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Selective inhibition of T cell proliferation but
not expression of effector function by human
alveolar macrophages

John W Upham, Deborah H Strickland, Bruce W S Robinson, Patrick G Holt

Abstract sponses dependent upon memory T cells of
the Th2 phenotype.8Background – Alveolar macrophages are

thought to play an important part in reg- While significant progress has been made
recently in elaborating the molecular mech-ulating lung immune responses. While it

is clear that human alveolar macrophages anism(s) by which alveolar macrophages reg-
ulate T cell function in experimental animals,suppress T cell proliferation in vitro, the

mechanisms by which this is achieved are in particular the importance of the inducible
form of nitric oxide (NO) synthase,10 the cor-not clear, nor is it known whether alveolar

macrophages also inhibit other aspects of responding mechanisms in humans remain un-
clear. Whereas some recent reports suggest thatT cell function.

Methods – Peripheral blood mononuclear alveolar macrophage-mediated T cell sup-
pression in humans is dependent upon cell-cellcells were stimulated with phyto-

haemagglutinin or house dust mite aller- contact and is mediated by a component of the
alveolar macrophage cell membrane,6 11 earliergen, and cultured with variable numbers

of autologous alveolar macrophages ob- investigators have proposed that, analogous to
the situation observed in experimental animals,1tained by bronchoalveolar lavage from 20

normal subjects. human alveolar macrophages inhibit T cell pro-
liferation via secreted factors.3Results – Alveolar macrophages induced

a reversible inhibition of T cell pro- A second unresolved issue concerns the ex-
tent to which human alveolar macrophagesliferation in response to both mitogen and

allergen stimulation, with the latter being are able to suppress other aspects of T cell
activation, aside from proliferation. While itconsiderably more susceptible to in-

hibition. This was achieved via hetero- has been reported that alveolar macrophages
also inhibit T cell activation and cytokine se-genous mechanisms, involving both sol-

uble factors derived from alveolar macro- cretion,6 7 11 this is at odds with current know-
ledge of lung T cells in vivo. In contrast to thephages and cell-cell contact. Despite

inhibiting proliferation, alveolar macro- peripheral blood lymphocyte pool, the normal
phages had little or no effect on T cell lung T cell population is dominated by post-
calcium flux, the characteristic changes in activated memory T cells12 13 in which cytokine
CD3, CD2, CD28 and interleukin-2 (IL- mRNA transcripts are detectable in the absence
2) receptor expression which accompany of exogenous stimulation.14 15

normal T cell activation, and IL-2 and To elucidate further the mechanisms by
interferon gamma secretion. In contrast, which human alveolar macrophages suppress
alveolar macrophages inhibited the tyros- T cell proliferation, we have compared mitogen
ine phosphorylation of proteins which may and allergen stimulated T cells and have shown

Division of Cell be involved in IL-2 receptor-associated that alveolar macrophages have the capacity toBiology,
signal transduction. suppress their proliferation by more than oneInstitute for Child

Health Research Conclusions – The immunoregulatory mechanism. Moreover, examination of these
J W Upham properties of alveolar macrophages are “suppressed” T cells indicated that the regu-D H Strickland

relatively selective, allowing T cell activ- latory properties of alveolar macrophages areP G Holt
ation and cytokine secretion while inhibit- selective – while T cell proliferation is inhibited,

Department of ing T cell proliferation within the lung. many early events in the T cell activation pro-Medicine,
(Thorax 1997;52:786–795) cess, as well as key effector functions such asUniversity of Western

Australia cytokine production, proceed relatively un-
B W S Robinson Keywords: alveolar macrophage, T cell, immune re- hindered.

gulation.
Perth, Western
Australia Methods
Correspondence to: The study population comprised 20 healthy,Alveolar macrophages are considered to play
Professor P Holt, non-smoking individuals with a mean (SD)an important part in regulating T cell responsesTVW Telethon Institute for
Child Health Research, age of 37 (11) years. None had experiencedto inhaled antigens within the lung.1 This con-
PO Box 855, symptoms of a respiratory tract infection withinclusion is based not only on the capacity ofWest Perth,
Western Australia 6872. the last month, and in all instances spirometricalveolar macrophages to suppress T cell pro-

values were normal. House dust mite specificReceived 25 November 1996 liferation in vitro,2–7 but also on the finding that
Returned to authors IgE was detectable by RAST in seven subjects.selective in vivo depletion of alveolar macro-16 January 1997

The study was approved by the institutionalRevised version received phages from animals enhances their ability to
28 April 1997 ethics committee and written informed consentgenerate T cell dependent immune responsesAccepted for publication
13 May 1997 to inhaled antigen,8 9 particularly secondary re- was obtained from each subject.
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Alveolar macrophages and T cells 787

    concentration of 1.0 lg/ml. House dust mite
(HDM) extract (the kind gift of Dr G Stewart,Following premedication with atropine, sub-

jects were sedated with intravenous midazolam Perth, UK) was prepared using Dermato-
phagoides pteronyssinus obtained from CSLand fentanyl. The upper airway and trachea

were anaesthetised with topical lignocaine and Ltd (Melbourne, Australia) and was used at a
final concentration of 30 lg/ml. Cultures werebronchoalveolar lavage (BAL) was performed

as previously described.16 Recovery of lavage incubated at 37°C in 5% carbon dioxide for
three (PHA) or seven days (HDM). Pre-fluid averaged 75%. The BAL specimen was

centrifuged at 400g and the cell pellet was liminary experiments had shown that maximal
proliferation was present at these times andwashed. Alveolar macrophages were purified

to more than 93% on a discontinuous Percoll with these concentrations of PHA or HDM.
DNA synthesis was measured by addinggradient employing methods detailed else-

where.17 In some experiments alveolar macro- 0.5 lCi tritiated thymidine (Amersham, Aus-
tralia) during the final 16–18 hours of culture.phages were fixed by incubation in 1%

paraformaldehyde for 20 minutes, washed Cells were harvested onto glass fibre filter mats
and thymidine uptake was assayed using athree times, and allowed to incubate for one

hour prior to further use. Heparinised blood Packard Matrix 9600 beta counter. Data were
expressed as net counts per minute (D cpm)(30 ml) was collected from each subject and

peripheral blood mononuclear cells (PBMC) with the background (unstimulated) counts
subtracted.were isolated on a density gradient using

Lymphoprep (Nycomed, Oslo, Norway). Cell To determine whether alveolar macrophage-
mediated inhibition of T cell proliferation isviability was assessed using trypan blue and

exceeded 90% in all experiments (with the a reversible phenomenon, stimulated PBMCs
were removed from alveolar macrophages fol-exception of fixed alveolar macrophages where

the viability was <15%). lowing overnight co-culture. Cells were gently
resuspended, leaving the majority of adherent
alveolar macrophages behind, and PBMCs
were transferred to new wells with fresh 

Except where indicated, experiments were per- medium. Parallel control cultures contained
PBMCs which had been stimulated in the ab-formed in specific serum-free medium (AIM-

V, Gibco, New York, USA). We elected to do sence of alveolar macrophages and were also
transferred to new wells with fresh medium.this in order to enhance the detection of an-

tigen-specific T cell proliferation so as to ex- Thymidine uptake was determined two days
(mitogen experiments) or six days (antigen ex-amine the influence of alveolar macrophages

on both mitogen-stimulated and antigen-stim- periments) later.
In order to assess whether the inhibitoryulated PBMC. In preliminary experiments it

was observed that the ability of alveolar macro- activity of alveolar macrophages might be me-
diated by soluble products, supernatants werephages to inhibit mitogen-stimulated T cell

proliferation was similar in AIM-V and RPMI generated from alveolar macrophages and stim-
ulated PBMC cultures, with or without alveolarsupplemented with 10% fetal calf serum (data

not shown). However, the latter medium macrophages. These supernatants were har-
vested at 24–48 h, centrifuged, and storedproved unsuitable for examining antigen-spe-

cific T cell proliferation because of high back- frozen at −20°C until required. Graded vol-
umes of these supernatants were subsequentlyground responses, whereas antigen-specific

responses were readily detectable using serum- added to PBMCs cultured with PHA or HDM.
free medium.18

     
     

All proliferation assays were performed in 96- Calcium flux
The determination of intracellular free calciumwell round bottomed plates in 200 ll of AIM-

V medium supplemented with 2-mercapto- using the dye Indo-1 (Molecular Probes, Junc-
tion City, Oregon, USA) has been describedethanol (5× 10−5 M; Sigma). Previous in-

vestigators who have studied the antigen pre- elsewhere.20 Briefly, T cell populations were
suspended in RPMI 1640 supplemented withsenting capabilities of alveolar macrophages

have appropriately used purified T cells in 2% fetal calf serum and 10 mM hepes, pH 7.4,
at a concentration of 5× 106/ml. Cells weretheir culture systems.4 19 However, because the

current study focused on the ability of alveolar incubated with Indo-1 at a final concentration
of 18 lM at 37°C for 35 minutes in the dark.macrophages to actively suppress T cell pro-

liferation, it was elected to use PBMC without The loaded cells were subsequently maintained
for at least two hours prior to analysis in thedepletion of accessory cells or antigen pre-

senting cells. PBMC (2× 105 per well) were dark at room temperature (RT). Immediately
preceding flow cytometric analysis of calciumcultured alone or with variable numbers of

alveolar macrophages in order to achieve ratios flux, the Indo-1 labelled cells were diluted to
1× 106/ml in medium containing 1 mM CaCl2of alveolar macrophages to PBMCs from 1:32

to 1:1 depending on available cell numbers in and equilibrated at 37°C.
For each experiment, measurement of un-each experiment. All assays were performed in

triplicate or quintuplicate with medium con- stimulated baseline levels of intracellular cal-
cium bound Indo-1 was initially established.trol. Phytohaemagglutinin (PHA) was obtained

from Murex (Dartford, UK) and used at a final This was followed by the addition of the ac-
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788 Upham, Strickland, Robinson, Holt

tivating agent and measurement of the increase Western blotting for detection of protein
phosphorylationin the intracellular ionised calcium concen-

tration as determined by the increase in the PBMCs were cultured in the presence or ab-
sence of alveolar macrophages and stimulatedratio of blue/violet fluorescence of Indo-1. The

results are expressed in two forms: the calcium with mitogen as previously described. To re-
move IL-2 already produced during culture,flux ratio and the percentage of responding

cells. Calcium flux, being the ratio of Ca- PBMCs were removed from wells at 24 hours
and washed three times in RPMI 1640 sup-bound (violet) to unbound (blue) Indo-1, was

measured over a five minute interval in response plemented with 5% fetal calf serum. Equivalent
cell numbers were then replated in fresh serum-to the stimulant added after one minute. Re-

sponding cells were defined as those in which free medium and allowed to equilibrate at 37°C
for at least three hours. IL-2 (100 U/ml) wasthe calcium flux ratio was greater than the

mean+95% confidence interval of resting cells. added to the T cell cultures for 15 minutes
and stimulation terminated by the addition of
ice cold lysis buffer containing 1 mM sodium
orthovanadate, 2 mM EDTA, 10 mM iodo-Immunostaining and flow cytometry

Mitogen-stimulated lymphocytes were studied acetamide, 25 lg/ml p-nitrophenylguanidine-
benzoate, 10 lg/ml leupeptin, 10 lg/ml ap-at baseline and at 24 hours for expression of

T cell antigens and markers of activation. Flow rotinin, and 0.5% Triton X-100. After addition
of the lysis buffer (100 ll/107 cells) cells werecytometric analysis employed an EPICS Elite

cytometer equipped with standard analytical vortexed and left on ice for 15 minutes. The
lysates were clarified by centrifugation atsoftware. Because of the importance of ac-

curately distinguishing alveolar macrophages 14 000g at 4°C for 15 minutes. An appropriate
amount of 3.3× concentrated sample bufferfrom T cells, the latter were identified on the

basis of their forward and side scatter char- was added to the supernatant and the samples
were then boiled for five minutes and frozenacteristics, together with staining for CD5.

(CD5 was included as a relatively stable pan T at −20°C until required.
Samples were electrophoresed on a 10%cell marker, rather than CD3 which was markedly

downregulated in a significant proportion of T SDS-polyacrylamide gel and then transferred
to a 0.22 lm nitrocellulose membrane. Aftercells following activation. Preliminary ex-

periments indicated that B cells comprised <5% blocking at 4°C overnight the membranes were
probed for phosphotyrosine activity. Briefly,of the CD5+ population in PBMCs.)

The following monoclonal antibodies were after washing in Tris-buffered saline (20 mM
Tris, 150 mM NaCl) with 0.05% Tweenused for immunostaining: anti-CD3 (UCHT1,

Dako, Denmark), anti-CD2 (Leu-5b, Becton and 0.1 mM Na3VO4 (TBS-T0.05, 0.1 mM
Na3VO4), the membranes were incubated withDickinson), anti-CD28 (Leu 28, Becton

Dickinson), anti-IL-2 receptor alpha chain (IL- 1 lg/ml anti-phosphotyrosine monoclonal anti-
body (Upstate Biotechnology Inc, Lake Placid,2Ra; CD25, Tac), and phycoerythrin (PE) con-

jugated anti-CD5 (Leu-1, Becton Dickinson). New York, USA) for two hours at room tem-
perature. Membranes were washed a furtherBiotinylated sheep anti-mouse and streptavidin

fluorescein isothiocyanate (FITC) were from three times and then incubated with biotinylated
sheep-anti-mouse for one hour at room tem-Amersham, Sydney.

Lymphocytes were retrieved from culture perature, washed, and finally incubated with
streptavidin-horseradish peroxidase for one hourwells by gentle resuspension in order to mini-

mise contamination with adherent alveolar at room temperature. After final extensive wash-
ing the membranes were developed by the en-macrophages. Cells were washed and then

double stained using optimal concentrations of hanced chemiluminescence method (ECL,
Amersham, Australia) according to the manu-monoclonal antibodies to CD3, CD2, CD28

or IL-2Ra, followed by biotinylated sheep anti- facturer’s directions.
mouse and streptavidin FITC, and finally
CD5-PE. An irrelevant rat antibody and an
isotype matched PE-conjugated mouse anti-

 body were employed as negative controls. The following reagents were employed in ex-
periments involving modulation of the ability
of alveolar macrophages to suppress T cellMeasurement of cytokines proliferation: recombinant IL-1 (Immunex,Culture supernatants were harvested at 24 Seattle, Washington, USA), anti-TGFb block-hours for determination of interleukin-2 (IL- ing antibody (R&D Systems, USA), indo-2) and at 48 hours for interferon gamma (IFNc) methacin (Sigma, St Louis, Missouri, USA),as cytokine levels were maximal at these time and NG-monomethylarginine acetate (MMA)points. IL-2 bioactivity was measured using a from Calbiochem (La Jolla, California, USA).standard bioassay. Serial dilutions of super-

natants were added to CTLL-2 cells (104 per
well) and compared with a standard curve
generated using recombinant IL-2 (Cetus,  

Except where indicated, data are expressed asEmeryville, California, USA). The results were
analysed using the probit method. IFNc was mean (SD). Statistical comparisons of paired

or unpaired data were performed by t test.assayed by ELISA as previously described.21

This assay was accurate over the range Two-sided p values are given and p values of
<0.05 were regarded as significant.5–2000 U/ml.
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Figure 2 Reversibility of alveolar macrophage-mediated
inhibition of T cell proliferation. PBMCs were stimulated

1:1

100

0
1:32

AM:PBMC ratio

R
el

at
iv

e 
3 H

 t
h

ym
id

in
e 

u
p

ta
ke

 (
%

 c
o

n
tr

o
l)

1:41:81:16 1:2

25

50

75

Antigen

Mitogen

n = 15

with antigen or mitogen and cultured in the presence or
absence of alveolar macrophages (AM). After 24 hoursFigure 1 Inhibition by alveolar macrophages of
PBMCs were gently resuspended (“rescued”) andproliferation of T cells stimulated with optimal
transferred to new wells with fresh medium. Fresh antigenconcentrations of either antigen (house dust mite, HDM)
or PHA was not added. Results shown are mean (SD)or mitogen (phytohaemagglutinin, PHA). Thymidine
thymidine uptake of a representative of three experiments.uptake is expressed as a percentage of that in control
∗p<0.01 compared with PBMC which remained in thecultures which contained only stimulated PBMCs. Solid
presence of AM throughout the culture period.lines are means and dashed lines 95% CI. Inhibition of

HDM responses was similar in mite allergic and non-
allergic subjects (data not shown). Mean (SD) D cpm in
control cultures were 26 142 (12 374) and 64 963

    (19 397) for HDM and PHA, respectively. Mean
background thymidine uptake in unstimulated wells for all    
experiments described in this study were as follows. For It is clear that the capacity of alveolar macro-three day cultures backgrounds were invariably <1000 cpm

phages to inhibit T cell proliferation in vitro iswhile in seven day cultures backgrounds were 3649
(3384) cpm. an active process which is not due to over-

crowding of culture wells by the large alveolar
macrophages.1 6 Nonetheless, the mechanism
by which this phenomenon is mediated in
humans remains unclear. Rich et al have pro-
posed that suppression of T cell proliferation
by human alveolar macrophages is mediatedResults

      primarily by contact dependent mechanisms
involving a lipid-rich component of the cell 

When we compared the capacity of alveolar membrane of the alveolar macrophages and
that suppression is not dependent on the vi-macrophages to inhibit T cell responses to

antigen or mitogen (fig 1), alveolar macro- ability of alveolar macrophages.6 However, on
the basis of our observations that alveolarphages inhibited proliferation induced by both

stimuli in a dose dependent manner. However, macrophages inhibited antigen-specific pro-
liferation at extremely low alveolar macro-proliferation due to HDM was considerably

more susceptible to the inhibitory influence of phage:PBMC ratios (fig 1), it seemed likely
that alveolar macrophages would also secretealveolar macrophages than proliferation in-

duced by PHA (p<0.0001 at ratios of 1:16, factors which suppress T cell proliferation.
When we compared live alveolar macrophages1:8, and 1:4).

There is evidence that alveolar macrophage- with alveolar macrophages which had been
fixed in paraformaldehyde it was evident thatmediated inhibition of T cell proliferation is a

reversible phenomenon in that lymphocytes fixation reduced the ability of alveolar macro-
phages to inhibit T cell proliferation (fig 3).removed from alveolar macrophages within the

first 24 hours will respond to re-stimulation Although fixed alveolar macrophages retained
some capacity to inhibit mitogen responses atwith mitogen.7 In order to determine whether

such re-stimulation is necessary for pro- high alveolar macrophage:PBMC ratios, they
had no effect on antigen responses which sug-liferation, parallel replicate cultures were es-

tablished in which mitogen-stimulated or gests that the ability of alveolar macrophages
to inhibit these latter responses is largely de-antigen-stimulated PBMCs were incubated

overnight in the presence or absence of alveolar pendent on the viability of alveolar macro-
phages.macrophages and then transferred to new wells

with fresh medium. (It was estimated that ap- We then addressed the related issue of
whether suppressive activity is present in super-proximately 10% of the original concentration

of mitogen or antigen remained in the medium natant derived from alveolar macrophages.
Supernatant was added to PBMCs at the initi-in these new wells. Particularly in the case of

antigen, this is well below the normal threshold ation of cultures and the results expressed as the
equivalent alveolar macrophage:PBMC ratio. Iffor optimal stimulation). As depicted in fig 2,

these “rescued” cells exhibited levels of pro- 50% supernatant derived from wells containing
1.0× 105 alveolar macrophages (± 2× 105liferation which were at least half those of the

controls. PBMCs; i.e. alveolar macrophage:PBMC ratio
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Figure 3 Fixation of alveolar macrophages (AM) reduces their ability to inhibit T cell proliferation. ∗p <0.05,
proliferation significantly greater than in cultures with live alveolar macrophages. Fixed alveolar macrophages inhibited
proliferation of PHA-stimulated PBMCs (A) below control at ratios of 1:4 and 1:2 (p<0.02) but did not inhibit
antigen-stimulated PBMCs (B) at any of the ratios tested.
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Figure 4 Ability of culture supernatants to inhibit T cell proliferation. Supernatants were derived from alveolar
macrophages (AM, Β) or co-cultures of AM + PBMC (Μ) as described in the Methods section and added to (A)
PHA-stimulated and (B) antigen-stimulated PBMCs at time 0. Data are from a representative experiment (n=3).
Supernatants derived from stimulated PBMCs had no significant effect on the uptake of 3H-thymidine (data not
shown). ∗p<0.05 compared with control cultures which received medium instead.

of 1:2) was added subsequently to 2× 105 Alveolar macrophages from various species
have been shown to secrete a variety of me-PBMCs, this was expressed as an “equivalent

alveolar macrophage:PBMC ratio” of 1:4. If diators which are capable of inhibiting T cell
proliferation, including IL-1 receptor an-25% was added, this was expressed as an “equi-
tagonist protein,22 nitric oxide (NO),10 trans-valent alveolar macrophage:PBMC ratio” of
forming growth factor b (TGFb),23 and1:8. Similarly, supernatant from wells contain-
prostaglandins.3 In order to determine the pos-ing 0.5× 105 alveolar macrophages± 2× 105

sible contribution of each of these in the presentPBMC (i.e. alveolar macrophage:PBMC ratio
model, co-cultures of alveolar macrophages+of 1:4) was diluted to 50%, 25%, and 12.5%,
PBMCs were established in the presence ofyielding “equivalent alveolar macrophage:
saturating concentrations of either recom-PBMC ratios” of 1:8, 1:16, and 1:32. In mi-
binant IL-1 (100 U/ml), the NO synthase in-togen stimulated cultures, supernatants derived
hibitor MMA (0.5 mM), anti-TGFb blockingfrom alveolar macrophage + PBMC co-cul-
antibody (10–20 lg/ml), or indomethacintures had only a slight inhibitory effect on PHA
(1.0 lg/ml). However, neither of these aloneresponses (fig 4A), suggesting that secreted
nor the combination of anti-TGFb antibodyfactors play a minor role in this situation. In
plus indomethacin had any significant influencecontrast, HDM-specific T cell proliferation was
on the degree of inhibition of mitogen or an-readily inhibited by added supernatants derived
tigen-driven T cell proliferation (n=3 for eachfrom alveolar macrophages cultured alone or
experiment; data not shown).alveolar macrophage:PBMC co-cultures (fig

4B). Indeed, it appeared that factors secreted
spontaneously by alveolar macrophages can   “”  
account for most of their in vitro suppressive We then examined the characteristics of T cells

which were “suppressed” by alveolar macro-activity in this latter culture system.
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Alveolar macrophages and T cells 791

Lymphokine gene expression appears to be
dependent on a CD28-mediated signal.) Ad-
ditionally, IL-2R becomes apparent on the sur-
face of the majority of T cells. Because the
foregoing changes are necessary components
of normal T cell activation, it is possible that
alveolar macrophages could inhibit prolifer-
ation by interfering at one or more of these
sites.

However, the experiments performed here
suggested that alveolar macrophages had little
influence on the above parameters of T cell
activation. As expected, PHA-stimulated T
cells which were cultured alone exhibited
downregulation of CD3 and upregulation of
CD2, CD28 and IL-2Ra (fig 6A and B). These

20

Calcium flux ratio
1

24 hours

1 hour

A

400

% responding cells
20

B

60

PBMC

PBMC + AM

same changes were also present on T cells
Figure 5 Influence of alveolar macrophages (AM) on calcium flux by mitogen- which were co-cultured with sufficient alveolarstimulated PBMC. Data are from a representative experiment and are expressed as either

macrophages to inhibit their subsequent pro-(A) calcium flux ratio or (B) percentage of responding cells. Ionomycin, used as a
positive control, produced a flux ratio of 5.7 and a response in 100% of cells. liferation markedly. Alveolar macrophages did

not significantly alter the normal pattern of
activation-associated changes in CD2, CD28
and IL-2R expression, and had a minor (thoughphages to determine whether alveolar macro-

phages suppress all aspects of the T cell statistically significant) effect on the activation-
associated reduction in CD3 expression. Sim-activation process. To obtain sufficient stim-

ulated cells for these analyses it was necessary to ilar results were seen regardless of whether the
data were expressed as the mean fluorescencestudy mitogen (rather than antigen) stimulated

PBMCs as the concentration of antigen-specific intensity (fig 6) or as the percentage of T cells
which stained positively for these four antigensT cells is impractically low in the peripheral

blood (precursor frequency <0.1%). We fo- (latter not shown).
cused on the initial 24 hours following stimu-
lation because it appears that this is the critical
period for alveolar macrophage-induced in- Cytokine production

Alveolar macrophages had no effect on thehibition of T cell proliferation.7 24 In the fol-
lowing series of experiments PHA-stimulated levels of bioactive IL-2 secreted into culture

supernatants by activated T cells (fig 7). InPBMCs were compared with PBMCs co-cul-
tured with sufficient alveolar macrophages to contrast, a modest reduction in the con-

centration of IFNc was found when PBMCsreduce thymidine uptake to less than 30% of
control in parallel culture wells. were stimulated in the presence of alveolar

macrophages. After subtracting the amount of
IFNc present in wells containing alveolar
macrophages alone, levels of this cytokine aver-Calcium flux

Engagement of the T cell receptor/CD3 aged 41% of that in controls, but the pro-
duction levels can nevertheless still be classifiedcomplex leads to the generation of “second

messengers” including a rapid increase in intra- as relatively high.
cellular calcium. Both IL-2 production and
T cell proliferation are thought to be dependent
on this calcium flux.25 In order to examine the Phosphorylation of intracellular proteins

Because saturating amounts of IL-2 do notinfluence of alveolar macrophages on calcium
flux, PBMCs were incubated for one hour overcome the ability of human alveolar macro-

phages to inhibit T cell proliferation,7 29 it isor for 24 hours in the presence of alveolar
macrophages at an alveolar macrophage: possible that alveolar macrophages interfere

with the normal functioning of the IL-2 re-PBMC ratio of 1:1. However, alveolar macro-
phages did not significantly alter calcium flux ceptor. Consequent upon the binding of IL-2 to

its receptor, a number of intracellular proteinsin response to PHA, whether the data were
expressed as calcium flux ratio or as the per- undergo phosphorylation by tyrosine kinases.30

Preliminary data concerning the influence ofcentage of responding cells (fig 5). This oc-
curred even though subsequent T cell alveolar macrophages on this process are dis-

played in fig 8. Under conditions of normal Tproliferation was markedly inhibited.
cell activation (as shown in lanes 3 and 4),
several proteins have undergone tyrosine
phosphorylation. Attempts were made toActivation associated antigens

During normal T cell activation characteristic demonstrate that these proteins were phos-
phorylated directly as a result of IL-2 by re-changes occur in the expression of a number

of T cell antigens. In particular, the intensity moving IL-2 from the cultures for a period of
time. Cells were washed, rested in freshof CD3 expression diminishes while CD2 and

CD28 are upregulated.26–28 (CD2 is an ac- medium for three hours, and then IL-2 was
added for 15 minutes. However, even whentivation and adhesion molecule, while CD28 is

a receptor through which co-stimulatory signals IL-2 was not added, a high degree of phos-
phorylation was present in the samples (laneare received from antigen-presenting cells.
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Figure 6 Influence of alveolar macrophages on expression of activation-associated antigens on mitogen-stimulated
CD5+ T cells. (A) CD3, CD2 and CD28 expression. Data are expressed as mean fluorescence intensity (MFI)
normalised to that on resting T cells, arbitrarily set at 1.0. ∗p<0.05 versus resting T cells. Data are shown as mean
(SD); n[4 experiments. (B) Effect of alveolar macrophages (AM) on upregulation of IL-2Ra (CD25) expression on
mitogen-stimulated CD5+ T cells. A histogram from a representative experiment is shown (n=5). Fluorescence intensity
is on the horizontal axis and relative cell number on the vertical axis. The vertical line indicates the upper limit of
background staining using an irrelevant primary (rat) antibody.
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Figure 7 Influence of alveolar macrophages (AM) on cytokine production by PHA-stimulated PBMCs. ∗p<0.05
compared with PBMC. Data are expressed as mean (SD); n=8.

4), either as a result of ongoing mitogen stimu- ulated lymphocytes, the bands highlighted by
the arrow appear to be the most important.lation or in response to the continuous pro-

duction of IL-2 by activated T cells. It was
thus difficult to ascertain with any certainty
which proteins were phosphorylated spe- Discussion

The salient findings to emerge from this studycifically as a result of IL-2 stimulation. None-
theless, two major bands were readily apparent may be summarised as follows: (1) human

alveolar macrophages mediate reversible in-in stimulated PBMCs (lanes 3 and 4; arrowed)
but were undetectable in PBMCs co-cultured hibition of T cell proliferation in response to

both mitogen and antigen stimulation, and thewith alveolar macrophages (lane 2). In ad-
dition, a faint band of approximately 165 kDa latter is much more susceptible to inhibition;

(2) the mechanisms by which suppression ofwas consistently present in stimulated PBMCs
but absent in co-cultures of alveolar macro- antigen-induced T cell proliferation is achieved

appear to involve the secretion of as yet un-phages with PBMCs. A diffuse band of phos-
phorylated protein was evident in lysates from defined effector molecules by viable alveolar

macrophages, whereas fixed alveolar macro-cultures containing alveolar macrophages
(lanes 1 and 2). As this band was more prom- phages only appear capable of blocking mi-

togen-induced proliferation at very high ratiosinent in lane 2, it is possible that activated
PBMCs are acting upon alveolar macrophages. of alveolar macrophages to T cells; (3) rather

than a non-specific suppression of all aspectsHowever, in the context of the experiments
described in figs 5–8 which focused on the of T cell function, alveolar macrophages se-

lectively inhibit proliferation, while allowinginfluence of alveolar macrophages on stim-
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the extent of this variation is relatively small,Figure 8 Effect of
alveolar macrophages and certainly much less than the differences
(AM) on tyrosine between antigen and mitogen cultures as shownphosphorylation of

in fig 1.intracellular proteins. Lane
1: AM + PHA + IL-2; This suppressive phenomenon is essentially
lane 2: AM + PBMC + reversible (see fig 2) such that T cells arePHA + IL-2; lane 3:

able to proliferate following their removal fromPBMC + PHA + IL-2;
lane 4: PBMC + PHA. alveolar macrophages. In vivo, if activation is
Two major bands (arrow) initiated within the lung in the presence ofwere apparent in lanes 3

alveolar macrophages, “suppressed” T cellsand 4 but were absent in
lanes 1 and 2. A might therefore retain the ability to undergo
representative experiment is clonal expansion if and when they migrate out
shown (n=3). of the lung to regional lymph nodes. Such a

mechanism might serve a dual purpose – it
would permit the development of T cell mem-
ory to antigens encountered on the epithelial
surfaces of the lung while minimising the
physiological sequelae of local T cell pro-
liferation within the lung.

By examining both mitogen and antigen-
stimulated T cells it became clear that human
alveolar macrophages possess at least two dis-
tinct immunoregulatory mechanisms. In ex-
periments with mitogen-stimulated T cells,
suppression required high ratios of alveolar
macrophages to PBMCs and was partially re-
produced by paraformaldehyde fixed alveolar
macrophages. These findings are in agreement
with the notion that alveolar macrophages can
inhibit T cell proliferation via a contact de-
pendent mechanism.6 11 However, the existence
of another considerably more potent mech-
anism became evident in experiments em-
ploying antigenic stimulation, where
suppression was observed at low alveolar

Lane:

200

116

MW

97

66

45

31
1 2 3 4

many other facets of the initial T cell activation
cascade to proceed unhindered.

As shown in fig 1, alveolar macrophages
inhibited T cell proliferation in a dose de-
pendent fashion. Because antigen-specific T
cell proliferation was inhibited at very low al-
veolar macrophage:PBMC ratios in vitro, we
think it likely that alveolar macrophages are
able to inhibit T cell proliferation following
antigen exposure in vivo, even in a particular macrophage:PBMC ratios, was absolutely de-

pendent upon alveolar macrophage viability,microenvironment within the lung where al-
veolar macrophages are outnumbered by T and was reproduced with supernatants derived

from alveolar macrophages. These latter find-cells. The greater susceptibility of antigen com-
pared with mitogen-induced proliferation has ings suggest that alveolar macrophages can also

inhibit T cell proliferation by the secretion ofbeen noted previously,5 31 and there appear to
be at least two possible explanations for this “suppressive factors” into the medium. Thus,

the mechanisms by which human alveolardifference. Firstly, the kinetics of these T cell
responses differ. Whereas antigen requires macrophages inhibit T cell proliferation appear

to be heterogeneous, analogous to the situationtime-dependent processing by antigen-pre-
senting cells, the T cell receptor can be in the rabbit.31 While alveolar macrophages

from a variety of experimental animals haveimmediately cross-linked by unprocessed mi-
togen. It is noteworthy that the suppressive been shown to secrete soluble suppressive fac-

tors, this is not spontaneous but requires anactivity is directed at events occurring within
the first 24 hours after T cell stimulation and IFNc signal from T lymphoblasts.2 10 31 In con-

trast, it appears that the supernatants derivedthat, once a critical stage of activation has been
reached, alveolar macrophages are no longer from human alveolar macrophages cultured

alone contain suppressive factors (see fig 4).able to inhibit proliferation.7 Accordingly,
alveolar macrophages may have less time to This suggests that human alveolar macrophages

produce such factors constitutively, or that theinhibit mitogen (compared with antigen) stim-
ulated T cells before they proceed past “the culture conditions (including adherence to

plastic) are sufficient to “activate” human al-point of no return”. Secondly, it is possible that
the susceptibility to suppression differs because veolar macrophages33 and thus induce secretion

of suppressive factors.alveolar macrophages inhibit antigen-pre-
senting cell function32 and thereby indirectly Nonetheless, these lymphocytostatic mech-

anisms remain only partially defined. Whereasinhibit T cell proliferation. Compared with
mitogen, T cell responses to antigen have much nitric oxide mediates much of the suppressive

activity of rodent alveolar macrophages,10 29 thismore exacting requirements with respect to
antigen processing and presentation, and it is appears less likely for human alveolar macro-

phages as concentrations of MMA which arepossible that these are particularly vulnerable
to the inhibitory influences of alveolar macro- known to inhibit nitric oxide synthase did not

modulate their suppressive activity. Neither isphages. Others have shown that the extent
of alveolar macrophage-mediated suppression it likely that the IL-1 receptor antagonist, which

has also been shown to contribute to the Tdoes vary to a minor degree according to the
concentration of mitogen employed.7 However, cell suppressive activity of supernatants derived
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from rodent alveolar macrophages,34 plays a phages do not inhibit the ability of alloantigen-
stimulated T cells to provide help for B cellsignificant role in the human process as the

presence of high concentrations of recombinant immunoglobulin production; neither IFNc nor
IL-4 production were suppressed by alveolarIL-1 in the human cultures did not modify

suppression either. Another report suggests that macrophages in that study.35 Indeed, our ob-
servation that alveolar macrophages partiallyhuman alveolar macrophages use a com-

bination of TGFb and prostaglandins to block inhibited production of IFNc, but not IL-2,
implies that alveolar macrophages may exertinduction of lymphokine activated killer (LAK)

cell activity in response to high concentrations differential effects on particular T cell cyto-
kines. It is possible that alveolar macrophagesof IL-2.23 However, our findings on the lack of

effects of adding blocking anti-TGFb anti- may secrete factors which inhibit the CTLL
cell line, such that our assay has underestimatedbodies suggest that alveolar macrophages em-

ploy other (as yet undefined) mechanisms to IL-2 concentrations. If this were the case, it
would strengthen the conclusion that alveolarinhibit T cell proliferation in response to stimu-

lation via the T cell receptor. macrophages have little effect on IL-2 pro-
duction, despite marked inhibition of DNAWhen we examined the properties of PBMCs

which had been stimulated with mitogen in the synthesis.
In view of the finding that human alveolarpresence of alveolar macrophages, it appeared

that many of the earliest steps in T cell ac- macrophages have little effect on the earliest
sequelae of T cell stimulation (see figs 5 andtivation were relatively unaffected. The char-

acteristic changes in expression of CD3, CD2, 6), and that IL-2 secretion and IL-2Ra chain
expression are normal, it would appear thatCD28, and IL-2Ra which accompany normal

T cell activation were not substantially altered alveolar macrophages exert their suppressive
influence at a more “distal” site in the activationby the presence of alveolar macrophages, de-

spite marked inhibition of their subsequent cascade. Given that alveolar macrophage-me-
diated suppression is not overcome by the pres-proliferation. Even though we have not ex-

amined these same parameters under con- ence of large concentrations of IL-2,7 29 it seems
likely that alveolar macrophages interfere withditions of antigen stimulation, studies

comparing the effects of alveolar macrophages the normal functioning of the IL-2R at a point
downstream from IL-2 binding; similar sug-on mitogen versus antigen stimulation of T cells

from hyperimmune rats indicate an identical gestions have been made in relation to recent
animal studies from our laboratory dem-pattern of surface marker expression in both

systems.34 This provides circumstantial evi- onstrating identical levels of IL-2 binding to
normal and “alveolar macrophage suppressed”dence that the sequelae for the suppressed T

cell are the same, regardless of the mechanisms rat T cells.34 It is also noteworthy that Yar-
brough et al have proposed that lung macro-by which alveolar macrophages suppress T cell

proliferation. phages inhibit the activation of LAK cells at a
point distal to the binding of IL-2 to the bMoreover, our findings suggest that the initial

calcium flux which precedes T cell activation chain of the IL-2R.36

Our preliminary results concerning tyrosineis also relatively unaffected by the presence of
alveolar macrophages. This conclusion con- phosphokinase activity in mitogen-stimulated

lymphocytes, as shown in fig 8, are consistenttrasts with that of a previous report,11 but is
internally consistent with the observation that with this hypothesis. Alveolar macrophages ap-

pear to impede phosphorylation of certain in-alveolar macrophages did not reduce IL-2 levels
in our system (see fig 6), given that IL-2 se- tracellular proteins, though further studies will

be required to characterise these proteins andcretion is dependent upon calcium flux.25 Sim-
ilar results have also been obtained in the rat.34 their exact relationship with the IL-2R. Never-

theless, the marked differences observed be-It has been reported that alveolar macro-
phages inhibit expression of the activation tween PBMCs and co-cultures of alveolar

macrophages + PBMCs suggest that furthermarkers IL-2R and the transferrin receptor,
but not HLA-DR, on T cells stimulated with more detailed studies on protein phos-

phorylation and associated signal transductionmitogen for 48 hours.7 (It is not clear whether
a similar effect was seen at 24 hours.) However, via the IL-2R are warranted.

The characteristics of “alveolar macrophagein that study only 22–35% of T cells cultured in
the absence of alveolar macrophages expressed suppressed” T cells described herein resemble

in many respects the profile of freshly isolatedIL-2R. Because the authors chose to purify
lymphocytes over a nylon wool column prior lung T cells. As noted earlier, this latter T

cell population is dominated by post-activatedto flow cytometry, it is possible that activated
T cells may have been lost in the process, memory cells12 13 which contain cytokine

mRNA transcripts14 15 and which proliferateleading to an underestimate of the degree of
expression of IL-2Ra. poorly upon ex vivo stimulation.13 16 21 As shown

in the current study, these are features of peri-The effect of alveolar macrophages on T cell
cytokine production has received relatively little pheral blood T cells which have been stim-

ulated in vitro in the presence of alveolarattention compared with their effects on T cell
proliferation. Our own finding that levels of macrophages, consistent with the notion that

alveolar macrophages selectively inhibit T cellbioactive IL-2 were not affected by alveolar
macrophages differs from a prior report in proliferation but not activation, and implying

that alveolar macrophages contribute to thewhich human alveolar macrophages reduced,
but did not abolish, IL-2 production.6 In con- development of these characteristics in the

lung. In vivo it is likely that other im-trast to the latter, it appears that alveolar macro-
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