE anti-MIP-1a or PE anti-RANTES mAbs. As shown
in Figure 5, more than 95% of human CD34* cells iso-
lated by magnetic beads expressed MIP-1a. We obtained
similar data when we analyzed CD34" cells for intracel-
lular expression of RANTES (not shown). We next
looked for intracellular chemokine expression in
CD34'KIT* cells, which are enriched for human
myeloid progenitor cells. A representative example of
these studies is shown in Figure 6. These results con-
firmed our RT-PCR data showing that RANTES (Figure
6) and MIP-1a (data not shown) are highly expressed in
purified human CD34"KIT* BMMNC. Of note, we also
found mRNA for MIP-1a, MIP-1f3, and RANTES in
purified (by FACSP) human CD34*CD4* BMMNC

Figure 3

RT-PCR analysis of chemokine expression in human CD34* cells.
(a) MIP-1a (lane 1), RANTES (lane 2), SDF-1 (lane 3), MIP-103
(lane 4), and MCP-1 (lane 5). (b) Positive RT-PCR control reac-
tions for MIP-1a (lane 1), MIP-1B (lane 2), RANTES (lane 3), MCP-
1 (lane 4), and SDF-1 (lane 5). Expression of MIP-1a, MIP-1f3, and
RANTES were detected in mRNA isolated from BMMNC, whereas
expression of MCP-1 and SDF-1 were detected in mRNA isolated
from bone marrow-derived stroma fibroblasts. (¢) Negative RT-
PCR control reactions (using H,O instead of mRNA) for MIP-1a
(lane 1), RANTES (lane 2), SDF-1 (lane 3), MIP-1P (lane 4), and
MCP-1 (lane 5). Lane M, molecular weight marker (®X174
DNA/Haelll).

Figure 4

RT-PCR analysis of chemokine expression in human CD34*KIT*
cells sorted by FACSP. Lanes 1-3 show MIP-10a, RANTES, and SDF-
1, respectively. Lanes 4-6 show negative RT-PCR control reactions
for MIP-1a, RANTES, and SDF-1, respectively. Data from 3 differ-
ent donors was analyzed with similar results. Data from a repre-
sentative donor are presented. Lane M, molecular weight marker
(®X174 DNA/Haelll).
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Figure 5
Intracellular staining for MIP-1a in CD34" cells isolated using MiniMACS beads and subsequently permeabilized. (a) Forward and side
scatter analysis of CD34" cells isolated by MiniMACS beads. (b) Iso-PE staining. (c) PE anti-MIP-1a mAb. (d) MIP-1a detection has been
specifically blocked by addition of MIP-10. Data from 3 different donors were analyzed with similar results. Data from a representative
donor are presented.
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Intracellular staining for RANTES in CD34*KIT* MNC. (a) FITC anti-CD34 staining. (b) Cy5 anti-KIT staining. (¢) R2 cells dual-labeled with
FITC anti-CD34 mAb and Cy5 anti-KIT mAb. (d) Expression of intracellular RANTES in CD34*KIT* cells from R2. Data from 3 different donors
were analyzed with similar results. Data from a representative donor are presented. Cells in area R2 are dual-labeled CD34*KIT* cells.
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(data not shown). Because all these cells express CCRS
intracellularly, we postulate that [B-chemokines are
expressed by a population of CD34*CD4*CCRS5" cells,
which is a potential target for RS HIV infection. Simi-
larly, CFU-Meg-derived Oy/Bs* cells (which highly
express RANTES) are in fact CD4*CCRS" (9), and there-
fore potential targets for RS HIV infection.

Finally, we looked for expression of CCR5-binding
chemokines in lysates of CD34* cells by Western blot
analysis. We detected the presence of MIP-1a, MIP-
1B, and RANTES in those cells (Figure 7). We also
found the presence of RANTES protein in human
CFU-Meg-derived Op,/B3* cells and platelets (Figure
7¢c, lanes 2 and 1, respectively). As expected, SDF-1
protein was not present in lysates from CD34" cells
or CFU-Meg-derived O,/Bs" cells (Figure 8, lanes 2
and 3), but it was easily detectable in lysates pre-
pared from human bone marrow stroma fibroblasts
(Figure 8, lane 1).

Secretion of chemokines by human CD34* cells. To exam-
ine whether CD34"* cells secreted chemokines, purified
CD34* cells were cultured for 24 hours in serum-free
medium, and supernatants collected from those cells
were evaluated for the presence of chemokine proteins
by a very sensitive ELISA assay. We found that CCRS-
binding chemokines (MIP-1a, MIP-1[3, and RANTES)
were secreted by human CD34" cells (Table 1). The
amount secreted by 10° purified CD34" cells was up to
1-2 ng each of MIP-10 and MIP-1f3 during 24 hours of
ex vivo culture.

Expression of chemokines in differentiating hematopoietic cells.
We next assessed intracellular expression and secretion
of chemokines in human hematopoietic cells grown in
serum-free liquid cultures of myeloid, megakaryocyrtic,
and erythroid lineages. We previously reported that both
CXCR4 and CCRS receptors are expressed by cells of
myeloid and megakaryocytic lineage (9).

In this study, we found that CCRS-binding chemokines
were downregulated in all hematopoietic lineages (ery-
throid, myeloid, and megakaryocytic) during differentia-
tion (Table 1), except for RANTES, which showed high
levels of expression in the megakaryocytic lineage (Table

Table 1
Secretion of CCRS5 chemokines by normal human hematopoietic cells

Cells MIP-1a (pg/mL) MIP-1B (pg/mL) RANTES(pg/mL)
Medium alone bsd bsd bsd
CD34* cells 1,803 + 442 1,120 + 81 15578
Day 6 CFU-GM bsd 112+ 39 bsd

Day 11 CFU-GM bsd bsd bsd

Day 6 BFU-E bsd 95+42 bsd

Day 11 BFU-E bsd bsd bsd

Day 6 CFU-Meg bsd 111 £36 85+ 4

Day 11 CFU-Meg bsd bsd 1,933 £ 422

Measurements are from 10° cells/mL of serum-free medium after 24 hours in
culture. Chemokines were detected using sensitive ELISA kits in conditioned
media collected from cultures of CD34* cells and CFU-GM-, BFU-E-, or CFU-
Meg-derived cells expanded ex vivo in liquid cultures for 6 or 11 days. Data
are presented as mean * SD. Each entry constitutes 2 independent measure-
ments from 3 different donors. bsd, below sensitivity of detection (< 31 pg/mL
for MIP-1at and MIP-1[3; < 15 pg/mL for RANTES).
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Figure 7

Western blots showing expression of chemokines in cell lysates from
human hematopoietic cells. (a) Expression of MIP-10 in CD34* cells
(lane 3) in CFU-Meg-derived a5/Bs* cells (lane 2). Lane 1: recombinant
MIP-1a (positive control). Lane M: protein size marker (L7 kDa). (b)
Expression of MIP-1(3 in CD34" cells (lane 2) and in CFU-Meg-derived
O/ Bs* cells (lane 1). Lane M: protein size marker ([I7 kDa). (c) Expres-
sion of RANTES in human platelets (lane 1), CFU-Meg-derived cells
(lane 2), and CD34" cells (lane 3). RANTES is not expressed in CFU-
GM-derived cells (lane 4). Lane M: protein size marker (L7 kDa).
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Figure 8

Western blots showing expression of SDF-1 in lysates from human
bone marrow stroma fibroblasts (lane 1), human CFU-Meg-derived
Oyp/Bs* cells (lane 2), and human CD34* cells (lane 3).

1 and Figure 9b). Similarly, we detected a high level of
RANTES by Western blot (Figure 7c,lane 1) in lysates pre-
pared from peripheral blood platelets; RANTES was also
detected by ELISA (data not shown) in the supernatant
harvested from human platelets activated by thrombin.

Expression of RANTES, MIP-1a, and MIP-1[3in human
CD34* cells is upregulated after stimulation with IFN-y. For
many cells, chemokine secretion is known to increase
after inflammatory stimulation (8). To determine if
this was also true for CD34* cells, we exposed purified
CD34* cells to the inflammatory cytokines IFN-o, IFN-

B, IFN-y, TNF-a, and IL-10. The intracellular expres-
sion of chemokines was then evaluated by FACSH. Of
all the cytokines tested, only IFN-y upregulated expres-
sion of CCRS-binding chemokines in CD34* cells
(Table 2 and Figure 10).

Conditioned medium collected from CD34* cells interfered
with infection of PB-1 cells with RS but not X4 HIV strains. As
a final test of our hypothesis, we investigated the ques-
tion of whether endogenously secreted chemokines
might prevent HIV entry into susceptible target cells.
To address this issue, we attempted to infect the sus-
ceptible PB-1 T lymphocyte cell line (20) with X4
(HXB.2) or RS (Ba-L) HIV strains in the presence of
conditioned medium collected from CD34* cell cul-
tures. Infection of PB-1 cells was evaluated both mor-
phologically (Figure 11) and by measuring the concen-
tration of HIV-related p24 protein in supernatants
collected from infected cells at day 5 or day 10 after
exposure to virus (Table 3). We found that conditioned
medium from cultures of CD34"* cells — which contain
CCRS-binding chemokines — significantly decreased
infection of PB-1 cells by RS HIV (Ba-L) compared with
both conditioned medium that was heat inactivated
before addition to the cells (Figure 11) and normal
medium that did not contain chemokines. The same
conditioned medium, however, did not protect PB-1
cells from X4 (HXB.2) HIV infection.

Finally, to assess whether CC chemokines were
responsible for the observed suppression of the
infectability of PB-1 cells, we used neutralizing mAbs
to MIP-1a, MIP-1f3, and RANTES to block the influ-
ence of those chemokines on RS HIV infection. Figure
12 shows that the inhibition of p24 production by PB-
1 cells infected with RS HIV (Figure 12) in the presence
of supernatants from CD34" cell cultures could be only
partially abrogated by preclearing conditioned medi-
um with neutralizing Abs directed against MIP-1q,
MIP-1f3, and RANTES. Again, conditioned medium
harvested from CD34* cells did not protect PB-1 cells
from infection by X4 HIV (data not shown).

Similar results were obtained using conditioned
medium collected from megakaryoblast cells expand-
ed in culture ex vivo (data not shown). Conditioned
media collected from these cells contained RANTES
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Figure 9

Intracellular staining for RANTES in megakaryoblasts and myeloblasts that were expanded ex vivo for 11 days under serum-free conditions.
(a) Forward and side scatter analysis of day 11 CFU-Meg-derived cells. (b) Expression of RANTES in day 11 megakaryoblasts. (¢) Forward
and side scatter analysis of day 11 CFU-GM-derived cells. (d) Expression of RANTES in day 11 myeloblasts. Data from 4 different donors
were analyzed with similar results. Data from a representative donor are presented.
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Figure 10

Intracellular staining for RANTES in CD34" cells that were isolated using MiniMACS beads and then permeabilized. (a) Forward and side
scatter analysis of CD34" cells isolated using MiniMACS beads. (b) Iso-PE staining. (c) PE anti-RANTES mAb. (d) PE anti-RANTES mAb in
CD34* cells stimulated for 24 hours with IFN-y (1,000 U/mL). Data from 3 different donors were analyzed with similar results. Data from a

representative donor are presented.
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(Table 1), and inhibited infection of PB-1 cells by RS
HIV. In contrast, conditioned media collected from cul-
tures of myeloid and erythroid cells — which do not
secrete CCRS-binding chemokines (Table 1) — gener-
ated no protection in our assay (data not shown).

Discussion
The resistance of human CD34* cells to HIV infection is
not completely understood from a molecular point of
view (9). A significant population of CD34" cells express-
es the CD4 molecule (10). Although it is known that
more than 50% of CD34* cells express CXCR4 (9, 11,23),
surface expression of CCRS5 on CD34* cells is controver-
sial (4,9, 22,24). In this study, we demonstrate the intra-
cellular presence of CCRS, and therefore speculate that
the ability to detect surface expression of CCRS may
depend on differences in cell preparation or staining
procedures. To explain our observations,
we hypothesized that human CD34* cells
might secrete CCRS-binding chemokines
that could downregulate CCRS from the
surface and thus interfere with HIV entry
into cells.

When we examined human CD34* cells
for expression of HIV-related chemokines,
we found that CD34'KIT* cells highly
express mRNAs that encode the CCR5-
binding chemokines MIP-1a, MIP-1f3,
and RANTES, but not the CXCR4-bind-
ing chemokine SDF-1. Moreover, these
CCRS-binding chemokines were detected
by intracellular staining in CD34*KIT*
cells and by Western blot in CD34* cells.
Finally, MIP-1q, MIP-1f3, and RANTES
were detected by sensitive ELISA assays
performed on supernatants collected
from purified CD34" cell cultures.

We propose, therefore, that CD34*
cells are in part protected from R5 HIV
infection by the endogenous production
of CCRS-binding chemokines. These
chemokines may block CCRS5 receptors

Figure 11
PB-1 cells infected with different strains of HIV in the presence of conditioned medi-
um collected from CD34" cell cultures, which was added fresh (top) or heat inacti-
vated before addition (bottom). (a) Cells infected with HXB.2 (X4 HIV). (b) Cells
infected with Ba-L (R5 HIV). Pictures were taken 5 days after infection.

on the cell surface, preventing HIV from using them as
a coreceptor for entry into the cells. An additional pos-
sibility is that ligand-bound receptors may be rapidly
internalized, leaving few surface receptors for HIV
entry. It has been reported that endogenously secreted
-chemokines might be complexed with proteoglycans
and might compete more effectively than do recombi-
nant chemokines with HIV binding to CCRS (25). Dut-
ing myeloid differentiation in vitro, the endogenous
secretion of chemokines is not detectable after day 6.
We hypothesize that surface CCRS is no longer rapidly
internalized or blocked on myeloid cells after day 6, and
that these cells become more susceptible to RS infec-
tion (1, 5). In contrast, megakaryocytic cells continue
to secrete RANTES and to show little surface CCRS,
and are resistant to RS HIV entry (9). The erythroid lin-
eage is similarly resistant to HIV entry (9). In this case,
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Table 2
IFN-y increases secretion of MIP-1a, MIP-1(3, and RANTES from CD34* cells

Cells MIP-1a MIP-1(3 RANTES
pg/mL per 106 cells pg/mL per 10° cells pg/mL per 106 cells

Medium alone 0 0 0

CD34* cells alone 1,954 + 342 1,232 +224 165+ 16

CD34* cells + IFN-y 4,523 + 6704 2,420 + 4307 284 + 487

CD34* cells were isolated using MiniMACS beads and then resuspended in T mL of serum-
free medium. Cells were then exposed (or not exposed) for 24 hours to IFN-y (1,000
U/mL). Chemokines were detected in cell-conditioned media using sensitive ELISA kits.
Data are presented as mean + SD. Each data entry constitutes 2 independent measure-
ments from 3 different donors. AP < 0.0001.

Table 3
Influence of cell-conditioned media from CD34* cell cultures on infectability of
PB-1 cells exposed to HIV strains Ba-L (R5 HIV) or HXB.2 (X4 HIV)

Time after infection HXB.2 Ba-L
Day 5 172 + 64 32+ 167
Day 10 189 +75 35+21A

Infection of PB-1 cells was evaluated by measuring the concentration of p24 protein in
supernatants collected at 5 days or 10 days after exposure to virus. The results are expressed
as a percentage of p24 production by identical cultures incubated with heat-inactivated
conditioned media. The data are from 2 experiments with quadruplicate samples (n = 8).
AP <0.0001 vs. cells infected in the presence of heat-inactivated conditioned medium.

infectability of cells by HIV. Therefore, we
postulate that human CD34* cells, similar to
NK cells and CD8* lymphocytes, may poten-
tially secrete other factors that interfere with
infectability by HIV.

The proposed protective effect of autose-
cretion of CCRS-binding chemokines may
explain the resistance of CD34" cells to RS
HIV infection, but a paralle]l model can not
explain the resistance of CD34*KIT* cells to
X4 HIV infection. This situation may be anal-
ogous to that observed for human NK cells (6,
7), which secrete a similar panel of CCRS-
related chemokines but not SDF-1, and like
CD34* cells remain highly resistant to both
RS HIV and X4 HIV infection (6, 7).

Other mechanisms may also contribute to
HIV resistance. The resistance of the target
cells may be caused by differences in sulfation
of chemokine receptors (29), the presence of
high molecular isoform of receptors on the
cell surface (30), by cross-desensitization of
the chemokine receptors (31, 32), or by a
combination of these.

Our studies also demonstrate that IFN-yis

however, the cells not only stop secreting chemokines,
but they also no longer express CXCR4 and CCRS on
the cell surface (26).

In agreement with our hypothesis, we demonstrated
that the conditioned media containing CCRS-binding
chemokines collected from CD34" cells and megakary-
oblasts inhibited RS HIV entry into the T lymphocyte
cell line PB-1. At the same time, conditioned media col-

an upregulator of chemokine expression by human
hematopoietic cells. Other proinflammatory cytokines
tested in this study (IFN-a, IFN-B, TNF-a, TNF-f, and
IL-10) were ineffective in this role. Therefore, inflam-
matory cytokines that are released during HIV infec-
tion, particularly in response to HIV-related infectious
complications, may modulate the infectability of
hematopoietic cells (1). They can potentially alter the

lected from cultures of myeloblast and erythroblast
cells, which lack any CCRS-binding chemokines, were
without effect. This protective effect could be only par- 50
tially abrogated by preclearing conditioned medium
collected from CD34* cell cultures with neutralizing
mAbs against MIP-1a, MIP-1f3, and RANTES. This
observation supports data that have been published by
other investigators (27, 28), who argue that in super-
natants collected from some human cell cultures (of
NK cells or CD8" lymphocytes), there are factors that
in addition to [-chemokines could modulate
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Figure 12

PB-1 cells infected with R5 HIV (Ba-L) in the presence of condi-
tioned medium (CM) collected from CD34* cell cultures, condi-
tioned medium that contained a cocktail of neutralizing Abs (50
Hg/mL a-MIP-1a(, 50 pg/mL a-MIP-1B, and 10 pg/mL a-RANTES)
(CM with Ab), and control culture medium (SM) that was mock
cleared with an equal amount of nonreactive goat Ig (110 pg/mL).
Results are representative of 3 separate experiments and are pre-
sented as mean p24 (ng/mL) of triplicate measurements. The mul-
tiplicity of infection for both viruses was 0.02. There was a signifi-
cant decrease in Ba-L p24 production at day 5 and day 10 in the
cultures when PB-1 cells were infected in the presence of super-
natant from CD34" cell cultures (P < 0.001). The decrease in Ba-L
p24 production was only partially abrogated by preclearing condi-
tioned medium from CD34" cells with neutralizing mAbs.
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expression of chemokines and chemokine receptors.
For example, we previously reported that IFN-yupreg-
ulates expression of CXCR4, but not CCRS, on the sur-
face of human CD34"* cells (9). It has also been report-
ed that IFN-y may upregulate the expression of CCRS
on human monocytes (33).

The biological role of chemokines endogenously
secreted by human CD34* cells is not clear. Some
chemokines, such as MIP-10a, have been reported to
inhibit hematopoiesis, particularly when present at
very low levels, which prevents their dimerization to
inactive molecules (8, 34-36). Therefore, the secretion
of MIP-1a by CD34* cells suggests the presence of an
autocrine negative regulatory loop in those cells. A sim-
ilar negative regulatory loop has been shown in CD34*
cells for human TGF-f31 (12). On the other hand, the
fact that human CD34* cells secrete MIP-100 may
explain why, in some experimental systems, the addi-
tion of exogenous MIP-1a does not affect cell prolifer-
ation (37-40). Whether secreted MIP-1p3 and RANTES
have an autocrine effect is even less clear. The contin-
ued expression of RANTES in the megakaryocytic lin-
eage may be linked to storage of RANTES and other
chemokines in platelet 0-granules (8). Although the
late expression of RANTES is probably not important
for megakaryopoiesis, it is related to the proinflamma-
tory process (8).

Finally, the secretion of CCRS chemokines by human
CD34" cells explains, at least in part, why these cells do
not show calcium flux, chemotaxis, or phosphorylation
of MAPK p42/44 kinases after stimulation with MIP-
1a, MIP-1f3, or RANTES (26, 41). These cells do not
make SDF-1, have detectable CXCR4 on their surface,
and respond to SDF-1 exposure with calcium flux,
chemotaxis, and phosphorylation of the kinases MAPK
p42/44 and Akt (26, 41-43).

We conclude that human CD34*KIT" cells secrete
MIP-1a, MIP-1f3, and RANTES, whereas SDF-1 is not
expressed in these cells. The secretion of CCRS-binding
chemokines decreases with the maturation of CD34*
cells. Megakaryoblasts, however, still secrete a signifi-
cant amount of RANTES into the culture medium. We
propose that the endogenous production of CCRS5-
binding chemokines by various subsets of human nor-
mal hematopoietic cells provides clues to their relative
infectability with RS HIV strains. Hence, CD34" cells
and megakaryoblasts that secrete CCRS-binding
chemokines are naturally protected from R5 HIV infec-
tion. Finally, an autocrine role for chemokines in regu-
lating the biology of human hematopoietic cells
requires further study.
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