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Abstract

Westudied the effect of human immunodeficiency virus (HIV)
infection on the surface-marker expression of the human pro-
monocytic cell line U937. U937 cells persistently produced HIV
as detected by reverse transcriptase activity in culture super-
natant. Expression of HLAclass U antigens on U937/HIV cells
was decreased 2- to 10-fold, depending on the Mab used. Class
II expression of U937/HIV cells increased approximately two-
fold by treatment with r-interferon-'y. Whereas noninfected U937
cells expressed moderate amounts of lymphocyte function-as-
sociated antigen-1 (LFA-1) (CD11a) and minimal amounts of
the C3bi receptor (CD11b) and p150/95 (CDI1c), U937/HIV
cells expressed moderate amounts of C3bi receptor and p150/
95 and showed elevated expression of LFA-la (CD1la) and -f
(CD18) chains. Expression of these adhesion molecules resulted
in strongly enhanced phorbolester-induced aggregation of U937/
HIV cells compared with the noninfected U937 cells. In addition,
almost all U937/HIV cells, but not noninfected U937 cells, in-
tensely stained for cytoplasmic nonspc esterase activity. The
effects of HIV infection on U937 cells strikingly resemble the
effects of differentiation-inducing agents, such as PMAand
DMSO,on the U937 phenotype. Our finding suggests that HIV
infection, apart from down regulating class II expression, induces
differentiation of U937 cells.

Introduction

It is now well established that human monocytes/macrophages
and follicular dendritic cells can be infected with the human
immunodeficiency virus (HIV)1 (1-3). HIV is cytopathic for T4'
cells that express large amounts of CD4but not for monocytes
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1. Abbreviations used in this paper: APC, antigen-presenting cell; FcR,
Fc receptor; FITC, fluorescein isothiocyanate; HIV, human immuno-
deficiency virus; IMDM, Iscove's modified Dulbecco's medium; LFA-
1, lymphocyte-function-associated antigen-i; Mab, monoclonal antibody;
PMA, phorbol 12-myristate 13-acetate; r-interferon-y, recombinant in-
terferon-y, RT, reverse transcriptase; TCID50, tissue culture infectious
dose 50.

or EBV-transformed B cell lines that express minimal amounts
of CD4 antigen (4, 5). Hence, monocytic cells may well serve
as a reservoir in virus dissemination and persistence, in analogy
to the lentivirus model (6, 7). On the other hand, the HIV in-
fection of monocytic cells, although not directly lethal, may have
profound effects on the functional properties of the monocytic
cells. Since monocytes and follicular dendritic cells have a crucial
role as antigen-presenting cells (APC) in both the cellular and
humoral immune response, this may explain immune abnor-
malities observed in HIV-infected individuals with normal C1()4
T cell numbers (8). Abnormalities in monocyte chemotaxis (9)
and accessory cell functions for T cell proliferation (10) have
been reported in acquired immunodeficiency syndrome (AIDS)
and ARC. Moreover, Heagy et al. (1 1) and Belsito et al. (12)
demonstrated that monocytes and Langerhans cells, the epider-
mal APC, of AIDS patients, expressed decreased amounts of
HLA class II antigens. These findings may imply that HIV in-
fection of monocytic cells may influence membrane-antigen
expression and functional capacities of APC.

Here, we studied the effects of HIV infection of the pro-
monocytic cell line U937. Phenotypic analyses with monoclonal
antibodies (Mab) against myeloid differentiation antigens re-
vealed that HIV infection induced expression of CDI lb (C3bi
receptor) and CDl lc (p1 50/95)-adhesion molecules and en-
hanced the expression of lymphocyte function-associated anti-
gen- 1 (LFA- 1) (CD I la). In contrast, class II antigen expression
was down regulated on HIV-infected U937 cells. Taken together,
our findings strongly suggest HIV-induced differentiation of
U937 cells to a more mature monocytic phenotype.

Methods

Cells. The cell lines H9 and H9/HTLV-III-B (13) and the human mono-
cytic cell-lines U937 and U937/HIV were grown in Iscove's modified
Dulbecco's medium (IMDM) supplemented with 10% fetal calf serum
(FCS) and antibiotics. The cell lines were routinely monitored for my-
coplasm infection and repeatedly shown to be negative.

Virus and virus transmission. HIV was propagated and isolated from
the H9 cell line infected with the HIV strain designated HTLV-III-B
(13). Supernatant from the cell line was titrated on H9 cells and shown
to have a TCID5o > 105 (14). For infection of U937 cell cultures, pelleted
U937 cells (10') were incubated for I h at 370C with I ml of a virus
inoculum with a TCID5o > 105 in the presence of 25 ,g/ml polybrene.
The cells were then seeded in 5-ml cultures (106/ml) in IMDM,
10% FCS.

Reverse transcriptase (RT) assay. Reverse transcriptase activity was
determined in polyethylene glycol (10%) precipitates of cell culture su-
pematants as described before (15) with minor modification.

Detection of viral antigen expression by indirect immunoperoxidase
staining. Indirect immunoperoxidase staining with a human anti-HIV
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Figure 1. Phenotypic analysis of noninfected U937 cells and HIV-infected U937 cells, designated U937/HIV. The cells were indirectly stained
with M02 (CD14); J3B 1 (CD35) (CR1); CLB-LFA-l/l (j3) (CD18); B4.3; VIM2; W6/32, and 5F12 anti-class I framework Mab; and OKI, M3H5
and IV A12 anti-class-I1 Mab. As control, CLB-T8/1 (CD8) was used (dotted lines). Fluorescence intensity is expressed on a log scale.
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Figure 2. Cytofluorographic analysis of
U937/HIV cells and r-interferon-y-treated
U937/HIV cells stained with anti-class I
(W6/32 and 5F12) and anti-class II (El,
M3H5, and IV A12) Mab.
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serum-containing antibodies against all major viral proteins (p24, gp4 1,
and pgl60) on immunoblots and biotinylated anti-human IgG antibodies
and preformed avidin-biotin complex-coupled peroxidase was performed
on unfixed cytospin centrifuge preparations as described (16).

Detection of nonspecific esterase in U937 and U937/HIV cells. To
detect cytoplasmic nonspecific esterase (a-naphthyl esterase) activity in
U937 and U927/HIV cells, cytospin centrifuge preparations were fixed
and stained by routine methods ( 17).

Indirect immunofluorescence assay. The U937 and U937/HIV cells
were incubated with Mab, soluted in PBS containing 0.5% BSA and
azide, for 30 min and then washed with PBS, 0.5% BSA, azide. Then,
they were incubated with FITC-labeled goat anti-mouse antibodies for
30 min and finally washed three times with PBS 0.5% BSA, azide. Cell
surace-marker analysis was performed on a Coulter Epics-C cytofluo-
rometer (Coulter Electronics, Hialeah, FL). The following Mab were
used: B4.3 (18), VIM2 (19) and CLB-mon/l (MO2-like) (CD14) against
myeloid differentiation antigens; 2E1 against the FcRII (p40) on U937
(20), J3B1 1 (CD35) against complement receptor 1 (CR1), both obtained
through the Third Workshop on Leucocyte Differentiation Antigens;
anti-HLA class I monomorphic Mab HB.95 (W6/32) (21) and 5F12
(produced by R. A. W. van Lier, this Institute); anti-HLA class-Il Mab
OKI (Ortho Pharmaceutical Corp., Raritan, NJ) IV A12 (22), R3E2,
M3H5, El, CLB-HLA-DR2 (all four described elsewhere) 2OKMI, di-
rected against the a-chain of the C3bi receptor (Ortho Pharmaceutical)
(23); anti-Leu M5 Mab, previously designated S-HCL3 and directed
against the a-chain of p150/95, obtained from Becton Dickinson
(Mountain View, CA) (24); CLB-LFA-1/1 (25) and TS1/18 (26), both
directed against the a-chain of the LFA-l antigen (CD18); SPV-Ll and

2. de Rie, M. A., P. Kabel, R. W. Sauerwein, R. A. W. van Lier, A. E.
G. Kr. von dem Borne, C. J. M. Melief, and F. Miedema. Anti-HLA
class II monoclonal antibodies inhibit polyclonal B cell differentiation
in vitro at the accessory cell level. Eur. J. Immunol. In press.
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Figure 3. Expression of CDI lb (OKM1), p150/95,
LFA-la, and the common j#-chain (CD18) on U937
and U937/HIV cells, Included are 2E1 (FcRII) and, as
control, CLB-T8/1 (CD8) (dotted lines).

SPV-L7, directed against the ct-chain of the LFA-l antigen (CDl la)
(27); CLB-T8/1, directed against the T8 antigen (CD8), was used as a
negative control. To compare antigen expression of U937 and U937/
HIV cells, the mean channel of fluorescence was converted from loga-
rithmic to linear values with a log-linear calibration curve.

Incubation of U937/HIV with r-interjeron-y. Recombinant interferon-
-y, cindly provided by Dr. C. J. Lucas, was added in a concentration of
50 U per I X 106 U937/HIV cells in a volume of I ml IMDM, 20%
FCS, antibiotics. After 2 d Qf culture in flat-bottomed 24-well plates
(Costar Data Packaging, Cambridge, MA), the U937/HIV cells were har-
vested and cytofluotescence analysis was performed.

PMA-induced aggregation of U937 and U937/HIV cells. An aggre-
gation assay was carried out as described (28). Briefly, 2 X IO' U937 or
U937/HIV cells in 100 Al IMDM, 10% FCS, antibiotics and 50 gl of
200 ng/ml phorbol 12-myristate 13-acetate (PMA). were added to wells
of flat-bottomed 96-well microtest plates. The cells were incubated at
37°C and aggregation was scored after 45 and 90 min through an inverted
microscope.

Results

Productive infection of the U937 cell line with HIV. After in-
oculation of U937 with HIV, RT activity measured in culture
supernatants increased markedly after 3 wk, indicating virus
production by the cell line, and remained high thereafter (range
104-2 X 10 cpm) (data not shown). At least 80% of the U937/
HIV cells were shown to be infected by HIV with indirect im-
munoperoxidase staining with human anti-HIV antibodies on
cytocentrifuge preparations (not shown). No changes in growth
rate or morphology were observed in the U937 cells after infec-
tion with HIV.

HLA class-Il antigens are down-regulated on U937/HIV
cells. After inoculation of U937 cells with HIV, the HLA class
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Figure 4. Nonspecific esterase activ-
ity in U937 (A) and U937/HIV (B)
cytocentrifuge preparations (x 220).

II antigen expression was studied with a panel of six anti-class
II Mab. The class II antigen expression of U937/HIV was down
regulated to 7 to 50% of the expression on noninfected U937
cells, depending on the Mab used. The expression of class II
antigens detected by OKI, M3H5, and IVA12 Mabwas decreased
to 27, 25, and 7%, respectively, of the expression on noninfected
U937 cells (Fig. 1). For comparison, expression of HLA class I
antigens was studied with two Mab and found unchanged or
slightly elevated (Fig. 1). The reproducibility of the down reg-
ulation of class II antigen expression was demonstrated by re-
peated HIV infection of the parental U937 cell line. Class II
antigen expression was persistently decreased, starting 2 wk after
inoculation with HIV (data not shown).

No significant difference in the expression of CD14, CR1
(CD35), and the antigen recognized by VIM2 was observed be-
tween U937 and U937/HIV. However, a significant decrease in
expression of the antigen recognized by B4.3 and an increase in
LFA- 1 expression was observed after infection with HIV.

r-Interferon-y reinduces class-II expression on U937/HIV.
It has been reported that interferon-y enhances the expression
of class-II antigens on myeloid-monocytic cells (29, 30). To in-
vestigate whether the down regulation of class II expression by
HIV infection was reversible, U937/HIV cells were stimulated
with r-interferon-y. After 48 h of incubation with r-interferon-
y (50 U/l X 106 cells), the expression of MHCclass II antigens
increased approximately twofold (Fig. 2). The expression of class
I antigens was also slightly increased by r-interferon-y treatment.
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Figure 4 (Continued)

HIV infection induces expression of CD] lb (C3bi receptor)
and CDlJc (p150/95) adhesion molecules on U937 cells. U937
is a promonocytic cell line that expresses moderate amounts of
CD1 la (LFA- 1) and expresses very little CDl lb (detected by
OKMl/MOl Mab) and CDlic (p150/95) molecules (26-28,
31). Since we observed an elevated expression of LFA- 13-chain
on U937/HIV (Fig. 1), the effect of HIV infection on the expres-
sion of other members of this family of proteins involved in
cell-surface adhesion reactions, i.e., CDl lb, CDI lc, was studied.
A summary of data obtained in several experiments is shown
in Fig. 3. The expression of LFA-l 1-chain, detected by two
different Mab(data are shown for CLB-LFA-l/l), and the LFA-
1 a-chain is clearly elevated, both fourfold. HIV-infected U937
cells expressed moderate amounts of CDl lb and CDl lc.

Expression of FcyRII (Mab 2E 1) did not change upon infection
(Fig. 3). Next, it is investigated whether the enhanced expression
of these adhesion molecules would cause increased aggregation
of U937/HIV cells compared with the noninfected U937 cells.
After stimulation with PMA(70 ng/ml) for 45 or 90 min, U937
cells did not aggregate (< 10% of cells aggregated), like has been
described (28). In contrast, complete aggregation (90-100% of
cells aggregated) was observed with U937/HIV cells after
30 min.

Detection of nonspecific esterase in U937/HI V. The effect of
HIV infection on the U937 phenotype resembles the effect of
differentiation-inducing agents, such as PMAand DMSO(18,
28, 31, 32). To obtain additional evidence for HIV-induced dif-
ferentiation in U937, histochemical analysis of cytoplasmic
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nonspecific esterase activity was performed (33). Noninfected
U937 cells stained very weakly for nonspecific esterase, whereas
almost all HIV-infected U937 cells were strongly positive (Fig.
4). Taken together, these results are compatible with differen-
tiation induction by HIV in U937 cells.

Discussion

In this study, we describe the effects of HIV infection on pro-
monocytic U937 cells. The data strongly suggest that upon HIV
infection U937 cells differentiate to more mature monocytic
cells. The infected cells expressed lowered amounts of the antigen
recognized by B4.3 (18) and elevated amounts of LFA-l-/3 and -a.
Moreover, expression of CDl lb (C3bi receptor) and CDl lc
(p150/95) was induced on these cells. The elevated expression
of adhesion molecules was further demonstrated by enhanced
aggregation of U937/HIV cells upon stimulation with PMA.
Furthermore, differentiation of U937/HIV cells to more mature
monocytes was confirmed by the intense expression of cyto-
plasmic nonspecific esterase, whereas noninfected U937 cells
lacked esterase activity. All these effects of HIV infection on
U937 cells are in agreement with findings reported before on
the effects of differentiation-inducing agents on the phenotype
of U937 cells (18, 28, 31-33).

It is as yet unclear how the down regulation of class II
expression relates to these differentiation-like phenomena. In
our hands, PMA-induced differentiation of U937 cells resulted
in enhanced expression of LFA-l-a and -fl, and CDl lb and
CD1 lc antigens, but no effect on class II expression was observed
(data not shown). Hence, the differentiation-like effects and the
down regulation of class II antigens by HIV infection possibly
are independent events. Our results in vitro parallel the previ-
ously reported finding in vivo that class II expression is decreased
on APCin HIV-infected individuals (1 1, 12). In agreement with
the findings of Heagy et al. (11) with monocytes from AIDS
patients, we showed that r-interferon-y was able to enhance class
II expression on infected U937 cells. The finding that HIV can
be isolated from monocytes/macrophages from sero-positive
persons (1), together with our data, suggests that decreased class-
II expression on APCin HIV-infected individuals may be directly
caused by HIV infection.

As to the mechanism of class II down regulation by HIV, a
parallel might be drawn to HLAclass I down regulation of virus-
transformed rodent cells (adenovirus 12 and SV40) (34, 35).
The down regulation of class I molecules is brought about by
products of the adenovirus 12 Ela-gene region (34). It has been
reported that the HIV TAT-III-gene product stimulates, by a
transactivation mechanism, viral gene expression (36, 37).
Moreover, induction of cellular Interleukin 2 receptor-gene
expression by the transacting p40x protein of HTLV-1 was re-
cently reported by Inoue et al. (38). Hence, HIV-gene products
possibly may directly or indirectly alter regulation of expression
of cellular genes, thereby inducing phenotypic and functional
changes in the infected cells.

It is well established that the amount of class II expressed
on APC is directly correlated with the functional properties of
APCin the induction of antigen-specific T-helper responses (39).
The immunological abnormalities observed in HIV-infected in-
dividuals with normal CD4+ T cell numbers may, therefore, be
explained by HIV infection of antigen-presenting cells, resulting
in impaired APCfunctions.
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