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Recent studies have shown that phagosome maturation
depends on the balance between pro-inflammatory and
anti-inflammatory cytokines, indicating that cytokine
modulates phagosome maturation. However, the mechan-
ism of cytokine-mediated modulation of intracellular traf-
ficking remains to be elucidated. Here, we have shown
that treatment of macrophages with IL-6 specifically
induce the expression of Rab5 through the activation of
extracellular signal-regulated kinase, whereas IL-12 exclu-
sively upregulate the expression of Rab7 through the
activation of p38 MAPK. We have cloned the 5'-flanking
regions of the rab5c or rab7 into the promoterless reporter
vector. Our results have shown that cells transfected
with rab5c chimera are transactivated by IL-6, and IL-12
specifically transactivates cells containing rab? chimera.
Moreover, our results also show that IL-12 induces
lysosomal transport, whereas IL-6 stimulates the fusion
between early compartments in macrophages and accord-
ingly modulates Salmonella trafficking and survival in
macrophages. This is the first demonstration showing
that cytokine differentially regulates endocytic trafficking
by controlling the expression of appropriate Rab GTPase,
and provides insight into the mechanism of cytokine-
mediated regulation of intracellular trafficking.
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Introduction

Several intracellular pathogens have developed strategies to
interfere with normal cell signaling to disable the host
defense mechanisms (Vieira et al, 2002; Rosenberger and
Finlay, 2003; Alonso and Garcia-del Protillo, 2004). In addi-
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tion, recent reports have shown that the phagosome matura-
tion is modulated through signaling of Toll-like receptors
(TLR) (Beutler, 2004; Underhill and Gantner, 2004).
However, downstream effect of these signaling processes on
phagosome maturation is not well characterized. The fact
that TNF-a (Underhill et al, 1999) and IFN-y significantly
modify the phagosome maturation (Siren et al, 2005) sug-
gests a link between regulations of membrane trafficking with
cytokine. Moreover, survival of intracellular pathogens with-
in macrophages depends on the balance between pro-inflam-
matory cytokines and anti-inflammatory cytokines (Hornef
et al, 2002; Stuart and Ezekowitz, 2005). For instance, infec-
tion with Mycobacterium tuberculosis, Salmonella typhimur-
ium, Legionella pneumophilia and Yersinia pestis has been
shown to induce IL-10 production and suppress the produc-
tion of IL-12 and TNF-a (Redpath et al, 2001), whereas
intracellular pathogens like Leishmania major, Toxoplasma
gondii and Listeria monocytogenes directly impair IL-12 pro-
duction (Mosser and Karp, 1999; Hornef et al, 2002) in the
infected cells. Consequent studies have shown that treat-
ment with IL-12 and IFN-y Kkills intracellular pathogens
(Greenberger et al, 1996; de Jong et al, 1998), whereas IL-6
promotes the growth of similar pathogens (Dube et al, 2004)
in the host. These results suggest that these cytokines possi-
bly modulate distinct steps in the endocytic pathway and
thereby regulate phagosome maturation. However, how cyto-
kine modulates intracellular trafficking is not yet known.

Interestingly, our recent studies have shown that intracel-
lular delivery of muramyl di-peptide to macrophages pre-
dominantly enhances the secretion of IL-6 and IL-12 (Srividya
et al, 2000) and modulates the intracellular content of
endocytic Rab GTPase (Mukherjee et al, 2002). In addition,
treatment of macrophages with IFN-y is shown to increase
the cellular content of Rab5 (Alvarez-Dominguez and Stahl,
1998), but the mechanism of induction is not known. Taken
together, it is tempting to speculate a correlation between
cytokine-mediated modulations of Rab GTPases, which reg-
ulate intracellular trafficking (Zerial and McBride, 2001).
Here, we have shown that IL-6 and IL-12 specifically induce
the expression of endocytic Rab GTPases like Rab5 and Rab?7,
respectively, via the activation of distinct signaling pathways
and thereby modulate intracellular trafficking.

Results

IL-6 and IL-12 regulate the expression of Rab5 and Rab7
To determine the role of IL-6 and IL-12 in the expression of
endocytic Rab GTPases like Rab5 and Rab7, J774E cells were
treated with different concentrations of IL-6 or IL-12, and the
cellular contents of Rab5 and Rab7 in treated and untreated
cells were determined by Western blot analysis using specific
antibodies (Figure 1A and B). About three-fold increase in the
cellular content of Rab5 or Rab7 was observed at 0.5 pg/ml of
IL-6 or IL-12 treatment, respectively (lower panels of Figure
1A and B). Quantification of the results demonstrated that
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Figure 1 IL-6 and IL-12 induce the expression of Rab5Sc and Rab7.
To determine cytokine-induced expression of Rab GTPase, J774E
cells (5 x 10°) were treated with the indicated concentrations of IL-6
(A) or IL-12 (B) for 6h at 37°C. Western blot analyses were carried
out to determine the levels of actin, Rab7 and Rab5 in the treated
cell lysates (40 png) using specific antibodies. Proteins were visua-
lized using appropriate HRP-labeled second antibody by ECL. The
0-h time point indicates the level of protein in untreated control.
Results from Western blots are representative of three independent
preparations. Lower panel of each figure indicates the quantitation
of the respective data. Results are represented as the mean of three
observations and normalized to untreated control, arbitrarily chosen
as one unit.

IL-6 and IL-12 upregulated the expression of Rab5 and Rab7,
respectively, in a concentration-dependent manner (lower
panels of Figure 1A and B) and maximum increase of the
expression of specific Rab was observed at 0.5pg/ml.
Therefore, this concentration was used for subsequent
experiments.

Specificity of the cytokine-mediated regulation of the
expression of Rab GTPase

To determine the specificity of cytokine-mediated regulation
of the Rab expression, cellular contents of several Rab
proteins were analyzed in the cells treated with the respective
cytokines. The Western blot analyses presented in Figure 2A
show that IL-6 treatment specifically increased the level of
Rab5, but no significant change in the expression of other Rab
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GTPases, for example, Rab6, Rab4, Rabll and Rab7, was
observed. Quantitation of Rab5 by densitometry showed
(lower panel of Figure 2A) that about two-fold more Rab5
is present in IL-6-treated cells after 6 h of treatment (115+3.2
arbitrary units) than in untreated control cells (59+5.4
arbitrary units). In contrast, about 2.5-fold more (123 +5.2
arbitrary units) Rab7 was detected in IL-12-treated cells
(Figure 2B) than in untreated cells (46+7.2 arbitrary units),
whereas the content of Rab6, Rab4, Rabll and Rab5 levels
were unaltered (lower panel of Figure 2B).

Subsequently, mRNA levels of different Rabs were com-
pared in cytokine-treated and untreated cells at the indicated
times by limiting dilution RT-PCR using specific primers. The
data presented in Figure 2C show that all isoforms of Rab5
mRNA were significantly induced after 1h treatment with
IL-6 and remained higher in the treated cells for up to 6h.
Quantitation of Rab5 mRNAs revealed that 6 h after treatment
with IL-6, about three-folds more Rab5c mRNA and less than
two-folds more of Rab5a or Rab5b mRNAs were detected
than in untreated control (lower panel of Figure 2C). In
contrast, IL-12 specifically induced about two-fold more
Rab7? mRNA in 6h post-treatment (Figure 2D). However,
the levels of B-actin mRNA as well as other indicated Rabs
remained unaltered by either IL-6 or IL-12 treatment (lower
panels of Figure 2C and D). Moreover, our results also
showed that induced expression of specific Rab by cytokines
is not due to the altered stability of the transcript
(Supplementary Figure 1A and B).

Role of different kinases in the regulation of Rab
expression by cytokines

To understand the mechanism of the activation of Rabs, cells
were treated with specific pharmacological inhibitors of
various kinases in the signaling pathways (Giri et al, 2003),
for example, tyrosine kinase, PI3 kinase, MEK1/2 and p38
MAP kinase, along with the respective cytokines, and the
level of Rab-specific mRNA was monitored by RT-PCR.
Our results showed that IL-6-induced Rab5c expression is
inhibited by PD98059 and U0126 (Figure 3A), inhibitors of
MEK1/2, demonstrating that increased expression of Rab5 is
regulated by extracellular signal-regulated kinase (ERK).
Moreover, IL-6 treatment induced the phosphorylation of
ERK1/2 in comparison to untreated cells in a time-dependent
manner (Figure 3B). In contrast, SB203580, a selective p38
MAPK inhibitor, abrogated the IL-12-induced Rab7 expres-
sion (Figure 3C). In addition, IL-12 induced the phosphoryla-
tion of p38 MAPK (Figure 3D) in the treated cells
demonstrating the role of p38 MAPK in the induction of Rab7.

IL-6 or IL-12 regulates the expression of specific rab by
activation of the 5 -flanking regulatory regions of the
gene

To investigate if IL-6 or IL-12 regulates the expression of rab
genes by activation of the respective promoter, we prepared
chimeric constructs by ligating 5’-flanking regulatory regions
of the rab5c or rab7 genes with luciferase as a heterologous
reporter (Seshadri et al, 2002). First, mouse rab5c (+ 51 to
—999) and rab7 (+ 23 to —886) 5’'-flanking regulatory regions
containing promoter sequence were identified from mouse
genome database and amplified using appropriate primers
(Supplementary Figure 2A and B), which were subsequently
cloned into the promoterless reporter vector (pGL3-basic).
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Figure 2 Determination of the specificity of IL-6- and IL-12-mediated expression of Rab5 and Rab7. To determine the kinetics and specificity of
cytokine in the regulation of Rab expression, cells were treated with 0.5 pg/ml of IL-6 (A) or IL-12 (B) for the indicated periods of time and
Western blot analyses were carried out to determine the levels of actin, Rab4, Rab6, Rab1l, Rab7 and Rab5 in the treated cell as described
previously. The 0-h time point indicates the level of protein in untreated control. Results from Western blots are representative of three
independent preparations. Similarly, to detect the mRNA levels of different Rabs in IL-6- (C) or IL-12- (D) treated cells, total RNA was isolated
from the treated macrophages and limiting dilution RT-PCR was performed as described in Materials and methods. The 0-h time point
indicated the level of mRNA in untreated control. Lower panel of each figure indicates the quantitation of the respective data. Results are
represented as the mean of three observations and normalized to untreated control, arbitrarily chosen as one unit.

The chimeras were transiently transfected to J774E cells and results presented in Figure 4A show that transactivation of
incubated with the indicated concentrations of IL-6 or IL-12 the rab5 construct (rab5 + 51 to —999-Luc) was increased
to determine the expression of the heterologous reporter. The about 3.8-fold by 0.5 pg/ml of IL-6 over the control, whereas
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Figure 3 Regulation of induced expression of Rab 5c and Rab7 by the respective cytokine through specific signaling pathways. J774E cells
(5 x 10°) cells were preincubated for 30 min with inhibitors of tyrosine kinase (Genistein, 25 pug/ml), PI3 kinase (Wortmanin, 200 nM and
LY294002, 10 uM), MEK1/2 (PD98059, 10 uM and U0126, 150nM), P38 MAP kinase (SB203580, 1uM) or JNK (SP600125, 100nM) and
subsequently treated with 0.5 pug/ml of either IL-6 (A) or IL-12 (C) for 6 h. Subsequently, RT-PCR was performed to determine levels of the
respective mRNA as described previously using specific primers of Rab5c and Rab7. B-Actin was used as an internal control. Results are
representative of three independent preparations. Lower panels of (A) and (C) indicate the quantitation of the respective data. Results are
represented as the mean of three observations and normalized to untreated control, arbitrarily chosen as one unit. To determine the levels of
indicated kinases by cytokine treatment, cells were treated with 0.5 pg/ml of IL-6 (B) or IL-12 (D) for the indicated periods of time and Western
blot analyses were carried out using specific antibodies. Results from Western blots are representative of three independent preparations. Level
of respective protein in untreated control is represented by 0 h treatment.

no significant activation was detected with IL-12 treatment.
In contrast, 2.7-fold increase of luciferase activity of the
rab7 construct (rab5 423 to —886-Luc) was detected by
IL-12 over the control, whereas IL-6 failed to show any
activation (Figure 4A). Significant inductions of rab5c and
rab7 promoter by specific cytokines were also obtained even
at low concentration (0.05ug/ml) of respective cytokines.
Moreover, IL-6-mediated increase in Rab5c promoter activity
was specifically blocked by ERK inhibitor (PD 98059) but not
by p38 MAPK inhibitor, whereas activation of Rab7 promoter
by IL-12 was specifically inhibited by p38 MAPK inhibitor, SB
203587 but not by PD 98059 (Figure 4B). These results
demonstrated that IL-6 and IL-12 specifically activate a pre-
cise signal transduction pathway to increase the expression of
specific rab genes.

Role of IL-6 and IL-12 in intracellular trafficking
Finally, studies were carried out to determine the modulation

of phagosome maturation by IL-6- and IL-12-mediated in-
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creased expression of Rab5 and Rab?7. The results presented
in Figure SA showed that cytosol prepared from IL-6-treated
cells enhances the fusion between early endosomes and early
phagosomes in comparison to cytosol isolated from untreated
cells. Moreover, this enhanced fusion between the early
compartments was abrogated in the presence of cytosol
prepared from the cells treated with IL-6 along with ERK
inhibitor (Figure 5A) as well as immunodepletion of Rab5
from IL-6-treated cytosol (Figure 5B). Furthermore, addition
of Rab5 in the immunodepleted cytosol significantly recov-
ered the fusion almost to the fusion observed with IL-6-
treated cytosol (Figure 5B), demonstrating that enhanced
fusion between the early compartments is due to increased
content of the Rab5 in IL-6-treated cells.

Furthermore, when lysosomal targeting of paramagnetic-
bead-containing phagosomes was measured, enhanced trans-
port of these phagosomes to the avidin-horseradish perox-
idase (avidin-HRP)-loaded lysosomes was observed within
40 min in IL-12-treated cells in comparison to untreated cells
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Figure 4 Determination of the molecular mechanisms of the cyto-
kine-mediated activation of specific Rabs. To determine the cytokine
responsive element present in the 5'-flanking region of RabSc
and Rab7, chimeric pGL3-basic vectors containing Rab5c or Rab7
S’-flanking regulatory sequence (A) were transiently transfected
into semiconfluent J774E cells along with a reporter gene construct
containing f-galactosidase. Subsequently, transfected cells were
treated with the indicated concentrations of IL-6 or IL-12 and
luciferase activity in cell extracts was measured and normalized
for B-galactosidase activity as described in Materials and methods.
Results are expressed as an average of three independent experi-
ments+s.d. To determine the role of kinases in the transactivation
of rab genes (B), transfected cells containing Rab5c or Rab?7
chimeras were treated with different kinase inhibitors like PD
98059 (20uM) and SB203580 (5uM), 30min before addition of
0.5 ug/ml of IL-6 or IL-12 and processed as described previously.
Results are expressed as an average of three independent experi-
ments +s.d.

(Figure 5C). Moreover, IL-12-mediated enhanced transport
of beads to the lysosomes was specifically blocked when
the cells were treated with IL-12 along with SB 203587.
Furthermore, immunodepletion of Rab7 from IL-12-treated
cytosol completely abrogated the IL-12-induced lysosomal
transport of the phagocytic probe which was significantly
recovered by the supplementation of the Rab7 in the same
cytosol, demonstrating that enhanced transport to the lyso-
somes in the IL-12-treated cells is due to increased amounts
of Rab7 in the treated cells (Figure 5D). Interestingly, GTP
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blot analysis of the immunoprecipitated Rabs from IL-6- and
IL-12-treated cell showed that IL-6-treated cytosol has in-
creased amount of Rab5 in GTP form, whereas IL-12-treated
cytosol show significantly more GTP form of Rab7 (Figure SE)
in comparison to untreated control. Similarly, our results also
showed that treatment of J774E cells with IL-6 and IL-12
appropriately modulates the uptake and degradation of mal-
eylated bovine serum albumin (Supplementary Figure 3), a
ligand recognized by macrophage scavenger receptor. Taken
together, these results demonstrated that IL-6 and IL-12
modulate phagocytic and endocytic pathways through the
overexpression of appropriate endocytic Rab proteins.

Effect of IL-6 and IL-12 in intracellular trafficking

of Salmonella in macrophages

To determine the effect of IL-6 and IL-12 on the trafficking of
Salmonella in macrophages, J774E cells were treated with the
respective cytokines and infected with GFP-S. typhimurium at
a ratio of 1:10 (macrophage: Salmonella). Cells were washed
and chased for 90min at 37°C and their localization with
lysosomes labeled with lysotracker Red was determined. The
results presented in the Figure 6A demonstrated that live
GFP-Salmonella colocalized with Lysotracker Red-labeled
lysosomal compartment in IL-12-treated cells, whereas live
GFP-Salmonella inhibited their transport to the lysotracker-
labeled lysosomal compartment in IL-6-treated cells as
observed in untreated control cells. It is pertinent to mention
that more than 90% of the GFP-Salmonella colocalized with
Lysotracker Red-labeled lysosomal compartment in IL-12-
treated cells, whereas less than 5% of the GFP-Salmonella
colocalized with Lysotracker Red-labeled compartment in
IL-6-treated cells. Subsequently, studies were carried out
to determine the ability of Salmonella to survive in IL-6- or
IL-12-treated J774E cells for different periods of time. Data
presented in Figure 6B show that about 49.7% Salmonella
were present in IL-12-treated cells in comparison to untreated
control (100%) after 15h of cytokine treatment. Whereas
about 20% more intracellular Salmonella were detected in
IL-6-treated than in control cells.

Discussion

Endocytosis is a fundamental process that mediates a wide
range of cellular functions, including nutrient uptake, down-
regulation of cell surface receptor, maintenance of home-
ostasis and pathogen defense (Conner and Schmid, 2003;
Maxfield and McGraw, 2004). Moreover, recent studies have
shown that binding of a ligand with cell surface receptor
triggers large number of signaling pathways, both in endo-
cytic and phagocytic pathways (Di Fiore and De Camilli,
2001; McPherson et al, 2001; Janeway and Medzhitov, 2002;
Underhill and Ozinsky, 2002; Gonzalez-Gaitan, 2003;
Pelkmans et al, 2005). However, how these downstream
signaling pathways modulate intracellular trafficking is not
clearly established. Our finding that IL-6- and IL-12-mediated
activation of specific kinase of the signal transduction path-
way regulates the expression of particular endocytic Rab
GTPase demonstrates a novel mechanism of regulation of
intracellular trafficking through signaling pathway.
Subsequent analyses of the mechanisms of activation of
Rab5 and Rab7 by IL-6 and IL-12 have shown that increased
expression of Rab5 is regulated via the activation of ERK by
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Figure 5 Role of IL-6 and IL-12 on endocytic and phagocytic pathways. (A) To determine the role of cytokine-induced Rab expression, in vitro
fusion between early endosomes containing avidin-HRP with early phagosome containing biotinylated-latex beads was carried out either in the
presence of normal cytosol or cytosol prepared from IL-6- or IL-12-treated cells as described in Materials and methods. Fusion observed
between endosomes and phagosomes in the presence of cytosol isolated from untreated cells was normalized to one unit and results are
expressed as relative fusion of three independent experiments+s.d. One unit corresponds to 9.2 ng of HRP activity/mg of protein. (B) To
determine the role of Rab5 in IL-6-treated cytosol, similar fusion assay was carried out in the presence of Rab5 immunodepleted from IL-6-
treated cytosol as well as cytosol supplemented with the indicated Rab proteins. Fusion observed between endosomes and phagosomes in the
presence of cytosol isolated from untreated cells was normalized to one unit and results are expressed as relative fusion of three independent
experiments +s.d. One unit corresponds to 10.5ng of HRP activity/mg of protein. (C) To determine the role of the indicated cytokine on
phagosome maturation, biotinylated-latex beads containing phagosome transport to avidin-HRP preloaded lysosome was carried out in
cytokine-treated and untreated cells as described in Materials and methods. At the indicated times, the formation of bead-biotin-avidin-HRP
complex was measured to determine the transport of phagosomes to lysosomes. Transport observed at 20 min in the untreated control cells was
taken as one unit and results are expressed as relative unit of transport to lysosome from three independent experiments+s.d. One unit
corresponds to 12.7 ng of HRP activity/mg of protein. (D) To determine the role of Rab7 in the phagosome-lysosome transport, reconstitution
of phagosome-lysosome transport was carried out under indicated conditions as described in Materials and methods. Formation of bead-
biotin-avidin-HRP complex was measured after 40 min of chase to determine the lysosomal transport. Transport observed in the untreated
control cells was taken as one unit and results are expressed as relative unit of transport to lysosome from three independent experiments +s.d.
One unit corresponds to 19.9 ng of HRP activity/mg of protein. (E) To determine the activation of Rab5 and Rab7 by respective cytokines, Rab5
and Rab7 were immunoprecipitated from the respective cytokine-treated cytosol and GTP binding assay was carried out using [o->*P]GTP as
described in Materials and methods. Results are representative of three independent preparations.

IL-6, whereas IL-12 induces Rab7 expression through p38 to regulate membrane transport during endocytosis

MAPK. Recent studies have shown that activation of p38
MAKP regulates endocytosis by regulating the activity of
Rab5 accessory proteins like Rab5-GDI (Cavalli et al, 2001),
EEA1 and rabenosyn-5 (Mace et al, 2005), which are known

©2006 European Molecular Biology Organization

(Simonsen et al, 1998; Nielson et al, 2000). Similarly, several
independent studies have also demonstrated that activation
of ERK regulates endocytic traffic of multiple receptor sys-
tems, for example, 5-HT,; 5 receptor, m1 muscarinic receptor,
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Figure 6 Effect of IL-6 and IL-12 on Salmonella trafficking in J774E
macrophages. (A) Confocal images showing the GFP-Salmonella
localization with Lysotracker Red-labeled lysosomes in untreated
and indicated cytokine-treated J774E cells. Lysotracker Red-labeled
lysosomes appear in red channel, green channel shows the GFP-
Salmonella and vyellow indicates the colocalization of GFP-
Salmonella with lysotracker-labeled lysosomes in merged images.
Infection of J774E cells with Dead GFP-Salmonella was used as
control. Results are representative of three independent observa-
tions. (B) Cytokine-treated or untreated J774E cells were infected
with S. typhimurium as described in Materials and methods. At the
indicated times, cells were lysed and an aliquot of the cell lysates
was used to determine the number of viable bacteria under each
condition. Results are expressed as an average of three determina-
tions+s.d.

w and d opiod receptors (Della Rocca et al, 1999; Volger et al,
1999; Whistler and von Zastrow, 1999; McPherson et al,
2001). Thus, these results further support our finding that
activation of different kinases regulates intracellular traffick-
ing. In addition, our results provide additional link that
activation of specific kinase could regulate the expression
of appropriate Rab GTPase. Moreover, a recent study has
shown that TLR signaling activates p38 MAPK and modulates
phagosome maturation towards lysosomes (Blander and
Medzhitov, 2004), however, the mechanism of which is not
clearly addressed. Our results indicate an interesting possibi-
lity that TLR-mediated activation of p38 MAPK might regulate
phagosome maturation by enhanced expression of RabZ,
which regulates the transport to the lysosomes (Feng et al,
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1995; Mukhopadhyay et al, 1997b). This is supported by the
fact that IL-6 promotes the fusion between early compart-
ments and IL-12 induces transport of the internalized cargo to
the lysosomes and these induced transport steps by particular
cytokine are also inhibited in the presence of appropriate
inhibitor of specific kinase activated by that cytokine. Our
results have also shown that induction of specific transport
step by IL-6 or IL-12 is due to the increased content of Rab5
or Rab7, respectively, as immnodepletion of the specific Rab
from the respective cytokine-treated cytosol completely ab-
rogated the cytokine-induced relevant transport processes.
These results are in correlation with previous finding that
Rab5 is involved in the fusion between early compartments
(Grovel et al, 1991; Mukhopadhyay et al, 1997a) and Rab?7
regulates the transport to the late/lysosomal compartment
(Feng et al, 1995; Mukhopadhyay et al, 1997b). Furthermore,
our results also show the presence of increased amount of
GTP form of the Rab5 or Rab?7 in IL-6- or IL-12-treated cells,
respectively, which could be due to the consequence of
enhanced content of that Rab in particular cytokine-treated
cells. However, it could also be possible that cytokine-
mediated activation of the particular kinase might modulate
some molecules of the Rab cycle and thereby activate respec-
tive Rab protein. Interestingly, recent studies have shown that
stress-induced activation p38 MAPK regulates the activity of
some effector molecules of Rab5 (Cavalli et al, 2001; Mace
et al, 2005) and thereby modulates endocytosis. In contrast,
our results have shown that IL-12-mediated activation of the
p38 MAKP induces the expression of Rab7, which is possibly
due to induction of specific transcription factor for Rab7 by
p38 MAKP. These apparent discrepancies could be due to the
complex signaling pathways activated by p38 MAPK, as it has
been shown that p38 MAPK induces a large variety of
biological effects in response to a wide range of stimuli
resulting in a bewildering array of possibilities (Zhang and
Kaplan, 2000; Kaminska, 2005). Thus, our results demon-
strated a new mechanism of cytokine-mediated regulation of
intracellular trafficking by modulating the expression of Rab
GTPases through the activation of definite signal transduction
pathway.

Subsequently, attempts have been made to understand
how IL-6 or IL-12 regulates the expression of specific rab
genes. Accordingly, we have cloned the 5'-flanking regulatory
regions containing promoter sequence of the rab5c or rab?
genes to determine the presence of any cytokine response
element in the 5'-flanking regulatory regions of the respective
genes. Interestingly, our results have shown that cells trans-
fected with the promoterless reporter vector containing
5’-flanking regulatory region of rabSc specifically expresses
enhanced level of heterologous reporter when treated with IL-
6. Whereas, cells transfected with similar construct contain-
ing 5'-flanking regulatory region of rab7 specifically induce
the expression of reporter gene by IL-12. Moreover, in corre-
lation with our previous finding, activation of ERK is required
for the expression of the reporter gene containing 5'-flanking
regulatory region of rab5c by IL-6 treatment. In contrast,
expression of the reporter gene through 5'-flanking regulatory
region of rab7 by IL-12 requires p38 MAPK activity. Thus, our
results demonstrated that cytokine-mediated specific activa-
tion of ERK and p38 MAPK plays pivotal role in the regulation
of the expression of Rab genes. It is tempting to speculate that
cytokine-mediated activation of a specific kinase of signal
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transduction pathway induced some transcription factors;
those in turn bind with the particular promoter present in
the 5'-flanking regulatory region of a rab gene and regulate
the expression of the particular rab gene. Interestingly, pre-
vious studies have shown that IL-6 induces Ets and AP-1
transcription factors through the activation of ERK MAP
kinase pathway (Jenkins et al, 2004); those are also present
in the 5'-flanking regulatory region of rab Sc. Similarly, IL-12-
activated p38 MAP kinase is shown to induce several trans-
regulatory factors including ATF, ELK, CHOP, MEF2C, SAP1
or CREB (Zhang and Kaplan, 2000). Among them, ATF-, MEF
2C- and CREB-binding regions are present in the 5'-flanking
regulatory region of rab7. Whether any of these transcription
factors are activated by specific cytokines and contribute to
the induced expression of particular rab needs further inves-
tigations.

Finally, our results have shown that cells infected with live
Salmonella is targeted to the lysosomes in IL-12-treated cells,
whereas transport of Salmonella to the lysosomes is inhibited
in IL-6-treated cells. In correlation with this finding, survival
of intracellular Salmonella in macrophages is significantly
inhibited in IL-12-treated cells in comparison to untreated
control cells. In contrast, our results have shown that a
relatively large number of intracellular bacteria are present
in IL-6-treated cells. Taken together, these results have shown
that increased expression of Rab7 by IL-12 treatment ac-
counts for the enhanced killing of Salmonella by targeting
them to the lysosomes, whereas overexpression of Rab5 by
IL-6 treatment possibly promotes the fusion of Salmonella
containing phagosomes with early endosomes and thereby
inhibits their transport to the lysosomes. However, IL-12
treatment failed to eliminate all intracellular Salmonella
from the treated macrophages, probably owing to the
Salmonella-mediated inhibition of their transport to the lyso-
somes by the recruitment of Rab5 from the host cells (Hashim
et al, 2000; Mukherjee et al, 2000). Thus, our results provide
the mechanistic explanation for why different intracellular
pathogens are killed by IL-12 treatment (Greenberger et al,
1996; de Jong et al, 1998), but not by IL-6 treatment (Dube
et al, 2004) of the host cells.

In conclusion, our results reveal the existence of a unique
regulation of membrane trafficking directly dependent on
different cytokines. This is the first demonstration that cyto-
kines like IL-6 and IL-12 specifically regulate the expression
of endocytic Rab proteins through the activation of a definite
signal transduction pathway, resulting in specific modulation
of intracellular trafficking pathways. Moreover, cytokine-
mediated regulation of Rab expression might also suggest
the plausible mechanisms of modulation of antigen presenta-
tion by cytokines. Our results showing that endocytosis and
intracellular trafficking can be modulated by external stimuli
like cytokines raise the intriguing possibility of regulating the
progression of infection, aging and number of degenerative
diseases by appropriate interventions.

Materials and methods

Unless otherwise stated, all reagents were obtained from Sigma
Chemical Co. Tissue culture supplies were obtained from the Grand
Island Biological Co. Recombinant mouse IL-6 and IL-12 were
obtained from R&D systems (Minneapolis, MN). Affinity-purified
rabbit polyclonal anti-Rab4, Rab6, Rab7 and Rab1l antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
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monoclonal anti-Rab5 antibody was generous gift by Dr A
Wandinger-Ness (University of New Mexico, Albuquerque, NM).
Rab5 and Rab7 constructs were provided by Dr Philip Stahl
(Washington University School of Medicine, St Louis, MO).
Pharmacological inhibitors, different kinases and kinase-specific
antibodies were purchased from Cell Signaling (Beverly, MA). Mouse
anti-Actin antibody and all the secondary antibodies labeled with
HRP were purchased from Calbiochem (La Jolla, CA) and Santa Cruz
Biotechnology (Santa Cruz, CA), respectively. Avidin-HRP and avidin
were purchased from Vector laboratories (Burlingame, CA). Other
reagents used were of analytical grade. Dr V Bal (National Institute of
Immunology, New Delhi) kindly provided the virulent strain of
Salmonella typhimurium and GFP-Salmonella was obtained as a gift
from Dr A Aballay (Massachusetts General Hospital, Boston). These
bacteria were routinely grown in Luria broth (LB) at 37°C with
constant shaking (300rpm) and used in infection experiments as
described previously (Mukherjee et al, 2002).

Detection of levels of different Rab proteins

in cytokine-treated cells

To determine the effect of cytokine treatment on Rab expression,
J774E cells (5 x 10%) were treated with the indicated concentrations
of IL-6 or IL-12 for 6 h at 37°C in FCS-free RPMI-1640 medium. Cells
were washed and further incubated for 3h at 37°C in RPMI-1640
medium with 10% FCS. Subsequently, cells were washed with PBS
and lysed by sonication and 40 pg of the respective cell lysates were
analyzed by 12% SDS-PAGE. The proteins were transferred onto
nitrocellulose membranes and checked for the presence of actin,
Rab4, Rab6, Rabll, Rab7 and Rab5 by Western blot analysis using
specific antibodies. Subsequently, membranes were probed with
appropriate HRP-labeled second antibodies and visualized by ECL.

Detection of mRNA levels of different Rabs in
cytokine-treated cells
J774E cells (5x10° cells) were treated with the indicated
concentrations of IL-6 or IL-12 at 37°C in FCS-free RPMI-1640
medium for different periods of time. At the indicated time point,
total RNA was isolated from the control and treated cells, using
TRIZOL reagent (Invitrogen). Subsequently, complementary DNA
was synthesized using 2 pg of total RNA by Thermo Script RT-PCR
kit according to the manufacturer’s (Invitrogen) protocol.

Then, PCRs were performed with specific sets of primers for the
indicated Rabs using 1 pl of cDNA as template. The primers for PCR
were synthesized at ‘Microsynth AG (Switzerland)’.

A. B-actin: forward 5'-TGGAATCCTGTGGCATCCATGAAAC-3’ and
reverse 5-TAAAACGCAGCTCAGTAACAGTCC-3';

B. Rab4: forward 5'-ATGGCCGAGACCTACGACTTC-3’ and reverse
5-TCAGCAGCCACAGGGCTGAG-3';

C. Rab5a: forward 5-ATGGCTAGTCGAGGCGCA-3’ and reverse 5'-TT
AGTTACTACAACACTG-3';

D. Rab5b: forward 5'-ATGACTAGCAGAACAGCTAGGCCC-3' and
reverse 5-TCAGTTGCTACAACACTGGCTCTTGTTCTGCTGGG-3/;

E. Rab5c: forward 5-ATGGCGGGTCGGGGAGGCGCACG-3’ and
reverse 5-TCAGTTGCTGCACTGGCTCCGGC-3';

F. Rab6: forward 5-ATGTCCGCGGGCGGAGAC-3’ and reverse 5'-TC
AGCAGGAACAGCCGCCTTC-3';

G. Rab7: forward 5-ATGACCTCTAGGAAGAAAGTG-3’ and reverse
5-CCTTCAACAACTGCAGCTTTCTGCGG-3'.

PCRs for Rab4, RabSb, RabS5c, Rab6, Rab7 and p-actin were
performed in a Perkin-Elmer thermocycler for 30 cycles: denatura-
tion for 30s at 94°C; annealing for 30s at 57°C and extension for
1 min at 68°C. However, to amplify Rab5a, a pre-PCR of five cycles
was carried out with lower annealing temperature (45°C), followed
by 25 cycles under similar conditions using Rab5a-specific primers.

Cloning and construction of vectors containing Rab5c-

or Rab7 5 -flanking regulatory region

The mouse Rab5c (NM_024456) and Rab7 (NM_009005) 5'-flanking
regulatory regions corresponding to nucleotides —999 to + 51 and
—886 to + 23 (relative to the transcription start site), respectively,
were PCR amplified from mouse macrophage (J774E) genomic DNA
using specific primers:

A. Rab5c: forward 5-ATACATCTCGAGCACTCCAGAAGTAGAG-3’
and reverse 5-ATACATAAGCTTCCCACCCCCGGCGGTGTC-3';
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B. Rab7: forward 5'-ATATTGGAGCTCGGACCTACAAACCTTCTC-3’
and reverse 5'-ATATTGCTCGAGATGGTCAAAGCTCCG-3'.

PCRs were performed in a Perkin-Elmer thermocycler using Pfu
polymerase (Stratagene) with initial denaturation for 5 min at 94°C
followed by 30 cycles of denaturation for 1 min at 94°C; annealing
for 1 min at 55°C and extension for 1.5min at 72°C with a final
extension for 7 min at 72°C. The amplified product of Rab5c was
digested with Xhol and Hindlll, whereas Rab7 fragment was
digested with Sacl and Xhol; then inserted into the respective
pGL3-basic vector (Promega, Madison, WI). All the constructs were
sequenced and verified with the reported genome sequences.

Transient transfection of cells and reporter gene assays

To measure the transcriptional efficiency of chimeric constructs of
Rab5c and Rab7 5'-flanking regulatory region, individual constructs
(2ug) were transfected into semiconfluent J774E cells in 35mm
dishes using Lipofectamin 2000 (Invitrogen). To monitor trans-
fection efficiency, a reporter gene construct (0.5pg) containing
B-galactosidase behind SV40 promoter was cotransfected. Trans-
fected cells were allowed to recover for 6h in RPMI medium with
10% FCS at 37°C and treated with the indicated concentrations
of IL-6 or IL-12 in serum-free medium for 8h. Luciferase and
B-galactosidase (both are from Promega) activities in cell extracts
were determined by chemiluminescence and spectrophotometric
assay, respectively (according to the company’s protocol). Cells
containing appropriate constructs were treated with different kinase
inhibitors like PD 98059 (20uM) and SB203580 (5uM), 30 min
before addition of IL-6 or IL-12 to determine the signaling pathway
involved in the cytokine-mediated induction of gene expression.

Assay for in vitro fusion between early endosomes

and early phagosomes

To determine the role of cytokine-induced Rab5 and Rab7 expression,
we have reconstituted the fusion between early endosomes containing
avidin-HRP with early phagosome containing biotinylated-latex
beads, using the procedure described previously (Mukherjee et al,
2000). Briefly, J774E cells were allowed to internalize biotinylated-
latex beads for 5min at 37°C and early phagosomes were purified.
Similarly, early endosomes containing avidin-HRP were prepared as
described previously (Mukherjee et al, 2000). Subsequently, phago-
somes were mixed with early endosomes in fusion buffer (250 mM
sucrose, 0.5mM EGTA, 20 mM HEPES-KOH, pH 7.2, 1mM dithio-
threitol, 1.5 mM MgCl,, 100 mM KCl, including an ATP regenerating
system, 1 mM ATP, 8 mM creatine phosphate, 31 Units/ml creatine
phosphokinase and 0.25mg/ml avidin as scavenger) supplemented
with 1.5mg/ml of gel-filtered cytosol prepared from untreated or
indicated cytokine-treated cells. Fusion was carried out for 10 min at
37°C and the reaction was stopped by chilling on ice. The HRP-
avidin-biotin-bead complex was recovered by centrifugation
(10000g for S5min) after solubilization of the membrane in
solubilization buffer (SB, PBS containing 0.5% Triton X-100 with
0.25mg/ml avidin as scavenger). The HRP activity associated with
the biotinylated bead was measured as fusion unit.

To directly demonstrate the role of Rab5 in the enhanced fusion
by IL-6-treated cytosol, Rab5 was immunodepleted from the
respective cytosol as described previously (Mukherjee et al,
2001). Subsequently, fusion was carried out with Rab5-immunode-
pleted cytosol supplemented with indicated in vitro prenylated Rab
(1ug) proteins using the similar assay. Rab5 and Rab7 were
preincubated with cytosol in the fusion buffer at room temperature
for 30min for in vitro prenylation (Lombardi et al, 1993) before
addition to the fusion assay.

Assay for transport to lysosomes

To determine the role of cytokine-induced Rab expression on
phagosome maturation, we have used a ligand mixing assay to
measure the transport of biotinylated-paramagnetic-beads contain-
ing early phagosome to avidin-HRP-loaded late/lysosomal compart-
ments (Mukherjee et al, 2002). J774E cells (1 %x10° cells) were
treated with the respective cytokines as described previously.
Briefly, J774E-treated or -untreated cells were incubated in the
presence of avidin-HRP (200pug/ml) at 4°C to allow binding.
Subsequently, avidin-HRP was chased for 90 min at 37°C to label
the lysosomes. After washing, uptake of biotinylated beads (1 x 107)
was carried out for Smin at 37°C to level the early compartment.
Cells were washed to remove unbound beads and uninternalized
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surface-bound biotinylated beads were quenched by free avidin
(0.25 mg/ml). Cells were washed twice and chased for the indicated
times at 37°C. Finally, cells were solubilized in SB. The HRP-
avidin-biotin-bead complexes were washed four times with SB by
using a magnet and the HRP activity associated with the
biotinylated beads was measured as relative transport unit.

Reconstitution of phagosome-lysosome transport in
permeabilized cells

To determine the role of Rab7 content in IL-12-treated cells in
lysosomal targeting, reconstitution of phagosome-lysosome trans-
port assay was carried out in permeabilized cells by using a similar
assay as described previously (Mukherjee et al, 2002). Briefly,
lysosomes of J774E cells (1 x 10° cells) were loaded with avidin-HRP
and biotinylated beads were internalizated to the early compartment
as mentioned in the previous section. Subsequently, cells were
resuspended in ice-cold permeabilzation buffer (10 mM K-phosphate,
120 mM KCl, 0.5mM EGTA, pH 7.2 containing 50 pg/ml avidin) and
quickly frozen in liquid nitrogen. Cells were kept at —80°C for 12h
and thawed by warming the tubes at room temperature. Under these
conditions, more than 80% of the cells were permeabilized, as
measured by the release of lactate dehydrogenase. After permeabi-
lization, cells were incubated for 30 min at 4°C to deplete cytosol and
subsequently loaded with indicated cytosol (4 mg/ml) supplemented
with in vitro prenylated Rab protein (500 ng) as described previously
(Mukherjee et al, 2002). Rab7 was immunodepleted from the IL-12-
treated cytosol as described previously (Mukherjee et al, 2001).
Finally, cells were incubated for 40 min at 37°C to allow transport to
the lysosomes. Cells were solubilized in SB and HRP-avidin-biotin-
bead complexes were washed four times with SB by using a magnet.
The HRP activity associated with the biotinylated beads was
measured as relative transport unit.

GTP binding assay

In order to determine the level of GTP form of Rab5 or Rab7 in IL-6
or IL-12 cells, respectively, an in vitro GTP binding assay was carried
out (Stenmark et al, 1994). Briefly, Rab5 and Rab7 were immuno-
precipitated from the IL-6- and IL-12-treated cytosols as described
previously. The beads were washed thrice in PBSTM (50 mM
phosphate buffer, pH 7.5, containing 5SmM MgCl, and 0.1% Tween-
20) and incubated with 1 uCi/ml of [0->*P]GTP (3000 Ci/mM, NEN)
in the same buffer for 1h at 37°C. Then, the beads were washed
extensively in PBSTM and bound nucleotides were eluted in 25 pl of
sample buffer (phosphate buffer, 50 mM, pH 7.5, containing 0.2%
SDS, 2mM EDTA and 10mM GTP) at 70°C for 2min. Beads were
separated by centrifugation and the supernatant was spotted onto a
TLC plate. GTP binding status of the indicated Rabs by the respective
cytokine treatment was visualized by autoradiography.

Determination of the effect of IL-6 and IL-12 on the maturation
of Salmonella in macrophages by confocal microscopy

To determine the modulation of the intracellular transport of
Salmonella in macrophages by IL-6 or IL-12 treatment, J774E cells
(1 x10° were plated on sterile glass coverslip placed in six-well
tissue culture plate and treated with 0.5pg/ml of cytokines as
described previously. Subsequently, treated or untreated J774E cells
(1 x 10° cells) were incubated with live GFP-S. typhimurium (1 x 107
cells) for 10min at 37°C to restrict their entry to the early
compartment. Cells were washed three times to remove unbound
bacteria and chased for another 90 min at 37°C. During the last
30 min of the chase, Lysotracker Red (100 nM) was added to GFP-
Salmonella-infected macrophages to label the lysosomes. Cells were
washed three times with cold PBS and confocal microscopy was
carried out using a Zeiss, LSM 510 confocal microscope using oil
immersion objective.

Effect of cytokines on the survival of Salmonella in
macrophages

To determine the effect of IL-6 or IL-12 on the survival of Salmonella
in macrophages, J774E cells (1 x10° cells/well) were cultured in
RPMI-1640 medium containing 10% FCS in the presence of 0.5 pg/
ml of the respective cytokine for 6h at 37°C. Cells were washed
twice with PBS and incubated with S. typhimurium (1 x107) for
20 min at 37°C for infection. Uninternalized bacteria were removed
by washing with PBS and followed by gentamycin treatment as
described earlier (Mukherjee et al, 2002). The infected macrophages
were further incubated in the respective cytokine-containing
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medium at 37°C for the indicated periods of time. Finally, the cells
were lysed in SB and an aliquot of the cell lysates was plated on
Salmonella-Shigella agar plates to determine the number of viable
Salmonella present in the lysate in terms of colony-forming units.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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