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Mucosal immunoadjuvant activity of liposomes: role of alveolar macrophages
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SUMMARY

Previously, we have reported on a liposomal adjuvant system for stimulation of both systemic IgG and
mucosal s-IgA responses against viral antigens (influenza virus subunit antigen or whole inactivated
measles virus) administered intranasally to mice. Immune stimulation is observed with negatively
charged, but not with zwitterionic, liposomes and is independent of a physical association of the antigen
with the liposomes. Furthermore, liposome-mediated immune stimulation requires deposition of the
liposomes and the antigen in the lower respiratory tract. In the present study, it is shown that alveolar
macrophages (AM) are the main target cells for negatively charged liposomes administered to the lungs
of mice. AM isolated from animals, to which negatively charged liposomes were administered
beforehand, showed large intracellular vacuoles, suggestive of massive liposome uptake. Under ex vivo
conditions, both AM and RAW 264 cells exhibited a high capacity to take up negatively charged
liposomes. The deposition of negatively charged liposomes, but not zwitterionic, liposomes in the lung
reduced the phagocytic and migratory behaviour of AM, as assessed on the basis of transport of carbon
particles to the draining lymph nodes of the lungs. Depletion of AM in vivo with dichloromethylene
diphosphonate, facilitated an enhanced systemic and local antibody response against influenza subunit
antigen deposited subsequently to the lower respiratory tract. In conclusion, these data provide support
for the hypothesis that uptake of negatively charged liposomes blocks the immunosuppressive activity
of AM, thereby facilitating local and systemic antibody responses.

INTRODUCTION

In previous studies, we have shown that liposomes, formulated in
an experimental influenza virus subunit vaccine or an inactivated
measles whole virus vaccine, stimulate systemic and local antibody
responses upon intranasal administration to mice. 1-3 This immune-
stimulatory activity of liposomes was found to be independent of a
physical association of the antigen with the liposomes and required
administration of the liposomes and antigen to the lower respi-
ratory tract, including the lungs.1-3 Furthermore, a negative sur-
face charge on the liposomes was found to be essential for immune
stimulation.' It is known that cells belonging to the mononuclear
phagocytic system (MPS), including alveolar macrophages (AM),
have a natural tendency to take up liposomes.4-6 In the present
study, we specifically investigated the role of AM in the mucosal
immunoadjuvant activity of liposomes.

Macrophages are abundantly present in the alveolar spaces
(AM) and lung interstitium (interstitial macrophages, IM).7 AM
function as scavenger cells clearing the lung of foreign (antigenic)
material.8 In this respect, it has been reported that AM play a role
in particle translocation from the lung to draining lymph nodes.9 In
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addition, AM have been suggested to perform immunoregulatory
functions such as cytokine production and antigen presentation. 10-12
However, there is increasing evidence to indicate that AM are not
particularly efficient stimulators of immune responses when com-
pared to IM, other macrophages, or monocytes of the same
species.7"''3 In fact, in many cases, AM appear to suppress local
immune responses, and thus, may play an important role in
maintaining immunological homeostasis and preventing allergic
sensitization of the healthy lung.'2"4 Studies of Holt and co-
workers have demonstrated that AM constitutively suppress
immune responses in the lung by inhibition of T-cell proliferation
and down-regulation of antigen-presenting functions of pulmonary
dendritic cells (DC).15"16 Additionally, AM may down-regulate
immune responses by rapid uptake and degradation of antigen, thus
preventing other antigen-presenting cells, like DC, to process and
present the antigen. In agreement with the notion that AM down-
regulate immune responses in the lung, Thepen et al. have shown
that the formation of antigen-specific antibody-forming cells is
enhanced in the lungs of mice which were previously depleted of
their AM population.'7 In these experiments, selective elimination
of AM was achieved by intratracheal injection of liposomes
containing dichloromethylene diphosphonate (CL2MDP), a tech-
nique described earlier by Van Rooijen.'8 Contrary to AM, IM
seem to augment DC function by processing of antigen and release
of antigenic fragments which are then presented by DC to T cells.'3

We hypothesized, in agreement with Van Rooijen,19 that uptake
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of negatively charged liposomes by AM could inhibit AM-mediated
immune suppression temporarily, thereby stimulating antibody
responses against a coadministered antigen. In the present study we
demonstrate that, in vivo and ex vivo, AM are target cells for
negatively charged liposomes. In addition, it is shown that uptake
of negatively charged liposomes affects AM function with respect
to their phagocytic and migratory behaviour. Furthermore, it is
demonstrated that functional depletion of AM facilitates an
increased systemic IgG and local secretory IgA (s-IgA) antibody
response against influenza subunit antigen. These data support the
hypothesis that liposomes interfere with the AM-mediated immune
suppression, thereby facilitating an increased immune response
against a coadministered antigen.

MATERIALS AND METHODS

Animals
Female BALB/c mice (8-10 weeks) were used throughout. For
immunization studies, groups consisted of five animals each. For
carbon phagocytosis and transport studies, groups consisted of
three animals each.

Influenza subunit vaccine
Influenza virus subunit vaccine, as used for human flu vaccination,
was provided by Solvay Duphar B.V. in Weesp, the Netherlands.
This subunit vaccine consists primarily of aggregates of viral
haemagglutinin (HA) and neuraminidase. The antigen preparation
was derived from the influenza virus A/PR/8/34 (HINI). The
potency of the preparation, expressed in Asg of HA per ml, was
determined by the single-radial-diffusion test.20

Liposomes
Egg-yolk phosphatidylcholine (PC) was obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL). Cholesterol and dicetylphos-
phate (DCP) were from Sigma Chemical Co. (St. Louis, MO).
Fluorescently labelled BODIPY-phosphatidylcholine (BODIPY-
PC) was from Molecular Probes (Eugene, OR).

Liposomes were prepared as reported earlier.' Liposomes used
in the liposomal vaccine were extruded oligolamellar vesicles and
consisted of PC, cholesterol and DCP in a molar ratio of 4: 5: 1.
For in vitro liposome uptake studies, liposomes consisted of
BODIPY-PC, PC, cholesterol and DCP in a molar ratio of
2: 2 5: 4 5: 1 (negatively charged liposomes), or BODIPY-PC, PC
and cholesterol in a molar ratio of 2: 3: 5 (zwitterionic liposomes).
Lipid content of the liposomal preparations was determined by
phosphorus analysis as described by Bottcher et al.2'

Liposome uptake by macrophages
Broncho-alveolar lavage (BAL) cells were obtained by 10 con-
secutive in situ washes of the lungs of anaesthetized mice using
1 ml RPMI-1640 medium (Gibco BRL, Breda, the Netherlands)
supplemented with 5% fetal calf serum (FCS) (Gibco BRL) and
0 25% (w/v) lidocaine (Sigma) at 37°. Routinely, cytospins were
prepared and stained with May-Grunwald Giemsa (MGG) for
differentiation and counting of harvested cells. BAL cells obtained
from normal untreated animals consisted almost exclusively of
AM (>98%), in agreement with observations by Holt et al.'2
The yield of AM was approximately 4 x 105 cells per mouse. The
cells were washed twice with serum-free RPMI- 1640 at 40,
resuspended in RPMI-1640 supplemented with 5% FCS and placed
in 96-well cell culture plates (4 x 105 cells/well). RAW 264 cells (a

macrophage-like cell line) in RPMI-1640 medium with 5% FCS
were placed in 96-well cell culture plates at the same cell density.
The plates were incubated for 24hr at 370 in a humidified C02-
incubator for adherence of the cells. Subsequently, the plates were
washed with phosphate-buffered-saline (PBS) to remove non-
adherent cells.

To assess liposome uptake by the adherent cells, fluorescently
labeled liposomes (0-5 Asmol of total lipid per ml), in RPMI-1640
supplemented with 1% FCS, were added to the cells in a volume of
200 ,uI in triplicate. After 24 hr of incubation at 370 in a humidified
C02-incubator, the plates were washed three times with PBS and
the cells were lysed by the addition of 100jil of 0 5% Triton per
well. The amount of liposomes taken up by the cells was deter-
mined on the basis of the fluorescence intensity associated with the
(lysed) cells, measured in an SLM/Aminco AB2 fluorometer at an
exitation wavelength of 500nm and an emission wavelength of
520 nm. The uptake of liposomes is expressed as arbitrary units of
fluorescence, after subtraction of the background fluorescence of
cells which were incubated in medium alone.

AM depletion
Liposomes containing Cl2MDP in PBS were prepared as described
by Van Rooijen.18 Control liposomes were prepared accordingly
but contained no Cl2MDP. For in vivo AM depletion, mice were
anaesthetized (0-06 mg pentobarbital per g body weight, injected
intraperitoneally) and instilled intratracheally with the CL2MDP-
liposome suspension.17 For intratracheal administration, an inci-
sion was made in the throat parallel to the trachea. The trachea was
exteriorized and the liposome-suspension was instilled towards the
lungs using a 30-gauge needle, during which the cranial aspect of
the trachea was clamped off to prevent back-flow of the liposomes.
The skin incision was closed with interrupted sutures. A separate
group of mice, given liposomes without CL2MDP using the same
protocol, is referred to hereafter as sham-depleted mice.

Immunization and sample collection
Mice were immunized by intranasal instillation of influenza sub-
unit antigen alone or influenza subunit antigen mixed with empty
liposomes, consisting of PC, cholesterol and DCP (molar ratio,
4: 5: 1). The immunization was performed under light ether
anaesthesia, resulting in deposition of the fluid inoculum in the
total respiratory tract, including the lungs.22

Mice were bled 2 weeks postimmunization and serum samples
were prepared. Lung washes were taken by gently injecting 1 5 ml
PBS into the lungs with a syringe connected to the trachea,
followed by aspiration of 1 ml of the lung wash fluid. Cellular
components were removed by low-speed centrifugation. Sera and
washes were stored at -20°.

Antibody assays
Influenza-specific serum IgG and s-IgA were determined by enzyme-
linked immunosorbent assay (ELISA) as described before.2' Anti-
body titres represent the reciprocal serum or lung wash dilution
with an A492 value > 0-2, after subtraction of the background value
of a non-immune serum or lung wash at a matching dilution. Serum
and lung wash antibody levels are expressed as geometric mean
titres (GMT).

Uptake and transport of carbon by AM
Mice were inoculated intranasally under ether anaesthesia with
carbon particles (India ink) diluted 10 times with PBS, in the
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presence or absence of liposomes. The volume of the inoculum was
50 t1 and each preparation contained the same amount of carbon
particles. Two days later, the mice were sacrificed and two lung-
associated lymph nodes (LALN) from the mediastinal area were
excised. Detection of carbon-containing AM was performed as
described by Wang et al.23 Briefly, paraffin sections were stained
with nuclear fast red and examined microscopically for determi-
nation of the number of cells containing carbon particles. One
animal, in which no deposition of carbon could be seen in the lungs
due to an apparent technical failure of the carbon administration,
was excluded from the experiment.

Statistical analyses
Differences in antibody levels and numbers of cells containing
carbon-particles were analysed using Student's t test, in which a
p-value of <0 05 was considered to represent a statistically
significant difference.

RESULTS

In vivo uptake of liposomes by AM

Previously, we have observed that negatively charged liposomes,
but not zwitterionic liposomes, have the capacity to stimulate
systemic and local antibody responses against an admixed antigen
upon administration of the liposome/antigen mixture to the murine
lower respiratory tract, and we have hypothesized that AM may be
involved in this immune stimulation by negatively charged
liposomes.1 In the present study, we have addressed this issue in
a direct manner.

We first examined BAL cells isolated from the lungs of mice
treated 2 days or 2 weeks beforehand with negatively charged or
zwitterionic liposomes. An untreated control group was also
included. On day 2, AM isolated from mice which received
negatively charged liposomes appeared enlarged compared to AM
isolated from untreated normal animals (Fig. 1, panel B versus
panel A). Moreover, many of these macrophages contained large
intracellular vacuoles suggestive of massive liposome uptake.
Among the BAL cells, some polymorphonuclear cells (PMN)
could also be observed (Fig. IB). Some of the BAL cells isolated
from animals which received zwitterionic liposomes were also
enlarged (Fig. 1, panel C), but to much lesser extents than in the
case of pretreatment with negatively charged liposomes. Further-
more, no PMN were observed in these preparations. BAL cell
preparations obtained 14 days after the treatment with negatively
charged liposomes still showed occasional enlarged AM, whereas
those obtained from animals treated with zwitterionic liposomes
had returned to a normal appearance (results not shown). These
observations suggest that, in vivo, AM are target cells for nega-
tively charged liposomes.

Subsequently, we investigated the uptake of negatively charged
and zwitterionic liposomes by AM in vitro. Figure 2 shows that
negatively charged liposomes were taken up efficiently by AM. By
contrast, uptake of zwitterionic liposomes was not detectable under
the conditions of the experiment. We also investigated liposome
uptake by RAW 264 cells, a macrophage-like cell line. Although
these cells demonstrated an overall higher capacity to take up
liposomes, again, the uptake of negatively charged liposomes was
markedly higher than that of zwitterionic liposomes (Fig. 2).
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Figure 1. The effect of negatively charged and zwitterionic liposomes on
the morphology of murine AM. Anaesthetized mice were inoculated
intranasally with zwitterionic or negatively charged liposomes. BAL cells
were isolated 2 days later, spun onto microscope slides and stained with
MGG. (a) BAL cells of normal mice; (b) BAL cells from mice after
administration of negatively charged liposomes; (c) BAL cells from
mice after administration of zwitterionic liposomes. Magnification, x30.
Liposome dose was 1mg of total lipid.
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Figure 2. In vitro uptake of zwitterionic (hatched bars) and negatively
charged (open bars) liposomes by AM or RAW 264 cells. Triplicate
cultures of adherent AM or RAW 264 cells (4 x 105 cells per well) were
incubated for 24 hr with fluorescently labelled liposomes at a concentration
of 0 5 Amol of total lipid per ml. Uptake of liposomes is expressed in
arbitrary units as the mean fluorescence intensity ± SEM associated with
the cells, after subtraction of the fluorescence of AM or RAW 264 cells
incubated in medium alone.

Effect of liposomes on the uptake and transport of carbon by
AM

AM are scavenger cells that have been shown to participate in
particle translocation from the lung to draining lymph nodes.9
Since the above data showed that AM have a high affinity for
negatively charged liposomes both in vivo and in vitro, we studied
the effect of liposomes on the phagocytic and migratory function of
AM, using carbon particles as a marker.

Negatively charged liposomes were coadministered intra-
nasally with carbon particles to anaesthetized mice. Control groups
received carbon particles alone or mixed with zwitterionic
liposomes. Two days later, in the control animals, carbon-positive
AM were observed in the lung-associated lymph nodes (Table 1).
On the other hand, in the animals which received carbon particles
mixed with negatively charged liposomes, the number of carbon-
positive AM was significantly lower. Coadministration of
zwitterionic liposomes had no effect on the number of carbon-
containing cells in the lymph nodes. These data suggest that

Table 1. Effect of coadministered liposomes on the uptake and
transport of carbon by AM

Treatment* Number of cellst

Carbon 41 ± 9
Carbon + zwitterionic liposomes 34 ± 11
Carbon+ negatively charged liposomes 6± 2t

* Intranasal instillation under light ether anaesthesia.
t Relative mean number of carbon-positive cells ± SEM in

LALN; combined results of two individual experiments.
f Significantly reduced number relative to that after instilla-

tion of carbon alone or carbon mixed with zwitterionic liposomes;
P < 0 01 and P < 005, respectively, Student's t test.
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negatively charged liposomes interfere with the phagocytic uptake
of carbon particles and/or the migratory behaviour of AM.

AM depletion and antibody responses against influenza subunit
antigen administered intranasally subsequently

The above results suggest that, in vivo, AM are major target cells
for lung-deposited negatively charged liposomes, and that these
liposomes affect the phagocytic capacity of the AM. Previously,
we have hypothesized that AM, as a result, lose their immune-
suppressive activity temporarily, thereby facilitating local and
systemic antibody responses against coadministered antigen. In
order to investigate in a direct manner whether AM do suppress

antibody responses against influenza virus subunit antigen, we

depleted mice of their AM population using the technique
described by Van Rooijen17 involving administration of zwitter-
ionic liposomes containing CL2MDP. Controls groups were treated
similarly with zwitterionic liposomes without CL2MDP (sham-
depleted), or were left untreated altogether. Subsequently, the mice
were immunized intranasally with influenza virus subunit antigen.

Two days after the AM-depletion protocol, the number ofAM
isolated from the lungs of the mice was markedly reduced (Fig. 3),
which is in agreement with observations by Thepen et al.17 The
sham-depleted animals had normal numbers of AM. At day 14
after the treatment, AM-depleted mice showed normal numbers of
AM, indicating that complete repopulation of AM had occurred
within this timespan (Fig. 3).

Mice were treated as described in Fig. 3 and immunized
intranasally two days later with influenza virus subunit antigen
alone or subunit antigen supplemented with negatively charged
liposomes. Immunization of the AM-depleted animals with subunit
antigen alone not only resulted in a substantial serum IgG response,
it also induced an s-IgA response in the lungs of the animals (Fig.
4a). By contrast, immunization of normal or sham-depleted
animals with subunit antigen alone did neither elicit a serum IgG
nor a local s-IgA response (Fig. 4a). As expected, intranasal
administration of influenza subunit antigen supplemented with
negatively charged liposomes induced high levels of serum IgG
and lung s-IgA antibodies in both untreated and sham-depleted
mice (Fig. 4b). Interestingly, addition of liposomes to the antigen
administered to the AM-depleted animals stimulated the antibody
responses (Fig. 4, panel b versus panel a).
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or 14 days after the AM-depletion protocol, BAL preparations were isolated
and the numbers of macrophages were determined. Bars represent the mean
number ± SEM.

491



A. de Haan et al.

3-

2-

2

a.0
E
0)
co
0cm

4-'

3-

2

*<1

(a)

r-

Normal Sham
depleted

AM
depleted

Figure 4. Serum IgG and lung s-IgA responses against intranasally
administered influenza subunit antigen alone or supplemented with lipo-
somes in normal, sham-depleted and AM-depleted mice. Two days after the
depletion protocol, mice were immunized intranasally with influenza virus
subunit antigen (5 tig of HA) alone (a) or subunit antigen supplemented
with liposomes at a dose of 1 mg of lipid (b). Blood samples and lung
washings were taken 2 weeks postimmunization. Serum IgG (open bars)
and lung wash s-IgA levels (hatched bars) are given as GMT ± SEM.
Levels of serum IgG and s-IgA in the AM-depleted animals which received
subunit antigen alone were significantly enhanced relative to the levels in
sham-depleted or untreated animals (P<O05 and P<O'O1 for serum IgG
and s-IgA levels, respectively). Supplementation of liposomes to the
subunit antigen further significantly enhanced the s-IgA response in control
and AM-depleted animals (P < 00001 and P < 005, respectively).

DISCUSSION

In this study, it is shown that AM are target cells for negatively
charged liposomes deposited in the lungs of mice. AM isolated

from animals which received negatively charged liposomes
showed large intracellular vacuoles, suggestive of liposome uptake
in vivo, while ex vivo liposome uptake by AM and RAW 264 cells

demonstrated that these cells have a high affinity for negatively
charged liposomes. The uptake of negatively charged liposomes,
but not zwitterionic liposomes, affected AM function with respect
to their phagocytic and migratory behaviour. Furthermore, deple-
tion of the AM population in mice facilitate an enhanced systemic
and local antibody response against influenza virus subunit antigen
deposited subsequently to the lower respiratory tract, supporting
the notion that AM down-regulate local immune responses in the

lung.
The immunopotentiating effect of liposomes is generally thought

to be the result of increased uptake of liposome-associated antigen

by macrophages, due to natural targeting of liposomes to these
cells.46 Increased uptake of antigen would then result in an
improved presentation of antigen-derived peptides to T cells,
facilitating the humoral immune response.4-624'25 In addition,
liposomes have been suggested to function as a depot for associ-
ated antigen.26 It is likely that uptake of liposome-associated
antigens by macrophages and subsequent improved presentation to
T cells as well as slow release of antigen from liposomes are indeed
the major mechanisms by which liposomes exert their adjuvant
activity upon parenteral administration of liposome-associated
antigen. However, as demonstrated by us previously, upon admini-
stration to the lungs liposomes may exert an additional immuno-
adjuvant activity, different from that described above.1-3 This
adjuvant activity is independent of a physical association of the
antigen with the liposomes and results in induction of a mucosal
s-IgA response and in a stimulation of the systemic IgG response.
The present study provides evidence to indicate that this mode of
liposomal immunoadjuvanticity is also mediated by macrophages,
in particular AM.
AM have been demonstrated to perform immunoregulatory

functions that are important in prevention of allergic sensitization
in the healthy lung.'2"4 For example, AM down-regulate the
antigen-presentation functions of dendritic cells (DC) that, in vivo,
form a contiguous network within the respiratory epithelium and
lung interstitium.'6'27 The mechanisms by which AM influence the
antigen-presentation functions ofDC remain largely unknown, but
may well be mediated by AM-produced tumour necrosis factor a
(TNF-a) and/or nitric oxide (NO).16 In addition, since AM are
scavenger cells that are inefficient in antigen presentation, 3 it
is likely that AM suppress antibody responses by early uptake and
degradation of antigen, thus preventing other, more potent, APCs
to process and present the antigen to the immune system. Contrary
to AM, however, IM have been proposed to play apositive role in
processing of (particulate) antigens. For example, studies by Gong
et al.'3 suggest that IM may augment interstitial DC function by the
release of antigenic fragments derived from particulate antigens,
which would then be presented by DC to T cells.

In agreement with Thepen et al.,'7 we observed an increase of
the antibody response against an influenza subunit antigen, admini-
stered to the lower respiratory tract, in AM-depleted animals. This
increase was most prominent at the level of the local s-IgA
response. In addition, we found that AM, but also RAW 264 cells,
have a high affinity for negatively charged liposomes, which is in
agreement with reports by other investigators.5'28 The high affinity
of AM for negatively charged liposomes was also reflected in the
altered morphology of the AM, isolated from animals which had
received this type of liposomes. AM from mice which had received
zwitterionic liposomes did not exhibit a substantially altered mor-

phology. Previously, we have demonstrated that zwitterionic lipo-
somes are ineffective in immune stimulation upon intranasal
coadministration with influenza subunit antigen.' Therefore, it is
likely that the uptake of negatively charged liposomes impairs the
(normal) immunosuppressive activity ofAM temporarily, resulting
in an increased antibody response. As discussed above, this may
involve a relief of the down-regulation of antigen-presentation
functions of local DC. In addition, it is likely that a high uptake of
negatively charged liposomes reduces the phagocytic activity and
migratory behaviour of AM. In this respect, it can be argued
that the reduced phagocytic capacity ofAM would rescue antigen
coadministered with the liposomes from uptake by the AM and
early degradation. As a consequence, more antigen would be

X 1996 Blackwell Science Ltd, Immunology, 89, 488-493
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available for DC, resulting in a more efficient antigen presentation,
and hence, an increased antibody response.

We observed that the levels of serum IgG and s-IgA antibodies
induced by immunization of AM-depleted mice with the subunit
antigen alone did not reach the levels observed in control animals
which received the liposome-supplemented antigen. In addition,
administration of antigen supplemented with negatively charged
liposomes to AM-depleted animals resulted in significantly higher
levels of s-IgA than after administration of antigen alone. This
additional stimulation of local immune responses could result from
the uptake of liposomes by the residual AM that were not depleted
(Fig. 3), resulting in a further interference with the residual AM-
mediated immunosuppression.
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