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ABSTRACT: Suppression of local T-cell activation in the lower respiratory tract
by resident pulmonary alveolar macrophages (PAMs) is believed to play an important
role in the maintenance of local immunological homeostasis. = However, the
mechanism(s) by which pulmonary alveolar macrophages regulate T-cell responses
are poorly characterized.

The present study examines early events during the activation process in mitogen-
stimulated T-cell cultures, in which proliferation was completely blocked by the
presence of pulmonary alveolar macrophages.

Despite inhibition of proliferation, the T-cells demonstrated normal Ca+ flux,
normal modulation of surface expression of CD3 and T-cell receptor o/p (TCRa/B),
upregulation of interleukin-2 receptors o and 3 (IL-2Ra and IL-2R), and secretion
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of high levels of interleukin-2 (IL-2).

Thus, pulmonary alveolar macrophage regulation of T-cell activation appears to
permit initial expression of effector function, but selectively inhibits further amplifi-
cation of the overall T-cell response by limiting clonal expansion of the activated

effector T-cell.
Eur Respir J., 1994, 7, 2124-2130.

Mature "resting" pulmonary alveolar macrophages
(PAMs) from all species except the guinea-pig, have been
demonstrated in many laboratories to suppress in vitro
activation of homologous T-cells, and these findings have
prompted suggestions that PAMs play an important
censorial role in limiting the overall level of steady-state
T-cell responses at the sensitive blood-air interface in the
peripheral lung (reviewed in [1, 2]).

A variety of secreted mediators have been demonstrated
to contribute to PAM-mediated inhibition of T-cell
proliferation in different in vitro models, and these include
leukotrienes [3], prostaglandins [4, 5], transforming growth
factor-p (TGF-B) [6], interleukin-1 receptor antagonist
(IL-1-Ra) [7], and nitric oxide [8]. Immunosuppres-
sive steroid metabolites released via the activity of the
enzyme dihydroepiandrosterone sulphatase in PAMs [9]
may also play a role in this process. As well as direct
effects upon T-cell proliferative capacity, PAMs have
also been demonstrated to inhibit T-cell stimulation in
vitro, via downmodulation of the major antigen presen-
ting cell (APC) population present in lung tissue, the
pulmonary dendritic cells (DCs) [10-12].

Recent experiments on drug modulation of PAM
function(s) in experimental animals have provided more
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direct evidence for the operation of such a regulatory
circuit in vivo. Thus, selective in situ depletion of resident
PAMs in experimental animals via intratracheal admini-
stration of liposome-encapsulated dichloromethylene
diphosphonate markedly increases the in vitro proliferative
activity of lung-derived T-cells [13], and concomitantly
increases local and systemic T-cell-dependent immune
responses in vivo to inhaled antigens, in particular secon-
dary response against antigens to which the animals were
presensitized [14, 15]. A notable feature of these find-
ings was the differential stimulation of the immunoglo-
bulin E (IgE) component of the immune response in the
lung parenchyma and respiratory tract lymph nodes of
PAM depleted animals [16], suggesting that this regulatory
pathway may be of particular importance in control of
local CD4+ T-helper-2 (TH-2) cell activation.

The molecular mechanism(s) underlying this potentially
important regulatory process remain to be defined. The
present study seeks to elucidate aspects of the in vitro
immunosuppressive activity of PAMs in relation to early
events in proliferating T-cell cultures, focusing particularly
on modulation of the two principal classes of surface
molecules which control the overall activation process,
the T-cell receptor and interleukin-2 (IL-2) receptors.
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Material and methods

Animals

Inbred, specified pathogen free WAG rats, maintained
under barrier conditions, were employed in the majority
of these experiments. The overall findings from the study
were subsequently validated in animals from the BN and
Wistar Furth strains.

Cell preparation and culture

Methods for preparation of PAMs by bronchoalveolar
lavage (BAL) and preparation of mononuclear cell
suspensions from lymph nodes (LNs) and spleens, are
as described in [11].

In experiments involving in vitro T-cell activation,
splenic or LN T-cells were cultured at 4x105 per 200 pl
in microplates in RPMI 1640 medium containing 5%
foetal calf serum (FCS) supplemented with 5.0 pg-ml-!
concanavalin A (conA), in the presence or absence of
PAMs, as detailed in [11]. Deoxyribonucleic acid (DNA)
synthesis was measured at 48 h, via incorporation of *H-
thymidine (specific activity 5 Ci-mmol"') into DNA, and
is shown below as mean disintegrations per minute (DPM)
per culture [11]. IL-2 production in cultures was deter-
mined via the standard bioassay.

Flow cytometry

Flow cytometric analysis of surface marker expression
employed an EPICS Elite cytometer, equipped with stan-
dard analytical software. Monoclonal antibodies (MoAbs)
used were anti-rat CD5 (Ox19; pan T-cell) [17], anti-rat
CD3 [18], anti-rat T-cell receptor o/ (TcRa/B) chain
(R73) [19], anti-rat interleukin-2 receptor-o. (IL-2Rat)
(Ox39) [20], and anti-rat interleukin-2 receptor-f3 (IL-
2R[) (NDS62) [21]. A mouse anti-human MoAb was
employed as a background control.

T-cells were positively selected by gating on the pan-
T-cell antibody Ox19, employing an Ox19-fluorescein
isothiocyanate (FITC) conjugate prepared inhouse. The
expression of surface CD3, TcRa/p or IL-2Rs was
examined via staining with one of the MoAbs listed
above, followed by biotinylated sheep-anti-mouse and
streptavidin phycoerythrin (PE), and finally Ox19-FITC.
Cell viability was determined by propidium iodide stain-
ing; analysis of DNA content of T-cells was performed
using propidium iodide and ribonuclease (RNAse) as
described previously [22].

Calcium flux determination

The determination of intracellular free calcium using
the dye Indo-1 (Molecular Probes, Junction City, OR,
USA) has been described previously [23, 24]. Briefly,
T-cell populations were suspended in RPMI 1640

supplemented with 2% FCS and 10 mM hydroxy-
ethylpiperazine ethanesulphonic acid (HEPES), pH 7.4,
at a concentration of 5x106-ml!. Cells were incubated
with Indo-1, at a final concentration of 18 uM, at 37°C
for 35 min in the dark. The loaded cells were subsequently
maintained for at least 2 h prior to analysis at room
temperature (RT), in the dark and in the presence or
absence of PAMs, added at 10% of the T-cell concentra-
tion.

Immediately preceding flow cytometric analysis of cal-
cium flux, the Indo-1 labelled cells were diluted to
1x106-ml! in medium containing 1 mM CacCl, and equili-
brated at 37°C.

For each experiment, measurement of unstimulated
baseline levels of intracellular calcium bound Indo-1 was
initially established. This was followed by the addition
of the activating agent and measurement of the increase
in the intracellular ionized calcium concentration, as
determined by the increase in the ratio of blue/violet
fluorescence of Indo-1. The results are expressed as
calcium flux, being the ratio of Ca-bound (violet):unbound
(blue) Indo-1, measured over a 5 min time-interval in
response to the stimulant added after 1 min.

Data analysis

Where applicable, comparisons between data groups
were performed using the Student's paired t-test.

Results
Suppression of in vitro T-cell proliferation by PAMs

Figure 1 illustrates typical dose-response curves ob-
tained via titration of increasing numbers of PAMs into
cultures of splenic or LN lymphocytes, stimulated with
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Fig. 1. — Effect of PAMs on splenic (@) and LN ([]) T-
cell responses to conA. PAMs were added in increasing numbers to
2x106-ml! T-cells and the cultures stimulated with conA (5 pg-ml).
Cells were cultured for 2 days and deoxyribonucleic acid (DNA)
synthesis was measured via 3H-thymidine incorporation. Data are
expressed as DPM (meantsp) of triplicate cultures from a representative
experiment (n>15). PAM: pulmonary alveolar macrophages; conA:
concanavalin A; LN: lymph node; DPM: disintegrations per minute.
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an optimal concentration of conA. Fifty percent suppres-
sion of T-cell proliferation was achieved with the addi-
tion of 10° PAMs per culture, equating to 0.6% of the
T-cell concentration. Viability of the T-cells at day 1
and day 2 was >95% in the presence or absence of PAMs,
suggesting that the mechanism of suppression involved
inhibition of proliferation as opposed to cytotoxicity.
In support of this conclusion, analysis of DNA content
was determined on day 3 after initiation of the cultures,
and the results indicated that whilst a significant propor-
tion of the normal conA-stimulated T-cells progressed to
the S/G2M phases of the cell cycle, T-cells stimulated
with conA in the presence of PAMs did not. In a re-
presentative experiment, 67.4% of conA-activated cells
were in GO/G1, 14.6% had progressed to the G2M phase,
and 18% were in S phase. For T-cells stimulated with
conA in the presence of PAMs, 92.2% of the T-cells
remained in GO/G1 phase.

TcR downmodulation during in vitro activation

Figure 2 shows surface expression of CD3 and TcRo/f3
at the 24 h time-point following initiation of T-cell cul-
tures. The T-cells were gated on CD5, and the intensity
of expression of TcR-associated surface molecules is
shown as mean fluorescence intensity (MFI). CDS5 ex-
pression decreased by variable amounts following ac-
tivation. However, these small changes were restricted
within the normal positive range.

In these experiments, parallel cultures were established
containing 2x105 splenocytes-ml' plus medium (Con-
trol), and the latter plus 5 pg conA alone or with 104
PAMs (equivalent to the top of the PAM dose curve in

Control

figure 1). Cultures were analysed for TcR surface ex-
pression at the 24 h time-point, with parallel replicate
cultures being subsequently assayed at 48 h to verify that
lymphocyte proliferation was indeed completely inhi-
bited.

In the cultures containing conA alone, vigorous T-cell
proliferation occurred, and CD3 expression was down-
modulated markedly compared to control cultures contain-
ing no mitogen (MFI 7.4 versus 0.5 in the representative
experiment shown; over a series of 10 experiments the
mean percentage reduction in MFI (£sp) was 65+18;
p<0.001). Downmodulation of TcRo/p chain expression
also occurred (MFI 7.6 to 2.4 in the example shown;
mean percentage reduction over 10 experiments was
53+10; p<0.001).

Consistent with the data of figure 1, the cultures con-
taining 10* PAMs completely failed to proliferate, but,
nevertheless, the T-cells exhibited CD3 and TcRa/p
downmodulation, which was comparable to that occur-
ring in nonsuppressed (PAM-free) cultures.

IL-2R expression and IL-2 production in the presence of
PAMs

The experiments in figure 3 followed similar lines
to those in figure 2, but additionally included control
lymphocyte cultures containing PAMs without added
mitogen. Expression of both the o and B affinity recep-
tors for IL-2 was clearly upregulated in proliferating
(PAM-free) conA-stimulated cultures, and also in the
cultures where proliferation was completely inhibited
by the presence of PAMs. In addition, measurement of
the concentration of bioactive IL-2 in the supernatant of
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Fig. 2. — Flow cytometric analysis of the expression of CD3 and TcRa/B on splenic T-cells (gated for by double staining with CDS5). T-cells
were cultured at a concentration of 2x106-ml-! and stimulated with conA (5 pg-ml') in the presence or absence of PAMs (added at 10% of the T-
cell concentration). Control cultures had neither conA or PAMs added. Cultures were harvested at 24 h and stained for CD5 and CD3 or TcRo/j,
as described in Materials and methods; employing the control MoAbs to set the upper limit of background staining for PE (y axis) and FITC (x
axis) indicated by the dotted lines. Values for MFI (arbitrary units) are shown for control cells and those exposed for 24 hr to con A, alone or in
the presence of PAM, and are representative of a series of experiments (n>15). TcRo/B: T-cell receptor o/f; MoAb: monoclonal antibody; MFI:
mean fluorescence intensity. For further abbreviations see legend to figure 1.
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Fig. 3. — Effect of PAMs on the expression of IL-2 receptors on
splenic T-cells following activation with conA. T-cells were cultured
at a concentration of 2x10°ml' and were either stimulated with conA
(5 pg-ml!) or left unstimulated (Control). PAMs were added to parallel
cultures at 10% of the T-cell concentration. Cultures were harvested
at 24 and 48 h after initiation, stained for CD5 and IL-2Ra or IL-2R3
and analysed by flow cytometry, as described in Materials and methods.
Results are expressed as the meantsp percentage of T-cells that are
expressing IL-2 receptors. IL-2Ra and IL-2Rf expression was not
significantly different (0.1>p<0.2) between cells stimulated in the
presence versus absence of PAMs (n>10). IL-2: interleukin-2; IL-2Ra
and IL-2Rf: interleukin-2 receptor oo and . For abbreviations see
legend to figure 1.

these cultures at the 24 h time-point (fig. 4) indicated
the presence of high levels of IL-2 in the cultures contain-
ing PAMs, despite the failure of the lymphocytes to
proliferate in the presence of PAMs. Although IL-2
secretion by T-cells was reduced in cultures containing
PAMs in comparison to cultures free from PAMs, signifi-
cant levels of IL-2 were still produced; and, furthermore,
the addition of up to 1,000 U recombinant IL-2 (rIL-2)
to T-cell cultures containing PAMs failed to demonstrate
any significant increase in the capacity of the lympho-
cytes to proliferate (table 1).
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Fig. 4. — Production of bioactive IL-2 by splenic ( B ) and LN
(## ) T-cells in the presence and absence of PAMs. T-cells were
cultured at 2x106-ml-!' and either stimulated with conA (5 pg-ml') or
left unstimulated (Control). PAMs were added to parallel cultures at
10% final T-cell concentration. Culture supernatants were harvested
after 24 h and assayed for the presence of bioactive IL-2 using the
standard CTLL-2 bioassay. Results are expressed as the meantsp
(n=6) amount of IL-2 produced and normalized to T-cells stimulated
with conA alone (absolute levels of IL-2 in the control cultures averaged
17.5 U-ml'. *: p<0.001 versus conA without PAMs; §: p<0.01 versus
conA without PAMs.

Ca*+ flux

The calcium flux ratio was determined for splenic T-
cells in the presence and absence of PAMs using conA
as the mitogenic signal, acting via functional CD3/TcR
complex [25]. Calcium ionophore A23187 (Cal), which
provides maximal stimulus for Ca** mobilization, acting
via TcR independent mechanisms, was used as a positive
control. To determine the effect of PAMs on T-cell cal-
cium flux potential, Indo-1 loaded cells were incubated
with PAMs (at concentrations equivalent to the top of
the dose curve in figure 1) for at least 2 h prior to addition
of the activating agent, and were retained with the T-
cells during analysis.

The response of a normal T-cell culture stimulated
with Cal in the presence and absence of PAMs, is illus-
trated in figure 5. The results are representative of the
profile defining the blue:violet fluoresence ratio for all
the individual T-cells analysed over time. For determin-
ation of the Ca** flux ratio for the overall culture, the

Table 1. — The effect of recombinant IL-2 (rlL-2) on splenic T-cell responses to conA in the presence of PAMs
rlL-2 Experiment 1 Experiment 2 Experiment 3

U-ml! No PAMs 5% PAMs No PAMs 5% PAMs No PAMs 5% PAMs
0 4527314879 95103 23268+1008 118+22 50562+5782 328+56
10 60487+8528 127+481 42754£6630 76120 4915216082 3561308
100 7825610213 1571693 4204442270 162+10 53154+1098 126163
1000 8048319154 3654227 147£36 5676413236 232+40

Data are shown for three separate representative experiments and are expressed as mean DPM=sp of triplicate cultures.
Splenic T-cells were cultured at a density of 2x105-ml! stimulated with conA (5 pg-ml!) in the absence or presence of
PAMs added at 5% final T-cell concentration. Recombinant IL-2 was added in increasing doses at the initiation of the
culture. Cells were cultured for 2 days and deoxyribonucleic acid (DNA) synthesis was measured via 3H-thymidine
incorporation. ND: not done; PAM: pulmonary alveolar macrophage; conA: concanavalin A; IL-2: interleukin-2; DPM:

disintegrations per minute.



2128 D.H. STRICKLAND, U.R. KEES, P.G. HOLT

Mean flux ratio

Time min

Fig. 5. — Comparison of the mean T-cell response, representing the
Indo-1 blue/violet fluoresence ratio, depicting the mean calcium flux
of splenic T-cells in the presence (- ) and absence ( ) of
PAMs upon activation. The calcium flux ratio was determined by
evaluating levels of intracellular ionized calcium, as the change in blue:
violet fluorescence after the addition of conA. The arrow indicates
addition of the conA. For abbreviations see legend to figure 1.

mean blue:violet ratio is calculated during the first min-
ute following introduction of the sample into the cyto-
meter flow cell (immediately prior to the addition of
conA), and again during the 4-5 min period after introduc-
tion of conA at time 1 min. The ratio of these two values
defines the Ca*+ flux for a given sample.

The calcium flux of splenic derived T-cells in the
absence of PAMs using Cal or conA was 5.0+0.6 and
1.810.4, respectively (n=4). The presence of PAMs in
the T-cell culture for 2 h (and up to 10 h, data not shown)
prior to analysis did not alter the flux potential of the T-
cells, where the resulting calcium flux after activation
by Cal or conA was 4.5+0.5 and 1.6+0.2, respectively
(n=4). Comparable findings were also obtained using
LN T-cells, and preliminary experiments employing
mitogenic dosages of anti-CD3 produced results demon-
strating comparable findings to those reported here for
conA and Cal. The calcium flux ratio resulting after the
addition of soluble anti-CD3 alone was 1.2 and 1.3,
respectively, for T-cells stimulated in the presence or
absence of PAMs.

Discussion

Mounting evidence suggests that the maintenance of
immunological homeostasis in the airways and periphe-
ral lung relies primarily on endogenous immunosup-
pressive mechanisms, which collectively restrict the local
induction of T-cell responses, in the main, to antigenic
challenges, posing a genuine threat to the host (reviewed
in [2]). By extension, it has been postulated that the
breakdown of these suppressive mechanisms may be
important to the aetiology of immunologically-mediated
diseases, such as respiratory allergy, and may also contri-
bute to the pathogenesis of established disease [2, 26].

PAM-mediated suppression of T-cell activation is widely
ascribed an important role in this process, and the in vitro
evidence upon which this suggestion is based has been
given recent support by the results of experiments on in
situ depletion of PAMs in rats and mice, a manoeuvre
which creates a state of immunological hyperreactivity
to antigenic challenge via aerosol [15, 16].

The existence of similar relationships between PAM
immunosuppressive function(s) and T-cell reactivity in
human lung disease is yet to be conclusively demon-
strated, but is increasingly supported by evidence from
studies on PAM immunoregulatory activity in sarcoid-
osis [27-30], and to a lesser extent in bronchial asthma
[31, 32], and chronic lower respiratory tract infection
[33-35]. However, the existing evidence is sufficient to
justify more detailed in vitro studies on the underlying
mechanisms.

The present experiments focus on the early events
during in vitro T-cell activation in the presence of PAMs
at a density which completely inhibits T-cell prolife-
ration. The salient findings are as follows; firstly, intra-
cellular levels of free Ca*+ increase rapidly in T-cells
following the addition of Cal or conA to the cultures,
both in the presence and absence of PAMs. In addition,
down-modulation of TcR-associated molecules (a normal
consequence of T-cell activation) [36] occurs to a compa-
rable degree in both cultures. Collectively, these results
suggest that the activation process per se initially proceeds
normally in the presence of PAMs. Consistent with this
suggestion, both the o and f3 receptors for IL-2 demonstrate
comparable degrees of upregulation in the presence or
absence of PAMs.

In this context, it has recently been reported that IL-
2R expression (but not T-cell proliferation) can occur
independently of Ca*+ flux [37]. It also appears that the
failure of the T-cells to proliferate in the presence of
PAMs is not due to a lack of available IL-2, which was
produced in levels approaching control cultures. Further-
more, the addition of excessive levels of rIL-2 to cultures
containing PAMs does not induce T-cell proliferation.

This latter finding distinguishes the present pheno-
menon from classical T-cell anergy, a process in which
unresponsiveness to in vitro restimulation is associated
with failure to produce IL-2 [38]. However, it appears
similar to a recent report of inhibition of in vitro T-cell
responses in the presence of Type II alveolar epithelial
cells, in which "suppressed" T-cells were unable to
proliferate, despite expression of IL-2R and secretion of
high levels of IL-2 [39]. In both the latter and the pre-
sent model, T-cell activation up to the stage of cytokine
release appears to proceed normally, but the activation
process is arrested prior to cell division.

We have not yet established the degree to which these
effects are reversible, nor the relationship between IL-2
and the full range of T-cell cytokines, but the reported
experience with other manifestations of in vitro T-cell
suppression [38] indicates that the effects upon other
cytokines are likely to be highly variable. Experiments
are in progress to determine the applicability of these
findings to human alveolar macrophage (AM):T-cell
interactions. A recent report [22] indicates variable effects
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of human AMs on T-cell IL-2R expression, but (analo-
gous to the results above) failure of rIL-2 to inhibit AM-
mediated suppression. A single report [40] suggests
AM-mediated inhibition of Ca* flux in human T-cells
in response to anti-CD3 but not to ionomycin, in contrast
to the consistent results reported above with both activa-
ting agents.

In summary, the present results and previous data on
Type II alveolar epithelial cells point to the operation of
a sophisticated control mechanism for T-cell activation
in the lung, which may permit the local expression of a
single "burst" of effector function in the form of cytokine
release, whilst at the same time limiting the local
amplification of the response via active suppression of
subsequent proliferation of the activated cells.
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