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Infection and Replication of HIV-1 in Purified 
Progenitor Cells of Normal Human Bone Marrow 

Myeloid progenitor cells were highly purified from normal human bone marrow by 
positive immunoselection with high-afity monoclonal antibodies linked to magnetic 
beads and were successfully infected in vitro with the human immunodeficiency virus 
type 1 (HIV-1). Prom 99 to 100 percent pure bone marrow cells expressing the CD34 
phenotypic marker were obtained. These cells were devoid of mature myeloid or T cell 
surface and intracellular markers as analyzed by immunohistochemical staining and 
flow cytometry. HIV-1 particles were detected by supernatant reverse transcriptase 
activity and transmission electron microscopy 40 to 60 days after infection. Viral 
particles were predominantly observed assembling and accumulating from within 
intracellular membranes, while phenotypically the cells were observed to have differen- 
tiated into CD4' monocytes. These studies have important implications in under- 
standing the pathogenesis of HIV-1 as well as the possible cause of certain of the 
observed hematologic abnormalities in HW-1 infection. They also indicate that the 
bone marrow may serve as a potentially important reservoir of HW-1 in the body. 

A SPECTRUM OF HEMATOLOGIC AB- 

normalities have been described in 
patients with the acquired immuno- 

deficiency syndrome (AIDS) and human 
immunodeficiency virus type 1 (HIV- 1)- 
related disorders. These have included pe- 
ripheral blood cytopenias of all cell types (1) 
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as well as bone marrow abnormalities such 
as myelodysplasia (2-4). Indirect evidence of 
infection of bone marrow cells has been 
reported and proposed as a potential expla- 
nation for these abnormalities. Busch et al. 
(5) detected the presence of H N - 1  mRNA 
in mvelocvtes and monomvelocvtes from , , , , 
bone marrow of patients with AIDS using 
in situ hybridization, suggesting that my- 
eloid precursors might be infected. Dona- 
hue et al.  (6 )  reported that immune mediat- 
ed mechanisms might be responsible for the 
ineffective hematoioiesis seen in patients 
with AIDS and AIDS-related complex 
(ARC). They found that antibodies to the 
envelope glycoprotein (gp120) of HIV-1 
could suppress granulocyte-macrophage col- 
ony stimulating factordependent colony 
formation by low density, nonadherent 
bone marrow cells from HIV-1-infected 

individuals but not from normal controls. 
They postulated that antibody to gp120 
recognized this virus-encoded protein ex- 
pressed on the surface of HIV-1-infected 
progenitor cells, but not on normal cells, 
and directly or indirectly blocked their 
growth. In the absence of antibody to 
gp120, the proliferative potential of the cells 
was not grossly altered, indicating that 
H N - 1  may not be directly cytotoxic to the 
myeloid precursors. This raises the possibili- 
ty that the bone marrow may serve as a 
reservoir for H N - 1  in the body. 

The ability to study directly the hypothe- 
sis that HIV-1 can infect myeloid progeni- 
tor cells has been hampered by the difficulty 
of obtaining these cells in highly purified 
suspensions devoid of contaminating cells 
known to be susceptible targets of HIV-1, 
such as CD4 lymphocytes (7) and mature 
monocytes (8). In the present study we 
examined virtually pure preparations of nor- 
mal human bone marrow cells expressing 
the CD34 antigen, which were obtained 
with a novel positive immunoselection pro- 
cedure. This small subset of bone marrow 
cells (0.5 to 2%) is highly enriched in 
hematopoietic progenitors of all lineages (9, 

Table 1. Phenotypic profile of fractionated bone 
marrow cells. Red cells were lysed in buffered 
ammonium chloride solution. A fraction of Fc 
receptor bearing cells was magnetically depleted 
by adherence to preformed human and mouse 
immune complexes coupled to BioMag beads 
(Advanced Magnetics). Positive irnrnunoselection 
was performed with K6.1 (IgG2a) antibody 
crosslinked onto Dynabeads M-450 (Dynal), and 
cells were recovered by cleaving the antibody- 
bead Ilkage. Antibodies were purchased from 
Becton Dickinson or Coulter. These were either 
directly conjugated with fluorescein or phycoery- 
thrin, or if they were of the IgGl or IgM isotypes 
were detected with conjugated isotype-specific 
secondary antibodies (Fisher Biotech). Negative 
controls were matched for isotype, mode of con- 
jugation, and source. Cells were analyzed on an 
Ortho Cytofluorograf. Cells that showed less than 
1% positivity were considered not detectable 
(ND). Some additional phenotypic properties of 
the CD34+ cells have been reported (11, 20). 

-- - 

Monoclonal antibody Percent positive 

Myeloid 
CD34 (MY10) 99 
CD 13 (MY7) 75 
CD33 (MY4) 50 
CDl lb  (M01, CR3) ND 
CD14 (M02, Leu-M3) ND 

T lymphocyte 
CD3 (T3, Leu-4) ND 
CD4 (T4, Leu-31 ND 
CD5 ( ~ e u - 1 )  ' ND 
CD8 (T8, Leu-2) ND 

Nul l  lymphocyte 
CD16 (Leu-lla) ND 

Class I I  M H C  
Dr 85-90 
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10) and does not include anv detectable 
phknotypically or hctionally mature cells 
(9, 11) (Tables 1 and 2). We show here that 
these cells can be directly infected with 
HIV-1 in vitro and can efticiently propagate 
the virus in the presence of relatively little 
cytopathicity. 

To obtain a sufKcient number of purified 
cells for concurrent infectivity and pheno- 
typic studies, we collected human bone mar- 
row from vertebral bodies of cadaveric or- 
gan donors. After red cell lysis and adher- 
ence depletion steps, CD34' cells in the 
remaining cell suspension were isolated by 
adsorption to 4-km magnetic beads linked 
via the high-afhity CD34 monoclonal anti- 
body (MAb) K6.1(12) and then by magnet- 

o Control 
HIV-1 infected 

Time after Infection (days) 

Fig. 1. Kinetics of HIV-1 infection of normal 
human CD34+ bone marrow cells. The cells were 
prepared as described (see Table 1) and seeded in 
Costar 24well plates at a concentration of 
5 x 1@ cells per milliliter in 1 ml of medium 
(Iscove's modified Dulbefco's medium contain- 
ing 2 mM glutatnine, 25 mM Hepes, and 10% 
fetal calf serum). Cultures can be maintained for 
more than 10 weeks under these conditions (20). 
Cell cultures were incubated with a lo-' dilution 
of virus (100 p1 of stock HIV-1) (MOI of 
approximately 1 IU per ten cells) for 24 hours at 
37°C and 7% Cot; 75% of the medium was 
removed every 24 hours for the first 5 days and 
then once every week. Culture supernatants were 
stored at -70°C. Reverse transcriptase activity 
was measured weekly by a modification of the 
technique described by Wiky et al. (21). 

ic selection (1 1). Beads were dissociated 
from the cells chemically under conditions 
that did not alter the detection of other 
surface antigens. When reexamined for 
CD34 expression by immunofluorescence 
staining with the MAb-MY-10 (9), which 
recognizes a separate epitope on this antigen 
(12), virtually 100% of the cells were posi- 
tive. The majority of cells were also positive 
for class I1 major histocompatibility com- 
plex (HLA-DR) as well as myeloid markers 
CD13 (MY-7) and CD33 (MY-9). Howev- 
er, no cells were detected bearing other 
myeloid, T lymphocyte, or natural killer cell 
markers (Table 1). In other experiments 
where irnrnunohistochemical analysis was 
performed and fewer cells were required, 
CD34' cells were purified from bone marrow 
aspirates after Ficoll-Hypaque separation. In 
this procedure red blood cells were removed 
by Ficoll-Hypaque and the remainingCD34+ 
cells were further isolated by the magnetic 
bead procedure described above. Both 
CD34' and CD34- cultured cells were har- 
vested after 24 hours and fixed for immuno- 
histochemical staining. All CD34+ cells 
were found to be positive for MY-10 and 
negative for all mature T cell markers tested 
including CD4. In addition, none of the 
cells showed a-naphthyl butyrate esterase 
staining indicative of monocytes. The 
CD34-depleted population showed some 
positivity (5 to 10%) for all mature markers 
tested (Table 2). 

Using a high multiplicity of infection 
(MOI) (1 IU per ten cells), we incubated 
stock HIV-1 with the CD34+ cells for 24 
hours and dture.5 were maintained without 
additional defined growth factors or acces- 
sory cells. At approximately 1 month after 
initiation of HIV-1 infection, reverse tran- 
scriptase (RT) activity could be detected in 
the supernatants of cultures exposed to 
HIV-1, but not in uninfected control cul- 

Table 2. Immuno- and histochemical analysis of HIV-l-infected bone marrow progenitor cells. 
Positively selected CD34 bone marrow cells were isolated as described (see Table 1). After culture with 
or without HIV-1 for 40 to 60 days (see Fig. 1) cells were removed fiom culture wells, centrifuged, and 
stained with either indirect peroxidase conjugated MAbs (MY10, Leul, Leu3, Becton Dickinson) or 
nonspecific esterase for in situ analysis. In addition, freshly selected CD34+ and CD34- cells were 
d tured  for 24 hours and subjected to similar histochemical analysis. Grading of histochemical analysis 
was recorded as the percentage of cells showing positive staining ( -, 0.5%; +, 5 to 10%; + + +, 80 to 
90%; + + + +, 90 to 99%; 2, 5 to lo%, weak staining). Culture supernatants derived h m  HIV-1- 
infected cells were all positive for RT activity. These data represent the successfd infxtion of eight 
separate bone marrow-derived CD34+ cultures using either LAV, bone marrow-adapted LAV, or a 
macrophage derived HIV-1 isolate. 

24 hours in culture 40 to 60 days in culture 
Marker 

CD34+ CD34- Uninfected Infected 
CD34+ cells CD34+ cells* 

CD34 (MY 10) ++++ + - 
CD5 (Leu 1) - + - 
CD4 (Leu 3) - + ++++ 
Nonspecific esterase - + ++++ 

Fig. 2. Transmission electron micrograph of a 
typical uninfected bone marrow cell at day 75 of 
culture. There are granular vacuoles filling the 
cyto lasm, an irregular eccenmc nudeus, compli- 
catecfsurface folds, and few lynaomes ( ~ 4 7 0 ) .  

tures (Fig. 1). A progressive increase in 
supernatant RT was observed over the re- 
m & n g  period of culture. At no point 
during the entire culture period was there 
any evidence of gross cytopathic effects as 
determined by light microscopy. Between 
40 and 60 days of culture, cells from infect- 
ed and uninfected cultures were harvested 
and fixed for immunohistochemical analysis. 
The cells had now converted to a CD34- 
and nearly totally (98%) a-naphthyl buty- 
rate esterase-positive phenotype. In addi- 
tion, this differentiation was associated with 
conversion of virtually all cells to CD4 posi- 
tivity. This differentiation occurred in cells 
from both the infected and uninfected cul- 
tures. Staining for CD4 was significantly 
weaker in the infected culture. At no point 
in either infected or uninfected cultures were 
mature T cells (leu 1') ever observed (Table 
2)- 

At 75 davs after infection. cultures were 
harvested and the cells processed for trans- 
mission electron microscopy (TEM) (1 3). 
Uninfected cells, both adherent (generally 
flattened) and nonadherent, had irregular, 
complicated surfaces and showed active pi- 
nocytosis, eccentric flattened nuclei, small 
perinuclear Golgi zones, scattered mito- 
chondria and profiles of rough endoplasmic 
reticulum, relatively few lysosomes, and 
varying numbers of cytoplasmic vacuoles 
filled with granular or flocculent material 
(granular vacuoles) of increasing density 
(Fig. 2). The Golgi apparatus and pinocy- 
totic vesicles appeared to be involved in the 
formation of the vacuoles, which often a p  
peared to be enlarging by fusion. 

Greater than 50% of cells in cultures 
exposed to HIV-1 contained typical bud- 
ding and mature particles with conical- 
shaped nucleoids (Fig. 3A). Clearly, the 
exposed plasma membrane in direct contact 
with the medium was the least common site 
for virus production, as indicated by the 
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relatively few budding particles. When pre- 
sent, budding virions could be seen on the 

ly monocytes, they lacked lysommes, charac- 
teristic cytoplasmic granules, or a prominent 
Golgi apparatus. Their cytoplasm was domi- 
nated by granular vacuoles that appeared to 
have a relationship to both the Golgi and 
pinocytic vesides. The vacuoles resembled 
the primary granules (PI) described in pro- 
myelocytes, but characteristic denser pri- 
mary and secondary granules were not seen. 
In contrast, the infected cells tended to have 
fewer granular vacuoles and more primary 
lysosomes, suggesting cell maturation as vi- 
rus production increased. 

The virus appeared to assemble preferen- 
tidy on internal membranes; these were 
either invaginations of the plasma mem- 
brane or sites that appeared to be isolated 
from the plasma membrane, representing 
either sealed-off invaginations or phago- 
soma or autophagmmes. In either case, 
these compartments were present long 
enough to accumulate large numbers of 
virions. It is likely that a small, and perhaps 
steady, proportion of infected cells reached a 
degree of intracompamnental virus produc- 
tion and accumulation that was not compat- 
ible with survival and released large numbers 

of virions into the medium. In this regard, 
culture supernatants fiom i n f e d  cultures 
were transferred onto susceptible phytohe- 
magglutinin-stimulated peripheral blood 
lymphocytes and found to be infectious, 
indicating that virus was being produced in 
the cells and could be passaged. 

These findings provide direct evidence for 
the infectibility of progenitors or early pre- 
cursors of the myelomonocytic lineage, as 
was suggested by previous workers (5, 6). 
The absence of a marked cytopathic effect 
during acute infkction corroborates work by 
us and others (14) on in v im HIV-1 infec- 
tion of promonocytic tumor cells, which are 
progeny of bone marrow cells of myelomon- 
ocytic lineage. In our previous study, an 
i n f d  done (Ul) derived fiom chronical- 
ly infected U-937 cells did not constitutively 
express virus but was inducible with phorbol 
myristate acetate (14) or cytokines (15) and 
yet showed no cytopathic effect. Recently, in 
vitro inteaion with HIV-1 of normal ma- 
ture peripheral blood monocytes was 
achieved by a number of laboratories (8) and 
such infections revealed little or no cyto- 
pathic effect. 

lower surfas, against the plastic substrate, 
as well as on the upper surface. By far, the 
two most active sites of virus production 
and accumulation were compl& invagina- 
tions of the cell surfice (Fig. 3B) and irregu- 
lar cytoplasmic spaces that resembled endo- 
som& b;t did not have associated lysosomes 
(Figs. 3, C and D). The distinction between 
the two types of compartments was cMicult. 
The virus-laden compartments appeared ca- 
pable of progressive& increasing number 
and size until budding and mature virions 
virtually replaced the entire cytoplasm (Fig. 
3E). Such cells appeared to eventually lyse 
and detach from the substrate. Virions were 
less commonly seen in granular vacuoles 
(Fig. 3F), multivesicular bodies, and 
smooth vacuoles resembling Golgi elements. 
I n f d  cells tended to have fewer granular 
vacuoles, more primary lysosomes and were 
more often binucleate and larger in size than 
their uninfected counterpart. 

The cells in the uninfected controls were 
morphologically homogeneous. Although 
they had features of myelocytes and especial- 

"'i . *.cC * 
> ,: :,. -..: 
(> , ). 
' ,<#'"f .* 

FF?@T@yyq Flg. 3. (A) Transmission electron nucrographs of 
5 P-f a typ~cal ~nfected bone marrow cell at day 75 of 2, . 

I 
j~ . culture (~5,700).  (B) Compartments formed by 

.+ 
decp lnvaglnatlons of the surface of a flattened 
ccll, contalnlng assembling virus ( x  15,300). (C 
and D) Central cytoplasm of an infected ccll 
showlng a per~nuclear labvr~nth of compamnents 
filled with assembling and mature vlr~ons (D) 

i ", Enlargement (X48,OOO) of a ficld in (C). No 
p,i- " 
.p. A vlnons were observed associated w ~ t h  the exposed 

"A 
, bubbly plasma membrane. Electron-dense l ~ p ~ d  

vacuoles are present. (E) Transmlssion electron 
m~crograph of about two-th~rds of a large and 

cell. Virions in all stages of assembly are prcsent. A few viral particles are associated 
In three granular vacuoles; one has not completed budcling (~48,000). 

complicated virus-laden compartment within a degenerating flattened 
with the upper and lower cell surfaces (X 12,500) (F) Typical virions 
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It is difficult to detect virus in mature 
circulating monocytes (16), and virus has 
not been recovered from mature granulo- 
cytes. In vivo, therefore, it is likely that only 
a very small proportion or a subpopulation 
of CD34' bone marrow progenitor cells are 
infected with HIV-1 and the remainder 
differentiate normally into mature blood ele- 
ments. This could explain why cytopenias of 
granulocyte and monocyte lineage in HIV- 1 
infection are relatively uncommon (2, 3). 
The extent to which infection of bone mar- 
row progenitor cells can explain the ob- 
served hematologic abnormalities in H N - 1  
infection is uncertain. The studies of Dona- 
hue et al. (6) suggest that immune-mediated 
response to infected progenitor cells may 
have a significant role in the pathogenesis of 
these abnormalities. Our results hrther indi- 
cate that in the absence of growth factors the 
monocytoid cells that are derived from these 
progenitors may persist without detectable 
cell division, since mitotic figures were never 
observed and cell numbers did not increase 
during the culture period of 40 to 60 days. 
This minimizes the likelihood of infection of 
a subset of CD34+ cells and subsequent 
outgrowth of a minor infected population. 
Nevertheless, even if only a small proportion 
of precursor cells could accumulate the 
quantity of viral particles in vivo as was 
observed in our in vitro system, this could 
provide an important reservoir of HIV-1 
and could contribute to the dissemination of 
virus. Furthermore, there is precedent for 
bone marrow serving as a reservoir for retro- 
viral infection. In the feline leukemia virus 
system a latent form of the virus resides 
predominantly in myelomonocytic precur- 
sors of the bone marrow (17). 

The fact that these progenitor cells could 
be infected with HIV- 1 in the initial absence 
of detectable surface or intracellular CD4 
protein does not rule out its involvement 
(18). Clearly, undetectable CD4 could be 
present and serve as the H N - 1  receptor in 
these cells. Alternatively, phagocytosis 
might serve as a mode of viral entry. The 
finding that CD4 develops during differen- 
tiation of these cells might also represent the 
mechanism of viral spread in the cultures 
and explain the need to culture cells for an 
extended time before detection of virus. 
More important, the gradual differentiation 
of these cells into cells of the monocytoid 
lineage is consistent with monocytes serving 
as viral reservoirs (19) and with their poten- 
tial for disseminating infection to other or- 
gans. 
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Transcriptional Activation of a Cutinase Gene in 
Isolated Fungal Nuclei by Plant Cutin Monomers 

The molecular mechanism by which fungal spores that land on plants sense the contact 
and consequently trigger cutinase gene expression to gain entry into the plant was 
studied in isolated nuclei. Nuclear runoff experiments showed that the induction 
involved transcriptional activation. Monomers, unique to cutin, and a soluble protein 
factor from the fungal extract selectively activated cutinase gene transcription, proba- 
bly by promoting initiation in nuclei isolated from uninduced Fusarium solanipisi. This 
in vitro transcriptional activation produced normal-sized cutinase messenger RNA. 
Alterations in the monomer structure diminished the transcriptional activation. 

F UNGAL PATHOGENS PENETRATE THE 

cuticular barrier of plants by using 
cutinase, an extracellular enzyme pro- 

duced by the germinating spore (1). The 
fungal spore senses the contact with the 
plant surface when the small amount of 
cutinase carried by the spore releases 10,16- 
dihvdroxvhexadecanoic acid and 9.10.18- 

4 4 , , 

trihydroxyoctadecanoic acid from the insol- 
uble structural polyester of plant cuticle. 
These monomers. which occur in nature 
only as components of cutin (4, were found 
to be potent inducers of cutinase in the 
spores of Fusauium solani pisi (Nectuia hemato- 
cocca) (3). We now show that these mono- 
mers from the plant cuticle trigger transcrip- 
tion of a cutinase gene in the h g a l  patho- 
gen. We also show that the dihydroxy fatty 

acid component of plant cuticle, together 
with a soluble protein factor from the h n -  
gus, induces selective transcription of the 
cutinase gene in isolated nuclei. We used 
this in vitro transcriptional activation as an 
experimental system to elucidate how a 
plant cuticle component is used by the 
pathogen as a molecular signal to sense 
contact with the plant and how this signal is 
used to transcribe the gene whose product is 
necessary for fungal entry into the host. 
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