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Clathrin-Coated Pit-Associated Proteins Are Required for
Alveolar Macrophage Phagocytosis1

Douglas G. Perry,2 Gena L. Daugherty, and William J. Martin II

During phagocytosis, phagocytic receptors and membrane material must be inserted in the pseudopod membrane as it extends
over the phagocytic target. This may require a clathrin-mediated recycling mechanism similar to that postulated for leading edge
formation during cell migration. To investigate this possibility, liposomes were used to deliver to intact rat alveolar macrophages
(AMs): 1) Abs to clathrin, clathrin adaptor AP-2, and hsc70, and 2) amantadine. Phagocytosis was assayed by fluorometric and
colorimetric techniques. Liposome-delivered Abs to clathrin and AP-2 inhibited AM phagocytosis of zymosan-coated, fluorescent
liposomes from 16.36 0.3 to 5.86 0.3, and 10.16 0.9 to 4.86 0.2 liposomes/cell (p < 0.01). Similarly, liposome-delivered Ab to
clathrin also inhibited AM phagocytosis of IgG-opsonized RBCs from 11.76 1.7 to 3.86 0.7 RBCs/cell (p < 0.01). Amantadine,
which blocks the budding of clathrin-coated vesicles, inhibited phagocytosis from 13.86 0.8 to 5.76 0.6 (p < 0.01). Ab blockade
of hsc70, which catalyzes clathrin turnover, also inhibited phagocytosis from 9.16 0.5 to 4.36 0.2 (p < 0.01). These findings
suggest that clathrin-mediated receptor/membrane recycling is required for phagocytosis.The Journal of Immunology,1999, 162:
380–386.

Phagocytosis is the primary defense mechanism of all ani-
mal phyla (1). Even in vertebrates with advanced immune
systems, phagocytes provide first-line protection against,

and removal of, unwanted organisms and particles. Paradoxically,
some pathogenic organisms take advantage of phagocytosis to cir-
cumvent detection by the host (2, 3). Much has been achieved in
understanding this fundamental cell function, yet much remains to
be explored (4). For example, in spite of the advance in knowledge
of receptor interaction (5, 6), signal transduction (7), and cytoskel-
etal rearrangement (2, 8) during phagocytosis, questions remain
about pseudopod extension: by itself, actin polymerization would
simply stretch the cell membrane along the axis of the lipid bi-
layer; such stretching is severely limited by biophysical constraints
(9). Clearly, new membrane material must be inserted in the pseu-
dopod membrane as it extends over the phagocytic target. A sim-
ilar challenge is faced by a migrating cell, which must rapidly
provide surface receptors (and accompanying membrane) to its
leading edge. In this context, Bretscher developed a theory of cell
locomotion that postulates that receptor/membrane recycling oc-
curs through a endocytic/exocytic pathway (10). Receptors at the
trailing edge of the cell are endocytosed via clathrin-coated pits,
transported through the cytoplasm by vesicles, and inserted at the
leading edge by exocytosis (11). In describing this model,
Bretscher drew an analogy to the migrating cell as a moving tank,
with adhesive receptors and their associated bits of membrane
serving as the rolling treads, guided by cytoskeletal rearrangement
(12). Hopkins et al. demonstrated that receptors are indeed recy-

cled during cell migration (13). Other observers have noted the
striking similarity between the formation of leading edges in mi-
grating cells with the extension of pseudopods in phagocytes (14).

Clathrin has been implicated as a necessary component of
phagocytosis (15). Clathrin-coated pits are found in peritoneal
macrophages (14, 16), and are located at surface adhesion sites
(17) and phagosomes (18) in the macrophage. The clathrin-coated
pit-associated adaptor AP-2 is concentrated at the phagosome
membrane (19, 20). Coated pits are associated with macrophage
surface adhesion sites (21). In addition, clathrin redistributes from
the Golgi to plasma membrane in IgG-challenged macrophages
(22). FcR localize to underlying coated pits (23), and coated pits
internalize surface receptors of macrophages (24).

In light of these findings, we hypothesized that clathrin-coated
pits play a role in phagocytosis, as similarly postulated for cell
migration. To determine the involvement of clathrin and related
coated pit proteins in alveolar macrophage (AM)3 phagocytosis,
we used liposomes to deliver, to intact AMs, Abs to clathrin-
coated pit-related proteins and a drug affecting coated pit function.
AMs were subsequently challenged for both opsonic and nonop-
sonic phagocytosis, and the level of phagocytic activity was quan-
tified by fluorometric and colorimetric assays.

Materials and Methods
Materials

Ammonium chloride, bovine clathrin, BSA, calcium chloride, cholesterol,
2,7-diaminofluorene (DAF), dibasic phosphate, dipalmitoylphosphatidyl-
choline, EDTA, FITC-conjugated goat anti-mouse IgG (gt anti-ms IgG-
FITC), FITC-conjugated rabbit anti-goat IgG (rb anti-gt IgG-FITC), goat
polyclonal Ab against human IgA (anti-IgA pAb), goat polyclonal Ab
against rat clathrin HC (anti-clathrin pAb), heparin, HRP-conjugated rabbit
anti-goat IgG (rb anti-gt IgG-HRP), hydrogen peroxide, HEPES, LPS,
monobasic phosphate, mouse mAb against bovine adaptor AP-2 (anti-AP-2
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mAb), mouse mAb against hsc70 (anti-hsc70 mAb), paraformaldehyde,
o-phenylenediamine dichloride, potassium bicarbonate, sodium chloride,
SDS, sodium hydroxide,t-octylphenoxypolyethoxyethanol (Triton X-100),
tris(hydroxymethyl)aminomethane (Tris), trypsin, and urea were obtained
from Sigma (St. Louis, MO). Mouse mAb against SRBC was obtained
from Accurate Chemical & Scientific (Westbury, NY). Rat polyclonal Ab
against mouse IgG (anti-mouse IgG pAb) was obtained from Pierce (Rock-
ford, IL). Rabbit polyclonal Ab against SRBCs (rb anti-SRBC pAb) was
purchased from Cappel/Organon Teknika (Durham, NC). 1-Adamantana-
mine (amantadine) was purchased from Aldrich Chemical (Milwaukee,
WI). Radioiodination kits, containing lactoperoxidase, H2O2, K2HPO4

22,
Na125I, and Sephadex G-10, were purchased from ICN (Costa Mesa, CA).
Protein assay kits, consisting of albumin, bicinchoninic acid, CuSO4,
Na2CO3, NaHCO3, and sodium tartrate, were obtained from Pierce. 1,19-
dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI) was
obtained from Molecular Probes (Eugene, OR). Pathogen-free female rats
with an average weight of 225 g were obtained from Harlan Sprague-
Dawley (Indianapolis, IN) and housed in the Laboratory Animal Resource
Center at Indiana University Medical Center in accordance with the guide-
lines of the American Association for the Accreditation of Laboratory An-
imal Care. Sheep erythrocytes (RBCs) were purchased from Colorado Se-
rum (Denver, CO). Chloroform and diethyl ether was purchased from
Mallinckrodt Specialty Chemicals (Paris, KY). Beuthanasia-D (3.9 g/L
pentobarbital sodium) was supplied by Schering-Plough Animal Health
(Kenilworth, NJ). Mac-SFM culture medium (Life Technologies, Grand
Island, NY) was supplemented with 4 mM glutamine (Sigma) and peni-
cillin/streptomycin (BioWhittaker, Walkersville, MD). PBS (19 mM
H2PO4

2, 81 mM HPO4
22, 150 mM NaCl, 1 mM CaCl2) and HBSS, both

titrated to pH 7.4, were obtained from Life Technologies. Polystyrene mi-
crospheres (50 nm diameter) tagged with a proprietary yellow-green flu-
orophore (F-PS) were obtained from Polysciences (Warrington, PA). Poly-
styrene 96-well plates were obtained from Becton Dickinson (Lincoln
Park, NJ).

Liposome production

Liposome production in this laboratory has been previously described in
detail (25). Briefly, liposomes were prepared by aqueous reconstitution
(26). Dipalmitoylphosphatidylcholine (63mmol), dicetyl phosphate (18
mmol), and cholesterol (9mmol) were dissolved in 2 ml chloroform. After
evaporation, the vial was capped and heated to 60°C in a water bath. A total
of 2 ml of swelling solution (150 mM NaCl, 20 mM HEPES, pH 7.4) was
added, vortexed, and subjected to five cycles of freezing and thawing.
Thermal cycling enhances liposome formation and solute entrapment (26,
27). The liposome suspension was centrifuged at 13,0003 g for 5 min. The
pellet was resuspended in 5 ml swelling solution and recentrifuged five
times. The pellet was resuspended in 2 ml mac-SFM. The resulting sus-
pension contained liposomes in the form of multilamellar vesicles (MLVs,
26), based on differential interference contrast light microscopy. The typ-
ical liposome concentration was 3.13 108 MLVs/ml, based on repeated
measurements by grid cytometry. The typical liposome feret diameter was
6.5 mm, based on repeated measurements by digital image analysis cali-
brated with beads of known diameter. This size is too large to allow AM
uptake of liposomes by endocytosis, but is optimal for phagocytosis (28).

Variations in the above method were used to make liposomes for Ab
delivery, drug delivery, or fluorescent markers for the phagocytosis assay
(see below). For Ab delivery, liposomes were made in the presence of 1:40
anti-clathrin pAb, 1:40 anti-AP-2 mAb, or 1:40 anti-hsc70 mAb. For con-
trols using nonspecific IgG, liposomes were prepared with either 1:40 rb
anti-SRBC pAb or 1:40 anti-IgA pAb. For drug delivery, liposomes were
prepared with 100 mg/ml amantadine. For fluorescent liposomes to be used
in the phagocytosis assay, the swelling solution contained 0.1% zymosan
and a 1/4 dilution of F-PS, creating a fluorescent artificial yeast cell that
could be phagocytosed by AMs via theb-glucan receptor, an example of
nonopsonic phagocytosis (6, 8). Liposome suspensions were centrifugally
rinsed to remove untrapped material. We have documented previously that
liposome membrane integrity is maintained during this procedure (25).

To determine the amount of Ab entrapment, liposomes were made with
radioiodinated anti-clathrin pAb (described below). After freeze-thaw, 3 ml
swelling solution was added, the suspension was centrifuged, and the ac-
tivities of supernatant and resuspended pellet (corrected to the original
volume) were measured with a gamma counter. After correcting for suc-
cessive dilutions, the encapsulation ratio was calculated by dividing final
pellet activity by total activity of pellet and supernatant.

Alveolar macrophage isolation

Rat AMs were obtained from pathogen-free female Sprague Dawley rats
by standard methods (25, 29). Anesthetized rats were sacrificed, and AMs

were recovered by whole lung lavage with HBSS containing 0.2 g EDTA
and 10 ml penicillin/streptomycin per liter. Lavage fluid was centrifuged at
1200 3 g for 5 min at 4°C, supernatant was discarded, and pellet was
resuspended in lysing solution (11 mM KHCO3 and 152 mM NH4Cl) to
lyse RBCs. After rinsing, the pellet was resuspended in 2 ml mac-SFM and
cells were counted by grid cytometry. Typically, 4–53 106 cells were
obtained per rat, 95% of which were AMs (30).

To label cells for enumeration in the fluorometric phagocytosis assay
described below, AMs were incubated with DiI in 300 mM glucose for 10
min at room temperature (RT). Cells were spun at 12003 g for 10 min at
4°C. The pellet was resuspended in 300 mM glucose, then spun again at
12003 g for 10 min at 4°C. The final pellet was resuspended in an ap-
propriate volume of mac-SFM to give a final cell concentration of 2.53
106 cells/ml.

Radiolabeling of Abs

To radiolabel Abs for liposome entrapment studies, 10mg anti-clathrin
pAb, anti-AP-2, or anti-hsc70 in 25ml K2PO4

22 buffer (pH 7.5) was mixed
with 2 mCi Na125I and 5mg lactoperoxidase, and transferred to a Sephadex
G-10 column. The mixture was activated with 3% H2O2. After 10 min, the
reaction was stopped by adding 500ml of buffer. The125I-labeled Ab was
eluted from the column and collected in 5-ml fractions. Radioactive frac-
tions were pooled and protein content was determined by BCA assay (see
below). Specific activity was expressed as cpm/mg protein.

Determination of protein concentration

To determine Ab concentrations, a BCA protein assay was used (31). Anti-
clathrin pAb, anti-AP-2 mAb, or anti-hsc70 mAb, diluted 1/100, was added
along with protein standards to 96-well plate containing BCA working
reagent and incubated for 30 min at 37°C. Absorbance was measured at
540 nm using a plate reader.

To determine clathrin concentration in liposomes and cells by ELISA,
samples and standards were added to 96-well plates, incubated overnight at
4°C, then rinsed four times with 0.05% Tween-20/PBS. 1:500 anti-clathrin
pAb was added, incubated for 1 h at 37°C, then rinsed four times with
0.05% Tween-20/PBS. Rb anti-gt IgG-HRP (1:40,000) was added and in-
cubated at 37°C for 2 h, then rinsed four times with 0.05% Tween-20/PBS.
Developer (6 mMo-phenylenediamine dichloride and 30% H2O2) was
added and incubated at RT for 15 min, and the reaction was stopped by
adding 500 mM H2SO4. Absorbance was measured at 492 nm using a plate
reader.

Liposome delivery of Abs and drugs to macrophages

To quantify Ab content in liposomes, liposomes were prepared with anti-
clathrin pAb, then centrifugally rinsed five times. Liposome concentration
was measured by cytometry. A 1-ml sample of this liposome suspension
was dissolved in 3 ml 0.5% SDS. The solution was centrifuged for 15 min
at 13,0003 g, and the amount of anti-clathrin pAb present in the super-
natant was determined by ELISA. Anti-clathrin pAb content in fg/liposome
was calculated by dividing the anti-clathrin pAb concentration by the li-
posome concentration.

To demonstrate that anti-clathrin pAb can be delivered by liposomes to
AMs, liposomes were prepared with 1:40 anti-clathrin pAb. AMs were
incubated with the liposomes for 1 h at37°C; control cells were incubated
with empty liposomes. After rinsing, cells were mounted on standard mi-
croscope slides, then fixed in 4% paraformaldehyde, rinsed in PBS twice,
permeabilized with 1% Triton X-100, and rinsed four times in PBS. Cells
were exposed to 1:100 rb anti-gt IgG-FITC. After rinsing three times in
PBS, cells were viewed by microscopy.

To quantify the delivery by liposomes of anti-clathrin pAb to AMs, cells
were transferred to a 12-well culture plate and spun at 12003 g for 5 min
at 4°C. Liposomes containing anti-clathrin pAb were made, and the amount
of Ab per liposome was measured by ELISA. The liposomes were incu-
bated with AMs (13 106 cells/ml) for 1 h at37°C, the plate was rinsed,
and lysing solution was added for 25 min to lyse adherent but nonphago-
cytosed liposomes. After rinsing, cell concentration was measured by cy-
tometry. A total of 2 ml of 1% SDS/PBS was added, and the solution was
centrifuged at 13,0003 g for 15 min at 4°C. The amount of anti-clathrin
pAb was determined by ELISA and expressed as pg/cell.

To determine the effect of liposome-delivered anti-clathrin pAb, anti-
AP-2 mAb, anti-hsc70 mAb, and amantadine on phagocytosis, AMs la-
beled with DiI were plated on 96-well plates (250,000 cells/well) in mac-
SFM containing 1mg/ml LPS. Liposomes containing either 1:40 anti-
clathrin pAb, anti-AP-2 mAb, anti-hsc70 mAb, or 100 mg/ml amantadine
were added to the wells; liposomes containing either 1% BSA or rb anti-
SRBC IgG (as a nonspecific Ab) were added to the control wells. The cells
and liposomes were incubated for 1 h at37°C. All wells were aspirated,
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leaving only adherent cells. AMs were then challenged with either zymo-
san-coated, fluorescent liposomes or opsonized RBCs, for the fluorometric
and colorimetric phagocytosis assays, respectively.

Immunolocalization

To identify clathrin HC and adaptor AP-2 in AMs, cells were fixed in 4%
paraformaldehyde, rinsed twice in PBS, permeabilized with 1% Triton
X-100, and rinsed four times in PBS. Cells were then incubated with either
1:40 anti-clathrin pAb or 1:100 anti-AP-2 mAb for 20 min at RT, rinsed
three times in PBS, and incubated with either 1:100 rb anti-gt IgG-FITC or
1:100 gt anti-ms IgG-FITC, respectively, for 30 min. Control cells received
second Ab only. After rinsing, slides were viewed with a microscope fitted
for fluorescence (lEX 5 485 nm;lEM 5 530 nm) and DIC microscopy.

Fluorometric phagocytosis assay

In most of the phagocytosis experiments, the level of phagocytic activity
was quantified by a fluorometric assay (25, 32). AMs were activated with
1 mg/ml LPS (33–35), then labeled with DiI and exposed to excess (.106/
100ml) fluorescent liposomes in 96-well plates. After incubation for 1 h at
37°C on a shaker, wells were rinsed to remove nonphagocytosed liposomes
and nonadherent cells, then filled with 100ml lysing solution to lyse any
remaining adherent, nonphagocytosed liposomes, then rinsed again. Fluo-
rescence intensity was measured in a plate fluorometer, withlEX 5 485 nm
andlEM 5 530 nm for F-PS, andlEX 5 530 nm andlEM 5 590 nm for
DiI. Engulfed liposome and cell concentrations were determined by cali-
brated linear regressions of F-PS and DiI, respectively, and level of phago-
cytic activity was expressed as liposomes/cell.

Colorimetric phagocytosis assay

To determine the effect of anti-clathrin pAb on FcR-mediated phagocytosis, a
standard colorimetric assay was used (36). AMs (2.53 105/100 ml) were
exposed to 10-fold excess SRBCs opsonized with mouse mAb against SRBC
for 1 h at37°C in a 96-well plate on a shaker. The wells were aspirated to
remove nonphagocytosed RBCs, then filled with 100ml lysing solution to lyse
any remaining adherent, nonphagocytosed RBCs. After rinsing three times
with PBS, wells were filled with 200ml DAF solution (2.5 mM DAF, 0.3%
H2O2, 0.2 M Tris, 6 M urea) and incubated for 5 min at RT. Absorbance was
measured at 620 nm using a plate reader. The concentration of phagocytosed
RBCs was determined by calibrated linear regression, and the level of phago-
cytic activity was expressed as RBCs/cell.

Statistical analysis

Quantitative results were expressed as mean and SE. Differences between
group means were tested for significance using either Student’st test (when
comparing two groups) or ANOVA (when comparing three groups), with
significance accepted forp # 0.01. After significant difference between
two or more groups was identified by ANOVA, Tukey’s test was applied
post hoc to identify which groups were different (37).

Results
Clathrin coat-associated proteins are present in pulmonary
alveolar macrophages

To determine whether clathrin HC had an intracellular distribution
in pulmonary AMs that was similar to that reported for other cells,
rat AMs were fixed, permeabilized, and labeled with anti-clathrin
pAb. Viewed under fluorescence microscopy, the fluorescent label
is well distributed throughout the cytoplasm and extends to the cell
perimeter (Fig. 1A). Distinct and abundant punctate labeling could
be seen, which is consistent with the known distribution pattern of
clathrin in other cells (38, 39). Fig. 1B shows the corresponding
DIC image of the AM. Control cells were unlabeled (not shown).

To quantify the amount of endogenous clathrin HC present in rat
AMs, cells were permeabilized and assayed for clathrin HC by
ELISA. The amount of clathrin HC present in AMs averaged
4.226 0.02 pg/cell (2.343 10217 mol/cell).

To determine the intracellular distribution of the clathrin coat-
associated adaptor AP-2, rat AMs were labeled with Ab to AP-2.
Control cells did not receive anti-AP-2 mAb. The punctate fluo-
rescent label is preferentially restricted to the cell periphery (ar-
row, Fig. 2A), consistent with the known distribution pattern of
AP-2 in other cells, where it is associated with clathrin-coated pits

on the cytoplasmic surface of the cell membrane (40). Fig. 2B
shows the corresponding DIC image of the AM. Control cells were
unlabeled (not shown).

Liposomes can deliver Ab to the cytoplasm of macrophages

The liposome encapsulation ratio of radiolabeled anti-clathrin pAb
was 86.9%. Based on ELISA, the actual amount of encapsulated
anti-clathrin pAb was 0.146 0.02 pg/liposome. Anti-clathrin pAb
encapsulated in liposomes was delivered successfully to the cyto-
plasm of AMs, demonstrated by immunocytochemistry. A diffuse,
intense fluorescent label, reflecting the presence of anti-clathrin
pAb, was present throughout the cytoplasm (Fig. 3). Control cells,
which were incubated without anti-clathrin pAb liposomes, were
unlabeled (not shown). This indicates that the FITC-conjugated
anti-goat Ab was specifically binding to the liposome-delivered
anti-clathrin pAb (of which goat was the host animal), and not
simply sticking to the cells by nonspecific interactions. The label-
ing pattern reflects the intracellular distribution of the liposome-
delivered Ab, not the distribution of clathrin HC (compare to Fig.
1). The amount of anti-clathrin pAb delivered to AMs by lipo-
somes was 0.946 0.08 pg/cell, measured by ELISA. Based on the
measured amount of anti-clathrin pAb encapsulated in liposomes
(0.14 pg/liposome), this represents an average phagocytic uptake
of 6.7 liposomes/cell.

FIGURE 1. Immunolocalization of clathrin HC in AMs. Rat AMs were
fixed in paraformaldehyde and permeabilized with Triton X-100. After
rinsing, cells were exposed to 1:40 anti-clathrin pAb, incubated for 20 min,
rinsed, then incubated with 1:100 rb anti-gt IgG-FITC. Control cells were
exposed to second Ab only.A, The punctate fluorescent label is well dis-
tributed throughout the cytoplasm.B, Corresponding DIC image. Control
cells were unlabeled (not shown). Bar5 10 mm.

FIGURE 2. Immunolocalization of adaptor AP-2 in AMs. Rat AMs
were fixed and permeabilized, then exposed to 1:100 anti-AP-2 mAb, in-
cubated for 20 min, rinsed, then incubated with 1:100 gt anti-ms IgG-FITC.
Control cells were exposed to second Ab only.A, The punctate fluorescent
label is preferentially on the cell periphery (arrow).B, Corresponding DIC
image. Control cells were unlabeled (not shown). Bar5 10 mm.
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Liposome-delivered anti-clathrin Ab inhibits phagocytosis

Liposome-delivered anti-clathrin pAb significantly attenuated
phagocytosis compared with either liposome-delivered nonspecific
Ab (rb anti-SRBC IgG) or 1% BSA liposomes (Fig. 4). The level
of phagocytic activity for AMs receiving the 1% BSA (control)
liposomes was 16.36 0.3 liposomes/cell; similarly, phagocytic
activity for cells receiving nonspecific Ab (anti-RBC) was 17.46
2.6 liposomes/cell. In contrast, phagocytic activity for cells receiv-
ing anti-clathrin pAb (anti-clathrin) was only 5.86 0.3 liposomes/
cell (n 5 3; ,, p , 0.01). These results show that anti-clathrin pAb
had a significant effect on the level of phagocytic activity, imply-
ing that clathrin is directly involved in phagocytosis.

To establish the validity of the results obtained by the fluoro-
metric phagocytosis assay, the effect of anti-clathrin Ab on the
level of phagocytic activity was independently measured using a
standard colorimetric assay for phagocytosis of opsonized RBCs,
which is an accepted model of FcR-mediated phagocytosis (36).
Similar to the results obtained by the fluorometric assay (Fig. 4),
liposome-delivered anti-clathrin pAb markedly decreased phago-
cytosis compared with liposome-delivered nonspecific Ab (Fig. 5).

The level of phagocytic activity for AMs receiving control non-
specific Ab (control) was 11.76 1.7 RBCs/cell; for AMs receiving
anti-clathrin pAb (anti-clathrin), the level was only 3.86 0.7
RBCs/cell (n 5 5; ,, p , 0.01). The attenuation of phagocytosis
by anti-clathrin Ab blockade was 67.5%. This compares almost
exactly with the amount of attenuation observed using the fluoro-
metric assay, 66.7%. This result shows that liposome delivery of
anti-clathrin pAb inhibits phagocytic activities mediated by two
different receptors following two different phagocytic pathways,
b-glucan receptor/zymosan for nonopsonic phagocytosis (6) and
the FcR/IgG-RBCs for opsonic phagocytosis (41).

The molar ratio of liposome-delivered anti-clathrin pAb to en-
dogenous clathrin HC was determined by ELISA. Alveolar mac-
rophages were allowed to phagocytose liposomes containing anti-
clathrin pAb under the conditions specified above. The amount of
anti-clathrin pAb delivered to these cells was 0.94 pg/cell. The
amount of endogenous clathrin HC in macrophages was deter-
mined to be 4.22 pg/cell. Based on the molecular mass of anti-
clathrin pAb' 146 kDa and a molecular mass of clathrin HC5
180 kDa, this approximates a ratio of approximately 1 mol anti-
clathrin pAb to 3.6 mol clathrin HC. The optimal molar ratio for
Ab blockade in principle should favor a molar excess of Ab. The
suboptimal ratio of approximately 1:3.6 (Ab:Ag) in these experi-
ments could at least partially account for the observed attenuation,
as opposed to complete blockade, of phagocytosis.

Liposome-delivered Ab to adaptor AP-2, a protein complex
associated with clathrin-coated pits, inhibits phagocytosis

Similar to the above results for anti-clathrin pAb, liposome-deliv-
ered anti-AP-2 mAb significantly attenuated phagocytosis com-
pared with control liposomes (Fig. 6). The control level of phago-
cytosis (control) was 10.16 0.9 liposomes/cell; AMs that were
incubated with anti-AP-2 mAb liposomes (anti-AP-2) had signif-
icantly lower phagocytosis, 4.86 0.2 liposomes/cell (n 5 3; ,,
p , 0.01). This result shows that Ab blockade of a coated pit
protein other than clathrin HC also disrupts phagocytosis, similar
to Ab blockade of clathrin HC itself.

Amantadine, a drug that blocks clathrin-mediated endocytosis,
inhibits phagocytosis

Liposome-delivered amantadine significantly attenuated phagocy-
tosis compared with control liposomes (Fig. 7). AMs receiving
control liposomes (control) had a level of phagocytic activity of
13.86 0.8 liposomes/cell; in contrast, AMs receiving amantadine-
laden liposomes (amantadine) had a phagocytic level of only 5.76

FIGURE 3. Liposome delivery of anti-clathrin pAb to macrophage cy-
toplasm. Rat AMs were incubated with liposomes containing anti-clathrin
pAb for 1 h; control cells were exposed to empty liposomes. Cells were
then exposed to 1:100 rb anti-gt IgG-FITC.A, A diffuse, intense fluorescent
label is seen throughout the cytoplasm.B, Corresponding DIC image. Con-
trol cells were unlabeled (not shown). The labeling pattern reflects the
intracellular distribution of the liposome-delivered Ab, not the distribution
of clathrin HC (Fig. 1). Bar5 10 mm.

FIGURE 4. Effect of liposome-delivered anti-clathrin pAb on phagocy-
tosis of zymosan-coated liposomes. Rat AMs were incubated with lipo-
somes containing either 1% BSA (control), rb anti-SRBC IgG (anti-RBC),
or 1:40 anti-clathrin pAb (anti-clathrin) for 1 h. After rinsing, cells were
incubated with zymosan-coated, fluorescent liposomes for 1 h. After lysing
adherent but nonphagocytosed liposomes and then rinsing, phagocytosis
was measured by fluorometry and expressed as liposomes/cell. Liposome-
delivered anti-clathrin pAb significantly attenuated phagocytosis compared
with either liposome-delivered nonspecific Ab or empty liposomes (n 5 3;
,, p , 0.01).

FIGURE 5. Effect of liposome-delivered anti-clathrin pAb on phagocy-
tosis of opsonized RBCs. Rat AMs were incubated with liposomes con-
taining either 1:40 anti-IgA pAb (control) or 1:40 anti-clathrin pAb (anti-
clathrin) for 1 h. After rinsing, cells were incubated with zymosan-coated,
fluorescent liposomes for 1 h. Lysing solution was added to lyse any ad-
herent but nonphagocytosed liposomes. After rinsing, phagocytosis was
measured by fluorometry and expressed as liposomes/cell. Liposome-de-
livered anti-clathrin pAb significantly attenuated phagocytosis compared
with liposome-delivered nonspecific Ab (n 5 5; ,, p , 0.01).
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0.6 liposomes/cell (n 5 3; ,, p , 0.01). Amantadine blocks coated
pit invagination at the plasma membrane (42). This result shows
that introduction of a drug that arrests clathrin-coated pit function
at the plasma membrane also inhibits phagocytosis.

Liposome-delivered Ab to hsc70, the clathrin uncoating ATPase,
inhibits phagocytosis

Experimental evidence suggests that hsc70 acts as a clathrin-de-
pendent ATPase that removes individual clathrin triskelions from
the coated vesicle (43, 44). Liposome-delivered anti-hsc70 mAb
significantly attenuated phagocytosis compared with control lipo-
somes (Fig. 8). AMs receiving control liposomes (control) had a
level of phagocytic activity of 9.16 0.5 liposomes/cell; AMs re-
ceiving liposomes containing anti-hsc70 mAb (anti-hsc70) had a
phagocytic level of only 4.36 0.2 liposomes/cell (n 5 3; ,, p ,
0.01). Since Ab blockade of hsc70 inhibits clathrin-mediated en-
docytosis, the result is consistent with the hypothesis that clathrin-
coated pits participate in phagocytosis.

Discussion
The results of this study indicate that rat AM phagocytosis is in-
hibited by liposome delivery of Abs directed against clathrin HC,
adaptor AP-2, and hsc70. In addition, amantadine, which inhibits
clathrin-mediated coated pit function (42), also inhibits phagocy-
tosis. The fact that all four of these agents significantly inhibited

phagocytosis, but did not completely abolish it, suggests that clath-
rin-mediated endocytosis is not the only endocytic pathway in-
volved in receptor/membrane recycling during phagocytosis. Non-
clathrin endocytosis in macrophages is known to occur (45), but its
role in phagocytosis, if any, remains to be studied. Possibly, inhi-
bition could represent partial abolishment of phagocytosis because
of suboptimal (i.e., nonblocking) molar ratios of Ab to target pro-
tein, although this would not explain the partial inhibition by
amantadine. Ideally, Ab blockade requires a 10-fold molar excess
of Ab. In our measurements of liposome-delivered anti-clathrin
pAb and endogenous clathrin HC, the molar ratio was 1 mol clath-
rin HC for every 3.6 mol anti-clathrin pAb. Although there was
only partial inhibition by liposome-encapsulated Abs of phagocy-
tosis, the inhibition was significant (up to 67.5%), which suggests
that the liposome delivery system is potentially a useful approach
to the study of AM function and that clathrin-associated proteins
are most likely key factors in the phagocytic machinery of the cell.

Several facts rule out the possibility that liposome uptake is
occurring by endocytosis or membrane fusion rather than by true
phagocytosis: 1) The MLVs used in these experiments have an
average feret diameter of 6.5mm, a scale far too large for endo-
cytosis, but optimum for phagocytosis (28). 2) Previous work in
our laboratory (25) established that AM uptake of liposomes oc-
curs by bone fide phagocytosis, for the following reasons: We
demonstrated that liposomes coated with zymosan and labeled
with dichlorodihydrofluorescein (DHF) only fluoresce when in-
gested by AMs. Zymosan initiates a respiratory burst when phago-
cytosed by AMs (46), and DHF fluoresces only in the presence of
free radicals generated in a respiratory burst (47). Neither free
liposomes nor adherent, nonphagocytosed liposomes fluoresce un-
der the same conditions. Liposomes also will not fluoresce during
membrane fusion or endocytosis, because neither condition typi-
cally generates a respiratory burst. We determined that liposome
uptake is prevented in the presence of cytochalasin B, which
blocks phagocytosis but not endocytosis (48). We showed that AM
uptake of liposomes is blocked at 4°C, which is permissive for
membrane fusion, but not for phagocytosis. We directly visualized
the phagocytosis of ferritin-containing liposomes by rat AMs at the
electron-microscopic level. The electron-dense liposomes were
seen in all stages of phagocytosis, from initial adherence on the
AM surface, to engulfment by pseudopods, to incorporation in
phagosomes.

Clathrin-coated pits and vesicles are known to participate in
receptor-mediated endocytosis and intracellular sorting (19), but

FIGURE 6. Effect of liposome-delivered Ab to clathrin-associated
adaptor AP-2 on phagocytosis. Rat AMs were incubated with liposomes
containing either 1% BSA (control) or 1:40 anti-AP-2 mAb (anti-AP-2) for
1 h. After rinsing, cells were incubated with fluorescent liposomes and
assayed for phagocytosis. Liposome-delivered anti-AP-2 mAb signifi-
cantly attenuated phagocytosis compared with empty liposomes (n 5 3; ,,
p , 0.01).

FIGURE 7. Effect of amantadine on phagocytosis. Rat AMs were incu-
bated with liposomes containing either 1% BSA (control) or 100 mg/ml
amantadine for 1 h, then rinsed, incubated with fluorescent liposomes for
1 h, and assayed for phagocytosis. Liposome-delivered amantadine signif-
icantly attenuated phagocytosis compared with 1% BSA liposomes (n 5 3;
,, p , 0.01).

FIGURE 8. Effect of liposome-delivered Ab to uncoating ATPase
hsc70 on phagocytosis. Rat AMs were incubated with liposomes contain-
ing either 1% BSA (control) or 1:40 anti-hsc70 mAb (anti-hsc70) for 1 h.
After rinsing, cells were incubated with fluorescent liposomes for 1 h, then
assayed for phagocytosis. Liposome-delivered anti-AP-2 mAb signifi-
cantly attenuated phagocytosis compared with 1% BSA liposomes (n 5 3;
,, p , 0.01).
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heretofore no functional relationship between endocytosis and
phagocytosis has been suggested. The reasons for assuming that
there is no interaction is that the two cellular functions are clearly
distinct: 1) endocytosis involves invagination of coated pits lead-
ing to internalization of a ligand within an endosome (49), whereas
phagocytosis involves pseudopod extension over an external target
leading to engulfment within a phagosome (50); 2) endocytosis
can occur on a scale of tens of nanometers (51), whereas phago-
cytosis can occur on a scale of several micrometers (28); 3) en-
docytosis is not blocked by cytochalasin B (52), whereas phago-
cytosis is blocked (53); 4) receptors that can mediate both
endocytosis and phagocytosis, such as FcgRI, involve different
receptor subdomains for each of these functions (54), with phago-
cytosis requiring the interaction of FcgRI with an associatedg
subunit that contains two YXXL sequences in a conserved motif
(5); and 5) in the case of FcgRI, the signaling pathways also differ,
with phagocytosis employing a protein tyrosine kinase pathway,
and endocytosis employing a protein tyrosine kinase-independent
pathway (55).

The marked difference between endocytosis and phagocytosis
has engendered a presumption of mutual exclusivity for these two
functions. Yet potassium depletion, long known to block endocy-
tosis by interfering with clathrin function (56), also blocks phago-
cytosis (57). Moreover, inhibition of phagocytosis by potassium
depletion has little effect on actin polymerization (15), suggesting
that the mechanism of action is related to a process other than
cytoskeletal rearrangement. In addition, potassium depletion abro-
gates fibroblast polarity, which is associated with directional cell
migration (58). This last finding is important because endocytosis
has been implicated as the mechanism of receptor/membrane re-
cycling during cell migration (11, 13, 59), a process closely related
to phagocytosis (60). As envisioned by Bretscher, the theory of
receptor/membrane recycling during cell migration calls for an on-
going process of endocytosis and exocytosis (11). At the plasma
membrane, where this recycling must occur, endocytosis is medi-
ated by the coated pit-associated proteins clathrin and AP-2 (19),
although not exclusively so (51). Blockade of clathrin function by
microinjection of anti-clathrin Ab has been demonstrated to inhibit
endocytosis (61). Ab blockade of clathrin and AP-2 would be ex-
pected to also decrease phagocytic activity if endocytic recycling
is integral to the phagocytic process; by logical extension, aman-
tadine, which arrests endocytosis by stabilizing coated pits at the
plasma membrane (42), would also be expected to inhibit phago-
cytosis. Our findings reported in this study are consistent with this
interpretation. A conflicting report on the involvement of clathrin
in phagocytosis was published, in which antisense RNA was used
to produce clathrin HC-deficientDictyostelium discoideum(62).
The authors reported that clathrin-deficient cells were impaired in
the pinocytosis of fluid-phase markers, but competent in the
phagocytosis of bacteria. However, this finding for phagocytosis
was based only on photomicrographs of cells and fluorescently
tagged bacteria, in which it is not possible to clearly distinguish
between bacteria that were truly ingested versus merely adherent
(63). The interpretation of the results is further called into question
by the experimental condition under which phagocytosis puta-
tively occurred: incubation for 10 min at 20°C, a condition that
favors adherence, not phagocytosis. It is interesting to note that the
authors also reported that clathrin-deficient cell colonies were in-
capable of migrating, which would be consistent with impaired
phagocytosis (60).

The present study shows that Ab blockade of hsc70 diminishes
phagocytic activity in rat AMs. A possible function of hsc70, also
known as uncoating ATPase, is to amplify clathrin turnover (64).
Endocytosis is an ongoing process of coated pit formation, invag-

ination, and budding to form a clathrin-coated vesicle (65). Once
formed, clathrin of the outer (cytoplasmic) coat rapidly depoly-
merizes, liberating clathrin triskelions that can reenter the endo-
cytic cycle by polymerizing at the plasma membrane at sites of
AP-2 aggregation to form new coated pits (19). Clathrin depoly-
merization may be catalyzed by hsc70 (66), which could increase
the available pool of free clathrin and subsequently increase
amount of clathrin-coated pits.

The classic model of phagocytosis is the zipper model, in which
phagocytosis occurs by progressive pseudopod extension over the
phagocytic target, mediated by the “zippering” of receptor and
ligand (e.g., FcR and opsonized Ig) (4). An alternative model, the
trigger model, holds that, in certain circumstances, ligand-receptor
interaction can trigger a complete, all-or-nothing phagocytic re-
sponse (50). Both models recognize the central importance of
receptor-ligand interaction in generating pseudopod extension;
neither model addresses the problem of inserting new membrane
material at the leading edge of the extending pseudopod. We re-
gard the receptor/membrane recycling theory, adapted from
Bretscher’s theory of cell migration (59), as complementary to
existing theories of receptor signaling.

Clerc and Sansonetti demonstrated by immunolocalization in
HEp2 cells undergoing phagocytosis ofShigella flexnerithat clath-
rin accumulated in the regions of the cells in which internalization
was occurring (15). Aggeler and Werb demonstrated by both scan-
ning and transmission-electron microscopy of peritoneal macro-
phages undergoing phagocytosis of latex beads that the cytoplas-
mic surface nascent phagosomes had prominent basketworks of
assembled clathrin (14). These phagosome patches of clathrin were
larger than the coated pits typically seen on plasma membrane.
Budding of these clathrin patches from the phagosome membrane
was observed. Moreover, the surface area of membrane covered by
the clathrin basketwork almost tripled in actively phagocytic cells
compared with controls. The larger clathrin basketworks were also
observed to be associated with the attached basal plasma mem-
brane surface in spreading macrophages. The investigators sur-
mised that, in terms of membrane dynamics, phagocytosis shares
features in common with cell attachment and spreading.

Our own finding that anti-clathrin pAb inhibits the phagocytosis
of both zymosan-coated liposomes and IgG-opsonized RBCs, me-
diated byb-glucan and Fc receptors, respectively, suggests that
clathrin involvement is common to both types of phagocytosis,
even though these receptors trigger different signal-transduction
pathways (8). The common ground in all of these processes, in-
cluding cell spreading and migration, is a demand for high turn-
over of plasma membrane and the involved surface receptor.
Clearly, clathrin-mediated endocytosis should be considered a
likely candidate in this turnover process.

In conclusion, our findings are consistent with the concept of
endocytosis being required for phagocytosis, which in turn is con-
sistent with the theory of receptor/membrane recycling during cell
migration. It is possible that leading edges of migrating cells and
pseudopods of phagocytes share a common mechanism for cellular
protrusion, and therefore phagocytosis might be viewed as a spe-
cialized variation of cell locomotion.
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