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Lipopolysaccharide (LPS) down-regulates CD4 expression in primary
human macrophages through induction of endogenous tumour necrosis

factor (TNF) and IL-1,3
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SUMMARY

The regulation of CD4 expression on macrophages and its role in immune cell interactions remain
obscure. In contrast with primary lymphocytes, primary macrophages express only low amounts

of surface CD4, which is regulated differentially for example by adherence in vitro. We report that
addition of LPS for 1-5 days to human blood monocyte tissue culture-derived macrophages
(TCDM) down-regulates both surface CD4 expression and total cellular CD4 antigen content as

measured by flow cytometry and Western blot analysis. TNF-a and IL-1, proinflammatory
cytokines which are both induced by LPS, also down-regulate surface and total CD4 expression in

TCDM. This down-regulation ofCD4 expression by LPS, TNF-a, and IL-1/3 occurs at the level of
transcription. The decreased macrophage CD4 expression induced by LPS was blocked by MoAbs
directed against human TNF-az and IL-lIO, demonstrating that LPS acts on CD4 expression
through induction of endogenous TNF-a and IL- IO. Conversely, neither LPS nor TNF-a and IL-
1/3 were able to modulate surface CD4 expression on quiescent or phytohaemagglutinin (PHA)-
activated lymphocytes. Of other cytokines and growth factors tested, Th2 cytokines (IL-4, IL-10,
IL-13), chemokines (MCP-1, MIP-lca, RANTES), and macrophage colony-stimulating factor did
not alter CD4 expression in primary macrophages; granulocyte-monocyte colony-stimulating
factor and the prototypal Thl cytokine interferon-gamma (IFN--y) modulated surface CD4
expression only after prolonged treatment (5 days). Our results show that LPS, TNF-ca and IL-
1,3 selectively down-regulate CD4 expression in primary human macrophages, and that decreased
CD4 expression induced by LPS results from endogenous secretion of TNF-a and IL-1/ by the
macrophages.
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INTRODUCTION

The CD4 molecule plays a central role in immune functions and
AIDS pathophysiology. CD4 is a glycoprotein, member of the
immunoglobulin superfamily, which is expressed on thymo-
cytes, T helper lymphocytes, and monocytes/macrophages
[1,2]. The CD4 molecule is involved in T lymphocyte matura-
tion [3] and in mature CD4 + T cell activation [4], but its role in
monocyte/macrophage immune functions is poorly defined.
The extracellular domain of the CD4 molecule interacts with
MHC class II molecules and is the main receptor for HIV on T
lymphocytes and mononuclear phagocytes [5-7].

Modulation of the CD4 molecule is important in regard to
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thymocyte signaling [8] and intercellular adhesion [9]. CD4
modulation pathways have been investigated mainly in
lymphoid cells, in which CD4 down-regulation occurs during
antigenic stimulation [10] and after phorbol myristate acetate
(PMA) treatment. PMA induces CD4 internalization [11] and a
transient decrease in CD4 mRNA levels which is caused by
both reduced transcriptional initiation and destabilization of
mRNA molecules [12,13]. In AIDS, the surface CD4 decrease
observed in HIV-infected lymphocytes has been correlated with
inhibition of CD4 gene expression [14], intracellular sequestra-
tion of CD4-gpl 20 complexes [15-17], and the action of viral
genes [18,19]. Protein nef can induce internalization of cell
surface CD4 without affecting CD4 transcript or protein
levels [20], and protein vpu causes degradation of CD4 mole-
cules that have been blocked in the endoplasmic reticulum [21].

In contrast to T helper lymphocytes and some monocytoid
cell lines [22], primary human macrophages express low plasma
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membrane CD4 levels [23,24]. Down-regulation of surface CD4
expression by phorbol esters and adherence has been reported
in monocytic cell lines and primary macrophages in the absence
of modulation of CD4 mRNA and total CD4 protein levels
[25,26]. Internalization ofCD4 might in part explain the surface
CD4 decrease observed in these cells since p561ck tyrosine
protein kinase, which forms complexes with CD4 in lympho-
cytic cells and consequently reduces CD4 endocytosis [27,28], is
not present in monocytic cells and primary monocytes/
macrophages. Down-regulation of surface CD4 expression in
peripheral blood monocytes has also been reported in HIV-
infected patients at the terminal stage of the disease, although
its mechanism has not been explained [29].

LPS, which is derived from the cell wall of Gram-negative
bacteria and plays a major role in pathogenesis of septic shock,
interacts with a number of immune cells, not least macro-
phages. LPS primes macrophages through CD14 receptors
for plasma LPS-binding protein to produce three groups of
powerful mediators: the proinflammatory cytokines (TNF, IL-
1, IL-6, IL-8), reactive oxygen and nitrogen intermediates, and
a number of arachidonic acid metabolites, all of which are
involved in inflammatory responses and antibacterial host
defence.

Taking into account that CD4 interacts with MHC class II
molecules and that LPS down-regulates surface MHC class II
on macrophages through induction of IL-10 [30], we investi-
gated the modulation of CD4 expression in macrophages by
LPS.

MATERIALS AND METHODS

Isolation and cultivation ofprimary human macrophages
Human monocytes were isolated from healthy donors as
described [31]; in short, Ficoll-Hypaque (Pharmacia, Uppsala,
Sweden)-isolated peripheral blood mononuclear cells (PBMC)
were incubated for 1 h on 2% gelatin-coated plates. Adher-
ent tissue culture-derived macrophages (TCDM), > 94%
CD14+ by flow cytometry (Becton Dickinson, Mountain
View, CA), were cultivated in serum-free medium (X-Vivo;
Whittaker M.A. Bioproducts, Walkersville, MD) for 48 h
before transfer to 50-mm Petri dishes (Bibby Sterilin Ltd,
Stone, UK) at a density of 2 x 106 cells in 3 ml total volume.

Preparation of resting and phytohaemagglutinin A-activated
lymphocytes
Non-adherent cells, > 90% of which were peripheral blood
lymphocytes (PBL), were harvested after Ficoll-Hypaque iso-
lation and adherence as described above. PBL were cultivated
either in serum-free medium alone or supplemented for 48 h
with phytohaemagglutinin A (PHA; 5 Mg/ml; Wellcome Diag-
nostic, Beckenham, UK) before addition of human recombi-
nant (hr) IL-2 (50 NIH/BRMP U/ml; Pharmacia).

Cytokine treatment
hrTNF-a (10 ng/ml; Sigma, Poole, UK) and 100 U/ml hIL-1,3
(Sigma) (endotoxin < 10 EU/ml by Limulus amoebocyte
lysate assay for both cytokines) were added to cultures for 1-
5 days. To inhibit the effects of recombinant and endogenous
TNF-a, 13 Mg mouse IgGl anti-human TNF-a MoAb (kindly
provided by Dr M. Feldmann, Kennedy Institute of
Rheumatology, London, UK) was mixed for 30 min at room

temperature with 10 ng/ml hrTNF-a or 100 ng/ml LPS and
then added to 2 x 106 TCDM in 3 ml final volume. To inhibit
the effects of both recombinant and endogenous IL- 1, 660 U/ml
rabbit IgG anti-human IL-I MoAb (Calbiochem, Nottingham,
UK) were mixed as above with 100 U/ml hrIL-lfl or 100 ng/ml
LPS and added to TCDM. Heat inactivation of hrTNF-a and
hrIL-l1, was performed at 70°C for 30 min. hrIL-4 (10 ng/ml;
Immunex, Seattle, WA), 10 ng/ml hrIL-10 (Dnax, Palo Alto,
CA), 10 ng/ml hrIL-13 (Sanofi, Labege, France), 20 ng/ml hr
interferon-gamma (IFN--y; Boehringer, Mannheim, Germany),
100 U/ml hr macrophage colony-stimulating factor (M-CSF;
Sandoz, Basle, Switzerland), 300 U/ml hr granulocyte-
monocyte colony-stimulating factor (GM-CSF; Sandoz),
100 ng/ml hr monocyte chemoattractant protein-i (MCP-1;
Genentech Inc, San Francisco, CA), 100 ng/ml hr macrophage
inflammatory protein-i alpha (MIP-1a; Genentech Inc),
100 ng/ml hr RANTES (Genentech Inc) were added for 1-5
days to primary TCDM and quiescent or PHA-activated
PBL.

LPS treatment
LPS (phenol extract from Escherichia coli; Sigma) was added to
cell (TCDM or PBL) cultures for 1-5 days. The concentrations
used ranged from 0-01 to 1 ,ug/ml.

Cell viability after cytokine and LPS treatment was > 95%
as measured with the colorimetric reaction (MTT) based on the
capacity of mitochondrial dehydrogenase of living cells to
reduce 3-(4,5-dimethylthiazol-2yl)-2.5 diphenyl tetrazolium
bromide into formazan. The quantity of formazan produced
and measured at an optical density of 540 nm was correlated
with the number of living cells [32].

Detection of TNF-ai and IL-1i3 in culture supernatants by ELISA
Supernatants of human macrophage cultures were harvested
and frozen at - 80°C. The levels of TNF-a and IL-1,3 were
determined by ELISA (Quantikine, R & D Systems, Abingdon,
UK).

Flow cytometry
Cells fixed in 3% paraformaldehyde in PBS were quenched with
10% v/v goat serum in PBS, labelled, and analysed by flow
cytometry. Surface CD4 was detected by using F(ab')2
fragments of mouse anti-human CD4 (MoAb 4120 (IgGl)
from Dr Q. Sattentau provided by the MRC AIDS Directed
Programme, ADP3 18) followed by FITC-conjugated goat
anti-mouse IgG (Fab-specific) (Sigma). Specific fluorescence
was assessed by comparison with cells stained only with
the FITC-conjugated antibody (control). Intracellular staining
was performed as above, but reagents were supplemented
with 0 1% saponin during washing and with 0-3% saponin
during labelling. Relative antigen density was calculated as
follows:

(geometric mean (cytokine or LPS) - geometric mean (control)) x 100
(geometric mean (mock) - geometric mean (control))

For the detection of surface LFA-1 a mouse IgGl directed
against CDl la (Sigma) was used. The characterization of the
macrophage population was confirmed by using mouse anti-
huCD68 IgGl (Dako Ltd, Cambridge, UK) and mouse anti-
huCD14 IgG2 (Sigma) MoAbs.
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Western blot
Adherent macrophage cultures were washed and lysed. Protein
concentrations in cell lysates were determined by the BCA
method (Pierce, Rockford, IL). Cell lysates, prepared in
150 mm NaCi, 10 mm EDTA, 10 mm Tris pH 8, 10 mm
NaN3, 1 mm phenylmethylsulphonylfluoride, 5 mm iodo-
acetamide, and 1% v/v Nonidet P40, were electrophoresed in
a 10% SDS-PAGE under non-reducing conditions and then
electroblotted onto nitrocellulose. Before probing, blots were

blocked in PBS with 3% w/v dried milk, and 0 1% v/v Tween
20; anti-CD4 F(ab')2 antibody (MoAb Q4120) binding was

detected by chemiluminescence (ECL; Amersham, Aylesbury,
UK).

RNA extraction, reverse transcription and amplification of
cDNA by polymerase chain reaction
Total cellular RNA was extracted from 2 x 106 TCDM using
1 ml RNAzol (Cinna/Biotex, Houston, TX) with 20 pg E. coli
rRNA (Boehringer) as carrier. Reverse transcription was per-

formed in a volume of 50 [1l containing 800 U of M-MLV
reverse transcriptase (GIeco-BRL, Paisley, UK), 2 5 mM
dNTP, 5 ,ug oligo dT12 18, and 31 U RNase inhibitor (all
from Pharmacia) for 1 h at 370C. Polymerase chain reaction
(PCR) amplification was performed using an MJ Research
programmable thermal controller (Genetic Research Instru-
mentation Ltd, Felsted, UK) operating the following tempera-
ture steps: 60 s at 940C, then 30 cycles (30 s denaturation at
940C; 30 s annealing at 60'C; 60 s extension time at 720C).
MgCl2 concentrations used for huCD4 and human /3-actin
cDNA amplification were 2-0 and 2-5 mm, respectively. The
following primer pairs were used: huCD4 (5' primer,
GCTAGGCATCTTCTTCTGTG; 3' primer, CTGCTA-
CATTCATCTGGTCC; size of amplified fragment, 223 bp);
human f-actin (5' primer, GATGCAGAAGGAGATCACTG;
3' primer, AGTCATAGTCCGCCTAGAAG; size of amplified
fragment, 205 bp), all synthesized by Dr K. Gould (Sir William
Dunn School of Pathology, Oxford, UK). PCR products were

separated by 2% agarose electrophoresis and visualized by
ethidium bromide staining. A 123-bp DNA ladder (GIBCO)
was used for molecular weight determination.

RESULTS

TCDM were treated with LPS, hrTNF-a, and hrIL-lfl for 1-5
days. Surface and total CD4 expression was determined by flow
cytometry and Western blot analysis, using F(ab')2 anti-CD4
MoAb, to avoid Fc-dependent interactions. LPS treatment
(100 ng/ml) resulted in significant time-dependent decrease in
specific plasma membrane CD4 expression, with 59% (± 8%)
and 18% (+ 9%) residual expression after 1 and 5 days,
respectively, relative to untreated culture controls (Fig. la,b).
LPS-induced surface CD4 down-regulation was dose-depen-
dent; the residual surface CD4 expression on TCDM after 1

day of treatment ranged from 70% to 30% as LPS concentra-
tions were increased from 10 ng/ml to 1 pg/ml (data not
shown). Human rTNF-ai (10 ng/ml) treatment of TCDM
resulted in 54% (+ 10%) and 20% (± 9%) surface CD4
residual expression after 1 and 5 days of treatment, respectively
(Fig. lc,d). Levels of surface CD4 dropped to 62% (± 8%) and
32% (+ 6%) after hrIL-1,f (100 U/ml) treatment for 1 and 5
days, respectively (Fig. le,f). In agreement with surface CD4

down-regulation, LPS (100 ng/ml), hrTNF-a (10 ng/ml), or

hrIL-l/3 (100 U/ml) treatment for 1 day reduced total CD4
levels, with residual expression of 46% (+ 9%), 30% (± 7%),
and 59% (+ 5%), respectively, as shown by flow cytometry of
saponin-permeabilized TCDM (Fig. 2a). Down-regulation of
total CD4 was confirmed by Western blotting of human
TCDM treated for 3 days by LPS, hrTNF-ca, and hrIL-1,3
(Fig. 2b).

To determine if the inhibition of CD4 protein synthesis by
LPS, hrTNF-a, and hrIL-13 occurs at the level of transcription
we performed reverse transcription (RT)-PCR analysis of CD4
message. The CD4 mRNA levels were reduced after treatment
of TCDM for 1 day with LPS (100 ng/ml), hrTNF-a (10 ng/
ml), and hrIL-1,3 (100 U/ml) (Fig. 3), indicating that inhibition
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Fig. 1. LPS, hrTNF-a, and hrIL-1f3 down-regulate surface CD4 on

human tissue culture-derived macrophages (TCDM). Three-day-old
TCDM were treated with 100 ng/ml LPS, lO ng/ml hrTNF-a, or 100 U/
ml hrIL-l1, for 1 and 5 days, fixed as described in Materials and
Methods and analysed together by flow cytometry. Fixed TCDM
were first gated on the basis of forward scatter and side scatter; all
gated cells were TCDM as confirmed by anti-CD14 MoAb labelling
(data not shown). Fluorescence profiles (at 1 day) and histograms (at 1

and 5 days) show surface CD4 levels in LPS- (a,b), hr TNF-a- (c,d), and
hrIL-l13- (e,f) treated versus control cells cultured for similar periods.
Arrows indicate fluorescence of TCDM incubated with the FITC-
conjugated antibody alone. The data reported in the histograms are

representative of at least three independent experiments.
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of CD4 expression occurred at transcription. Approximately
three-fold inhibition of the CD4 mRNA in LPS-treated TCDM
versus untreated control cells was demonstrated by serial
cDNA titration (data not shown). Inhibition of CD4 gene
expression in TCDM was more efficient after hrTNF-a or
hrIL-1/3 treatment than after LPS. We performed control
experiments (Fig. 4a,b) showing that both hrTNF-a and
hrIL-1,3 preparations used were heat-labile and did not contain
endotoxin, which is heat-resistant. Neutralizing MoAbs against
either TNF-ca or IL- 13 blocked the activity of these cytokines in
regard to CD4 modulation in TCDM. The addition of MoAb
directed against TNF-a or IL-1: to the TCDM resulted in
surface CD4 expression levels higher than those observed in
untreated TCDM, suggesting endogenous secretion of TNF-a
and IL-1: in untreated TCDM. The expression of plasma
membrane LFA-1 on TCDM was not affected by LPS
(100 ng/ml), hrTNF-a (10 ng/ml), and hrIL-13 (100 U/ml)
(data not shown).

Fig. 2. LPS, hrTNF-ao, and hrIL-1l3 down-regulate total CD4 in human
tissue culture-derived macrophages (TCDM). (a) Three-day-old
TCDM were treated with 100 ng/ml LPS, 10 ng/ml hrTNF-co, or
1OOU/ml IL-1,3 for 1 day and analysed by flow cytometry. Fixed
TCDM were saponin-permeabilized and gated on the basis of forward
scatter and side scatter; all gated cells were TCDM as confirmed by
anti-CD68 MoAb labelling (data not shown). Histogram shows total
CD4 levels in LPS-, hrTNF-a-, and hrIL- 143-treated versus control cells
(U). All data are representative of three independent experiments. (b)
Western blot-detected total CD4 in TCDM after 3 days of treatment
with 100 ng/ml LPS, 10 ng/ml hrTNF-a, 100 U/ml hrIL-143 versus
untreated control cells (U); 20pg of cellular protein were loaded per
lane.
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Fig. 3. LPS, hrTNF-a, and hrIL-14 down-regulate CD4 mRNA in
human tissue culture-derived macrophages (TCDM). Three-day-old
TCDM were untreated (U) or treated for 24h with 100ng/ml LPS,
10 ng/ml hrTNF-a, or 100 U/ml IL-l1f. RNA was extracted from
2 x 106 cells with 20/lg Escherichia coli rRNA as carrier, reverse

transcribed, and the cDNA amplified as described in Materials and
Methods. The polymerase chain reaction (PCR) products for human
CD4 (223 bp) and for control /3-actin (205 bp) were visualized on a 2%
agarose gel.

Fig. 4. HrTNF-ca and hrIL- IO down-regulate surface CD4 expression in
human tissue culture-derived macrophages (TCDM). Three-day-old
TCDM were treated for 1 day with: (a) lOng/ml hrTNF-ca, lOng/ml
hrTNF-a mixed with 1-3pg/ml anti-TNF-a MoAb, 1 3,ug/ml anti-
TNF-a MoAb, or 10ng/ml heat-inactivated hrTNF-a; (b) 100U/ml
hrIL-1/, 100U/ml hrIL-1f3 mixed with 660U/ml anti-IL-1 MoAb,
660 U/ml anti-IL-1 MoAb, or 100 U/ml heat-inactivated hrIL-1. Sur-
face CD4 expression was analysed by flow cytometry in treated versus

untreated TCDM (U). All data re representative of two independent
experiments.
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LPS (100 ng/ml), hrTNF-ca (10 ng/ml), or hrIL-l1l (100 U/
ml) treatment for 1-5 days did not change surface CD4
expression on quiescent or PHA-activated lymphocytes (data
not shown), indicating that CD4 down-regulation by LPS,
hrTNF-a, and hrIL-13 was selective for macrophages. Other
cytokines tested (IL-4, IL-I0, IL-13, IFN--y, M-CSF, GM-CSF,
MCP-l, MIP-lca, RANTES) also did not modulate surface
CD4 expression on quiescent or PHA-activated lymphocytes
(data not shown).

LPS down-regulation of surface CD4 was inhibited by
MoAbs directed against TNF-a and IL-13 (Fig. 5). When
added separately, anti-TNF-a and anti-IL-i MoAbs inhibited
the down-regulation of CD4 expression on TCDM induced by
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Fig. 5. Neutralization of endogenous TNF-a and IL-13 blocks down-

regulation ofCD4 by LPS. Three-day-old tissue culture-derived macro-
phages (TCDM) were untreated or treated for 1 day with lOOng/ml
LPS alone (a), LPS mixed with 1-3 Mg/ml anti-TNF-a MoAb (b), LPS
mixed with 660 U/ml anti-IL-I MoAb (c), LPS mixed with both 1-3 fg/
ml anti-TNF-a MoAb and 660 U/ml anti-IL-I MoAb (d). Flow
cytometry analysis was performed; fluorescence profiles (a-d) and
histogram (e) show surface CD4 levels. Arrows indicate fluorescence
of TCDM incubated with the FITC-conjugated antibody alone. The
histogram summarizes results from three independent experiments.

100 ng/ml LPS. Moreover, the combination of both MoAbs
in the presence of LPS resulted in enhanced surface CD4
expression to 130% (+ 2%) of control levels, suggesting an
endogenous secretion of TNF-a and IL-1,3 by macrophages in
culture. In agreement with these data, treatment with 100 ng/
ml LPS for 24 h induced the synthesis of endogenous TNF-a
and IL-1,3 by TCDM cultivated in serum-free medium (data
not shown).

To determine if the surface CD4 down-regulation by
hrTNF-a and hrIL-1,3 was restricted to proinflammatory
cytokines, we tested the effect of a panel of ThI, Th2 cytokines,
growth factors, and chemokines on modulation of surface CD4
in TCDM (Fig. 6). Although LPS has been reported to induce
IL-10 synthesis in human monocytes/macrophages, treatment
with hrIL-10 (10 ng/ml) for 1 or 5 days did not alter surface
CD4 expression on primary human TCDM. The other Th2
cytokines tested, hrIL-4 (10 ng/ml) and hrIL-13 (10 ng/ml), did
not modulate surface CD4 expression on human primary
TCDM after 1 and 5 days of treatment. The Thl cytokine
hrIFN--y (20 ng/ml) and the growth factors hrGM-CSF (300
U/ml) and hrM-CSF (100 U/ml) also did not modulate surface
CD4 expression after 1 day of treatment (data not shown).
However, after 5 days of treatment, hrIFN-y and hrGM-CSF,
respectively, down-regulated (40%) and up-regulated (165%)
surface CD4 in TCDM. Human rM-CSF (100 U/ml) and the
chemokines hrMCP-1 (100 ng/ml), hrMIP-lIa (100 ng/ml), and
hrRANTES (100 ng/ml) did not modulate surface CD4
expression on human primary TCDM after 5 days of treatment.

DISCUSSION

Both function and modulation of MHC class II molecule by
cytokines have been studied extensively in primary macro-
phages. In contrast, the role of CD4 molecule which is the
physiological ligand of MHC class II, and its modulation by
cytokines in macrophages are largely unexplored. In this study
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Fig. 6. Effects of proinflammatory, ThI, Th2 cytokines, growth factors,
and chemokines on surface CD4 modulation in tissue culture-derived
macrophages (TCDM). Three-day-old TCDM were untreated (U) or
treated for 5 days with hrTNF-a (1Ong/ml), hrIL-l1,3 (100 U/ml), hrIL-
4 (lOng/ml), hrIL-10 (lOng/ml), hrIL-13 (lOng/ml), hrIFN--y (20ng/
ml), hr granulocyte-macrophage colony-stimulating factor (GM-CSF;
300U/ml), hrM-CSF (10OU/ml), hr monocyte chemoattractant pro-
tein-i (MCP-1; 100 ng/ml), hr macrophage inflammatory protein-i
alpha (MIP-1a; lOOng/ml), and RANTES (100ng/ml), fixed as
described in Materials and Methods, and analysed by flow cytometry
for surface CD4 expression. Results were reproduced in duplicate
experiments.
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we tested the effect of LPS and a panel of recombinant human
cytokines on CD4 expression in human primary macrophages.
We show that LPS and the proinflammatory cytokines, TNF-a
and IL-113, down-regulate both surface and total CD4
expression in primary human macrophages at the level of
transcription. The CD4 down-regulation induced by LPS is
mediated through the synthesis of endogenous TNF-a and IL-
1,3, but not through IL-10, which is also produced by LPS-
activated macrophages, and is known to down-regulate MHC
class II expression in LPS-treated human primary monocytes
[30]. In contrast to GM-CSF and IFN--y which, respectively,
up-regulate and down-regulate CD4 in macrophages [33,34],
modulation by Th2 cytokines (IL-4, IL-I0, IL-13), chemokines
(MCP-1, MIP-la, RANTES) and M-CSF was not evident.

LPS down-regulated both surface and total CD4 protein in
primary macrophages at the level of transcription. The down-
regulation of CD4 protein in LPS-treated macrophages
occurred through the action of endogenous TNF-a and/or
IL-1,8 production, as demonstrated by the abolition of CD4
down-regulation in LPS-treated macrophages by MoAbs direc-
ted against TNF-a and IL-lp. The observation that down-
regulation of both CD4 protein and message was less efficient
after LPS treatment than after TNF-ca treatment might be
explained by rapid internalization ofTNF receptors by macro-
phages in response to LPS [35]. In macrophages treated with
LPS, TNF-a, or IL-1,3, the CD4 mRNA levels could be
decreased as a result of either inhibition of gene expression or
the lack of CD4 mRNA stability, although we did not attempt
to distinguish between these possibilities. Inhibition of CD4
gene expression by LPS or proinflammatory cytokines might
result from an inhibition of the enhancer or promoter of the
CD4 gene [36,37] or activation of its silencer [38,39], all of
which have been described so far in lymphocytes, but not in
macrophages. Although our results account for a trans-
criptional CD4 regulation in macrophages by LPS, TNF-a,
and IL-13, we cannot exclude additional actions at post-
transcriptional levels. For example, phorbol ester has been
reported to diminish surface CD4 expression in monocytic
cell lines through an endocytosis-mediated pathway [25].
Similarly, adherence of monocytes to tissue culture plastic
diminishes surface CD4 levels as early as 1 h after their isolation
from peripheral blood by a post-transcriptional mechanism;
neither total CD4 expression nor CD4 mRNA levels are
modified by adherence [26]. IFN--y, which enhances the secre-
tion ofTNF-a and IL-l1/ by the macrophages, down-regulated
surface CD4 expression on primary macrophages only after the
addition of the cytokine for 5 days [33]; this action could be
mediated through the induction of endogenous TNF-a and IL-
13 secretion. IL-1O was not able to down-regulate surface CD4
expression on macrophages, as reported previously [40]. This
suggests that, in contrast to MHC class II DR expression which
is down-regulated by IL-10 in LPS-treated human monocytes
[30], CD4 decrease by LPS is not mediated through IL-10
but through proinflammatory cytokines. The CD4 down-
regulation by LPS, TNF-a, and IL-13 has been observed in
primary human macrophages, but never in quiescent or PHA-
activated primary human lymphocytes, suggesting that the
mechanism of CD4 modulation by both proinflammatory
cytokines and LPS is restricted to macrophages.

CD4 modulation in primary human macrophages might
have significance in both immunological mechanisms and HIV

pathophysiology. Macrophage CD4 modulation could play a
role in inflammatory and infectious processes. The Gram-
negative and some Gram-positive bacteria induce the synthesis
of TNF-a and IL-1,3 by the macrophages. On the one hand
TNF-a and IL-1/3 increase the amount of MHC class II
molecules present on the macrophage surface [41] and might
favour antigen presentation to CD4+ T cells that themselves
exhibit stable surface CD4 levels. On the other hand, the drop
of surface CD4 on the macr6phages might diminish CD4-
MHC class II interactions [42] occurring between adjacent
macrophages. Thus the secretion ofproinflammatory cytokines
TNF-ca and IL-13 might diminish macrophage-macrophage
interactions and favour antigen presentation to T helper cells.
These phenomena could occur concomitantly with the stimula-
tion of inducible microbicidal mechanisms by the macrophage
(NO secretion and respiratory burst) and might optimize the
efficiency of both non-specific and specific immune defences.

We have found that TNF-a down-regulates total CD4
expression in the U937 monocytic cell line (data not shown).
Phorbol ester-induced differentiation of this cell line to a
more macrophage-like phenotype is correlated with decreased
CD4 expression [25]. Our results suggest that reduced CD4
expression and differentiation are unlikely to be linked
phenomena, in that the growth factors GM-CSF and M-CSF
which stimulate maturation ofmonocytes/macrophages did not
down-regulate surface CD4; GM-CSF even increasing surface
CD4 expression after 5 days of treatment, as reported
previously [34].

TNF-a, IL-13, IFN--y, and LPS activate the macrophages
in parallel with down-regulation of CD4. In contrast the Th2
cytokines which either deactivate the macrophages (IL-4, IL-
10) or alter their activation state (IL-13) [43] did not modulate
surface CD4 in primary TCDM. The chemokines (MCP-1,
MIP-la, RANTES) do not directly modulate macrophage
CD4 in the inflammatory focus, but through increasing
macrophage recruitment could allow macrophage CD4 down-
regulation by the proinflammatory cytokines. All these data
taken together suggest that the down-regulation of CD4
expression in primary macrophages in an inflammatory focus
is strongly related to the effect of proinflammatory cytokines
rather than to the state of maturation or activation of the
macrophages.

CD4 is the main receptor for HIV on human primary
macrophages [6]. Its modulation might interfere with CD4-
envelope glycoprotein interactions and possibly modulate both
syncytia formation and virus entry. TNF-a, IL-1,3, and LPS
down-regulate CD4 in macrophages, while their action on
HIV-l replication is opposite. Both TNF-a and IL-l1l stimu-
late HIV- 1 replication in macrophages through the activation
of the NF-KB [44], while LPS inhibits replication by blocking
the viral transcription [45]. The Th2 cytokines (IL-10, IL-13)
inhibit HIV- 1 replication in primary macrophages [40,46]
without modulating surface CD4 expression. Both growth
factors GM-CSF and M-CSF stimulate HIV-1 replication in
primary macrophages [47], while their action on surface CD4 is
different. These data suggest that there is no direct correl-
ation between surface CD4 levels on macrophages and HIV
replication.

TNF-a which is known to stimulate HIV-1 replication in
primary macrophages induces the formation of a higher
number of syncytia than in untreated infected control macro-
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phages. Moreover, the addition of anti-TNF-a MoAb to TNF-
ca-stimulated HIV-infected macrophage culture, while involv-
ing decreased HIV growth, induces the formation of a higher
number of syncytia than that observed in TNF-a-treated
cultures (data not shown). All these data taken together suggest
that the down-regulation of surface CD4 by TNF-a, IL- 1,3, and
LPS does not directly influence HIV-l replication in primary
macrophages; rather, the down-regulation of surface CD4
could modulate the course of infection indirectly via its effects
on syncytia formation.
High levels of TNF-a have been detected in plasma from

AIDS patients [48], and an induction of TNF-a and IL-1 in
monocytes isolated from AIDS patients has been observed [49].
A decrease in CD4 surface expression of monocytes isolated
from AIDS patients has also been reported [29]. The CD4
down-regulation in monocytes of HIV-l-infected patients has
been described both in infected and uninfected cells [50],
suggesting that, in contrast to lymphocyte CD4 depletion
which is mediated through viral genes, cytokines produced by
HIV-infected macrophages such as TNF-a and IL-1,3 [51,52]
may be able to down-regulate CD4 levels in monocytes/
macrophages of AIDS patients.

In conclusion, our study indicates that LPS and the pro-
inflammatory cytokines TNF-a and IL-1,8 down-regulate CD4
expression in primary human macrophages in vitro. Further
experiments are needed in vivo to specify the implications of the
macrophage CD4 decrease in regard to both inflammatory
processes and AIDS pathophysiology.

ACKNOWLEDGMENTS
This work was supported by research grants from the Medical Research
Council/UK, AIDS Directed Programme. G.H. was supported by a
MRC-INSERM/AIDS award, L.J.M. by a Marshall Scholarship. We
acknowledge the help of Dr C. Entwistle and the staff of the Oxford
Regional Transfusion Service for provision of buffy coats. We thank L.
Turley for the preparation of F(ab')2 anti-huCD4 MoAb.

REFERENCES

1 Wood GS, Warner NL, Warnke RA. Anti-Leu 3/T4 antibodies
react with cells of monocyte/macrophage and Langerhans' lineage.
J Immunol 1983; 131:212-6.

2 Robey E, Axel R. CD4: collaborator in immune recognition and
HIV infection. Cell 1990; 60:697-700.

3 Zuniga-Pfluger JC, Jones LA, Chin LT, Kruisbeck AM. CD4 and
CD8 act as coreceptors during thymic selection of the T cell
repertoire. Semin Immunol 1991; 3:167-78.

4 Wassmer P, Chan C, Logdberg L, Shevach EM. Role of the L3T4
antigen in T cell activation. II. Inhibition of T cell activation by
monoclonal anti-L3T4 antibodies in the absence of accessory cells. J
Immunol 1985; 135:2237-42.

5 Lamarre D, Capon DJ, Karp DR et al. Class II MHC molecules
and the HIV gpl20 envelope protein interact with functionally
distinct regions of the CD4 molecule. EMBO J 1989; 8:3271-7.

6 Collman R, Godfrey B, Cutilli J et al. Macrophage-tropic strains of
human immunodeficiency virus type 1 utilize the CD4 receptor. J
Virol 1990; 64:4468-76.

7 Fleury S, Lamarre D, Meloche S et al. Mutational analysis of the
interaction between CD4 and class II MHC: class II antigens
contact CD4 on a surface opposite the gpl20 binding site. Cell
1991; 66:1037-49.

8 Nakayama T, Wiest DL, Abraham KM et al. Decreased signaling
competence as a result of receptor overexpression: overexpression

of CD4 reduces its ability to activate p56Ick tyrosine kinase and to
regulate T-cell antigen receptor expression in immature
CD4+ CD8+ thymocytes. Proc Natl Acad Sci USA 1993;
90:10534-8.

9 Miceli MC, von Hoegen P, Parnes JR. Adhesion vs. coreceptor
function ofCD4 and CD8: role of the cytoplasmic tail in coreceptor
activity. Proc Natd Acad Sci USA 1991; 88:2623-7.

10 Weyand CM, Goronzy J, Fathman CG. Modulation of CD4 by
antigenic activation. J Immunol 1987; 138:1351-4.

11 Hoxie JA, Matthews DM, Callahan KJ et al. Transient modulation
and internalization of T4 antigen induced by phorbol esters. J
Immunol 1986; 137:1194-201.

12 Paillard F, Sterkers G, Vaquero C. Transcriptional and post-
transcriptional regulation of TcR, CD4 and CD8 gene expression
during activation of normal human T-lymphocytes. EMBO J 1990;
9:1867-72.

13 Neudorf S, Jones M, Parker S et al. Phorbol esters down-regulate
transcription and translation of the CD4 gene. J Immunol 1991;
146:2836-9.

14 Salmon P, Olivier R, Riviere Y et al. Loss of CD4 membrane
expression and CD4mRNA during acute human immunodeficiency
virus replication. J Exp Med 1988; 168:1953-69.

15 Kawamura I, Koga Y, Oh-Hori N et al. Depletion of the surface
CD4 molecule by the envelope protein ofhuman immunodeficiency
virus expressed in a human CD4+ monocytoid cell line. J Virol
1989; 63:3748-54.

16 Brady HJM, Pennington DJ, Miles CG, Dzierzak EA. CD4 cell
surface downregulation in HIV-1 nef transgenic mice is a conse-
quence of intracellular sequestration. EMBO J 1993; 12:4923-32.

17 Buonocore L, Rose JK. Blockade of human immunodeficiency
virus type 1 production in CD4+ T cells by an intracellular CD4
expressed under control of the viral long terminal repeat. Proc Natl
Acad Sci USA 1993; 90:2695-9.

18 Mariani R, Skowronski J. CD4 down-regulation by nef alleles
isolated from human immunodeficiency virus type 1-infected indi-
viduals. Proc Natl Acad Sci USA 1993; 90:5549-53.

19 Lenburg ME, Landau NR. Vpu-induced degradation of CD4:
requirement for specific amino acid residues in the cytoplasmic
domain of CD4. Virol 1993; 67:7238-45.

20 Garcia JV, Miller AD. Serine phosphorylation independent down-
regulation of cell-surface CD4 by nef. Nature 1991; 350:508-11.

21 Willey RL, Maldarelli F, Martin MA, Strebel K. Human immuno-
deficiency virus type 1 Vpu protein induces rapid degradation of
CD4. Virol 1992; 66:7193-200.

22 Mosciki RA, Amento EP, Krane SM et al. Modulation of surface
antigens of a human monocyte cell line, U937, during incubation
with T lymphocyte-conditioned medium: detection of T4 antigen
and its presence on normal blood monocytes. J Immunol 1983;
131:743-7.

23 Stewart SJ, Fujimoto J, Levy R. Human T lymphocytes and
monocytes bear the same Leu3 (T4) antigen. J Immunol 1986;
136:3773-8.

24 Teppler H, Lee SH, Rieber EP, Gordon S. Murine immunoglobulin
G anti-CD4 monoclonal antibodies bind to primary human mono-
cytes and macrophages through Fc receptors as well as authentic
CD4. AIDS 1990; 4:627-32.

25 Clapham PR, Weiss RA, Dalgleish AG et al. Human immuno-
deficiency virus infection of monocytic and T-lymphocytic cells:
receptor modulation and differentiation induced by phorbol ester.
Virology 1987; 158:44-51.

26 Kazazi F, Mathijs JM, Foley P, Cunningham AL. Variations in
CD4 expression by human monocytes and macrophages and their
relationship to infection with the human immunodeficiency virus. J
Gen Virol 1989; 70:2661-72.

27 Sleckman BP, Shin J, Igras VE et al. Disruption of the CD4-p56Ick
complex is required for rapid internalization of CD4. Proc Natl
Acad Sci USA 1992; 89:7566-70.

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:430-437



CD4 modulation in macrophages 437

28 Pelchen-Matthews A, Boulet I, Littman DR et al. The protein
tyrosine kinase p56lck inhibits CD4 endocytosis by preventing
entry of CD4 into coated pits. J Cell Biol 1992; 117:279-90.

29 Rieber P. Riethmuller G. Loss of circulating T4' monocytes in
patients infected with HTLV-III. Lancet 1986; i:270.

30 De Waal Malefyt R, Abrahams J, Benett B et al. Interleukin-IO (IL-
10) inhibits cytokine synthesis by human monocytes: an autoregu-
latory role of IL-10 produced by monocytes. J Exp Med 1991;
174:1209-20.

31 Hassan NF, Campbell DE, Douglas SD. Purification of human
monocytes on gelatin-coated surfaces. J Immunol Methods 1986;
95:273-6.

32 Pauwels R, Balzarini J, Baba M et al. Rapid and automated
tetrazolium-based colorimetric assay for the detection of anti-HIV
compounds. J Virol Methods 1988; 20:309-21.

33 Faltynek CR, Finch LR, Miller P, Overton WR. Treatment with
recombinant IFN-y decreases cell surface CD4 levels on peripheral
blood monocytes and on myelomonocytic cell lines. J Immunol
1989; 142:500-8.

34 Filion LG, Graziani G, Conway B, Izaguirre CA. Modulation of
CD4 expression on primary monocytes. J Cell Biochem 1993; Suppl.
17E: 28.

35 Ding AH, Sanchez E, Srimal S, Nathan CF. Macrophages rapidly
internalize their tumor necrosis factor receptor in response to
bacterial lipopolysaccharide. J Biol Chem 1989; 264:3924-9.

36 Salmon P, Giovane A, Wasylyk B, Klatzmann D. Characterization
of the human CD4 gene promoter: transcription from the CD4 gene
core promoter is tissue-specific and is activated by Ets proteins. Proc
Natl Acad Sci USA 1993; 90:7739-43.

37 Blum MD, Wong GT, Higgins KM et al. Reconstitution of
subclass-specific expression of CD4 in thymocytes and peripheral
T cells of transgenic mice: identification of a human CD4 enhancer.
J Exp Med 1993; 177:1343-58.

38 Sawada S, Scarborough JD, Killeen N, Littman DR. A lineage-
specific transcriptional silencer regulates CD4 gene expression
during T lymphocyte development. Cell 1994; 77:917-29.

39 Siu G, Wurster AL, Duncan DD et al. A transcriptional silencer
controls the developmental expression of the CD4 gene. EMBO J
1994; 13:3570-9.

40 Montaner LJ, Griffin P, Gordon S. Interleukin-10 inhibits initial
reverse transcription of HIV- 1 and mediates a virostatic latent state
in primary blood-derived human macrophages in vitro. J Gen Virol
1994; 75:3393-400.

41 Krakauer T, Oppenheim JJ. IL-1 and tumor necrosis factor alpha
each upregulate both the expression of IFN-y receptors and enhance
IFN-y-induced HLA-DR expression on human monocytes and a
human monocytic cell line (THP-1). J Immunol 1993; 150:1205-11.

42 Doyle C, Strominger JL. Interactions between CD4 and class II
MHC molecules mediates cell adhesion. Nature 1987; 330:256-9.

43 Doyle AG, Herbein G, Montaner LJ et al. Interleukin- 13 alters the
activation state of murine macrophages in vitro: comparison with
interleukin-4 and interferon-gamma. Eur J Immunol 1994;
24:1441-5.

44 Osborn L, Kunkel S, Nabel GJ. Tumor necrosis factor alpha and
interleukin- 1 stimulate the human immunodeficiency virus enhancer
by activation of the nuclear factor KB. Proc Natl Acad Sci USA
1989; 86:2336-40.

45 Kornbluth RS, Oh PS, Munis JR et al. Interferons and bacterial
lipopolysaccharide protect macrophages from productive infection
by human immunodeficiency virus in vitro. J Exp Med 1989;
169:1137-51.

46 Montaner LJ, Doyle AG, Collin M et al. Interleukin-13 inhibits
human immunodeficiency virus type 1 production in primary blood-
derived human macrophages in vitro. J Exp Med 1993; 178:743-7.

47 Koyanagi Y, O'Brien WA, Zhao JQ et al. Cytokines alter produc-
tion ofHIV-1 from primary mononuclear phagocytes. Science 1988;
241:1673-5.

48 Lahdevirta J, Maury CPJ, Teppo AM, Repo H. Elevated levels of
circulating cachectin/tumor necrosis factor in patients with acquired
immunodeficiency syndrome. Am J Med 1988; 85:289-91.

49 Roux-Lombard P, Modoux C, Cruchaud A, Dayer JM. Purified
blood monocytes from HIV-1 infected patients produce high levels
of tumor necrosis factor alpha and interleukin- 1. Clin Immunol
Immunopathol 1989; 50:374-84.

50 Melendez-Guerrero LM, Nicholson JKA, McDougal JS. In vitro
infection of monocytes with HIVBa L. Effect on cell surface expres-
sion of CD4, CD14, HLA-DR, and HLA-DQ. AIDS Res Hum
Retrovir 1990; 6:731-41.

51 Merrill JE, Koyanagi Y, Chen ISY. Interleukin-l and tumor
necrosis factor alpha can be induced from mononuclear phagocytes
by human immunodeficiency virus type 1 binding to the CD4
receptor. J Virol 1989; 63:4404-8.

52 Herbein G, Keshav S, Collin M et al. HIV- 1 induces tumor necrosis
factor and interleukin-1 gene expression in primary human macro-
phages independent of productive infection. Clin Exp Immunol
1994; 95:442-9.

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:430-437


