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Drinking a lot is good for dendritic cells
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Summary

Macropinocytosis is the actin-dependent formation of large vesicles, which
allow the internalization of large quantities of fluid-phase solute. In the
majority of cells examined, an exogenous stimulus is required to induce
the initiation of this endocytic pathway. However, dendritic cells are
thought to constitutively macropinocytose large quantities of exogenous
solute as part of their sentinel function. In this review we discuss the evi-
dence that dendritic cells macropinocytose exogenous solute and subse-
quently present antigenic peptides derived from internalized material to
T cells. In addition, we put these data into the context of immune surveil-
lance in vivo.
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Introduction

Following infection with a pathogen at a peripheral site,
T-cell responses (both CD4" and CD8") can be triggered in
the lymph node draining the site of challenge. T cells then
produce cytokines that aid the clearance of the pathogen
and can also act directly by killing infected cells. To
respond effectively to antigen expressed in a peripheral site,
a system must be in place to efficiently transport antigen to
secondary lymphoid organs where the T-cell response is
initiated. The transport of antigen is accomplished via two
mechanisms. First, antigen present in high concentrations
at a peripheral site can drain through lymphatic vessels
directly to lymph nodes and spleen. Antigen concentrates
in the subcapsular sinus that drains afferent lymphatic ves-
sels and is then distributed to the T-cell areas of lymph
nodes via reticular fibres that form a distribution system
known as the conduit network." An alternative mechanism
involves internalization of antigen at the site of infection by
peripheral sentinel dendritic cells (DC). The DC then trans-
port antigen to draining lymph nodes, where antigen pres-
entation to naive T cells can occur. In this review we will
examine the role of the fluid-phase endocytic pathway,
macropinocytosis, in the internalization of antigen that is

subsequently presented to naive T cells and stimulates their
response to infection.

Much recent work has focused on the expression of
pattern recognition receptors (PRR) by DC. These recep-
tors bind to, or otherwise mediate recognition of, struc-
tures that are conserved amongst a wide variety of
pathogens. The conserved structures are known as patho-
gen-associated molecular patterns (PAMPs) and primarily
consist of viral, bacterial and protozoal polysaccharides
or glycoproteins.” PRR can be roughly divided into two
groups, one that mediates activation of DC and other cell
types and is primarily composed of the Toll-like receptor
(TLR) family, and another comprised primarily of C-type
lectins that mediate internalization of PAMPs and subse-
quent degradation. However, despite a surprisingly wide
variety of pathogen-encoded structures that can be recog-
nized by PRR, these receptors lack the genetic diversity
required to recognize the huge number of foreign anti-
gens recognized by the T- or B-cell receptors. Thus, sec-
ondary mechanisms must be in place to allow the
internalization of pathogenic material by DC and other
cells. One such mechanism is the internalization of large
amounts of exogenous soluble material via the macro-
pinocytic pathway.

Abbreviations: AQP, aquaporin; DC, dendritic cell; DRiPs, defective ribosomal products; ER, endoplasmic reticulum; FITC,
fluorescein isothiocyanate GM-CSF, granulocyte-monocyte colony-stimulating factor; IL-4, interleukin-4; IMV, intracellular
mature viral; M-CSF (CSF-1), macrophage colony-stimulating factor; MHC, major histocompatibility complex; PAMPs,
pathogen-associated molecular patterns; PI3, phosphoinositide 3; PRR, pattern recognition receptors; TLR, Toll-like receptor.
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Endocytic pathways

A large number of distinct endocytic pathways exist to
allow the internalization of nutrients and growth factors
by virtually all nucleated cells, including DC. The major-
ity of endocytic processes involve binding of exogenous
ligand to membrane-bound receptors such as the transfer-
rin receptor, B-cell receptor, Fc receptors or scavenger
receptors. The pathway utilized for internalization of the
ligand after receptor binding often depends upon the nat-
ure of the antigen and/or the nature of the receptor. Sol-
uble ligand is most often internalized after clustering of
receptors in clathrin-coated pits. The pits then become
invaginated and pinch off to form clathrin-coated vesi-
cles 85-110 nm in diameter that are trafficked to early
endosomal compartments. Depending upon the receptor/
ligand combination the ligand may be released in an early
endosomal compartment (e.g. transferrin) or in a later
endosomal compartment with a much lower pH (e.g.
low-density lipoprotein). Along with ligands bound to
their receptors, small quantities of fluid-phase solute are
also internalized in clathrin-coated vesicles, a process
known as micropinocytosis. Endocytic processes are
tightly regulated, but the extent to which clathrin-medi-
ated endocytosis contributes to fluid-phase uptake varies
significantly between cell types.

In contrast to the internalization of receptor ligands, par-
ticulate ligands are internalized via phagocytosis, a process
that can occur via a number of distinct phenotypic mecha-
nisms.” For example, Fc receptor-mediated phagocytosis
involves the extension of a large pseudopod-like membrane
extension around an antibody-coated particulate. In con-
trast, particulates coated with complement are internalized
in the absence of membrane protrusions. Both Fc receptor-
mediated and complement receptor-mediated phagocytosis
involve the internalization of minimal amounts of exogen-
ous solute, as receptors bind tightly to the surface of the
particle. In marked contrast to the ‘tight zippering’ around
particles that occurs during conventional phagocytosis,
bacteria can also be internalized by a process known as
‘spacious phagocytosis’. This can occur in macrophages®™”
or in epithelial cells® after exposure to Salmonella typhimu-
rium and is mediated by proteins injected via the type III
secretion machinery of the bacterium. It appears that inter-
nalization into these spacious phagosomes is advantageous
for the bacteria, as avirulent strains are not internalized via
this mechanism. These spacious phagosomes closely resem-
ble macropinosomes, and may reflect pathogen subversion
of a natural process to gain a selective advantage, a topic
that will be touched upon later in this review.

Macropinocytosis

Macropinosomes are heterogeneous in size but are gener-
ally much larger than the clathrin-coated vesicles dis-
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cussed above (up to 5 pm in diameter). They form
almost exclusively at sites of membrane ruffling, and there
is no evidence to suggest that they concentrate receptors
as their clathrin-coated counterparts do. Internalization of
solutes via macropinocytosis is much more efficient than
via micropinocytosis mediated by clathrin-coated vesicles
and other endocytic pathways’ and thus can potentially
provide an endocytic pathway to complement immune
monitoring via PRR.

Membrane ruffling is intimately linked to the formation
of macropinosomes. Different cell types ruffle to different
extents, and macropinocytosis has been extensively studied
in cells in which ruffling is normally minimal but can be
stimulated with growth factors or phorbol esters. Stimula-
tion of MDCK cells with hepatocyte growth factor (scatter
factor)® or A431 epidermal carcinoma cells with epidermal
growth factor’ causes formation of circular ruffles that can
close off to form macropinosomes. Similarly, stimulation
of macrophages with macrophage colony stimulating factor
(M-CSF, CSF-1) causes the formation of circular ruffles
and macropinosomes.”'® Not all circular ruffles close over
to form macropinosomes, although it is not uncommon
for one area of membrane in which ruffling is occurring to
generate a number of macropinosomes (C.C.N., unpub-
lished observations). Studies examining the dynamics of
actin association with macropinosomes in Dictostelium cells
indicate that although actin has a central role in the forma-
tion of macropinosomes, it dissociates rapidly (< 1 min)
once a vesicle is formed."!

The observation that phorbol esters trigger macropino-
cytosis in some cell types stimulated investigations into
the regulatory signalling events that may be involved in
this endocytic pathway. The injection of oncogenic Ras
triggers ruffling and an increase in fluid-phase uptake in
fibroblasts.'> Injection of activated Rac-1 can induce ruf-
fling without the need for any other stimuli'’ and this
observation has formed the basis for studies examining
the signals responsible for the modulation of actin poly-
merization in many varied processes, including macro-
pinocytosis. A number of small GTPases have been
localized to ruffling membranes and macropinosomes.
Racl localizes to ruffling membranes in a cholesterol-
dependent manner.'"* Rab5 has been implicated in the
formation of the circular ruffles required for macropino-
some formation.'> However, it is another small GTPase,
rah/Rab34, that appears to be closely associated with the
initial formation of macropinosomes, whereas Rab5 asso-
ciates at a later stage of vesicle development. Transforma-
tion of cells with K-ras or V-src also induces constitutive
ruffling and macropinocytosis'®'” and this is depend-
ent upon phosphoinositide 3 (PI3)-kinase activity.'®"’
Indeed, inhibition of PI3-kinase blocked both macropino-
cytosis and Fc receptor-mediated phagocytosis, but not
receptor-mediated endocytosis.”® Interestingly, this block-
ade appears at the level of vesicle formation, as cells
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treated with the PI3-kinase inhibitors wortmannin or
LY294002 did not diminish ruffling.***'

Wortmannin has been used as an inhibitor of macro-
pinocytosis experimentally” but its use has the disadvan-
tage that it will also block phagocytosis as well as cellular
migration. The efficacy of numerous inhibitors has been
examined in an attempt to selectively block macropino-
cytosis. However, although inhibitors that selectively block
fluid-phase uptake but not receptor-mediated uptake have
been identified, their action is often cell type-specific. In
addition, the similarities between the signalling and
mechanical pathways used in phagocytosis and macropin-
ocytosis often mean that inhibitors block both pathways,
as is the case with PI3-kinase inhibitors.”>*' Both phago-
cytosis and macropinocytosis are blocked in the presence
of cytochalasins, agents that block actin polymerization.'’
Macropinocytosis is acutely sensitive to cytoplasmic pH
in some cell types, as treatment with inhibitors of the
Na*/H" exchange pump in the plasma membrane, such
as amiloride or amiloride analogues, inhibits fluid-phase
uptake.” However, in many cell types, or at high concen-
trations, the amilorides also inhibit receptor-mediated
endocytosis, so under experimental conditions the inhibi-
tory effects of these agents must be carefully controlled.
Most recently, a careful study by Sarkar et al.*> demon-
strated that the PKCS inhibitor rottlerin specifically inhib-
ited fluid-phase but not receptor-mediated endocytosis in
DC. However, the concentrations required for this inhibi-
tory effect were well below those necessary for the inhibi-
tion of PKCS, so the mechanism of this inhibitory effect
remains undescribed.” Interestingly, many immunosup-
pressive compounds also inhibit macropinocytosis in
DC*** but this may reflect an effect of these compounds
upon DC maturation and viability, rather than a direct
effect upon endocytic mechanisms.

The fate of material internalized within macropinosomes
is cell type-dependent. In macrophages macropinosomes
move to the perinuclear region of the cell, shrinking as they
move. Some newly formed macropinosomes stain posi-
tively for markers of early endosomes such as Transferrin
receptor, but they progressively lose these markers and
acquire the late endosomal markers rab7 and lysosomal gly-
coprotein A (lgp—A).28 Macropinosomes readily fuse with
each other but eventually they appear to fuse with the pre-
existing tubular lysosome network.”® In contrast to the
observations made in macrophages, macropinosomes in
A431 cells do not appear to interact with other endosomal
compartments, but instead eventually release the majority
of their contents back into the exogenous milieu.*

The study of macropinocytosis

With the implication of the macropinocytic pathway in
immune responses, the study of uptake of antigens by
this mechanism has become widespread. However, the
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majority of studies to date have failed to distinguish
between the internalization of antigen via macropino
cytic, micropinocytic, or receptor-mediated pathways. An
important component of the study of macropinocytosis
is visualization of the macropinosomes themselves.
Measurement of fluid-phase uptake alone does not dis-
tinguish between uptake of antigen by a large number
of small vesicles of 100 nm diameter (equivalent to the
size of clathrin-coated vesicles) or a small number of
large macropinosomes of 1-5 um in diameter. Thus,
microscopic examination of exogenous solute uptake is
an essential component of the study of macropinocyto-
sis. In addition, it is essential to account for the
dynamic nature of endocytic pathways. Exogenous solute
internalized into macropinosomes may be recycled back
out of the cell, released into the cytosol, delivered to
proteolytically active acidic compartments where fluores-
cent markers may be lost, or may simply remain within
macropinosomes. Examining a single time-point after
exposure to an exogenous marker may give misleading
or inaccurate results, as trafficking of solute to each of
these destinations will produce differing results when
conditions, or cell types, are altered.

When studying macropinocytosis, the choice of solute
marker is a key determinant of which endocytic pathways
are actually being examined. Even experienced laborator-
ies often use fluorescently labelled dextran to measure
fluid-phase uptake via macropinocytosis. Immune cell
subsets, such as macrophages or DC, constitutively
express PRR specifically designed to bind glycoproteins or
other carbohydrate moieties that are commonly expressed
by pathogens. Thus, the measurement of the internalizat-
ion of soluble carbohydrate in macrophages or DC almost
certainly includes a significant component of receptor-
mediated internalization. The contribution of receptor-
mediated endocytosis to internalization of solute markers
such as dextran can be reduced by preincubation with a
competitive inhibitor of binding to PRR, such as man-
nan.”® However, ligation of PRR such as the mannose or
scavenger receptors may trigger intracellular signalling
that can potentially alter the rate of macropinocytosis at
subsequent times. Thus, the use of solute markers that do
not bind to PRR is the best way to study macropino-
cytosis. Racoosin and Swanson used one such marker,
Lucifer Yellow, in their landmark studies of macropino-
cytosis in macrophages”'>*® and the use of this marker in
a greater proportion of studies would certainly aid inter-
pretation of data examining macropinocytosis in DC.

Macropinocytosis in DC

The original observation of macropinocytosis in DC
was made by Sallusto and colleagues using DC genera-
ted from human blood monocytes by culture in interleu-
kin-4 (IL-4) and granulocyte-monocyte colony-stimulating
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factor (GM-CSF).*® The authors described a very high rate
of fluid-phase uptake of 1100 mm?, or over 40% of the vol-
ume of the cell, every hour. The most striking observation
was that, in contrast to other cell types, addition of growth
factors or phorbol esters to the DC was not necessary to
stimulate this uptake. However, addition of stimuli that
induced maturation of the DC, such as tumour necrosis
factor-a, lipopolysaccharide or IL-1, dramatically reduced
fluid-phase uptake 40 hr after addition. High levels of
fluid-phase uptake could not be reproduced after with-
drawal of the maturation stimuli, indicating an irreversible
shut down of macropinocytosis upon maturation. In con-
trast to the shutdown of macropinocytosis upon exposure
to maturation stimuli, receptor-mediated endocytosis did
not appear to be affected. Subsequent studies reproduced
this observation in DC grown or purified from many spe-
cies (Fig. 1). It is clear that the mechanisms involved in
macropinocytosis in DC differ significantly from those in
all other cells examined. For instance, amiloride and amilo-
ride analogues do not specifically inhibit macropinocytosis
in DC (C.C.N., unpublished observations and ref. 31). In
addition, DC from mice lacking gelsolin, an important
regulator of actin polymerization, membrane ruffling, and

280 sec

440 sec

Figure 1. Time-lapse video-microscopy of macropinosome forma-
tion in murine bone-marrow-derived DC. The formation and fate of
two macropinosomes formed at the leading edge of a DC cultured
in the absence of growth factors for 24 hr prior to examination. At
0 seconds a macropinsome forms (black arrow) and subsequently
(40-280 seconds) traffics towards the nucleus. At 40 seconds a large
circular ruffle forms at the leading edge of the DC (white arrow),
closes off to form a macropinosome (100 seconds), fuses with other
large vesicles (180 seconds) and finally fuses with the initial macro-
pinosome.
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macropinocytosis in fibroblasts, appear to macropinocytose
as efficiently as wild-type DC.*

The observation that macropinocytosis appeared to
occur constitutively via novel mechanisms in DC sti-
mulated investigations of the mechanisms behind this
phenomenon. As small GTP-binding proteins have an
integral role in membrane ruffling, these proteins formed
the focus of the investigations. Injection of dominant neg-
ative forms of the GTPase Rac blocked macropinocytosis
in immature DC**?* but injection of activated Rac failed
to reconstitute macropinocytosis in mature cells. Two
studies, however, differed significantly in the data pro-
duced addressing the role of Cdc42. In bone-marrow-
derived DC grown in media supplemented with the
supernatant from cells producing GM-CSF, dominant
negative Cdc42 blocked macropinocytosis and injection
of activated Cdc42 could restore high rates of pinocytic
uptake. In marked contrast, DC derived from splenocytes
cultured in GM-CSF and transforming growth factor-f
did not shut down macropinocytosis following micro
injection of dominant negative Cdc42. The latter cells do
not undergo spontaneous maturation, as bone marrow
cultures tend to do,” perhaps implicating the means by
which DC maturation is triggered in the signalling path-
ways regulating macropinocytosis. Despite appearing to
produce contradictory results, the two studies do show
that Cdc42—Rac interactions are unlikely to be a simple
switch by which macropinocytosis in DC is modulated.

The phenomenally high rate of fluid-phase uptake in cul-
tured DC is likely to be a very energy intensive process that
utilizes a significant portion of cellular resources, including
plasma membrane and actin. In addition, macropinocyto-
sing DC are loaded with large quantities of exogenous sol-
ute that must be disposed of to avoid a deleterious effect
upon cellular viability. To handle internalization of large
volumes of solute, DC express the aquaporins AQP3 and
AQP7.%® These molecules are water channels commonly
expressed in cells that have a high capacity for water trans-
port, such as the epithelial cells of the kidney.”” Immature
DC express these aquaporins, but down-regulate their
expression concomitantly with maturation and the down-
regulation of constitutive macropinocytosis. Blockade of
the aquaporins reduced fluid-phase, but not receptor-
mediated, endocy‘tosis.36 Thus, DC are highly specialized to
internalize large volumes of solute.

Although large quantities of membrane are required for
macropinocytosis, the surface to volume ratio of the large
vesicles formed reduces the quantity of membrane used
when compared to internalization of solute in much
smaller, clathrin-coated, vesicles. Phagocytosis has been
proposed to require membrane donation from the endo-
plasmic reticulum (ER), and proteins normally found in
the ER can be isolated from purified phagosomes.”® How-
ever, phagosome shrinkage after internalization is limited
by the rate of degradation of the phagocytosed particle.
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In contrast, macropinosomes shrink rapidly after forma-
tion (Fig. 1), potentially allowing the rapid return of
internalized membrane to the cell surface. Nevertheless,
the role of ER-derived membrane in macropinocytosis
remains an interesting area of investigation at this time.

As described above, macropinocytosis involves the use of
large quantities of actin during ruffling and the formation
of large vesicles. DC are highly motile cells in culture and
express high levels of actin. Actin is one of the most abun-
dant proteins in any cell, and so is unlikely to be limiting
during any normal processes. However, studies from West
et al. indicated that actin may be recruited from structures
called podosomes to the cell membrane. This occurs during
a burst of macropinocytic activity that is triggered in DC
by encounter with TLR ligands.** Fluid phase uptake was
increased almost five-fold within 20—40 min of exposure to
TLR ligands but returned to normal levels within 2 hr.*
The increased uptake of solute correlated with the rapid
disappearance of podosomes, structures that are normally
associated with cell migration and tissue invasion.”® The
podosomes subsequently reappeared as the rate of macro-
pinocytic uptake declined. As it was not possible to track
actin from podosomes to the ruffling edges of the plasma
membrane, there are two possible explanations for actin
remodelling upon TLR stimulation. The first is that TLR
stimulation causes transient dissociation of podosomes as
part of the programming of DC maturation, perhaps as a
trigger for enhanced motility or increased migration of DC
away from peripheral tissues. The second is that actin is at
least partially limiting during the massive up-regulation of
fluid-phase uptake. The suggestion that actin relocalization
may be required during TLR-mediated up-regulation of
macropinocytosis, however, raises the intriguing possibility
that the very high rates of fluid-phase uptake exhibited by
DC in vitro may be unsustainable for significant periods of
time in vivo.

Antigen presentation

One of the major functions of DC is to degrade foreign
antigens to peptides that then form complexes with major
histocompatibility complex (MHC) molecules and are
then presented to T cells. Ablation of CD11c" cells pre-
vents the induction of a CD8" T-cell response to some
pathogens.*® Thus, the delivery of macropinocytosed anti-
gen to compartments where processing of antigen and
subsequent binding of peptides to MHC molecules could
occur, is an important step in the initiation of T-cell
responses to soluble antigens (Fig. 3). A portion of anti-
gen internalized by macropinocytosis in human mono-
cyte-derived DC was delivered to compartments rich in
MHC class I1.°° In these studies it was difficult to distin-
guish between antigen uptake via macropinocytosis or
receptor-mediated endocytosis, and targeting of antigen
to PRR did enhance MHC class II-restricted presentation.
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However, it is likely that antigen delivered via macropino-
somes is delivered to the MHC class II processing path-
way. Antigen presentation by DC is prolonged compared
to presentation by macrophages. The persistence of anti-
gen within DC has been correlated to reduced levels of
lysosomal proteases and proteolysis in these cells* but
some antigen may be retained in neutral macropinosomes
in which proteolysis of antigen does not occur for pro-
longed periods.**

Antigen endocytosed within macropinosomes is also
available for processing and presentation by the MHC class
I pathway. This is accomplished via release of antigen from
internal vesicles to the cytosol of the cell. The release
of macropinocytosed antigen into the cytosol was first
described in A431 cells and macrophages upon stimulation
of macropinocytosis with phorbol esters or growth factors*
but occurs constitutively in bone-marrow-derived mouse
DC in vitro (Fig. 2).>' Although the concentrations of anti-
gen utilized in these studies were high (> 0-5 mg/ml) the
exposure times were very short (> 20 min), potentially
mimicking the release of large quantities of antigen from
virus-infected cells. Transient up-regulation of macropino-
cytosis upon ligation of TLR increases presentation of a sol-
uble exogenous antigen on MHC class I, although the
antigen in this case, immune complexes, was probably
internalized by receptor-mediated endocytosis in addition
to macropinocytosis.**

Figure 2. Release of exogenous solute into the cytosol of a murine
bone-marrow-derived DC. DC were cultured at 37°C in the presence
of 1 mg/ml fluorescein isothiocyanate (FITC)-dextran (40 000 MW),
then washed and chased in the presence of Trypan Blue that will
quench FITC fluorescence if it is accessible from outside the cell.
FITC fluorescence is not quenched, and so is in an intact living cell.
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Macropinocytosis in DC

1. Pattern Recognition Receptors recognize a Pathogen
Associated Molecular Pattern.

2. PRRs initiate a signalling cascade resulting in DC maturation.
3. Actin-rich podosomes, normally present within focal

adhesions, dissociate and actin moves to the cell surface.

4. Actin-dependent ruffling is initiated in a rac-dependent manner.
5. Large circular ruffles form, and close off in a PI-3 kinase-
dependent manner to form large vesicles of 0.2-5 um diameter.
6. A macropinosome is formed, often by fusion of a large number
of closed over circular ruffles.

7. The macropinosome shrinks as water is removed via the action
of aquaporins, and moves towards the perinuclear region.

At this point there are a number of potential fates for the

contents of the macropinosome. These are outlined below;

8. The contents of the macropinosome may be recycled back to
the cell surface and released into the extracellular milieu.

9. Macropinosome contents may be trafficked to the MHC Class Il
loading compartment (A) where it is degraded and the resulting
peptides loaded onto MHC Class Il that is then trafficked to the cell
surface (B).

10. Macropinosome contents may be released into the cytosol of
cells where it can be degraded by the proteasome (A). The
resulting peptides enter the MHC Class | presentation pathway,
are imported into the ER via TAP (B) where they bind to peptide
receptive MHC Class | and are transported to the cell surface (C).

Figure 3. Schematic of macropinocytosis in DC.

Release of antigen into the cytosol of cells could allow
access of antigen to the classical pathway of MHC class I
processing and presentation, a potential mechanism to
explain the in vivo observation of cross priming of exogen-
ous antigen on MHC class 1.**™*° However, the major sub-
strates for MHC class I are thought to be short-lived
defective ribosomal products (DRiPs)*™ in contrast to
the long-lived intact proteins that are delivered to the
cytosol via macropinocytosis. Thus, the conventional
MHC class I processing pathway may not efficiently pre-
sent long-lived cytosolic proteins. The observation that
phagosomes recruit components from ER-membranes®®
led to the hypothesis that phagosomes are competent
mediators of MHC class I-restricted presentation in
macrophages™ or DC.>' This observation was extended to
the presentation of soluble exogenous ovalbumin, presum-
ably after internalization via macropinocytosis by human
primary DC or a human DC cell line.’® These publications
described a pathway in which antigen is released from
either phagosomes or macropinosomes, degraded by pro-
teasomes present on the cytosolic side of the vesicle mem-
brane, and the peptides produced are pumped back into
the ER-macropinosome/phagosome compartment by the
Transporter of Antigen Processing (TAP) transporter
complex. Although some parts of this pathway remain to
be fully explained, presentation via this mechanism could
explain the discrepancy between the sources of peptides
from DRiPs versus exogenous proteins. A specialized
mechanism such as presentation by a specialized ER-phago-
some compartment could readily explain the 100-fold
difference in efficiency of MHC class I-restricted presenta-
tion between antigen expressed by an endosomal patho-
gen>® and the much less efficient presentation of cytosolic
antigen expressed by a recombinant virus.>* However,
recent evidence has suggested that ER components are not
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recruited to phagosomes,” bringing the role of ER-macro-
pinosome/phagosome fusion into question. Rationalizing
the observations from all of the groups involved in these
investigations in identical cell lines, and in primary DC, is
a prerequisite before this theory is abandoned. In addition,
further examination of the role of the ER in macropino-
cytosis and cross-presentation of exogenous antigens on
MHC class I is required. Nonetheless, the observation that
A431 cells are unable to present exogenous antigen on
MHC class T (ref. 43 and C.C.N. unpublished observa-
tions) strongly indicates a specialization of macrophages
and DC to allow cross-presentation of exogenous antigens
from macropinosomal or phagosomal compartments.

Potential role in vivo

The wealth of data produced from DC generated in vitro
led to the hypothesis that DC constitutively macropino-
cytose antigen in the periphery, then concurrently mature
and migrate to secondary lymphoid organs where they
present the endocytosed antigen in complex with both
MHC class I and II. Although widely accepted, this hypo-
thesis has yet to be tested fully in vivo, and significant
data exist to indicate that this is a somewhat simplified
view of antigen uptake and presentation by DC. The
obvious flaw in the in vitro systems used to examine cell
biological processes is that DC grown from human
monocytes, mouse bone marrow, or purified from animal
tissues, are unlikely to phenotypically resemble peripheral
DC. Any manipulation of DC in vitro is known to stimu-
late at least partial DC maturation®® and so it is likely
that the cells examined in these studies are at least parti-
ally activated. Studies from West et al. demonstrate that
exposure of DC to PAMPs transiently increases the rate
of fluid-phase uptake prior to shut down of this endo-
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cytic pathway.”? Thus, in light of the fact that macropino-
cytosis is probably a very energy-intensive process, it is
possible that uptake by peripheral DC is minimal until a
maturation stimulus is encountered.

An additional indication that the model of peripheral
uptake by DC followed by maturation and migration is
only one of the possible mechanisms involved in delivery
and presentation of antigen to primary T cells is the obser-
vation that a large proportion of DC resident in secondary
lymphoid organs are phenotypically immature.””>* These
immature DC may induce peripheral tolerance in T cells
to which they present antigen.® Lymph node-resident DC
are able to internalize injected antigen®' and present it to
CD4" T cells. Therefore, DC subsets in the lymph node
may be specialized to sample the contents of reticular con-
duits, allowing enhanced presentation of antigen draining
from the periphery.®* The role of macropinocytosis in the
internalization of antigen by lymph node-resident DC
in vivo remains to be established because the studies out-
lined above have all used antigen that could be internal-
ized after binding to PRR. Indeed, the involvement of
endocytic pathways in a large number of essential proces-
ses in vivo have prevented the construction of genetically
manipulated mice in which the importance and regulation
of these processes can be studied. Although advances in
technology offer the tantalizing prospect that we may be
able to study these processes in animal models in the
future, we currently have to extrapolate our knowledge of
endocytic processes from yeast and/or tissue culture mod-
els to in vivo situations.

Pathogen manipulation of macropinocytosis

Although scientists have been unable to gain insight into
the in vivo roles of macropinocytosis, many other organ-
isms can give us strong indicators of how macropinocyto-
sis functions relative to their survival, persistence and
replication. Eukaryotic or viral pathogens can either
evolve to take advantage of existing processes during
infection or to express modulatory molecules that can
subtly alter the host’s immune response to the pathogen.
As outlined above, Salmonella typhimurium can induce
ruffling and phagocytosis in epithelial cells® or macro-
phages.*” This process is advantageous for the bacterium,
as ablation of the gene responsible for the induction of
spacious phagocytosis significantly reduces virulence. A
number of other intracellular bacteria, including Mycobac-
terium tuberculosis,®® are also known to exploit this path-
way during entry into cells.

Induction of macropinocytosis is also a method by
which a number of viruses can either enter or enhance
their entry into target cells. Although the exact mode of
entry of poxviruses is not known, viral particles known as
intracellular mature viral particles (IMV) can trigger actin
rearrangement and Racl activation. IMV particles bind to
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filopodia that are formed and viral cores are released into
the cytosol, although internalization into vesicles may not
be required.®* Adenovirus 2 also induces macropinocyto-
sis through particle binding to an o, integrin, leading to
activation of PI3-kinase and Racl.®® However, in the case
of adenovirus it is unlikely that the virus enters by this
pathway. Rather, induction of macropinocytosis places
additional strain upon the endocytic pathway, perhaps by
overcoming the solute control mechanisms utilized by
most cells. This increased volume of solute probably
reduces the integrity of endosomal vesicles and increases
the ease with which adenovirus can lyse these compart-
ments and escape into the cytosol.®®

In addition to using macropinocytosis to increase infec-
tion, viruses may also reduce fluid phase uptake by
immune cells, and particularly DC. Poxviruses encode a
homologue of proteins normally involved in neural tube
growth, called semaphorins.®® This protein, from the A39R
gene in vaccinia virus, binds to the receptor plexin C1 on
DC. Ligation of plexin C1 transduces signals that induce
cytoskeletal rearrangement, blocking cellular migration®
and phagocytosis.°® Receptor-mediated endocytosis of flu-
orescein isothiocyanate-dextran was not affected by expo-
sure to A39R®® but the method of action of this viral
modulator strongly suggests that it will inhibit macropino-
cytosis. Vaccinia virus encoding A39R caused increased
inflammation compared to virus that did not encode the
gene.® Thus, viruses may modulate endocytic pathways as
mechanisms by which to gain a selective advantage.

Conclusion

The extent to which internalization of soluble antigen by
DC via macropinocytosis contributes to the initiation of a
pathogen-targeted immune response remains unclear at
present. The logistics of DC in the periphery constitutively
internalizing large quantities of solute are probably beyond
the realm of possibility. However, it is clear that DC are
specialized to internalize enormous quantities of solute
upon exposure to a maturation stimuli. This would consti-
tute a back-up mechanism to sample large quantities of
antigenic material upon triggering by PRR that do not gen-
erally mediate internalization of its ligand, such as TLRs.
The soluble antigen internalized is presented efficiently on
both MHC class I and class 11, allowing generation of a fully
functional immune response in all compartments. This
model makes a compelling argument that DC macropino-
cytosis plays a vital role in immune surveillance, but only
further investigations in vivo will reveal the significance of
this process in induction of a T-cell response.
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