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Abstract

HIV-1 infection in vitro of normal bone marrow mononuclear
cells (BMMC) depleted of mature T cells was studied. BMMC
depleted of either CD3, CD2, or both could replicate HIV-1
irrespective of the presence of macrophages/monocytes. In-
fected bone marrow cells were shown to differentiate during
the culture into CD3', CD4', CD8', and CD1+ cells, whereas
noninfected BMMCgave rise to CD3', CD4', and CD8' cells.
Moreover, 9-14% of the cells also expressed the viral proteins
p24 and gpl20 on their surface. Double staining studies re-
vealed that 72 and 83%of the CD4' cells expressed the gpl20
and p24, respectively, suggesting that virus replication oc-
curred in CD4' cells. T cell colony growth from infected
BMMC,either unfractionated or depleted of mature T cells,
was impaired in a time-dependent manner, and the differentia-
tion capacity of T cell precursors was abnormal. Colony cells
displayed an immature cell phenotype (CD1+ cells) and the
viral proteins gpl20 and/or p24 could also be detected on
CD1+ cells. In addition, pooled colony cells derived from in-
fected CD2- and CD3-depleted BMMCcould infect normal mi-
togen-activated lymphocytes in coculture experiments. These
findings strongly suggest that HIV-1 can infect immature bone
marrow T cells and be transmitted to the progeny, but the
massive viral replication occurs only when the cells differen-
tiate toward CD4' cells.

Introduction

AIDS is etiologically linked to a human lentivirus known as
HIV- 1 (1, 2). HIV- 1 can infect a variety of cellular targets such
as the CD4' helper lymphocytes (3, 4) and Epstein-Barr-
transformed B lymphocytes (5, 6), as well as CD4' macro-
phages (7, 8), endothelial cells (9, 10), and glial cells (11, 12).
The virus has been shown to be cytopathogenic for CD4+ cells
(3, 4).

AIDS and HIV- 1 infection are usually associated with a
variety of hematological abnormalities. The syndrome is
mainly characterized by lymphopenia, which can be partially
explained by the selective CD4tropism of HIV- 1 and the bind-
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ing of the HIV- 1 glycoprotein (gp l 20) to the CD4molecules,
which leads to syncytia formation and cell death. Although the
CD4 molecule has been defined as the cell receptor for HIV
(13-16), the use of fluoresceinated antibodies against viral en-
coded proteins and in situ hybridization techniques (17-19)
has shown that only an extremely small percentage of cells
(5-10%) in the peripheral blood of HIV-infected individuals
are expressing virus at any given time. These observations
suggest that additional mechanisms could be involved in the
pathophysiology of the T cell lymphopenia and impairment of
T cell function.

T cell lymphocytes are the progeny of committed precur-
sors (T colony-forming cells [T-CFC])' that can proliferate and
differentiate in vitro (20-22). Any abnormality of the T-CFC
proliferation and differentiation might allow significant alter-
ations of the peripheral blood T cells and could explain, at
least in part, the impaired cell-mediated immunity during
HIV- 1 infection. Indeed, recently it has been shown that im-
munopurified viral envelope gpl20 (23) as well as disrupted
HIV preparations (24) could inhibit the T cell activation ca-
pacity. Moreover, we have reported that adherent cells from
some AIDS patients spontaneously produce an activity that
inhibits the proliferation of normal T cells through a decreased
expression of the Tac (p55) chain of the IL-2 receptors (IL-2-
R) and a decreased production IL-2 (25). However, it is still
unclear whether HIV can infect immature cells of the T cell
lineage.

The aim of the present study was to investigate the effect of
HIV on the proliferation and differentiation of immature bone
marrow T cells as well as T-CFC. Our findings indicate that T
cell-depleted bone marrow cells can be infected in vitro by
HIV but virus replication occurs when the immature T cells
have differentiated into CD4+ cells. Moreover, HIV induced
an impaired proliferation and differentiation capacity of
T-CFC that was similar to that already observed in AIDS and
lymphadenopathy syndrome (LAS) patients (26-29).

Methods

Cells. An aliquot of bone marrow aspirate was obtained from HIV-1
seronegative normal donors during the procedure of bone marrow
transplantation after informed consent, and from clinically cadaveric
marrow. Bone marrow mononuclear cells (BMMC) were separated by
Ficoll gradient density centrifugation as reported (26, 27). Cell viability
was tested by trypan blue dye exclusion and the cells were resuspended
at 106 BMMC/ml in RPMI 1640 (Gibco Laboratories, Grand Island,
NY) supplemented with 10% FCS (Gibco Laboratories), 2 mML-glu-
tamine (Gibco Laboratories), and antibiotics. BMMCwere further

1. Abbreviations used in this paper: BMMC,bone marrow mononu-

clear cells; IL-2-R, IL-2 receptors; LAS, lymphadenopathy syndrome;
RT, reverse transcriptase; T-CFC, T colony-forming cells.
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purified by complement-mediated cytotoxicity using the OKT3(CD3;
Ortho Pharmaceutical, Raritan, NJ) and/or T 1 (CD2; Coulter Elec-
tronics Inc., Hialeah, FL) MAbs and rabbit complement (Low-tox,
Cedarlane, Ontario, Canada) as reported (16). This cell fraction con-
tained < 2% (range 0-2%) residual mature CD2',CD3' cells as as-
sessed by immunofluorescence and flow cytometry studies, and will be
referred to as CD3 and CD2-CD3- cell fractions, respectively. In
some experiments CD3 or CD2-CD3- cells were further depleted of
adherent cells by incubation in plastic petri dishes for 1 h at 370C in 5%
CO2in air. Plastic adherence was followed by a complement-mediated
cytotoxicity with the OKM1 MAb(Coulter Electronics Inc.). Adherent
cell-depleted bone marrow subpopulations contained < 2% mono-
cytes/macrophages when analyzed by indirect immunofluorescence
and flow cytometry using the OKM1 MAb. Moreover, these cell frac-
tions contained < 2%CD4' cells when tested by flow cytometry. These
cell populations will be referred to as CD3-A- or CD2-CD3-A- cell
fractions, respectively.

Cell infection. The various bone marrow subpopulations were in-
cubated with 50 tissue culture IDso units of HIV-1/106 cells in RPMI
1640 medium containing 2 ag/ml Polybrene (Sigma Chemical Co., St.
Louis, MO)and sheep anti-human a-interferon serum (40 U/ 106 cells)
for 1 h at 370C in 5%CO2in air. Inactivated virus preparation (heated
for 1 h at 560C) was incubated with bone marrow cells as a control.
Subsequently the cells were washed three times with complete culture
medium and their viability was tested. They were then resuspended in
fresh culture medium at 106 cells/ml and cultured in the presence of
PHA(1% vol/vol; Difco Laboratories, Inc., Detroit, MI) and the equiv-
alent of 40 Biological Response Modifiers Program units/ml from
semipurified IL-2 (Biotest, W. Germany). Every third day total cell
number, cell viability, cell phenotype, and T cell colony growth capac-
ity were studied, whereas the supernatant was tested for reverse tran-
scriptase (RT) activity as reported (1). The remaining cells were recul-
tured in fresh culture medium supplemented with IL-2. All cultures
were performed at 37°C in 5%CO2 in air.

Phenotypic studies and expression of viral proteins. Cell phenotype
was determined by indirect immunofluorescence using a panel of
MAbs against the CDI (OKT6), CD3(OKT3), CD4(OKT4),
CD8(OKT8; Ortho Pharmaceutical), and CD2 (Ti 1; Coulter Elec-
tronics Inc.) molecules. Moreover, the expression of HIV proteins such
as the gpl20 and p24 was studied using the correspondent MAbs
provided by Dupont de Nemours, Wilmington, DE. FITC-coupled
goat anti-mouse Ig (Nordic Immunology, Tilburg, The Netherlands)
was used as a second reagent. The cells were examined using an epi-
fluorescence microscope (E. Leitz, Inc., Rockleigh, NJ).

In some experiments two-color immunofluorescence studies were
performed as reported (30, 31) using MAbscoupled to phycoerythrin,
fluorescein, or rhodamine. The samples were evaluated in the same
fluorescence microscope equipped with a combination of blue
(450-490 nmfor FITC and phycoerythrin) and green (530-560 nm for
rhodamine) excitation filters with stop filters at 515 and 580 nm,
respectively.

Tcell colony growth. 5 X I05 cells/ml were seeded in 0.8% (vol/vol)
methylcellulose (Fluka AG, Buchs, Switzerland) in a-MEM (Gibco
Laboratories) supplemented with 15% (vol/vol) FCS and 2 mmol L-
glutamine in the presence of PHA (1% vol/vol) and 40 Biological
Response Modifiers Program units/ml rIL-2 (Biogen, Geneva, Swit-
zerland) as reported (26, 27). 0.1 ml of the methylcellulose cell-con-
taining preparation was seeded per well in 96-well, flat bottomed mi-
crotest plates and incubated at 37°C in 5% CO2 in air for 5-7 d.
Aggregates containing > 50 cells were counted under an inverted mi-
croscope as colonies.

Colonies of the same morphology and size were picked up individ-
ually and pooled. The cells were dissociated, and after washing were
phenotyped as described above. In some experiments pooled colony
cells were cocultured with 3-d PHA-stimulated normal PBL in RPMI
1640 supplemented with semipurified IL-2, 2 ,g/ml Polybrene, and 40
U/Ib6 cells sheep anti-human a-interferon serum. Every third day the
culture supernatant was tested for RT activity.

Results

Infection of T-depleted BMMCby HIV-J. It has been pre-

viously demonstrated that unfractionated BMMCcan be in-
fected and replicate HIV- 1 (17). Since bone marrow aspirates
frequently contain a variable degree of peripheral blood con-

tamination (8-25% CD2' and CD3' cells), we investigated
whether T cell-depleted BMMCcould be infected by HIV-1.
As shown in Fig. 1, CD3- as well as CD3-CD2- BMMCwere

capable of replicating the virus. Indeed, virus production was

detected at days 9-12 and peaked at day 15, with very small
variations in 10 different experiments. This pattern of virus
replication was, in general, independent of the MAbused for
the depletion of BMMC(Fig. 1). Conversely, no virus replica-
tion could be obtained from cultures incubated with heated
virus preparations.

To more precisely define the target of HIV- 1,
CD2-CD3-A- BMMCwere infected with HIV- 1. As shown in
Fig. 2, adherent cell depletion, either before or after cell infec-
tion, did not prevent virus replication. Since CD2-CD3-A-
bone marrow cells contained < 2% OKM1+ and CD4' cells,
this observation strongly suggests that HIV can directly infect
some bone marrow cells distinct from mature T and adherent
cells. Immunofluorescence studies with FITC-coupled HIV
demonstrated that 10% of the cells could bind the virus, as

previously shown (17).
In vitro differentiation of HI V-I-infected, T-depleted

BMMC.Wehave previously shown that HIV-l-infected sub-

jects display significant abnormalities of the in vitro differen-
tiation capacity of peripheral blood and bone marrow T-CFC
(26, 27). Therefore, the effect of HIV- 1 infection on the differ-
entiation of immature bone marrow T cells was studied. Fig. 3
A indicates that noninfected T-depleted BMMCcould differ-
entiate progressively into CD3' (72% at day 12), CD4' (47% at
day 16), and CD8' (32% at day 12) cells. CDl+ cells were

always < 2% throughout the culture period (Fig. 3 A). Con-
versely, in HIV-l-infected cultures of CD2CD3- cells we ob-

served an initial rise followed by a dramatic decrease in CD4'
cells until day 16, which corresponds to the peak of RTactivity
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Figure 1. Replication of
HIV-I in different sub-
populations of human
BMMC.BMMCwere
depleted of mature T
cells by complement
mediated cytotoxicity
using anti-CD2 and
anti-CD3 MAbs. Un-
fractionated BMMC(v),
CD3-depleted (a), and
CD2,CD3-depleted (A)
were infected with an
HIV- I -containing su-
pernatant and cells were
cultured as described in
Methods. Virus replica-
tion was evaluated by
assaying the reverse
transcriptase activity in
the culture supernatant
at different times of the
culture.
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Figure 2. Replication of
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(Fig. 3 B). In addition, these cultures contained a higher pro-
portion of CD8' (52% at day 12) and CD1 (24% at day 16)
cells (Fig. 3 B). Similar findings were observed in infected
cultures of CD2- and CD3- bone marrow (not shown).

Expression of HIV-1 proteins on infected T-depleted
BMMC.Since the above findings strongly suggest that HIV- 1
can induce significant abnormalities of T cell differentiation in
vitro, it was interesting to determine whether T cells are in-
fected.

Immunofluorescence studies using a MAb against the
HIV- 1 envelope glycoprotein gp120 revealed that 9 and 14%of
the cells were positive at days 9 and 12 of the culture, respec-
tively. No gpl20 cells could be revealed in control nonin-
fected cultures. Moreover, double staining with anti-CD4 and
anti-gpl20 MAbs showed that 19 and 72% of the CD4' cells
expressed gpl20 at days 9 and 12 of the culture, respectively.
At day 15 the number of CD4' was too low to evaluate accu-
rately the presence of gp120+ cells. Similar experiments were
also performed using a MAbagainst the p24 product of the gag
gene. p24 was detected on 10% of the total cell population of
the infected cultures at day 10 as well as on 83% of the CD4'
cells. No p24' cells were observed in noninfected cells.

Thus, during the first 15 d of the culture the three following
observations were made: (a) increasing RT activity, (b) ex-
pression of viral proteins on CD4' cells, and (c) disappearance
of the CD4' population. Taken together they strongly suggest
that the virus replication, after infection of T-depleted BMMC,
occurs in CD4' cells that have differentiated in vitro during
the culture period. To more precisely elucidate this point,
HIV- 1-infected T cell-depleted BMMCwere depleted of
CD3+, CD4+cells by complement-mediated cytotoxicity using
the corresponding MAbs at day 9, before the massive viral
replication. < 2,000 cpm/ml of RT activity could be detected
in these CD3- and CD4-depleted cultures during the subse-
quent 15 d of culture, whereas a significant virus replication
(- 30-40 X I03 cpm/ml of RT activity) was observed in con-
trol cultures.

Effect of HIV-I on the proliferation and differentiation of
T-CFC. As shown in Fig. 4 the cloning capacity of T-CFC
from the infected cultures of unfractionated BMMC(Fig. 4 A),
CD3 (Fig. 4 B), and CD2-CD3- (Fig. 4 C) cells was signifi-
cantly decreased in comparison with the noninfected cultures.
However, it is noteworthy that even the initial 1-h incubation
of the cells with the virus preparation resulted in a decrease of
the plating efficiency (day 0; Fig. 4). The decrease of T-CFC
colony growth was time dependent, reaching its maximum
after the peak of RT activity.

The phenotypic study of pooled colony cells at day 15
revealed that colonies derived from noninfected CD2-CD3-
bone marrow cells were composed of CD3+ (55-60%), CD4'
(42-38%), and CD8' (25-30%) cells, whereas CDl' cells were
always < 10% (Fig. 5 C). Conversely, colonies derived from
infected CD2-CD3- bone marrow cells were composed of
50-55% CD3Y, 30-50% CD4+, 22-32% CD8+, and 20-25%
CDl+ cells (Fig. 5 C). A similar phenotype of colony cells was
obtained when unfractionated BMMC(Fig. 5 A) or CD3-de-
pleted BMMC(Fig. 5 B) were infected with HIV-1. In addi-
tion, double staining studies revealed that 18% of the CD4'
colony cells also expressed the CD1 molecule, indicating the
immature phenotype of some of the colony cells.

Infection of T colony cells by HIV. Since T cell colonies
derived from HIV-infected CD2-CD3- normal BMMCdis-
play similar proliferation and differentiation abnormalities as
the colonies observed in patients with LAS and AIDS, it was
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Figure 3. In vitro differentiation of CD2-CD3- BMMCafter HIV- I
infection. Both noninfected (A) and infected (B) cells were pheno-
typed by indirect immunofluorescence throughout the culture period
using various MAbs as described in Methods.
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Figure 4. Study of T cell colony growth at various times after infec-
tion of BMMCby HIV- 1. Unfractionated (A), CD3- (B), and
CD2-CD3- (C) BMMCwere infected with HIV- I as described. At
different time periods a cell aliquot (5 X 105 cells/ml) from both
noninfected (solid bars) and infected (open bars) cultures was seeded
in methylcellulose in the presence of PHAand rIL-2 as described in
Methods. The results represent the mean number of colonies±SD/5
X 104 cells from three replicate experiments.
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Figure 5. Phenotypic characterization of BMMC-derived colonies.
Unfractionated (A), CD3- (B), and CD2-CD3- (C) BMMCwere in-
fected with HIV- I as described. A cell aliquot was taken at day 15 of
the culture and seeded in methylcellulose at 5 X 105 cells/ml for T
cell colony growth. Individual colonies from both noninfected (open
bars) and infected (solid bars) cultures were picked up, pooled, and
dissociated, and colony cells were phenotyped by indirect immuno-
fluorescence as described in Methods. Results represent the mean

value±SD of three replicate experiments.

interesting to study whether colony cells are infected by
HIV-1. Indeed, 12-22% and 18-28% of the colony cells were

expressing viral p24 at days 9 and 15, respectively. In addition,
5 and 9% of the p24+ colony cells at days 9 and 15, respec-
tively, also expressed the CD4 molecule. In parallel studies
24% of the colony cells expressed the gp 120 protein at day 10.

Finally, 8 and 13% of the gp 120+ cells also displayed the CDI
and CD4molecules, respectively, suggesting that a proportion
of relatively immature T cells were infected.

Expression of both gp 120 and p24 on colony cells indicates
that at least a fraction of them are infected by HIV-1. To
further prove this hypothesis, pooled colony cells were cocul-
tured with normal PHA-activated PBL and culture superna-
tants were tested for RT activity. As shown in Fig. 6, pooled
colonies obtained either at day 6 or 9 postinfection could infect
normal activated lymphocytes. It is noteworthy that RT activ-
ity was detected earlier and was significantly higher in cocul-
tures with day 9 than day 6 colony cells (Fig. 6).

Discussion

The results presented in this study clearly indicate that bone
marrow cells depleted of mature T cells could be infected and
replicate HIV-1. Cell infection was independent of the MAb
used for cell depletion since MAbsagainst both the CD3and/
or CD2 molecules could not significantly modify the kinetics
of virus replication (Fig. 1).

T-depleted BMMCis a heterogenous cell population in-
cluding both relatively mature and immature cells of the gran-

ulopoietic, erythroid, B lymphoid, macrophage/monocyte lin-
eages, as well as pluripotent and committed precursors of the
various lineages. It has already been reported that monocytes
and macrophages could present a latent HIV- 1 infection (7).
This cell population has been proposed to be an "in vivo reser-

voir" of the virus (7, 8). Our findings on HIV- 1 infection of
adherent cell-depleted BMMCindicate that adherent cells are

not the limiting factor for cell infection, at least under our

experimental conditions, and suggest that the virus can di-
rectly infect a nonadherent cell subpopulation of BMMC.The
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Figure 6. Infection of normal mitogen-activated lymphocytes by co-
culture with colony cells derived from infected CD2-CD3- BMMC.
Pooled colony cells from CD2-CD3- BMMCinfected for 6 (L) and 9
(L) d were cocultured with normal activated lymphocytes as de-
scribed in Methods. Virus replication was monitored by measuring
the reverse transcriptase activity of the culture supernatant through-
out the culture period.

slight delay in virus replication observed in BMMCthat were
depleted of adherent cells before infection seems to indicate
that the presence of adherent cells facilitates cell infection and
is in agreement with the hypothesis of the "in vivo reservoir"
of adherent cells (7, 8). However, since no CD4' cells could be
detected in CD2-CD3-A- BMMCby flow cytometry studies,
it is reasonable to hypothesize that molecules other than the
CD4 may be used as the HIV- 1 receptor on immature bone
marrow cells as previously suggested ( 17).

The cell origin of the infected bone marrow cells seems to
be immature T cells. Indeed, two-color fluorescence staining
could not reveal the expression of viral proteins (p24 or gp 120)
on My9 or My7 cells throughout the culture period (not
shown). It has recently been shown that in some patients' HIV
isolation and propagation could be obtained when monocytes
were treated with recombinant colony-stimulating factor 1
(32). Since the culture conditions used in the present study
favor the proliferation of T but not of myeloid cells, we cannot
exclude a nonproductive viral infection of myeloid/monocytic
cells. On the other hand, T cells differentiating during the
culture period were shown to be infected by HIV-1, since 19
and 72% of the CD4' cells expressed the gpl 20 at days 9 and
12, respectively. This gpl 20 expression was not due to the
binding of viral particles, since 83% of them also expressed the
p24 core protein. This hypothesis is further supported by the
kinetic data which clearly indicate that virus replication is fol-
lowed by a dramatic decrease of the CD4' cells; moreover,
CD4' cell depletion of cultured cells allowed a dramatic arrest
of viral replication (Fig. 4). These observations suggest that
T-depleted BMMCcan be infected by the virus, but massive
viral replication occurs only when immature T cells are begin-
ning to differentiate.
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The hypothesis of HIV infection of the immature T cells is
strongly supported by the study of colony cells obtained after
HIV-1 infection. 20-25% of the colony cells were CDl' and
double staining revealed cells that displayed both the CDi and
CD4molecules, indicating their immature cell phenotype (33)
and, thus, an abnormal differentiation capacity of T-CFC. In
addition, the expression of gp 120 on 8%of CD1 + cells clearly
indicates the presence of HIV- 1 in immature T cells. Further-
more, 12-22 and 24% of the colony cells expressed p24 and
gp 120, respectively. However, direct evidence of the infection
of colony cells with the virus was given by the capacity of
pooled colonies to infect normal mitogen-activated lympho-
cytes. Since pooled colonies were used for coculture experi-
ments we cannot exclude the possibility that only a proportion
of these colonies are infected. Taken together the above obser-
vations demonstrate that HIV- 1 can infect T cell progenitors
and be transmitted to their progeny, affecting the differentia-
tion capacity of immature T cells.

HIV- 1 infection of BMMCallowed an impaired prolifera-
tion of T-CFC. However, it is of note that even the initial 1-h
incubation of the cells with the virus preparation resulted in a
decrease of the plating efficiency (day 0; Fig. 4). Although
HIV- 1 infection of some immature T cell precursors seems
very likely, as reported above, this early effect of HIV on
T-CFC proliferation is difficult to explain. Indeed, we cannot
exclude the possibility that cell contact with HIV- 1 triggers
some inhibitory mechanisms that affect important molecular
systems necessary for in vitro proliferation of T-CFC. Wehave
reported that media conditioned by AIDS patients' adherent
cells spontaneously produce an activity inhibiting the prolifer-
ation of normal T-CFC through decreased expression of the
Tac chain of the IL-2-R and production of IL-2 (25). More-
over, Pahwa et al. (24) have shown that disrupted viral prepa-
rations are also capable of inhibiting the expression of IL-2-R,
whereas Mann et al. (23) have reported that immunopurified
gpl 20 from HIV could inhibit the mitogenic stimulation of
lymphocytes. The inhibitory effect of viral proteins is still con-
troversial since other studies have shown that both p24 and
gpl2O could induce in vitro specific T cell responses in HIV-
infected subjects (34) as well as in immunized animals (35).
However, it seems unlikely that inhibitory activities produced
by infected cells or by gpl 20 could be expressed as soon as 1 h
after HIV- 1 infection. Therefore, other mechanisms such as
membrane modifications due to virus cell binding and pene-
tration might be involved in this immediate inhibition of
T-CFC proliferation.

The impaired proliferation and abnormal differentiation
capacity of T-CFC observed in cultures infected in vitro are
very similar to those observed in vivo in HIV- 1-infected sub-
jects (26-29). Indeed, we and others have previously demon-
strated that T-CFC from patients with HIV- 1 infection
(asymptomatic seropositive subjects, AIDS and LAS patients)
display significant abnormalities of their in vitro proliferation
capacity (26-29). Moreover, patients' T-CFC display an ab-
normal in vitro differentiation capacity since colony cells ex-
pressed, in a high proportion, the CD1 molecule (26-28) that
characterizes immature T cells (33). Therefore, our findings
support a pathophysiological scheme of immature T cell pro-
genitor infection: HIV- 1 can infect, either directly or indirectly
(i.e. through a nonadherent bone marrow cell), immature T
cells which do not seem capable of massively replicating the
virus. However, HIV-1 is transmitted to the progeny and is

replicated when the cells differentiate into common and/or
late thymocytes expressing the CD4molecule. In this case, we
hypothesize that immature or poorly differentiated T cells
could possess some regulatory mechanisms that do not favor
virus replication. The elucidation of these mechanisms is very
important for the understanding of the latent or productive
HIV-l infection. In addition, in vitro bone marrow cell infec-
tion with HIV- 1 could provide a useful model to eviduate the
effect of various agents, potentially active, in the treatment of
AIDS patients.
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