CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, Mar. 2000, p. 182-191

1071-412X/00/$04.00+0

Vol. 7, No. 2

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Down Regulation of CD4 Expression following Isolation and
Culture of Human Monocytes

GINA M. GRAZIANI-BOWERING anp LIONEL G. FILION*

Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine,
University of Ottawa, Ottawa, Ontario, Canada KIH 8M5

Received 12 November 1998/Returned for modification 8 January 1999/Accepted 4 November 1999

The down regulation of CD4 by cultured monocytes has been observed by our group and by other investi-
gators. Flow cytometric experiments were done to examine which factors might influence this phenomenon.
The addition of lipopolysaccharide, granulocyte-macrophage colony-stimulating factor, macrophage colony-
stimulating factor, or interleukin-10 to monocyte cultures failed to inhibit the decrease in monocyte CD4
expression routinely observed following overnight culture. The down regulation was an adherence-indepen-
dent phenomenon and was not influenced by the type of anticoagulant into which the peripheral blood was
collected or by the presence or absence of lymphocytes within the cultures. The avoidance of the use of Ficoll-
Paque to isolate peripheral blood mononuclear cells did not prevent monocyte CD4 down regulation. Fi-
nally, by tagging monocyte CD4 with an anti-CD4 phycoerythrin-conjugated monoclonal antibody prior to
culture, we were able to determine that the down regulation observed was the result of the internaliza-
tion of the molecule. At this time, we conclude that the observed down regulation of monocyte CD4 is prob-
ably due to the differentiation of blood monocytes into tissue culture-derived macrophages rather than to some

artifact of the isolation procedure.

The CD4 molecule is a 55- to 60-kDa membrane glycopro-
tein that was first identified on a subset of T cells which usually
function as T-helper cells (31). The CD4 molecule consists of
four extracellular Ig-like domains, a transmembrane domain,
and a cytoplasmic tail (22). These features make CD4 a mem-
ber of the Ig superfamily (6). In humans, CD4 is also expressed
by other cell types, including cells of the dendritic lineage and
cells of the monocyte/macrophage lineage (38); CD4 has been
identified on virtually all blood monocytes, although at lower
levels than expressed by CD4™" T cells (15).

The in vivo role(s) of CD4 on human monocytes and mac-
rophages remains unclear (23). IL-16 is a chemoattractant for
human CD4" monocytes (10) and CD4" eosinophils (30), as
well as for rat and human CD4™" T cells (3, 9). Since IL-16 uses
CD4 as a receptor/coreceptor on T cells (11), CD4 probably
serves the same function on CD4 " monocytes and eosinophils
(4). Other roles for monocyte CD4, if any, remain to be dis-
covered.

Macrophages are important components of the immune
system. These cells act as scavengers of invading microorgan-
isms, presenters of antigens to T cells, and secretors of many
immune-regulating cytokines (16). The persistence of HIV-
infected monocytes and macrophages makes them viral reser-
voirs capable of infecting other cells (17). HIV-infected mono-
cytes and macrophages have impaired phagocytic and killing
abilities, impaired antigen presentation, and altered cytokine
profiles, all of which contribute to AIDS pathogenesis (8, 16).
Furthermore, HIV-infected macrophages and microglia are
thought to produce neurotoxins which contribute to AIDS-
related dementia (8). The infection of cells of the monocyte
and macrophage lineage requires both the CD4 molecule
(21) and the B-chemokine receptor CCRS5, an HIV coreceptor
(12, 14).
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Previous attempts in our laboratory to infect overnight-cul-
tured monocytes with HIV were unsuccessful. We hypothe-
sized that this failure to infect the monocytes was due to their
down regulation of CD4, an event which has also been ob-
served by others and which has been attributed to the differ-
entiation of monocytes into tissue culture-derived macro-
phages (19, 35). In this report, we summarize the findings of
experiments in which we used flow cytometric analysis to ex-
amine various factors which we hypothesized might play a role
in the down regulation of monocyte CD4.

MATERIALS AND METHODS

Abbreviations. The following abbreviations are used: ACD, acid citrate dex-
trose; BSA, bovine serum albumin; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; GM-CSF, granulocyte-macrophage colony stimulating factor;
HIV, human immunodeficiency virus; Ig, immunoglobulin; IL-10, interleukin-10;
LPS, lipopolysaccharide; MAb, monoclonal antibody; M-CSF, macrophage col-
ony-stimulating factor; NaN;, sodium azide; PBMC, peripheral blood mononu-
clear cells; PBS, phosphate-buffered saline; PE, phycoerythrin.

Ethics approval. Ethics approval for the following experiments was received
from the Ottawa General Hospital Ethics Committee.

Cell cultures. Buffy coat or whole blood units were obtained from the Ottawa
chapter of the Red Cross. Alternatively, peripheral blood was obtained from
healthy laboratory personnel following receipt of informed consent. The blood
was collected into Vacutainers (Becton Dickinson, San Jose, Calif.) containing
either sodium heparin or ACD; for the anticoagulant experiments, blood was
collected into separate Vacutainers containing EDTA(K;), heparin, or ACD.
PBMC were isolated by using Ficoll-Paque as previously described (20). Cell
cultures were established as described below.

(i) Whole-blood cultures. Whole-blood cultures were established in 6-ml
polypropylene tubes (Sarstedt, St. Laurent, Quebec, Canada) by culturing 2.5 ml
of whole blood in 1 ml of RPMI 1640 medium (Gibco BRL, Grand Island, N.Y.)
containing 2 mM L-glutamine (Gibco BRL), 5 pg of amphotericin B (Fungizone;
Bristol-Myers Squibb Canada Inc., Montreal, Quebec, Canada) per ml, 40 pg of
gentamicin (Gibco BRL) per ml, 0.01 U of penicillin (Gibco BRL) per ml, and
0.01 pg of streptomycin (Gibco BRL) per ml. The cultures were maintained at
37°C with 5% CO, until the following day.

(ii) Monocyte cultures. Monocytes were isolated by adherence on gelatin-
fibronectin-coated flasks as previously described (20). The cells were cultured in
the same medium as for the whole-blood cultures but with the addition of 10%
FBS (Gibco BRL); this medium is referred to as RPMI-FBS. In some experi-
ments, parallel monocyte cultures containing various amounts of recombinant
GM-CSF (Genzyme, Cambridge, Mass., or Amersham, Oakville, Ontario, Can-
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TABLE 1. Summary of the various antibodies used

Controls, cells, or expt Antibody(-ies)”

Clone(s) Company

Autofluorescence control None added

Isotype controls 1gG,-PE, IgG,,-FITC

2T8-2F5, 7T4-1F5 Coulter Corp.

1gG,,-PE X39 Becton Dickinson
Color compensation controls Anti-CD14-FITC, anti-CD4-PE, anti-HLA-DR-TRI”
Monocytes Anti-CD14-PE LeuM3 Becton Dickinson
Mo-2 Coulter Corp.
Anti-CD14-FITC MY4 Coulter Corp.
Anti-CD4-PE T4 Coulter Corp.
Q4120 Sigma
Anti-HLA-DR-FITC 1243 Becton Dickinson
Anti-HLA-DR-TRI TU-36 Caltag Laboratories,
San Francisco, Calif.
Combinations: two color, anti-CD14-anti-CD4 and
anti-CD14-anti-HLA-DR; three-color,
anti-CD14-anti-CD4-anti-HLA-DR
T cells Anti-CD3-ECD HIT3A Coulter Corp.
Anti-CD3-FITC Leu4 Becton Dickinson
Anti-CD3-TRI S4.1 Caltag Laboratories
Anti-CD3-Quantum Red UCHT-1 Sigma
Anti-CD4-PE Various clones as described
for monocytes
Anti-CD3-anti-CD4 combination
B cells Anti-CD19-ECD HD237 Coulter Corp.
Anti-CD19-FITC SJ25-C1 Sigma
FMC63 Serotec, Mississauga,
Ontario, Canada
Anti-CD20-PE Leul6 Becton Dickinson

Anti-HLA-DR

Various clones as described
for monocytes

Combinations: anti-CD19-anti-HLA-DR and/or

anti-CD20-anti-HLA-DR

CD4 tagging experiments Goat anti-mouse [g-FITC

Not applicable Biosource International,

Camarillo, Calif.

“TRI and Quantum Red are Cy5-PE tandem dyes. ECD, energy-coupled dye.

® Color compensation was performed on whole-blood monocytes. For each fluorochrome, the antibody which would result in the highest-intensity stain was used.

ada), various amounts of recombinant or purified GM-CSF (kindly provided by
Genetics Institute, Cambridge, Mass.), 5 or 10 U of recombinant M-CSF (Gen-
zyme) per ml, 5 ug of LPS (Sigma, St. Louis, Mo.) per ml, or 12 U of recombi-
nant IL-10 (kindly donated by Schering Plough Research Institute) per ml were
also established. The units used to characterize cytokine activity were defined by
the product manufacturers; the biological activity of the Amersham and Genetics
Institute stocks of GM-CSF was confirmed in proliferation assays using GM-
CSF-dependent TF-1 cells (data not shown), and the concentrations of these
GM-CSF stocks used in the monocyte studies were within the range found to
support TF-1 proliferation. The monocyte cultures were maintained overnight
and/or for 6 days at 37°C with 5% CO,. In some experiments, some flasks of
adherent cells were harvested (as described below) immediately following the
1.5-h incubation of the PBMC and the removal of the nonadherent cells. These
harvested adherent cells represent the 1.5-h monocytes.

(iii) Post-Ficoll-Paque PBMC cultures. PBMC were cultured under various
conditions. These conditions involved the culture of 2 X 10° PBMC in uncoated
polystyrene T25 flasks (Corning Costar Corp., Cambridge, Mass.), gelatin-fibro-
nectin-coated T25 flasks, polypropylene tubes (Sarstedt), Teflon vials (Savillex
Corp., Minnetonka, Minn.), or Nunc six-well plates (Gibco BRL). The PBMC
were cultured overnight at 37°C with 5% CO, in 1 to 10 ml of RPMI-FBS,
depending on the size of the culture container.

Harvesting of cells. PBMC and monocyte cultures were harvested by washing
the flasks with ice-cold 10 mM EDTA (BDH Inc., Toronto, Ontario, Canada) in
RPMI 1640 and allowing the flasks to incubate on ice for 5-min intervals. The
cells were collected into 50-ml polypropylene conical tubes containing 1 to 2 ml
of FBS. In experiments in which cells were cultured in both adherent environ-
ments (i.e., flasks) and nonadherent environments (i.e., Teflon vials), the cells
were also harvested using cold EDTA-RPMI medium to control for harvesting
conditions. All cells were washed with PBS (Sigma)-0.1% NaN, (BDH Inc.) at
200 X g for 5 min at room temperature, resuspended in PBS-0.1% NaNj,,
blocked, and stained as described below.

Staining of cells for two- and three-color flow cytometric analysis. (i) Whole
blood. One milliliter of whole blood from each unit of Red Cross blood or buffy
coat was collected from the bag line, and 500 pl of Hepalean (Organon Teknika,
Toronto, Ontario, Canada) was added. Samples from Vacutainer [heparin,
EDTA(Kj), or ACD) tubes did not receive any additional heparin and were
processed as described below. Whole-blood volumes of 100 .l were stained with
an optimum dose of mouse anti-human antibodies.

The staining of whole-blood cultures took into account the increased volume
of blood due to the harvesting medium used in the collection of the culture. We
estimated that approximately 140 pl of the diluted whole blood would give the
equivalent number of PBMC obtained in the 100-pl sample of undiluted whole
blood. This increase in volume was not sufficient to compromise the effectiveness
of the Q-Prep procedure (Coulter Corp., Miami, Fla.).

Cells were added to the MAb combinations (Table 1) and incubated in the
dark for 10 min at room temperature. The red blood cells were lysed, and the
white blood cells were stabilized, using the 35-s cycle on the Q-Prep System. Cells
were washed at 200 X g with PBS (optional) and resuspended with PBS to a final
volume of 0.5 ml.

(ii) Post-Ficoll-Paque PBMC and adherent monocytes. Harvested cells were
resuspended in PBS-0.1% NaNj to a concentration of 0.5 X 10° cells/ml and
blocked with an equal volume of autologous plasma or with 10 pg of Gamim-
mune (Canadian Red Cross Society, Ottawa, Ontario, Canada) per ml for 10 min
at room temperature. Two hundred microliters of cells was transferred to tubes
to which MAb had been added. The cells were incubated in the dark for 10 min
at room temperature, washed in PBS-0.1% NaNj; at 200 X g for 5 min at room
temperature, and resuspended to a final volume of 0.5 ml with PBS-0.1% NaNj.

(iii) Tagging experiments. PBMC were placed on ice, and 2 X 10° PBMC were
resuspended with sterile PBS to a volume of 1 ml and blocked with 1 ml of 10
png/ml of Gamimmune. The cells were incubated in the dark for 10 min with 25
wl of anti-CD4-PE mAD and washed in sterile PBS at 300 X g for 5 min at 4°C.
The pellet was resuspended in RPMI-FBS, and the cells were cultured overnight
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TABLE 2. Monocyte CD4 expression levels before and after
overnight or 6 days of culture in RPMI-FBS

Monocyte CD4 expression (mean channel no.) in:

Isolation Whole blood Overnight monocyte 6-day monocyte
no. (baseline) or PBMC cultures® cultures

Auto? CD4¢ Auto CD4 Auto CD4

1 0.265 6.38 0.232 0.228 ND“ ND

2 0.216 4.07 0.266 0.405 ND ND

3 0.193 3.60 0.223 0.367 ND ND

4 0.239 2.54 ND ND 0.869 4.64 (63.1%)°

5 0.190 2.90 0.313 0.424 0.998 1.57

6 0.159 2.29 0.198 0.213 0.330 0.603

7 0.232 4.07 ND ND 0.727 5.82(83.6%)°

8 0.296 4.49 ND ND 0.774 1.24

9 0.266 2.79 ND ND 0.771 2.57

10 0.216 2.97 0.529 0.691 395 548

11 0.181 2.76 0.296 0.308 217 246

12 0.218 3.08 0.271 0.313 2.16  3.74

13 0.204 2.54 0.228 0.267 153 217

14 0.223 2.75 0.192 0.197 2.15 556

15 0.235 3.02 0.206 0.222 149  2.07

16 0.235 3.10 0.301 0.204 144 133

17 0.310 2.67 0.358 0.324 122 127

18 0.276 5.33 0.324 0.200 ND ND

19 0.640 8.02 0.551 0.846 ND ND

20 0.224 4.79 0.705 0.692 ND ND

21 0.291 5.54 0.269 0.225 ND ND

22 0.385 6.61 0.642 0.486 ND ND

23 0.590 9.15 0.457 0.777 ND ND

24 0.560 3.74 0.365 0.485 ND ND

25 0.269 3.09 0.253 0.688 ND ND

26 0.190/ 4.02/ 0.492 1.02 ND ND

27 0.125" 3.87 0.269 0.244 ND ND

28 0.302 6.88 0.256 0.426 ND ND

29 0.427 4.63 0.256 0.269 ND ND

30 0.315 451 0.234 0.362 ND ND

31 0.284 4.49 0.249 0.264 ND ND

32 0.298 5.09 0.201 0.645 ND ND

33 0.315¢ 745 0.4278 1.32¢ ND ND

34 0.459 2.05% 0.1738 0.8208 ND ND

35 0.336% 5.688 0.148% 0.883¢ ND ND

Mean” + 4.04 = 0.29° 0.159 = 0.047% 1.43 = 0.44%F

SEM

“ Isolations 1 to 17, monocyte culture; isolations 18 to 35, PBMC culture.

® Mean channel number of autofluorescence (FL2 log).

¢ Mean channel number of anti-CD4-PE signal.

4 ND, not done.

¢ Increased CD4 expression was observed for a subpopulation of monocytes.

/Whole-blood data not available due to Q-Prep malfunction; data from post-
Ficoll-Paque PBMC are shown.

£ Data from the citrate condition of the anticoagulant experiments.

" Corrected for autofluorescence.

! Statistically significant CD4 expression relative to autofluorescence; P <
0.050.

J Statistically significant reduction in CD4 expression relative to whole blood;
P < 0.050.

k Statistically significant increase in CD4 expression relative to overnight cul-
ture; P < 0.050.

in Nunc six-well plates (Gibco BRL). Untagged PBMC cultures were established
as controls.

Untagged and CD4-tagged PBMC were harvested with EDTA-RPMI and
washed as described above. The cells were blocked with Gamimmune (10 pg/ml),
aliquoted, and stained. Untagged PBMC were stained with anti-CD4-PE MAb
or with goat anti-mouse Ig-FITC. CD4-tagged PBMC were stained with goat
anti-mouse Ig-FITC.

In experiments using antibodies conjugated to Cy5-PE tandem dyes, an addi-
tional blocking step was performed (L. G. Filion, unpublished data) to block
monocyte receptors specific for the Cy5 component of the conjugate (33). BSA-
Cy5 was added prior to the addition of the tandem dye, either simultaneously
with the Gamimmune block in the case of PBMC or alone in the case of whole
blood. BSA-Cy5 reagent was prepared by conjugating BSA (Sigma) to Fluorolink
Cy5 Reactive Dye (Amersham Life Science, Inc., Pittsburgh, Pa.) as per the
manufacturer’s instructions.
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The combinations of antibodies used in the various experiments are summa-
rized in Table 1. Isotype controls were also included initially but were eventually
discontinued once it was determined that isotype binding was negligible.

Flow cytometric analysis of cells. Cells were double or triple stained to assess
the relative proportions and the phenotypes of the subpopulations within the
whole blood, Ficoll-Paque-isolated PBMC (cultured and uncultured), and mono-
cyte cultures. Autofluorescent controls and the appropriate color compensation
controls were also included. Color compensation was performed on whole-blood
monocytes; for each fluorochrome, the antibody which would result in the high-
est intensity stain was used, i.e., anti-CD14-FITC, anti-CD4-PE, and anti-HLA-
DR-TRI. Cell surface marker expression was determined in initial experiments
using a Profile II flow cytometer and later using an EPICS XL flow cytometer
(Coulter Corp.), both of which were equipped with an argon ion laser emitting
at 488 nm. In order to compare results obtained at different time points within
an experiment, channel targeting was performed at the beginning of each analysis
session using Standard Brite beads (Coulter Corp.). Forward- versus side-scatter
histograms were established to visualize the cells and to gate out dead cells and
debris. In the case of whole-blood and PBMC samples, gates were established
around the lymphocytes and monocytes, and these cell subpopulations were
analyzed separately. A minimum of 2,000 events was recorded. In the case of
the Profile IT flow cytometer, data were acquired using the running software
and were reanalyzed using the EPICS XL version 1.5 software (Coulter Corp.).
In the case of the EPICS XL flow cytometer, data were both acquired and re-
analyzed using the Epics XL version 1.5 software. Figures were generated with
the WinMDI program (34).

Statistical analysis. To determine the degree of monocyte CD4 or HLA-DR
expression for any particular time point or culture condition, paired # tests were
performed using the mean channel number of Ab-stained cells, after correction
for autofluorescence. Paired ¢ tests were also performed to compare CD4 or
HLA-DR expression between time points or conditions. The word significant is
used to indicate a difference at a P value of <0.050.

RESULTS

Monocyte experiments. (i) Kinetics of CD4 expression by
freshly isolated and 6-day-cultured monocytes. The level of
CD#4 expression by gelatin-fibronectin-isolated monocytes was
examined at various time points following their isolation. In
the nine isolations in which 1.5-h monocytes were examined,
CD#4 levels were consistent with the levels observed in whole
blood (data not shown). Lymphocyte contamination levels
(CD3™ T cells and CD19" or CD20™" B cells) were determined
for all 1.5-h monocyte cultures and ranged from 0.8 to 11.5%.

13
34

T To* T T
anti-CD4-PE anti-CD4-PE

FIG. 1. Comparison of monocyte CD4 expression after overnight culturing.
CD4 expression by monocytes was assessed in whole blood (a) and following
monocyte isolation and overnight culture in RPMI-FBS medium (b); monocytes
were electronically gated based on their forward- versus side-scatter character-
istics. The results of the flow cytometric analysis of a representative experiment
in which monocyte CD4 was completely down regulated (n = 18) are shown.
——, autofluorescence; -+ , anti-CD4-PE.
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Monocytes cultured overnight in RPMI-FBS expressed sig-
nificantly reduced levels of CD4 (Table 2), ranging from un-
detectable (Fig. 1) (n = 18) to low-level expression (n = 13).
Following 6 days of culture in RPMI-FBS, monocyte CD4
expression was variable, ranging from undetectable to signifi-
cant expression by either the entire population or a subpopu-
lation (Table 2).

The overnight culture of monocytes resulted in significantly
increased HLA-DR levels compared to those of whole-blood
monocytes (Table 3). HLA-DR was further up regulated fol-
lowing 6-day culturing (Table 3), although the increase did not
reach statistical significance; this lack of statistical significance
is most likely due to the wide range of expression, from a low
of 9.01 mean channel units to a high of 414.7 mean channel
units. However, comparison of HLA-DR levels between time
points within each isolation reveals that HLA-DR levels did
increase with time.

(ii) Assessment of monocyte CD4 expression following over-
night and 6-day culture in the presence or absence of various
factors. Experiments were performed to determine if CD4
expression by gelatin-fibronectin-purified monocytes could be
modulated by growth factors or by external stimuli. The addi-
tion of 100 U of GM-CSF per ml (n = 4), 10 U of M-CSF per
ml (n = 3), 5 pg of LPS per ml (n = 3), or 12 U of IL-10 per
ml (n = 3) to monocyte cultures did not prevent CD4 down
regulation following overnight culture (Table 4). HLA-DR
levels in cultured monocytes were up regulated with respect to
those in whole blood but were comparable to those in the
RPMI-FBS, GM-CSF, M-CSF, and LPS cultures (data not
shown). However, monocytes cultured overnight in the pres-
ence of IL-10 showed lower levels of HLA-DR expression than
monocytes cultured in RPMI-FBS (Table 5); no statistical
analysis was performed, however, because of the bimodal
distribution of HLA-DR expression observed for two of the
three cultures. Lymphocyte contamination levels (CD3" T
cells and CD19" or CD20" B cells) were determined for all
overnight monocyte culture conditions and ranged from 0.2
to 12.8%.

The culture of purified monocytes for 6 days in the presence
of LPS (n = 4), M-CSF (5 U/ml [n = 3] or 10 U/ml [n = 4]),
or GM-CSF (n = 23; various concentrations ranging from 0.1
to 1,000 U/ml) did not affect CD4 expression relative to CD4
levels for monocytes cultured in RPMI-FBS (data not shown).
However, the culture of purified monocytes for 6 days in the
presence of 12 U of IL-10 per ml (n = 3) resulted in increased
monocyte CD4 reexpression compared to monocytes cultured
in RPMI-FBS (Table 6 and Fig. 2). This CD4 reexpression did
not quite reach statistical significance, although we expect that
significance would have been reached had more experiments
been performed.

Lymphocyte contamination levels (CD3" T cells and CD19™"
and CD20" B cells) were determined for all day 6 monocyte
culture conditions and ranged from 0.2 to 16.8%.

Effect of adherence on monocyte CD4 expression in PBMC
cultures. The role of culture-mediated adherence was assessed
by determining monocyte CD4 levels immediately following
isolation of PBMC by use of Ficoll-Paque. In 5 of 18 PBMC
isolations assessed, down regulation of monocyte CD4 could
already be observed prior to the establishment of PBMC cul-
tures (data not shown). Further experiments were performed
to examine the effects of specific adherence and nonadherence
culture conditions on monocyte CD4 down regulation. The
effects of adherence mediated by gelatin-fibronectin-coated
polystyrene surfaces (n = 6) and by uncoated polystyrene sur-
faces (n = 6), were examined; PBMC were used rather than
purified monocytes since we had established that the presence

A STUDY OF MONOCYTE CD4 EXPRESSION 185

TABLE 3. Monocyte HLA-DR expression levels before and
after overnight or 6 days of culture in RPMI-FBS

Monocyte HLA-DR expression in:

Isolation Whole blood Overnight monocyte 6-day monocyte
no. (baseline) or PBMC cultures” cultures
Auto® HLA-DR® Auto? HLA-DR® Auto® HLA-DR®
1 0.235 18.3 0.611 86.4 ND“ ND
2 0.618 28.4 0.289 43.6 ND ND
3 0.489 30.4 0.191 51.7 ND ND
4 0.232 26.0 ND ND 4.58 414.7
5 0.622 4.85 0.566 14.9 2.82 37.7
6 0.290 8.17 0.389 13.7 2.85 14.9
7 0.329 15.5 ND ND 5.10 169.3
8 0.255 28.0 ND ND 3.59 129.4
9 0.377 11.8 ND ND 3.46 55.9
10 0.976 12.8 1.49 49.7 13.4 270.7
11 0.265 12.6 0.369 17.7 1.33 38.7
12 0.354 4.66 0.340 20.0 2.03 29.9
13 0.304 4.35 0.295 8.46 1.41 327
14 0.358 6.18 0.637 214 2.08 337
15 0.340 4.60 0.338 8.87 1.37 12.2
16 0.359 8.38 0.514 11.3 1.48 9.01
17 0.480 7.13 0.458 14.6 1.56 36.6
18 0.299 13.3 0.378 30.9 ND ND
19 0.439 15.8 0.353 40.0 ND ND
20 0.244 11.0 0.681 30.0 ND ND
21 0.599 15.1 0.594 48.5 ND ND
22 0.702 18.9 0.895 36.1 ND ND
23 0.630 11.9 0.548 33.6 ND ND
24 0.488 11.6 0.583 455 ND ND
25 0.599 6.65 0.505 274 ND ND
26 0.205¢ 26.8° 0.532 191.7 ND ND
27 0.141¢ 7.97° 0.275 56.5 ND ND
28 0.216 14.0 0.239 81.0 ND ND
29 0.289 5.96 0.447 6.97 ND ND
30 0.447 5.46 0.366 9.54 ND ND
31 0.486 3.17 0.348 2.54 ND ND
32 0.428 4.01 0.305 6.56 ND ND
Mean’ + 10.33 = 1.13% 35.56 = 7.088" 88.45 + 31.28¢
SEM

“ Isolations 1 to 17, monocyte culture; isolations 18 to 32, PBMC culture.

? Mean channel number of autofluorescence (FL1 log or FL4 log).

¢ Mean channel number of anti-HLA-DR-FITC or anti-HLA-DR-TRI staining.

4 ND, not done.

¢ Whole-blood data not available due to Q-Prep malfunction; data from post-
Ficoll-Paque PBMC are shown.

/ Corrected for autofluorescence.

& Statistically significant HLA-DR expression relative to autofluorescence; P <
0.050.

" Statistically significant increase in HLA-DR expression relative to whole-
blood monocytes; P < 0.050.

"Increase in HLA-DR expression by day 6 cultured monocytes relative to
overnight-cultured monocytes does not reach statistical significance; P > 0.050.

or absence of lymphocytes had no effect on monocyte CD4
expression (Table 2). The effect of nonadherence was also
examined by culturing PBMC in Teflon vials (n = 3). Follow-
ing overnight culture, monocyte CD4 expression was signifi-
cantly and comparably down regulated for all culture condi-
tions (Table 7).

Effect of Ficoll-Paque on monocyte CD4 expression. The
effect of Ficoll-Paque isolation of PBMC was examined for
its possible involvement in monocyte CD4 down regulation.
Whole blood and PBMC were assessed for monocyte CD4
expression before and after overnight culturing.

Following overnight culturing of PBMC, the level of mono-
cyte CD4 expression was significantly down regulated in all
four experiments (Table 8), consistent with previous observa-
tions. In three of four experiments, monocytes cultured over-
night in a whole-blood environment also showed down regu-
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TABLE 4. Monocyte CD4 expression levels before and after overnight culture in RPMI-FBS, with or without
various monocyte/macrophage growth factors, suppressors, and activators

Monocyte CD4 expression (mean channel no.) in:

Overnight monocyte cultures

Isolation Whole blood
no. (baseline) RPMI-FBS With GM-CSF With M-CSF With IL-10 With LPS

Auto? CD4" Auto CD4 Auto CD4 Auto CD4 Auto CD4 Auto CD4

1 0.265 6.38 0.232 0.228 0.247 0.235 0.231 0212 ND¢ ND 0.231 0.277

2 0.216 407 0266 0.405 0.286 0.497 0.366 0.574 ND ND 0369 0373

3 0.193 360 0223 0.367 0.243 0.344 0.233 0.349 ND ND 0.248 0.296

12 0218 3.08 0271 0313 0362 0.397 ND ND 0.503 0525 ND ND

14 0.223 2.75 0.192 0.197 ND ND ND ND 0.224 0317 ND ND

16 0.235 310 0.301 0.204 ND ND ND ND 0358 0.190 ND ND

Mean? + SEM 3.61 + 0.58° 0.038 = 0.031 0.084 + 0.048° 0.102 = 0.066¢ —0.018 * 0.078¢ 0.033 + 0.014¢

“ Mean channel number of autofluorescence (FL2 log).
> Mean channel number of anti-CD4-PE signal.

¢ ND, not done.

@ Corrected for autofluorescence.

¢ Statistically significant CD4 expression relative to autofluorescence; P < 0.050.

/ Statistically significant reduction in CD4 expression relative to whole-blood monocytes; P < 0.050.
& No statistically significant difference in CD4 expression between monocytes cultured in RPMI-FBS and cultures supplemented with various factors.

lation of CD4 levels (Table 8, isolations 30 to 32; in isolation
30, the down regulation of monocyte CD4 was obvious only by
overlaying the anti-CD4-PE histogram for baseline monocyte
CD#4 expression in whole blood with the anti-CD4-PE histo-
gram of monocyte CD4 expression following overnight cultur-
ing of the whole-blood culture). The level of monocyte CD4
expression in these three whole-blood cultures was higher than
monocyte CD4 levels observed for overnight PBMC cultures.
Monocytes in one of the whole-blood cultures continued to
express CD4 levels comparable to those observed in periph-
eral blood (Table 8, isolation 29). Overall, CD4 expression by
monocytes cultured overnight in a whole-blood environment
was significantly higher than that by monocytes cultured over-
night in RPMI-FBS.

Effect of anticoagulant on monocyte CD4 expression. The
effects of various anticoagulants on monocyte CD4 expression
levels were assessed (n = 3). CD4 expression of monocytes was
assessed for PBMC cultures established from peripheral blood
collected in Vacutainer tubes containing sodium heparin,
ACD, or EDTA(K;). Following overnight culturing, monocyte
CD#4 levels were equally down regulated, regardless of the
anticoagulant used (Table 9).

TABLE 5. Monocyte HLA-DR expression following
overnight culture with IL-10

Monocyte HLA-DR expression (mean channel no.)
in overnight monocyte cultures

Isolation
no. RPMI-FBS With IL-10
Auto® HLA-DR”  Auto HLA-DR®
12 0.340 20.0 0.600 0.646 (25.0%), 10.5 (75.0%)°
14 0.637 21.4 3.68 3.0
16 0.514 10.8 0.575 0.908 (20.8%)%, 6.14 (79.2%)°
Mean’ = SEM 16.9 + 3.3¢ 0.066 + 0.1487, 5.10 + 2.92¢

“ Mean channel number of autofluorescence (FL1 log).

® Mean channel number of anti-HLA-DR-FITC signal.

¢In isolations 12 and 16, two populations were observed with respect to
HLA-DR expression.

4 Low expression.

¢ High expression.

/Corrected for autofluorescence.

& Statistically significant HLA-DR expression relative to autofluorescence; P <
0.050.

Determination of the fate of down-regulated monocyte CD4.
The fate of monocyte CD4 was determined in tagging experi-
ments (n = 3) in which PBMC cultures were stained with anti-
CD4-PE MAD prior to overnight culture; untagged PBMC
cultures were established as controls.

Untagged and anti-CD4-PE-tagged PBMC cultures were
harvested following overnight culture. The untagged PBMC
cultures were stained with anti-CD4-PE MADb, whereas the
tagged PBMC cultures were not. Flow cytometric analysis
of the anti-CD4-PE-tagged cultures revealed a PE signal for
the monocyte (Table 10 and Fig. 3c) and lymphocyte (Fig. 3f)
populations. The untagged PBMC cultures, which were stained
with anti-CD4-PE MAD upon harvesting, showed staining of
CD4" lymphocytes (Fig. 3e), consistent with the levels ob-
served for whole blood (Fig. 3d), but negligible staining of the
monocytes (Table 10 and Fig. 3b).

Following overnight culture, the location of the CD4—anti-
CD4-PE MADb complex in the monocyte and lymphocyte sub-
populations was determined using goat anti-mouse Ig-FITC.
The untagged cultures were used to control for nonspecific
binding by the goat antibody. Negligible binding by the goat
antibody was observed for the tagged and untagged monocytes
(Fig. 4a and Table 11), as well as for the untagged lymphocytes
(Fig. 4b), as determined by comparison to the FITC autofluo-

TABLE 6. Monocyte CD4 expression following 6 days
of culture with IL-10

Monocyte CD4 expression (mean channel no.)
in overnight monocyte cultures

Isolation
no. RPMI-FBS With IL-10
Auto” CD4> Auto CD4
12 2.16 3.74 2.10 5.85
14 2.15 5.56 3.50 10.7
16 1.44 1.33 2.52 4.17
Mean® = SEM 1.63 = 1.02 4.20 = 1.62¢

“ Mean channel number of autofluorescence (FL2 log).

> Mean channel number of anti-CD4-PE signal.

¢ Corrected for autofluorescence.

4 The increase in CD4 expression does not quite reach statistical significance
relative to RPMI-FBS culture; P value, between 0.060 and 0.050.
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FIG. 2. Monocyte CD4 expression after IL-10 treatment. The results of the
flow cytometric analysis of a representative experiment (7 = 3) in which mono-
cytes were cultured for 6 days in the absence (a) or presence (b) of IL-10 are
shown; monocytes were electronically gated based on their forward- versus side-
scatter characteristics. ——, autofluorescence; «-++-+ , anti-CD4-PE.

rescence signal for each of these conditions (autofluorescence
data not shown). However, the goat antibody did bind the
tagged lymphocytes (Fig. 4b).

To control for the possibility that the increased monocyte
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PE signal observed in the tagged PBMC cultures was actually
due to internalization of the anti-CD4-PE MAD, as opposed to
some effect of the antibody on the autofluorescence of the cells
following overnight culture, experiments were performed (n =
2) in which PBMC were tagged prior to culture with either
anti-CD4-PE MAb or unconjugated/cold anti-CD4 MADb; a
control consisting of untagged PBMC was also included. Fol-
lowing overnight culture, the monocytes from each PBMC
culture were compared with respect to their FL2 log signals.
Whereas the monocyte FL2 log signals for the untagged
PBMC and PBMC tagged with unconjugated anti-CD4 MAb
were comparable, the monocytes in the PBMC cultures tagged
with anti-CD4-PE MAD showed an increase in FL2 log signal
(data not shown). These results confirm our previous conclu-
sion that the increased FL2 log signal observed in the earlier
tagging experiments was in fact due to the internalization of
the anti-CD4-PE MAD.

DISCUSSION

Attempts in our laboratory to infect overnight-cultured
monocytes with HIV were unsuccessful. We hypothesized that
the absence of CD4 might explain the refractoriness of these
cultured cells to infection. The down regulation of CD4 by
cultured monocytes has been reported by others and has been
proposed to be the result of monocyte differentiation into
macrophages (19, 35). Other investigators (7) have failed to
observe down regulation of monocyte CD4 upon culture.
Our study, which includes 35 isolations, represents a com-
prehensive analysis of monocyte CD4 expression by healthy
donors under most experimental conditions employed in the
laboratory.

Monocyte CD4 levels in whole blood were assessed within
hours of their isolation from the donor, in post-Ficoll-Paque
PBMC fractions, and following overnight and 6 days of culture.
Down regulation was immediately observed following the iso-
lation of PBMC by use of Ficoll-Paque in 5 of 18 experiments.
Following overnight culture under various conditions (includ-
ing adherent and nonadherent environments and in the pres-

TABLE 7. Monocyte CD4 expression levels before and after overnight culture in adherent and nonadherent environments

Monocyte CD4 expression (mean channel no.) in:

Overnight PBMC cultures in:

Isolation Whole blood
no. (baseline) Gelatin-fibronectin-coated Uncoated polystyrene Teflon vial
polystyrene flasks flasks ction vials
Auto” CD4? Auto CD4 Auto CD4 Auto CD4
18 0.276 533 0.324 0.200 0.440 0.253 ND¢ ND
20 0.224 4.79 0.705 0.692 0.566 0.714 ND ND
21 0.291 5.54 0.269 0.225 0.310 0.289 ND ND
26 0.1904 4,024 0.492 0.352 1.32 0.368 1.21
27 0.125¢ 3.874 0.269 0.244 0.220 0.220 0.220 0.279
28 0.302 6.88 0.256 0.426 0.198 0.389 0.237 0.420
Mean® = SEM 4.84 = 0.437 0.082 + 0.098% 0.183 = 0.166% 0.361 + 0.243>

¢ Mean channel number of autofluorescence (FL2 log).
® Mean channel number of anti-CD4-PE signal.
¢ ND, not done.

4 Whole-blood data not available due to Q-Prep malfunction; data from post-Ficoll-Paque PBMC are shown.

¢ Corrected for autofluorescence.

/ Statistically significant CD4 expression relative to autofluorescence; P < 0.050.

& Statistically significant decrease in CD4 expression relative to whole blood; P < 0.050.
" Although the reduction in CD4 expression in Teflon-cultured monocytes compared to whole-blood monocytes did not quite reach statistical significance (P value,
between 0.060 and 0.050), no statistically significant difference in CD4 expression between the three types of overnight cultures (P > 0.050) was observed.
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TABLE 8. Monocyte CD4 expression levels (as a function of
Ficoll-Paque isolation”) before and after overnight culture
in a whole-blood or RPMI-FBS environment

Monocyte CD4 expression (mean channel no.) in:

Overnight cultures

Isolation Whole blood

no. (baseline) ‘Whole-blood PBMC cultures
cultures in RPMI-FBS

Auto®  CD4°  Auto CD4 Auto CD4

29 0.427 4.63 0.253 4.93 0.256 0.269

30 0.315 4.51 0.266 4.02 0.234 0.362

31 0.284 4.49 0.233 1.82 0.249 0.264

32 0.298 5.09 0.275 1.98 0.201 0.645

Mean? = SEM 435 *+0.15¢ 293 = 0.77¢ 0.150 = 0.102%¢

“ For each experiment, monocytes were cultured with and without prior iso-
lation of PBMC by use of Ficoll-Paque.

> Mean channel number of autofluorescence (FL2 log).

¢ Mean channel number of anti-CD4-PE signal.

 Corrected for autofluorescence.

¢ Statistically significant CD4 expression relative to autofluorescence; P <
0.050.

/ Statistically significant reduction in CD4 expression relative to whole-blood
monocytes; P < 0.050.

& Statistically significant reduction in CD4 expression relative to monocytes in
whole-blood cultures; P < 0.050.

ence or absence of lymphocytes), monocyte CD4 was consis-
tently down regulated, either completely or to negligible levels.
Analysis of monocytes cultured for 6 days showed variable
CD4 expression levels, ranging from undetectable to high. We
speculate that these variations may be at least partially attrib-
uted to donor variability in response to numerous factors,
including variable sensitivity to trace levels of LPS in the cul-
ture environment (26), variable sensitivity to mediators or fac-
tors involved in the collection of blood or the manipulation
of the cells (26), or possible differences in the cytokine re-
sponses of cells from the various donors to their in vitro envi-
ronment.

Various monocyte/macrophage growth factors, activators, or
suppressors were tested for their ability to maintain monocyte
CD4 following overnight culture or to enhance reexpression
following 6 days in culture. HIV infection and replication
in monocyte cultures supplemented with GM-CSF (29) or
M-CSF (2) have been reported; the addition of M-CSF to
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macrophage cultures resulted in increased CD4 expression,
although the quantities used were in excess of those used in
our experiments (2). The addition of either GM-CSF or M-
CSF to our cultures failed to inhibit monocyte CD4 expression,
nor did it enhance reexpression in day 6 cultures.

LPS, a potent activator of monocytes/macrophages (26), has
been shown to down regulate monocyte CD4 expression (18,
26). In our experiments, LPS-treated monocyte cultures showed
CD#4 levels comparable to those in untreated overnight and day
6 cultures.

HLA-DR expression in the GM-CSF-, M-CSF-, or LPS-
supplemented cultures was also assessed and was found to be
variable compared to that for monocytes cultured in control
media (data not shown).

IL-10, an immunosuppressive cytokine able to suppress T-
cell and macrophage cytokine production (36), is expressed by
T cells, B cells, and macrophages (24). In HIV infection, ele-
vated IL-10 levels (1, 36) play an important role in the patho-
genesis of HIV and AIDS by causing more efficient infection of
macrophages (32) and increased viral replication in T cells and
macrophages (37) and by impairing antigen presentation by
macrophages (25). Overnight culture of monocytes in the pres-
ence of IL-10 had no effect on monocyte CD4 but did result in
decreased HLA-DR expression. Similar observations with re-
spect to HLA-DR have been made by other investigators (13).
These results could be explained by the observation made by
Chang et al. (5) that IL-10 inhibited the maturation of mono-
cytes in their cultures.

In three of four experiments in which the role of Ficoll-
Paque was assessed, monocytes in whole-blood cultures did
show decreased CD4 expression; however, the CD4 levels were
higher than those for monocytes cultured as a PBMC fraction.
In the remaining isolation, monocytes in the whole-blood cul-
ture did not show a loss of CD4. Our results suggest that whole
blood may contain some factor which stabilizes monocyte CD4
expression and/or inhibits monocyte differentiation to macro-
phages.

Differential regulation of CD4 on monocytes and T cells was
observed in overnight PBMC cultures; while monocyte CD4
was routinely down regulated, T-cell CD4 levels were fairly
consistent, most likely due to the association of T-cell CD4
with p56/*, which keeps CD4 anchored on the cell surface
(27). Because of the lack of p56'* expression by monocytes,
monocyte CD4 is not anchored to the cell membrane, thus

TABLE 9. Monocyte CD4 expression levels (as a function of anticoagulant®) before
and after overnight culture in RPMI-FBS

Monocyte CD4 expression (mean channel no.) in:

Whole blood (baseline) with:

Overnight PBMC cultures with:

Isolation
no. Citrate EDTA Heparin Citrate EDTA Heparin
Auto? CD4¢ Auto CD4 Auto CD4 Auto CD4 Auto CD4 Auto CD4
33 0.315 7.45 0.445 3.70 0.456 6.51 0.427 1.32 0.353 0.956 0.334 0.943
34 0.459 2.05 0.408 4.24 0.371 2.61 0.173 0.820 0.140 0.922 0.174 0.954
35 0.336 5.68 0.353 5.79 0.359 3.95 0.148 0.883 0.143 0.721 0.147 0.726
Mean? + SEM 4.69 + 1.63¢ 4.17 = 0.65¢ 3.96 = 1.12¢ 0.758 = 0.072" 0.654 + 0.064" 0.656 = 0.063"

“ For each isolation, whole blood was collected in three different anticoagulants and assessed for CD4 expression. PBMC were subsequently isolated from each
whole-blood-anticoagulant combination, and the overnight PBMC cultures were assessed for monocyte CD4 expression.

® Mean channel number of autofluorescence (FL2 log).
¢ Mean channel number of anti-CD4-PE signal.
4 Corrected for autofluorescence.

¢ No statistically significant difference in CD4 expression between any of the whole-blood conditions; P > 0.050.
/No statistically significant difference in CD4 expression between any of the overnight cultures; P > 0.050.
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FIG. 3. Tagging of monocyte CD4. The level of CD4 expression by untagged
and CD4-tagged PBMC following overnight culture was assessed; monocytes and
lymphocytes were electronically gated based on their respective forward- versus
side-scatter characteristics. The results of a representative experiment (n = 3)
are shown. (a) Baseline CD4 expression by monocytes in whole blood; (b) CD4
expression of untagged monocytes following overnight culture with subsequent
staining for CD4; (c) CD4-tagged monocytes following overnight culture (no
additional anti-CD4-PE MAD was added to the cells after overnight culturing);
(d) baseline CD4 expression by CD4™ T cells in whole blood; (¢) CD4 expression
by untagged lymphocytes following overnight culture with subsequent staining
for CD4; (f) CD4-tagged lymphocytes following overnight culture. The asterisks
indicate contaminating CD4™" T cells in the monocyte gate, as confirmed by the
CD3™ status of this population.

explaining the ability of monocytic cell lines and monocytes to
constitutively endocytose and recycle their CD4 molecules (27,
28).

We have shown, albeit indirectly, that internalization is the
process by which monocyte CD4 was down regulated in our
experiments. Monocytes and lymphocytes from cultures tagged
with anti-CD4-PE MAD prior to culture continued to display a
PE signal following overnight culture and harvesting. The ad-
dition of goat anti-mouse Ig-FITC to these harvested cells
revealed binding to the tagged lymphocytes but negligible
binding to the tagged monocytes, indicating that the CD4—
anti-CD4-PE MADb complex remained external to the tagged
lymphocytes but was almost completely internalized in the case
of the tagged monocytes. Attempts to stain PBMC from the
untagged overnight culture revealed that the majority of mono-
cyte CD4 had been down regulated. We conclude that the
internalization of monocyte CD4 observed in these experi-
ments reflects the down regulation we routinely observe
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TABLE 10. Monocyte CD4 tagging experiments:
anti-CD4-PE signal

Monocyte CD4 expression (mean channel no.) in:

Overnight PBMC cultures

Isolation ‘Whole blood
no. (baseline) Untagged cultures ~ CD4-tagged
cultures
Auto” CD4? Auto CD4> (CD4°)
19 0.640 8.02 0.551 0.846 1.68
24 0.560 3.74 0.365 0.485 2.47
25 0.269 3.09 0.253 0.688 4.52
Mean? = SEM 4.46 = 1.46 0.283 = 0.091 2.89 * 0.85¢

¢ Mean channel number of autofluorescence (FL2 log).

> Mean channel number of anti-CD4-PE signal.

¢ Mean channel number of anti-CD4-PE signal, with MAb added prior to
overnight culturing.

@ Corrected for autofluorescence (except for CD4-tagged culture).

¢ The difference between the anti-CD4-PE signals for untagged and tagged
cultures does not reach statistical difference; P > 0.050.

following overnight culturing and is not an artifact of our
tagging procedure. Other processes, such as protein shed-
ding from the cell surface, may also be involved in CD4
down regulation, although we have not investigated such
mechanisms.

At this time, we conclude that the observed down regulation
of monocyte CD4 is probably due to the differentiation of
blood monocytes into tissue culture-derived macrophages (35)
rather than to some artifact of the isolation procedure. Despite
its regular use in the immunophenotyping of monocytes, the
physiological role of CD4 in this cell population has been
poorly studied and is poorly understood (23). The results of
our study suggest that monocyte CD4 may play a role in the
monocyte/macrophage differentiation process. It is possible
that as monocytes migrate from the circulation to certain
tissues, the cells may down regulate CD4 expression by a
process similar to that responsible for the down regulation
of monocyte CD4 observed in our cultures. Thus, our in
vitro observations may reflect the naturally occurring in vivo
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FIG. 4. Localization of the CD4—anti-CD4-PE MAb complex with goat
anti-mouse Ig-FITC. The experiment was performed as outlined in Fig. 3. Goat
anti-mouse Ig-FITC was used to stain cultures harvested following overnight
culture to assess the presence of the CD4—anti-CD4-PE MAD complex on the
cell surface; monocytes and lymphocytes were electronically gated based on their
respective forward- versus side-scatter characteristics. The goat anti-mouse Ig—
FITC signal was assessed for untagged (——) and CD4-tagged (-++--+ ) monocytes
(a) and lymphocytes (b) (n = 3). The asterisk indicates a goat anti-mouse
Ig—FITC signal most likely due to the presence of contaminating CD4* T cells
in the monocyte gate.
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TABLE 11. Monocyte CD4 tagging experiments: use of goat
anti-mouse Ig-FITC to localize CD4—anti-CD4-PE
MADb complex of tagged monocytes

Monocyte CD4 expression (mean channel no.)
in overnight PBMC cultures

Isolation
no. Untagged cultures CD4-tagged cultures
Auto” GaM-FITC? Auto GaM-FITC
19 0.357 0.367 0.372 0.367
24 0.510 0.664 0.654 0.898
25 0.505 0.561 0.763 0.717
Mean® = SEM 0.073 = 0.042¢ 0.064 + 0.091%¢

“ Mean channel number of autofluorescence (FL1 log).

® Mean channel number of goat anti-mouse Ig (GaM)-FITC signal.

¢ Corrected for autofluorescence.

4 No statistically significant binding of goat anti-mouse Ab to monocytes; P >
0.050.

¢ No statistically significant difference in levels of goat anti-mouse Ab between
untagged and tagged cultures; P > 0.050.

processes responsible for the lower CD4 expression by tissue
macrophages (39). Cytokines (such as IL-10), adhesion fac-
tors, and/or other cell types in the microenvironment may
play important roles in the regulation of monocyte CD4
expression in vivo.
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