
Selective inhibition by rottlerin of macropinocytosis in
monocyte-derived dendritic cells

Introduction

Cells that present exogenous antigen to T cells must first

endocytose that antigen. One specialized mode of antigen

uptake is fluid-phase endocytosis (FPE). Macropinocytosis

is a mode of FPE, which is considered to be a canonical

feature of dendritic cells (DC). There are a number of im-

munologically relevant characteristics of DC macropino-

cytosis. It enables DC to concentrate soluble antigens

non-specifically from a very large volume of extra cellular

fluid, estimated to be 1000–1500 lm3, a volume that is

close to the total cell volume per hr.1 The molecules

internalized by macropinocytosis are delivered to com-

partments understood to be critical for antigen presenta-

tion: to MIICs implicated in presentation by major

histocompatibility complex (MHC) class II1,2 and to

endoplasmic reticulum via cytosol, a pathway implicated

in MHC class I presentation.2,3 Finally, DC macropino-

cytosis is regulated actively during DC differentiation;

efficient macropinocytosis is a constitutive property of

most immature dendritic cells (thought to represent tissue

dendritic cells), but this macropinocytosis is abruptly

down-regulated as DC differentiates into mature DC

(thought to represent the cell type which presents antigen

in lymphoid tissue).4–6

The features of macropinocytosis described above sug-

gest that macropinocytosis could be important for antigen

presentation of DC to T cells. However, since receptor-

mediated endocytosis (RME) is so efficient in concentra-

ting and internalizing many antigens, it becomes important

to critically test whether FPE actually plays a role in

responses of interest. The importance of macropinocytosis

in antigen presentation has been reported in studies using

a number of agents that have been described to inhibit
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Summary

We present here the analysis of fluid-phase endocytosis (FPE) in human

blood monocytes and monocyte-derived dendritic cells (MDDC) facilita-

ted by our serendipitous identification of rottlerin as an efficient inhibitor

of dendritic cell FPE (IC50 of 0�4 lM). Rottlerin was found to be an excel-

lent tool for FPE analysis: rapid-acting, irreversible and selective for FPE (as

opposed to receptor-mediated endocytosis) at concentrations of 3 lM and

below. The inhibitory effect was not due to toxicity or visible change in mem-

brane ruffles, but affects on cytoskeletal reorganization were evident in MDDC

treated with relevant rottlerin concentrations during adhesion. A marked

increase in FPE was observed in 1 hr interleukin (IL)-4 and granulocyte macro-

phage-colony stimulating factor (GM-CSF)-stimulated monocytes. Moreover,

rottlerin inhibited the augmented FPE of 1-day cytokine treated monocytes and

their augmented ability to induce T cell proliferative responses to tetanus tox-

oid. We conclude that rottlerin is a useful tool for investigating FPE and its

functional importance.

Keywords: antigen presentation; dendritic cells; fluid-phase endocytosis;

GM-CSF; IL-4; monocytes; T lymphocytes

Abbreviations: FPE, fluid phase endocytosis; RME, receptor-mediated endocytosis; DC, dendritic cell; MDDC, monocyte derived
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macropinocytosis, including: cytochalasin D, an inhibitor

of actin polymerization; amiloride and amiloride analogues

which inhibit Na+/H + exchange.7–9 However, these agents

are neither as efficient nor as selective as one would like;

this complicates interpretation of the role of macropinocy-

tosis per se in studies in which agents such as these have

been used to inhibit macropinocytic uptake (see Discus-

sion). Identification of more selective inhibitors of differ-

ent subtypes of fluid phase uptake will be important both

for functional analysis of FPE and for understanding its

molecular mechanisms.

Macropinocytosis occurs via characteristic large vesicles

formed by closure of actin-based cell surface ruffles. The

Rho family of GTPase are involved critically in regulating

cytoskeletal organization and two members of this family

have been reported to have important regulatory roles

in regulating macropinocytosis.10,11 However, a coherent

understanding of their involvement is not yet available.

The protein kinase C (PKC) family of serine threonine

kinases is another family of signalling proteins involved

frequently in regulating membrane-proximal cellular pro-

cesses, cytoskeletal regulation and endocytic process like

phagocytosis.12,13 PKC has also been implicated in stimu-

lated fluid pinocytosis as Ro 31–8220, a highly selective

PKC inhibitor in vitro,14 suppresses phorbol myristate

acetate (PMA)-induced fluid pinocytosis in human poly-

morphonuclear cells (PMNs) and blood lymphocytes.15,16

Phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA),

a potent activator of PKC, induces membrane ruffling

and macropinocytosis in A431 cells.17 In the course of

studying potential PKC involvement in fluid phase uptake

by dendritic cells, we serendipitously discovered a phar-

macological agent, rottlerin, that is a much more selective

inhibitor of DC pinocytosis than the agents used cur-

rently. Rottlerin is a polycyclic aromatic compound pro-

duced by the rain forest tree Mallotus philippinensis.

Rottlerin was reported to be a relatively selective inhibitor

of PKC-delta18 but has been found subsequently to inhi-

bit a handful of other kinases (see Discussion). The selec-

tivity of rottlerin inhibition provided us with the

unexpected opportunity to clarify some important issues

regarding FPE.

Many other cell types have constitutive or inducible

macropinocytosis, often viewed to have a nutritive func-

tion. Swanson and coworkers19 demonstrated dramatic

rapidly inducible cytokine-induced FPE in murine bone

marrow macrophages; they interpreted its function to be

a nutritive one facilitating cell proliferation. Afterwards,

constitutive as well as PMA-stimulated macropinocytosis

by bone marrow macrophages has been ascribed a role in

antigen presentation.20 We present evidence that efficient

FPE, which is a hallmark of dendritic cells, is acquired by

cytokine-stimulated monocytes early in the MDDC differ-

entiation process and leads to enhanced antigen pres-

entation. Using rottlerin as an informative tool, we

demonstrate rottlerin-inhibitable FPE is a contributor to

tetanus-toxoid (TT) specific T cell proliferative responses.

Materials and methods

Culture medium and reagents

The medium used throughout was RPMI-1640 supplemen-

ted with 2 mM L-glutamine, 1% non-essential amino acids,

1% pyruvate, 10 mM HEPES, 10% heat-inactivated fetal calf

serum (FCS) and 100 l/ml penicillin G sodium, 100 lg/ml

streptomycin sulphate, 0�25 U/ml amphotericin B (all from

Life Technologies, MD). Human recombinant granulocyte

macrophage-colony stimulating factor (GM-CSF) and

interleukin (IL)-4 was purchased from PeptroTech, Rocky

Hill, NJ. Lucifer yellow CH (LY), fluorescein isothyocya-

nate (FITC)-dextran (Mr 70 000), FITC-transferrin and

Alexa 488-phalloidin were from Molecular Probes (Eugene,

OR). Phalloidin-FITC, amiloride hydrochloride:hydrate,

5-(N,N-dimethyl)-amiloride hydrochloride (DMA), cyto-

chalasin D (CCD), carbonyl cyanide p-trifluoromethoxy-

phenylhydrazone (FCCP) and mannan from Saccharomyces

cerevisiae were purchased from1 Sigma Chemical Co (St.

Louis, MO). Bisindolylmaleimide I (BIM I), bisindolyl-

maleimide II (BIM II), Ro-31–8220, staurosporine, H-7,

H-89, calphostin C and rottlerin were from2 Calbiochem

(San Diego, CA). CD14 and CD)1 a monoclonal antibodies

were purchased from Pharmingen (San Diego, CA).

Cell preparations

Elutriated human monocytes from healthy human volun-

teers were used to generate immature dendritic cells and

cytokine-stimulated monocytes. CD14+ cells (�99% pure)

were cultured at 1 · 106 per ml in RPMI-10% FCS. For

generation of short-term cytokine stimulated monocytes,

cells were cultured for 1 or 24 hr with 50 ng/ml GM-CSF

and 35 ng/ml IL-4. For generation of monocyte-derived

dendritic cells, GM-CSF- and IL-4-containing cultures

were continued for 6–8 days. Half the culture medium

was changed with fresh medium containing 100 ng/ml

GM-CSF and 70 ng/ml IL-4. The detached cells, the main

population of CD1a+ cells after the culture period, were

used as the source of immature dendritic cells. Peripheral

blood T lymphocytes (PBT) were isolated from lympho-

cyte-enriched fractions prepared from healthy human vol-

unteers by apheresis followed by sedimentation of cells

through lymphocyte separation medium (ICN, Aurora,

OH). PBT were washed three times with3 Dulbecco’s Phos-

phate Buffered Saline (DPBS) and cryopreserved until use.

Immunoblot analysis of protein kinase C

PKC isoforms were examined by Western blot analysis

using primary antibodies: monoclonal mouse anti-PKC-
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alpha, anti-PKC-beta, anti-PKC-delta, anti-PKC-theta and

anti-PKC-eta (BD Transduction Laboratories, Lexington,

KY)4 and polyclonal anti-PKC-zeta (Upstate Biotechno-

logy, Inc., Lake Placid, NY)5 .

Flow cytometric analysis of tracer uptake

Cell suspensions containing 3 · 105 cells in RPMI-10% FCS

buffered with 25 mM HEPES were prewarmed for 10 min at

37� and pulsed with the tracer LY (1 mg/ml), FITC-dextran

(0�5 mg/ml) and FITC-transferrin (200 lg/ml) at these

concentrations unless indicated otherwise. After the indi-

cated incubation period, uptake was stopped by washing

the cells four times with cold phosphate buffered saline

(PBS) containing 1% FCS and 0�01% NaN3 and were

analysed on a FACScan (Becton Dickinson). In some

experiments, cells were preincubated with the inhibitors

as indicated in the figure legends. Data shown represent

uptake in experimental conditions minus background

uptake (cells pulsed at 4�).

Fluorescence microscopy

Day 7 dendritic cells were preincubated with rottlerin

(2 lM or 10 lM) or buffer control for 30 min at 37�. LY
was then added to the medium and uptake was allowed

for 1 min. Thereafter cells were washed three times in

PBS, fixed for 15 min with 3% paraformaldehyde (PFA)

in PBS without calcium and magnesium at the same tem-

perature. After PBS washing, cells were allowed to settle

for 30 min at room temperature on the poly L-lysine-

coated coverslip (pretreated with 100 lg/ml in PBS at 4�
overnight), re-fixed with 4% PFA, mounted with fluoro-

mount-G (Southern Biotechnology Associates, Inc., AL),

and images were taken using a Zeiss epifluorescence axio-

plan2 microscope equipped with a 100· Plano-apo (N.A.

1�4) oil immersion lens and a Hamamatsu ORCA-ER CCD

camera (Hamamatsu Photonics, Hamamatsu City, Japan).

For fluorescence imaging of actin distribution during

adhesion, day 7 dendritic cells were allowed to adhere on

the poly L-lysine-coated coverslip as above in the presence

or absence of rottlerin. Following adherence, cells were

fixed with 4% PFA for 30 min, washed three times with

PBS and permeabilized with 0�2% Triton X-100 in PBS

containing 1% bovine serum albumin (BSA) for 10 min

at room temperature. Cells were washed three times with

PBS, quenched with 0�1 M glycine for 15 min at room

temperature, washed a two to three times with PBS and

incubated for 1 hr in 2% BSA in PBS to block non-speci-

fic binding. They were washed two to three times in PBS

and stained with Alexa 488-phaloidin (diluted 1 : 40 in

0�1% BSA/PBS) for 30 min at room temperature, washed

with PBS followed by water, mounted with prolong anti-

fade (Molecular Probes, Inc., OR) and viewed with a

Zeiss fluorescence microscope as above.

Quantitation of filamentous actin

Day 7 dendritic cells were treated with media alone or

rottlerin at 37�, washed three times with PBS and fixed

for 15 min with 3% PFA in PBS without calcium and

magnesium at the same temperature. After washing three

times in PBS, cells were permeabilized with 0�2% Triton

X-100 in PBS containing 1% BSA for 10 min and blocked

for 30 min in 2% BSA containing PBS. Cells were then

washed again with PBS and labelled with phalloidin-FITC

conjugate for 30 min. Fluorescence was quantitated by

flow cytometry.

Scanning electron microscopy

Day 7 dendritic cells were treated with media alone or

10 lM rottlerin in suspension, washed and then fixed by

transferring to a 20-fold volume of fixative (3% glutar-

aldehyde, 0�1 M cacodylate, 7�5% sucrose, 0�05% CaCl2,

pH 7�4). Cells were fixed for 1 hr, washed with PBS and

allowed to adhere on poly L-lysine treated glass chips for

1 hr. Chips were transferred to and stored in fixative until

subsequent processing. Fixed samples were then dehydra-

ted in ethanol, critical-point dried with CO2 and sputter-

coated with a 1 nm discontinuous layer of platinum.

Images were taken using Hitachi S-900 field emission

scanning electron microscope (Hitachi Scientific Instru-

ment Ltd, Mountain View, CA).

T cell proliferative response to tetanus toxoid

Twenty-four-hr cytokine-stimulated or unstimulated mono-

cytes were pulsed for 1 hr with antigen in the presence or

absence of rottlerin at the indicated concentrations. Anti-

gens used were TT protein (Wyeth-Ayerst Laboratories,

Inc., Marietta, PA) or synthetic TT derived peptide p30

(TT 947–967; FNNFTVSFWLRVPKVSASHLE, provided

by G. Corradin of University of Lausanne, Switzerland).

After the antigen pulse monocytes were washed three

times; 20 000 stimulator cells/well were then cocultured

with 3 · 105 autologous responder cells for a total of

5 days and proliferation quantitated by [3H]thymidine

incorporation.

Results

Rottlerin is a potent inhibitor of dendritic cell FPE

To analyse a potential role for PKC in FPE we first

investigated the expression of PKC isoforms in mono-

cyte-derived dendritic cells (MDDC) and the sensitivity

of dendritic cell FPE to PKC inhibitors. Our results

indicate that multiple PKC isoforms are present in

dendritic cells; delta and alpha are particularly strongly

detected in Western blot (Fig. 1a). However, PKC
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inhibitors (BIM I, BIM II, Ro-31–8220, calphostin C)

did not influence FPE (Fig. 1b). Thus, PKC activity

appears not to be critical for FPE. In contrast to the

other PKC inhibitors, rottlerin inhibits more than 90%

of FPE at the low concentration (10 lM) used typically

for putative selective inhibition of PKC-delta activity.

Because rottlerin has also been reported to inhibit a

limited set of other kinases, including PKA,21 we

explored whether a PKA inhibitor (H-89) or other

broader spectrum kinase inhibitors (H-7 and staurospo-

rine) would block FPE (Fig. 1b). None of these agents

inhibited FPE. Therefore, inhibition by rottlerin is a

special property of rottlerin not shared by a variety of

other kinase inhibitors.

Characteristics of rottlerin-mediated inhibition

Inhibition of endocytosis of lucifer yellow (LY) by rottl-

erin is dose-dependent with half-maximal inhibition at

0�4 lM (Fig. 2). This concentration is about sevenfold

lower than its reported half-maximal inhibition of

PKC-delta.18 The specificity of rottlerin inhibition of

FPE was assessed by comparisons with RME. We used

transferrin uptake via the transferrin receptor as the

model system to measure RME, because that process is

often taken as the prototype of RME. The concentra-

tion of rottlerin required for half-maximal inhibition of

RME was at least 10· higher than the concentration

required for comparable inhibition of FPE (Fig. 2). The

rottlerin concentration used in most subsequent experi-

ments (2–3 lM) consistently gave more than 80% inhi-

bition of FPE and less than 25% inhibition of RME.

To confirm and extend the results of flow cytometric

analysis, the effects of rottlerin on FPE were also exam-

ined by fluorescence microscopy (Fig. 3). As expected

for highly macropinocytic cells, MDDC pulsed with LY

for only 1 min show multiple LY-filled vesicles, many

of which exceed 0�2 microns in diameter (Fig. 3a). The

number of such highly fluorescent vesicles is marked

reduced by treatment with 2 lM (or 10 lM) rottlerin.

Both the number of macropinosomes and their fluores-

cence intensity is influenced by rottlerin (see also

Fig. 3b, in which the brightness has been increased for

images of the rottlerin-treated cells to facilitate inspec-

tion of morphology). At 2 lM rottlerin some macro-

pinosomes can still form, although their fluorescence

intensity is much lower. At 10 lM LY-containing vesi-

cles are dim, like the 2 lM rottlerin-treated sample, and

in addition are reduced in average size and restricted

to the periphery of the MDDC. Fluorescence microsco-

py of RME using FITC-transferrin showed little or no

inhibition of uptake at 2 lM rottlerin (data not shown),

consistent with the results of flow cytometry. Thus,

these images collected by fluorescence microscopy con-

firm that much of the LY uptake by MDDC is into

macropinosomes and that reduced uptake observed by
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Figure 1. Multiple protein kinase C (PKC) isoforms are expressed

in monocyte derived dendritic cells (MDDC) but are not involved in

fluid phase endocytosis (FPE). (a) Whole cell lysate from immature

dendritic cells were analysed by Western blot using monoclonal anti-

PKC a, b, d, h and g antibodies or polyclonal anti-PKC f antibod-

ies. (b) MDDC were pretreated with the following inhibitors bis-

indolylmaleimide (BIMI) (100 nm), BIMII (100 nm), Ro 31–8220

(100 nm), calphostin C (1 lm), Rottlerin (10 lm), staurosporine

(1 lm), H-7 (100 lm) and H-89 (10 lm) or 1% dimethylsulphoxide

(DMSO) for 45 min. Lucifer yellow (LY) uptake was measured dur-

ing the subsequent 45 min as described in Materials and methods.

Dendritic cells incubated at 4� showed < 2% of the uptake at 37�.
Values are expressed as a percentage of control (no inhibitors). Bars

represent the mean ± SD (n ¼ 3), pooling data from three separate

experiments.
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Figure 2. Rottlerin inhibits fluid phase endocytosis (FPE) much

more than receptor-mediated endocytosis (RME). Monocyte derived

dendritic cells (MDDCs) were pretreated with graded concentrations

of rottlerin for 45 min and during the subsequent 45 min two kinds

of uptake were measured: FPE measured using LY (squares) and

RME measured using fluorescein isothiocyanate (FITC)-transferrin

(diamonds). Values are expressed as a percentage of control (no

inhibitors). Points represent the mean ± SD (n ¼ 3), pooling data

from three separate experiments. IC50 for FPE is 0�4 lm and for

RME is 5 lm.
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cytometry corresponds with decreased numbers of macro-

pinosomes.

The kinetics of onset and duration of inhibition were

analysed. Rottlerin inhibition occurred rapidly, reaching

full effectiveness in 5 min (Fig. 4a); this is particularly

remarkable given that a relatively low concentration of

rottlerin was used (2 lM, just 5· above the half maximal

inhibition). Inhibition continued after removal of rottlerin

(Fig. 4b); little loss of effect was observed even 90 min after

washout. One trivial explanation for the dramatic effect of

rottlerin on macropinocytosis would be a toxic effect. We

investigated various potential manifestations of toxicity to

MDDC and have found none at the concentrations used.

For example, trypan blue exclusion was not influenced fol-

lowing short-term exposure to 30 lM and that multiday

exposure to 2 lM rottlerin was non-toxic, as it did not

interfere with monocyte differentiation into MDDC (not

shown).

Specificity of inhibition

Further studies of the specificity of inhibition included

analysis of a third tracer, FITC-dextran. Our analysis

confirms the findings of others,1 that FITC-dextran is

taken up predominantly by a mannose-receptor-depend-

ent pathway because excess mannan inhibits almost

90% of its uptake (Fig. 5a). This dominant route of

uptake is resistant to rottlerin (less than 20% inhibi-

tion). About 10% of the uptake of FITC-dextran is via

a mannose-receptor independent pathway, resistant to

inhibition by excess mannan. This pathway of FITC-

dextran uptake resistant to mannan inhibition, consid-

ered to be FPE,1 is sensitive to rottlerin inhibition

4ºc(a) (b)37ºc 37ºc

Rot 2 µm

Rot 10 µm

Rot 10 µmRot 2 µm

Figure 3. Fluorescence microscopy confirms

inhibition of macropinocytosis by rottlerin.

Monocyte derived dendritic cells (MDDCs)

were preincubated with rottlerin (2 lm or

10 lm) or buffer control for 30 min then

examined by fluorescence microscopy after

1 min with Lucifer yellow (LY) at 37� except

for the panel labelled 4� (which, like the panel

labelled 37�, has no rottlerin). Scale bars indi-

cate 10 microns. (a) Images acquired at equal

amplification; (b) representative images in

which amplification has been increased on the

rottlerin-containing samples to facilitate image

interpretation.
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Figure 4. Rapid onset and prolonged duration of rottlerin inhibition.

(a) Rapid onset. Monocyte derived dendritic cells (MDDC) were pre-

incubated with 2 lm rottlerin at 37� for the indicated time, and their

uptake of Lucifer yellow (LY) was measured during the subsequent

15 min. (b) Prolonged inhibition after washout. MDDC were preincu-

bated in rottlerin for 45 min at 37�, washed and incubated in inhib-

itor-free medium for the time indicated. Uptake of LY during the

subsequent 45 min at 37� was measured. Points represent the mean ±

SD (n ¼ 3), pooling data from three separate experiments.
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(> 95% inhibition, cf. mannan versus rottlerin + man-

nan). As expected, LY uptake is unaffected by mannan.

Comparison of rottlerin with other inhibitors reported

to inhibit FPE demonstrated that rottlerin is a much

more selective FPE inhibitor than the others (Fig. 5b).

Rottlerin shows strong inhibition of LY uptake (i.e. FPE),

but not FITC-dextran or FITC-transferrin (i.e. RME). In

contrast, amiloride, DMA and CCD do not preferentially

inhibit LY uptake, but are generally more potent in inhi-

bition of FITC-dextran or FITC-transferrin. Thus the

ability of 2 lM rottlerin to preferentially inhibit MDDC

macropinocytosis much more than RME is a unique

property of this inhibitor. One important new finding

about rottlerin is its capacity to uncouple mitochondrial

oxidative phosphorylation.22 Because the critical conse-

quence of this uncoupling is a decrease in the cellular

ATP level, we tested the hypothesis that decreasing the

cellular ATP level might selectively impair macropino-

cytosis. We tested whether treatment with the mitochond-

rial uncoupler, FCCP, could reproduce the selective

inhibition of macropinocytosis observed with rottlerin.

In contrast to that prediction, we find that informative

concentrations of FCCP do not selectively inhibit FPE

(Fig. 5c). These results suggest that rottlerin is not selec-

tively inhibiting macropinocytosis by uncoupling mito-

chondrial oxidative phosphorylation.

Rottlerin modifies actin distribution

FPE by MDDC is mediated in large part by macro-

pinocytosis, which involves actin-dependent ruffling at

the cell surface, and closure of the ruffles to form large

macropinosomes.23 We explored the possibility that

rottlerin inhibition occurs by modifying filamentous

actin or by blocking ruffle formation. We assessed

F-actin by flow cytometric quantitation of FITC-phalloi-

din and found that overall levels of F-actin were not

modified by treatment with rottlerin even at 10 lM
(Fig. 6a). A higher-resolution view of surface topology

was obtained by scanning electron microscopy (Fig. 6b).

The prominent surface ruffles evident on MDDC are

largely unaffected by rottlerin treatment for 5 min at

10 lM; although there is some suggestion of a coarser

surface topology in the rottlerin-treated samples, the

difference is not dramatic (see Discussion). We con-

clude that rottlerin inhibition is not mediated by a

major inhibition of ruffles.

We considered the possibility that dynamic actin

regulation might be altered by doses of rottlerin that

did not cause an obvious change in surface morphol-

ogy. We investigated this possibility by studying rottlerin

affects on dynamic actin regulation during MDDC cell

spreading. We observed that rottlerin profoundly alters

MDDC spreading (Fig. 7), and that it does so at concen-

trations similar to those which affect macropinocytosis. In

the absence of rottlerin, MDDC plated onto poly L-lysine-

coated coverslips spread efficiently in 30 min and devel-

oped focal accumulations of actin consistent with focal

contacts. Such spreading is altered minimally by low con-

centrations of rottlerin that do not inhibit FPE (0�1 lM
and 0�3 lM; Fig. 7b,c). However, rottlerin dramatically

blocks spreading at low concentrations (1 lM and 3 lM;
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Figure 5. Specificity of rottlerin for uptake via fluid phase endocytosis (FPE). (a) fluorescein isothiocyanate (FITC)-dextran is taken up predom-

inantly by a mannan-inhibitable rottlerin-resistant pathway. Monocyte derived dendritic cells (MDDCs) were pretreated for 15 min with either

2 lm rottlerin or 3 mg/ml mannan or a combination of both, and their subsequent uptake of Lucifer yellow (LY) (open) or FITC-dextran (solid)

was measured after 15 min. (b) Rottlerin is a better selective inhibitor of FPE than other commonly used pharmacological agents. MDDCs were

preincubated with amiloride (3 mm), 5-(N,N-dimethyl)-amiloride hydrochloride (DMA) (500 lm) or cytochalasin D (CCD) (10 lg/ml) for

15 min and their subsequent uptake of LY (open), FITC-dextran (solid) or FITC-transferrin (grey) was measured. Values are expressed as per-

centage of control (no inhibitors). (c) Macropinocytosis is not selectively blocked by carbonyl cyanide p-trifluoromethoxyphenylhydrazone

(FCCP). MDDCs were pre-exposed to graded concentrations of FCCP for 15 min at 37�; thereafter, LY (squares) or FITC-transferrin (circles)

were added and uptake measured after 15 min.
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Figure 6. Rottlerin does not decrease polymer-

ized actin or change the surface topology of

monocyte derived dendritic cells (MDDCs).

(a) The amount of filamentous actin (F-actin)

in MDDCs was determined by staining with

fluorescein isothiocyanate (FITC)-phalloidin

and determining fluorescence by flow cytome-

try as described in Materials and methods.

Data shown are fluorescence histograms of

MDDCs with and without treatment for

15 min with 10 lm rottlerin. (b) Scanning

electron micrographs of MDDC treated for

5 min with buffer control or 10 lm rottlerin.

(a) (b) (c)

(f)(e)(d)

Figure 7. Rottlerin impairs MDDC spreading. MDDCs were allowed to spread for 30 min at 37� on poly L-lysine-coated coverslips in the pres-

ence of graded concentrations of rottlerin (A: none; B: 0�1 lm; C: 0�3 lm; D: 1 lm; E: 3 lm; F: 10 lm); thereafter cells were fixed, permeabilized,

stained with alexa 488-phalloidin and examined by fluorescence microscopy.

� 2005 Blackwell Publishing Ltd, Immunology, 116, 513–524 519

Rottlerin inhibition of fluid-phase endocytosis



Fig. 7d,e) that selectively blocked FPE. These studies

reveal a dose-dependent effect of rottlerin on actin

reorganization that correlates well with its inhibitory

effect on FPE.

Rottlerin inhibits the efficient FPE which appears
very early during dendritic cell differentiation

Efficient FPE is often viewed as a distinguishing charac-

teristic of dendritic cells, but relatively little is known

about the acquisition of this trait during dendritic cell

differentiation. Therefore, we determined the time of

appearance of efficient FPE during the generation of

MDDC from human peripheral blood monocytes

(Fig. 8a). By day 1 the cultured monocytes showed effi-

ciency in FPE that is close to the efficiency of 7-day

MDDC. In contrast, the phenotypic transition to CD1a-

positive occurred more gradually during culture; maximal

expression was not evident until day 7 (Fig. 8b). Simi-

larly, conversion to CD14-negative phenotype required

several days.

Additional analysis indicated that efficient FPE could

be induced in monocytes within 1 hr (Fig. 9a). Specific-

ally, 1-hr treatment with IL-4 and GM-CSF, the cytokines

generally used to induce monocyte cell differentiation

into dendritic cells, induced increased LY uptake. Neither

of the cytokines alone is able to increase FPE over basal

level; thus, GM-CSF and IL4 act synergistically to dramat-

ically augment monocyte FPE within 1 hr.

We investigated whether FPE in resting and cytokine-

stimulated monocytes is equally susceptible to inhibition

by rottlerin (Fig. 9b). Unlike the FPE of MDDC, the FPE

of resting monocytes is resistant to inhibition by 2 lM
rottlerin. A simple interpretation of these results is that

two modes of FPE are operating concurrently in MDDC

and stimulated monocytes: superimposed on the rottler-

in-resistant basal mode seen in the resting monocytes is a

new rottlerin-inhibitable mode of augmented FPE.
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Figure 8. Efficient FPE is observed early during monocyte differenti-

ation into monocyte derived dendritic cells (MDDCs). Monocytes

were cultured for 7 days in presence of granulocyte macrophage-

colony stimulating factor (GM-CSF) and interleukin (IL)-4. (a) At

intervals during culture, cells were harvested, and their 45 min

uptake of Lucifer yellow (LY) measured by flow cytometry.

(b) Expression of CD1a (squares) and CD14 (diamonds) was deter-

mined on parallel samples by flow cytometry. Results shown are the

mean of three different experiments ± SD.
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Figure 9. Characteristics of efficient fluid phase endocytosis (FPE)

in monocytes. (a) Granulocyte macrophage-colony stimulating factor

(GM-CSF) and interleukin (IL)-4 are both required to rapidly induce

pinocytosis in monocytes. Lucifer yellow (LY) uptake was measured

in fresh monocytes cultured for 1 hr in media alone or with

GM-CSF and/or IL-4. The data show the fluorescence of the cells

after 45 min and are the mean of three different experiments ± SD.

(b) Rottlerin inhibits efficient FPE in cytokine-stimulated monocytes.

The capacity of rottlerin to inhibit FPE was in monocytes precul-

tured for 24 hr in media alone; monocyte precultured for 24 hr in

the presence of GM-CSF + IL-4 and in monocyte derived dendritic

cells (MDDCs) resulting from 7days’ culture of monocytes in the

presence of GM-CSF + IL-4. LY uptake was measured in the absence

(filled bar) or presence (open bar) of 2 lm rottlerin. Points repre-

sent the mean ± SD (n ¼ 3), pooling data from three separate

experiments.
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Rottlerin-inhibitable FPE contributes to
antigen-presentation

Although it is believed that fluid phase uptake of antigen

can contribute to antigen presentation, it has not been

directly proved by functional studies using inhibitors that

selectively inhibit FPE but not RME. Because rottlerin is a

more selective inhibitor of FPE than other agents studied

previously, we explored the possibility that rottlerin inhi-

bition studies could directly demonstrate a role for FPE

in antigen presentation using cytokine-stimulated mono-

cytes. Inhibition studies were undertaken in an in vitro

model system of human T cell proliferative responses to

tetanus toxoid (TT). To control carefully the conditions

of antigen uptake, we used purified monocytes pulsed for

1 hr with TT. Monocytes cultured for 24 hr with IL-4

and GM-CSF induced consistently higher stimulation of

T cells than monocytes cultured in the absence of cyto-

kine (Fig. 10a). Analysis of the dose–response curve indi-

cates a 1�5–2· increase in efficiency in presentation by the

cytokine-stimulated monocytes. The proliferation induced

by resting monocytes was minimally inhibited by rottler-

in; uptake of tetanus toxoid by these resting monocytes

probably occurs via RME, with some contribution from

the rottlerin-resistant FPE (for example, seen in Fig. 8).

In contrast, rottlerin treatment of the cytokine-stimulated

monocytes reduces their functional capacity to induce T

cell proliferation (Fig. 10b). Of particular note, (1) rottl-

erin inhibition reduces their stimulatory capacity back to

the level of the monocytes not stimulated with cytokine;

and (2) the dose–response characteristics of that reversal

demonstrate that most of the inhibition is caused by

3 lM rottlerin, consistent with rottlerin’s effect on aug-

mented FPE. Thus the functional effects of rottlerin on

antigen presentation have characteristics precisely concor-

dant with rottlerin’s effects on FPE. Inhibition by rottlerin

is not due to toxicity; this is evident from its minimal

inhibition using the unstimulated monocytes (Fig. 10a).

In addition, rottlerin does not inhibit proliferation

induced by cytokine-stimulated monocytes that present

the relevant tetanus toxoid peptide, whose presentation

does not require internalization (Fig. 10c). Thus, the

inhibitory effect of rottlerin is not due to its toxic effect

on T-cells or monocytes. On the contrary, the simplest

interpretation is that rottlerin-mediated reduction of T

cell proliferation results from its selective inhibition of

certain types of FPE.

Discussion

Our discussion focuses on three conclusions from the

foregoing studies: (1) rottlerin is a much more selective

inhibitor of MDDC fluid phase uptake than the agents

routinely used as well as being non-toxic, and acting

quickly and irreversibly; (2) rottlerin inhibition clearly

distinguishes highly efficient fluid phase uptake in

MDDCs (rottlerin-inhibitable) from the inefficient fluid

phase uptake (rottlerin-resistant) found in monocytes;

and (3) rottlerin inhibitable efficient FPE found in cyto-

kine-stimulated monocytes during MDDC generation

contributes to antigen presentation.

Rottlerin inhibition of FPE

Analysis of FPE would be greatly facilitated by availability

of selective inhibitors of FPE. However, the pharmaco-

logical agents now used widely as selective inhibitors of

FPE can also inhibit RME. Inhibitors of the amiloride

family (amiloride and DMA) are used most commonly as

selective inhibitors of FPE but not RME. Such selectivity

was first demonstrated for amiloride by West and

coworkers24 in A431 cells. Following this, the specificity
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Figure 10. Rottlerin inhibits increased efficiency of antigen presentation by cytokine-stimulated monocytes. (a) Dose–response analysis of prolif-

erative response of autologous normal human T cells to tetanus-toxoid (TT) presented on two preparations of antigen-pulsed monocytes ) either

precultured for 24 hr in the presence (filled squares) or absence (open squares) of granulocyte macrophage-colony stimulating factor (GM-CSF)

and interleukin (IL)-4. (b) The susceptibility of the proliferative response to rottlerin was compared for the cytokine-stimulated (filled squares)

and unstimulated (open squares) monocytes pulsed with 3 Lf/ml TT protein. (c) Cytokine-stimulated monocytes were pulsed with graded con-

centrations of TT peptide p30 in the presence or absence of 3 lm rottlerin. Antigen-presenting cells were pulsed with TT protein or peptide for

1 hr, and their ability to induce proliferative response was measured on day 5 as described in Materials and methods. In all the cases, T cells

alone or monocytes alone or in the presence of TT protein incorporated less than 400 cpm.
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of amiloride for FPE has been assumed without further

validation and has been used in a variety of other stud-

ies.1,20,25–27 However, the validity of this assumption is

questioned by studies showing that amiloride or its ana-

logues inhibits RME in renal tubule epithelial cells.28,29

Our results demonstrate that for MDDC, amiloride and

DMA both inhibit RME (transferrin uptake); indeed,

amiloride shows a pattern opposite than expected, prefer-

entially inhibiting RME relative to FPE. CCD has also

been used as an inhibitor of the macropinocytosis.1,19,30

However, our data demonstrate that in MDDC, CCD

does not preferentially inhibited FPE. CCD is not a very

efficient inhibitor of FPE (see Fig. 5b and others’ data

such as Sallusto et al.1); this may reflect the fact that

some actin polymerization is resistant to CCD inhibi-

tion.31 Thus, no pharmacological agent is available which

can be relied upon to inhibit FPE but not RME in diverse

cell types.

Our studies identify rottlerin as a useful inhibitor of

macropinocytosis in MDDC. We demonstrate that at low

concentrations rottlerin is a selective inhibitor of FPE rel-

ative to RME. Specifically, its selectivity is much better

than the agents outlined above (amiloride, DMA and

CCD). Moreover, it has other properties which are desir-

able for an inhibitor. It is non-toxic, both in short-term

assays and even in long-term culture of monocytes to

derive dendritic cells. It has rapid onset, showing maximal

inhibition within 5 min of addition to the cell culture. Its

effects are irreversible, at least over 90 min.

Although our data demonstrate that rottlerin is the

most selective of the known inhibitors for MDDC FPE,

three aspects of rottlerin inhibition qualify its usefulness.

First, as discussed in the next section, rottlerin inhibits

some but not other fluid phase uptake. On one hand,

this makes it useful for discriminating subtypes of FPE

(see below), but on the other hand disqualifies it as a

general-purpose inhibitor of fluid phase uptake. Secondly,

like most inhibitors, its functional selectivity is restricted

to a particular dose range. Its selectivity for FPE of

MDDC is best between 1 and 3 lM. Thirdly, its mechan-

ism of action is not yet understood. Although described

initially as an inhibitor of PKCd18 its use as a selective

kinase inhibitor is problematic because (1) it inhibits

multiple kinases;18,21,32 (2) some studies could not con-

firm rottlerin inhibition of particular kinases;18,21 (3) its

mechanism of kinase inhibition appears to be complex;33

and (4) our studies with kinase inhibitors do not provide

support for the concept that it is acting as a kinase

inhibitor. Our studies also discount the likelihood it is

inhibiting FPE by inhibiting mitochondrial oxidative

phosphorylation.22 Our observation that it inhibits

MDDC spreading and actin reorganization is consistent

with its perturbing dynamic actin reorganization, but the

exact molecular target remains unknown. One interesting

possibility is that rottlerin perturbs recruitment of actin

from podosomes which have been suggested recently to

provide a reservoir of actin which can be mobilized for

TLR-induced augmentation of pinocytosis in dendritic

cells.34

Rottlerin distinguishes subtypes of FPE

Better understanding of endocytic processes requires:

(a) discrimination of distinct kinds of endocytosis and

(b) elucidation of the distinctive characteristics of each of

those endocytic processes. The most widely understood

distinction between endocytic processes is RME versus

FPE. In this paper we address primarily FPE, most often

using LY as the tracer. Within the category of FPE, there

is accumulating evidence for heterogeneity. One notable

heterogeneity relates to vesicle size (macropinocytosis ver-

sus micropinocytosis).35 Moreover, among macropino-

cytic processes there are differences (1) in intracellular

destination for the cargo (cytosolic versus endosomal);1,20

(2) in particular signalling molecules involved; and (3) in

dependence on gelsolin. For example, in fibroblasts, Rac

activation leads to membrane ruffling and pinocytosis but

in dendritic cells regulation of Rac activity does not

appear to be the control point of pinocytosis.10,36 Simi-

larly, in fibroblasts macropinocytosis depends on gelso-

lin37 but in dendritic cells it does not.38 Elucidation of

such heterogeneity requires straightforward strategies to

distinguish subtypes of endocytosis. We describe a new

parameter which distinguishes subtypes of FPE, namely

inhibition by low-dose rottlerin. The efficient FPE by

cytokine-stimulated monocytes resembles dendritic cell

FPE (and differs from unstimulated monocytes), in being

sensitive to rottlerin inhibition.

Rottlerin inhibits augmented T cell proliferation

Our results show that the highly efficient FPE appears

very early in the dendritic cell differentiation pathway

when the cells resemble monocytes phenotypically (Figs 8

and 9). Our results also suggest that this enhanced fluid

phase uptake in monocytes is associated with enhanced

in vitro T cell responses (Fig. 10). We therefore hypothes-

ize that blood monocytes migrating into sites of inflam-

mation rapidly acquire efficient FPE and thereby enhance

their capacity to function as APC because (1) monocytes

can be recruited into inflammatory sites in skin39 and

(2) GM-CSF and IL-4 are both found in skin at sites of

inflammation, in part because of their release from mast

cells present in skin.40–42

The radical idea that macropinocytosis provided a sig-

nificant mode of antigen uptake for dendritic cells was

proposed by Lanzavecchia and coworkers.1 Their data

demonstrated that although FPE lacks a mechanism for

surface enrichment, the extreme volume of fluid concen-

trated by this process in dendritic cells (close to its
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cell volume per hr) makes it a significant contributor to

antigen uptake. Prior to that time, macropinocytosis by

antigen-presenting cells such as bone marrow macrophag-

es have been ascribed a nutritive role in keeping with

considerations about macropinocytosis in non-immune

cells.19 Lanzavecchia’s findings provided the first evidence

to argue for the immunological importance of macropino-

cytosis, namely efficient uptake; macropinocytosis delivers

antigen efficiently to intracellular compartments under-

stood to be involved in loading peptide onto MHC mole-

cules. The hypothesis of the functional importance

of macropinocytosis was supported by findings that

increased macropinocysis was associated with increased

efficiency of antigen presentation.1

Functional studies of selective inhibitors of macropino-

cytosis would provide the most direct evidence for its

functional importance. We are aware of only three such

studies using amiloride/dimethylamiloride, but testing

only a single antigen, ovalbumin;20,43,44 it is notable that

ovalbumin is an unusual very negatively charged, carbo-

hydrate-modified molecule that is susceptible to uptake

by RME.45,46 Here, we demonstrate that rottlerin inhibits

antigen-specific proliferation stimulated by cytokine-sti-

mulated monocytes. The rottlerin inhibition is partial and

reduces stimulation only to the level observed with

unstimulated monocytes, consistent with the presence of

other modes of uptakes of tetanus toxoid. Our study

with rottlerin is the first to demonstrate that FPE plays a

role in antigen presentation of an antigen other than

ovalbumin.
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