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During phagosome maturation, the late endosomal marker Rab7 and the lysosomal marker LAMP1 local-
ize to the phagosomes. We investigated the mobility of Rab7 and LAMP1 on the phagosomes in macro-
phages by fluorescence recovery after photobleaching (FRAP) analysis. Rab7 was mobile between the
phagosomal membrane and the cytosol in macrophages that ingested latex beads during phagosome

Keywords: ) maturation. The addition of interferon-y (IFN-v) restricted this mobility, suggesting that Rab7 is forced
Fluorescence recovery after photobleaching to bind to the phagosomal membrane by IFN-y-mediated activation. Immobilization of LAMP1 on the
:_};\N“;I}; 1 phagosomes was observed irrespective of IFN-y-activation. We further examined the mobility of Rab7
. . on the phagosomes containing Mycobacterium bovis BCG by FRAP analysis. The rate of fluorescence recov-
Mycobacterium bovis BCG P ! T
Phagosome ery for Rab7 on mycobacterial phagosomes was lower than that on the phagosomes containing latex
Rab7 beads, suggesting that mycobacteria impaired the mobility of Rab7 and arrested phagosome maturation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Innate immunity provides the first line of defense against infec-
tion, and phagocytosis is an important step in the innate immune
response. Pathogens phagocytosed by macrophages are enclosed
into phagosomes, which interact with early and late endosomal
vesicles. During this process, known as phagosome maturation,
phagosomes acquire degradative and microbicidal properties and
undergo phagolysosome biogenesis by fusing with lysosomes.
Several proteins, including Rab GTPase proteins, play pivotal roles
in phagosome maturation and phagolysosome biogenesis [1].
Rab5 is associated with early phagosomes followed by recruitment
of its effector proteins, EEA1 and Class Il phosphatidylinositol
3-kinase [2]. Rab7 appears on the phagosome membrane after
Rab5 dissociation and resides there during phagosome maturation
[3]. Rab7 regulates the transportation and fusion of late endosomes
and lysosomes [1]. As an example, Rab7-interacting-lysosomal
protein (RILP), an effector protein of Rab7, recruits the minus-end
motor complex dynein-dynactin to the phagosome, resulting in
migration of the phagosomes to the microtubule-organizing center
where late endosomal and lysosomal compartments accumulate
[4]. Lysosomal-associated membrane protein 1 (LAMP1) and
LAMP2, the major components of lysosomes, accumulate in phago-
lysosomes via the fusion of lysosomes with the phagosome [5].
Although Rab7, LAMP1 and LAMP2 have important roles in the

* Corresponding author. Fax: +81 53 435 2335,
E-mail address: s-seto@hama-med.acjp (S. Seto).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.06.023

process of phagosome maturation and phagolysosome biogenesis
[1,6], the accumulation kinetics of these late endosomal and lyso-
somal markers is not yet fully understood.

Mycobacterium tuberculosis is the causative agent of tuberculosis
and has the ability to survive and replicate in macrophages. It is
long believed that M. tuberculosis causes the arrest of phagosome
maturation during Rab5-Rab7 conversion [7,8] and survives within
infected macrophages. However, Sun et al. [9] reported that Rab7
localizes to the phagosomes containing Mycobacterium bovis BCG.
We recently reported that Rab7 is transiently recruited to and sub-
sequently released from the phagosomes containing M. tuberculosis
using imaging and biochemical analyses [10,11]. Evidence regard-
ing Rab7 localization to mycobacterial phagosomes is accumulat-
ing; however, detailed localization kinetics remain to be elucidated.

To understand the localization kinetics of Rab7 and LAMP1 to the
phagosome membrane, we employed fluorescence recovery after
photobleaching (FRAP) analysis and chased their mobility on the
phagosomes in macrophages during phagosome maturation in the
presence and absence of interferon (IFN)-y. We further examine
the mobility of Rab7 on the phagosomes containing M. bovis BCG.

2. Materials and methods
2.1. Cell and bacterial cultures
Raw264.7 macrophages were obtained from the American Type

Culture Collection and maintained in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% foetal bovine serum
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Fig. 1. FRAP analysis of EGFP-Rab7 on phagosomes. (A and B) Representative sequences of images from FRAP analysis of EGFP-Rab7 on phagosomes containing latex beads
with (A) or without (B) IFN-y stimulation. The regions marked by broken-line circles were photobleached for 4 s, and the recovery of fluorescence was monitored. (C)
Temporal changes in fluorescence intensity on the bleached phagosomes. The relative intensity was defined as the ratio of fluorescence intensity at each time point to that at
0's. The value zero was defined as the value obtained just after photobleaching. Closed and open circles indicate the relative intensities with (n = 13) or without (n = 14) IFN-y

stimulation, respectively. Data represent means and standard errors of means (SEM).

(FBS), 25 pg/ml penicillin G, and 25 pg/ml streptomycin at 37 °C
under 5% CO,. M. bovis BCG Tokyo transformed with a plasmid
expressing DsRed [12] was grown to mid-logarithmic phase in
7H9 medium supplemented with 10% Middlebrook ADC (BD Bio-
sciences), 0.5% glycerol and 0.05% Tween 80 containing 25 pg/ml
kanamycin at 37 °C.

2.2. Plasmid constructs and transfection

Construction of the plasmid expressing enhanced green fluores-
cent protein (EGFP)-Rab7 has been previously described [10].

Human LAMP1 was amplified by PCR using ¢cDNA derived from
Hela cells as a template, and the following primers: 5'-CTCGAGC-
CACCATGGCGGCCCCCGGCAGCGC-3 and 5-GGATCCCGATAGTCTG
GTAGCCTGCGTGACTCCTC-3". The PCR product corresponding to
LAMP1 was inserted into pEGFP-N2 (Clontech). Transfection of
cells was performed as described previously [10,11,13]. Briefly,
1 x 10° Raw264.7 macrophages were transfected with 10 ug of
plasmid DNA using an MP-100 electroporator (Digital Bio Technol-
ogy), according to the manufacturer's instructions. Transfected
cells were grown in DMEM with 10% FBS for 24 h prior to the
experiments. Transfected cells were incubated with murine IFN-y
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Fig. 2. FRAP analysis of LAMP1-EGFP on phagosomes. (A and B) Representative sequences of images from FRAP analysis of LAMP1-EGFP on phagosomes containing latex
beads with (A) or without (B) IFN-y stimulation. The regions marked by broken-line circles were photobleached for 4 s, and the recovery of fluorescence monitored. (C)
Temporal changes in fluorescence intensity of bleached phagosomes. The relative intensity was defied as the ratio of intensity at each time point to that at 0 s. The value zero
was defined as the value obtained just after photobleaching. Closed and open circles indicate the fluorescence intensities with (n = 14) or without (n = 13) IFN-y stimulation,

respectively. Data represent means and SEM.

(PeproTech, Inc.) at 10 ng/ml for 12 h before phagocytosis to acti-
vate the cells when required.

2.3. FRAP analysis

FRAP analysis was performed using an FV1000-D confocal
microscope (Olympus) with a 60x/1.4 numerical aperture oil-
immersion objective lens. Transfected cells (3 x 10° cells) grown
on 35-mm glass dishes were allowed to phagocytose latex beads
or M. bovis BCG expressing DsRed at 10-30 multiplicity of infec-

tion. Synchronous phagocytosis or infection was performed by cen-
trifugation, washing with DMEM, and incubating with DMEM
containing 10% FBS and 20 mM HEPES (pH 7.3) without phenol
red. Temperature regulation of cells was carried out using an
ONICS incubation system (Tokai Hit). The area of the phagosome
surrounded by EGFP-Rab7 or LAMP1-EGFP was photobleached
using a 410-nm laser at 15-20% power for 300 ms after pre-
bleached images were acquired. Following photobleaching, the
recovery of fluorescence was monitored at every 2 s using a 488-
nm laser at 1-2% power for the phagosomes containing latex
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Fig. 3. FRAP analysis of EGFP-Rab7 on mycobacterial phagosomes. (A) A representative sequence of images from FRAP analysis of EGFP-Rab7 on a phagosome containing M.
bovis BCG. Left and right panels at each time point show images of the macrophages expressing EGFP-Rab7 without and with images of infected M. bovis BCG expressing
DsRed, respectively. The region marked by broken-line circles was photobleached for 65, and the recovery of fluorescence was monitored. (B) Temporal changes in
fluorescence intensity of bleached phagosomes. The relative intensity was defined as the ratio of intensity at each time point to that at 0 s. The value zero was defined as the

value obtained just after photobleaching. Data represent means and SEM (n=7).

beads. For the measurement of fluorescence of phagosomes con-
taining M. bovis BCG, the fluorescence recovery was measured at
every 1.5 s using 488-nm and 543-nm lasers at 1-2% power. Fluo-
rescence intensities were quantified using the Image] (http://
rsb.info.nih.gp/ij/).

2.4. Statistics

The unpaired two-sided Student’s t-test was used to assess the
statistical significance of differences between the two groups.

3. Results and discussion
3.1. Mobility of Rab7 on phagosomes containing latex beads

To assess the mobility of Rab7, we conducted FRAP analysis on
phagosomes containing latex beads in macrophages expressing
EGFP-Rab7. Raw264.7 macrophages were transfected with a plas-
mid encoding EGFP-Rab7 and exposed to latex beads for 10 min, fol-
lowed by phagosome maturation for 2 h. Phagosomes surrounded
by EGFP-Rab7 were photobleached and the rate of recovery of fluo-
rescence was monitored over time. A representative sequence of
FRAP analysis is illustrated in Fig. 1A and Movie 1. After the phago-
some with EGFP-Rab7 was photobleached (time: 4 s), fluorescence
recovered rapidly. Quantitative analysis demonstrated that photo-
bleached phagosomes recovered their fluorescence to 53% of the
original level and the recovery half-time was 28 s (Fig. 1C). These

results reflect the continuous conversion of Rab7 between GDP-
and GTP-bound forms during phagosome maturation [14].

3.2. Mobility of Rab7 on the phagosomes in macrophages activated by
IFN-y

Next, we examined the mobility of Rab7 on phagosomes in
macrophages activated by IFN-y. Proteomic analysis revealed that
IFN-v influences the membrane trafficking on phagosomes con-
taining latex beads and stimulates the accumulation of Rab7 to
phagosomes [15]. However, the detailed kinetics of Rab7 localiza-
tion on phagosomes in IFN-y-activated macrophages has not been
examined. Macrophages expressing EGFP-Rab7 were activated by
[FN-y for 12 h and allowed to phagocytose latex beads, with FRAP
analysis performed 2 h after phagocytosis. As shown in Fig. 1B and
Movie 2, after the phagosome was photobleached for 4 s, the fluo-
rescence was very weak, even after 118 s. Quantitative analysis
demonstrated that photobleached phagosomes recovered their
fluorescence to 24% of the original level and the recovery half-time
was 26 s (Fig. 1C). Previous reports demonstrated that the recovery
of fluorescence was impaired in macrophages expressing the con-
stitutive active form of Rab7 fused with GFP [16,17]. These results
suggest that IFN-y activates Rab7 on the phagosomes and conse-
quently limits the conversion from its GTP- to GDP-bound form.

3.3. Mobility of LAMP1 on the phagosomes

To chase the mobility of LAMP1 on phagosomes, we conducted
FRAP analysis on phagosomes in Raw264.7 macrophages expressing
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LAMP1-EGFP. Macrophages transfected with LAMP1-EGFP were al-
lowed to phagocytose latex beads; this was then followed by phag-
osome maturation for 2 h. Phagosomes surrounded by LAMP1-EGFP
were photobleached and the recovery rate of fluorescence was mon-
itored over time. As shown in Fig. 2A and Movie 3, the recovery of
fluorescence was very weak, even after 118 s. Quantitative analysis
revealed that the recovery rate of fluorescence was 19% of the origi-
nal level and the recovery half-time for fluorescence was 42 s
(Fig. 2C). FRAP analysis on phagosomes surrounded by LAMP1-EGFP
in macrophages activated by IFN-y revealed that addition of IFN-y
did not affect LAMP1 trafficking to the phagosomes (Fig. 2B and C
and Mov. 4). These results suggest that LAMP1 is not directly sorted
from the trans-Golgi network [18], but recruited by the fusion of
lysosomal vesicles to the phagosomes.

3.4. Mobility of Rab7 on mycobacterial phagosomes

The localization of Rab7 on mycobacterial phagosomes has long
been a controversial issue. Via et al. [19] first demonstrated that
Rab7 does not localize to mycobacterial phagosomes, and this con-
cept had been widely accepted [8,20]. However, Sun et al. [9] re-
ported that Rab7 localizes to phagosomes containing M. bovis
BCG. We also recently reported that Rab7 is transiently recruited
to and subsequently released from phagosomes containing M.
tuberculosis [10,11]. Besides localization, changes in the mobility
of Rab7 on mycobacterial phagosomes have not been examined.
In this study, we carried out FRAP analysis on Rab7-positive
phagosomes containing M. bovis BCG (Fig. 3). Fig. 3A and Movie 5
illustrates a representative sequence from FRAP analysis of a myco-
bacterial phagosome. The mycobacterial phagosome surrounded
by EGFP-Rab7 was photobleached at 6 s. The recovery of fluores-
cence by the mycobacterial phagosome was very weak 118.5s
after photobleaching, in contrast to that in phagosomes with latex
beads (Fig. 1A). Quantitative analysis revealed that only 29% recov-
ery was achieved and fluorescence recovery half-time was 25,
suggesting that Rab7 is trapped in mycobacterial phagosomes. Pre-
vious reports demonstrated that RILP does not localize to mycobac-
terial phagosomes despite Rab7 localization [9,13]. The mobility of
Rab7 is also restricted to the phagosomes containing Salmonella
and Burkholderia, while RILP does not localize to these phagosomes
despite Rab7 localization [16,17]. These results imply that myco-
bacteria may affect the activation state of Rab7 on phagosomes.
Alternatively, mycobacterial phagosomes may acquire the ability
to actively refuse the binding of Rab7, because the proportion of
Rab7-positive mycobacterial phagosomes increases initially, then
decreases 1 h after phagocytosis [10,11].
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Abstract Staphylococcal enterotoxins A (SEA) and B
(SEB) are classical models of superantigens (SAg), which
induce potent T-cell-stimulating activity by forming com-
plexes with MHC class II molecules on antigen-presenting
cells. This large-scale activation of T-cells is accompanied
by increased production of cytokines such as interferon-y
(IFN-y). Additionally, as we previously reported, TFN-y-
producing CD8" T cells act as “helper cells,” supporting the
ability of dendritic cells to produce interleukin-12 (IL-
12)p70. Here, we show that DC pulsed with SAg promote
the enhancement of anti-tumor immunity. Murine bone
marrow-derived dendritic cells (DC) were pulsed with
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OVA 57564 (SIINFEKL), which is an H-2Kb target epitope
of EG7 [ovalbumin (OVA)-expressing EL4] cell lines, in
the presence of SEA and SEB and were subcutaneously
injected into naive C57BL/6 mice. SAg plus OVA 59 564
pulsed DC vaccine strongly enhanced peptide-specific
CD8* T cells exhibiting OVA,s,_ys-specific cytotoxic
activity and IFN-y production, leading to the induction of
protective immunity against EG7 tumors. Furthermore,
cyclophosphamide (CY) added to SAg plus tumor-antigens
(OVA 57 64, tumor lysate, or TRP-2) pulsed DC immuni-
zation markedly enhanced tumor-specific T-cell expansion
and had a significant therapeutic effect against various
tumors (EG7, 2LL, and B16). Superantigens are potential
candidates for enhancing tumor immunity in DC vaccines.

Keyweords Superantigen - Dendritic cell - Low-dose
cyclophosphamide - Cancer vaccine - Cellular
immunotherapy

Introduction

Staphylococcal enterotoxins A (SEA) and B (SEB) are
classical models of bacterial superantigens (SAg). Unlike
conventional antigens, SAg bind directly to the lateral sur-
faces of MHC class II molecules and to the V§ domain of
the TCR; therefore, they do not need to be processed and
presented like conventional antigens [1—4]. This ability
enables SAg to induce large-scale activation of the immune
system by stimulating the large number of T-cells that
express f-chains of the T-cell antigen receptor, which con-
tain variable regions coded for by specific families of Vf
genes. Furthermore, this large-scale activation of T-cells is
accompanied by the increased production of tumoricidal
cytokines such as interferon-y (IFN-y) [5-7], although a
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majority of the expanding cells will subsequently be deleted
by the induction of apoptosis, and the remaining CD4* T
cells will become anergic upon subsequent exposure to the
SAg [8-10].

DC are specialized APC, which exist in virtually every
tissue, capture antigens in situ, and migrate to lymphoid
organs to activate naive T cells. DC are able to bind to
much higher levels of SAg than other APC, and very small
numbers of superantigen-MHC class Il complexes are suffi-
cient to trigger resting primary T cells [11, 12]. Recently, it
became apparent that CD8" T cells can also activate DC
and support type-1 immunity as well as CD4* T cells [1 3~
15]. This “helper” function of CD8" T cells depends on
their ability to produce IFN-y and to promote the dendritic
cell production of interleukin-12 (IL-12) p70, the key factor
supporting T helper 1 responses and CTL responses [ {6].

DC-based tumor vaccines have demonstrated effective
antitumor immune responses in vitro and after adoptive
transfer in mice and humans. However, difficulties still
remain to be overcome when they are used clinically [17,
18]. We evaluated the capacity of SAg to enhance DC vac-
cines in the setting of some tumors including poorly immu-
nogenic B16 melanoma. We demonstrate here that
simultaneous pulsing of DC with SAg and tumor antigen
results in pronounced enhancement of vaccine-mediated
immune priming. Furthermore, tumor antigen and SAg-
pulsed DC are capable ofsignificantly suppressing the
growth of established tumors and inducing a strong antitu-
mor T-cell response after pretreatment with cyclophospha-
mide (CY) in a therapeutic setting [19].

Materials and methods
Mice

Six to 8-week-old male C57BL/6 mice purchased from
Japan SLC, Inc. and C57BL/6-IL12"™™ (p40-knockout)
mice purchased from the Jackson Laboratory were main-
tained in microisolator cages and used for all experiments
at 8-10 weeks of age. All experimental procedures were
approved by our institutional Animal Care and Use Com-
mittee.

Cell line, cell isolation, and culture

Lewis Lung Carcinoma cells (2LL), EG7 [ovalbu-
min(OVA)-expressing EL4] murine lymphoma, B16-F10
murine melanoma, and J774 cells were purchased from the
American Type Culture Collection. Spleen CD8* T cells
were negatively selected using MACS columns (Miltenyi
Biotech) with 90% to 95% purity. L4 cells expressing
CDA40L on their cell surface and derived from murine
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Langerhans cells were kindly provided by Dr. Seo (Ham-
amatsu University, Japan) [20]. All cells were maintained
in RPMI 1640 with 10% heat-inactivated fetal bovine
serum (Invitrogen), glutamine, streptomycin, and penicillin
(Invitrogen).

Superantigens

SEA and SEB were purchased from Toxin Technology.
Naive splenocytes from C57BL/6 mice were co-cultured
with SEA or SEB or both for 3 days. The IFN-y concentra-
tions of the supernatants were determined by ELISA.

Dendritic cells

Bone marrow-derived dendritic cells (DC) were generated
in cultures supplemented with granulocyte macrophage col-
ony-stimulating factor and IL-4 (both 1,000 units/ml; R&D
Systems), as described in our previous reports [21-23]. On
day 7, CD11c* DC were isolated using anti-mouse CD11c-
coated magnetic beads (Miltenyi Biotech) and were treated
with lipopolysaccharide (250 ng/ml; Sigma-Aldrich) for
16 h. Then, the DC were collected and prepared for immu-
nization.

Induction of IL-12p70

Antigen-free or SEA or SEB (SAg)-pulsed DC (2 x 10Y
0.2 ml per well) were first co-cultured for 48 h with CD8* T
cells (3 x 10° from the spleens of wild-type mice), har-
vested, washed, counted, and stimulated (at 2 x 10%0.2 ml)
with 5 x 10* CD40L-transfected L cells [22] for 24 h. The
IL-12p70 concentrations of the supernatant fluid were
determined by ELISA (R&D systems).

Tumor vaccines

To prepare the vaccine against EG7, after treatment with
lipopolysaccharide (LPS), the DC were resuspended in
RPMI 1640 and pulsed with the dominant H-2Kb-restricted
ovalbumin (OVA) epitope, OVA,5; ¢, (SIINFEKL; syn-
thesized by Invitrogen), alone or in combination with SAg
or remained untreated (none). To prepare the B16-F10
vaccine, tyrosinase-related protein 2 (TRP-2) 50 a5
(SVYDFFVWL; synthesized by Invitrogen) was used as a
CTL-epitope instead of OVA,5;_,c4. Pulsing with OVA 57 564
and TRP-2,4, 125 Was performed at a concentration of
10 pg/ml for 60 min. To prepare the 2LL vaccine, DC were
loaded overnight with 2LL tumor cells lysates (freeze-
thawed thrice, centrifuged, and supernatant collected), at a
concentration of three tumor cell equivalents to one DC, in
the presence of LPS. The SAg pulsing was performed at a
concentration of 1 pg/ml for 60 min. The expression of
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CDll1c, MHC TI, CD86, CD80, and CD40 was analyzed by
flow cytometry before and after the SAg pulsing. All vac-
cines were washed twice and suspended in PBS (1 x 10°
per 0.2 ml).

Induction of OV A-specific immune response
and protective immunity against EG7 tumor

LPS-treated DC were pulsed with OVA,5;_ 5, (5 pg per
1 x 10° DC) in the presence or absence of SAg (1 pg per
1 x 10° DC, respectively) and were washed twice and
resuspended in PBS (1 x 10%in 0.2 ml). Wild-type C57BL/
6 mice (12 per group) were subcutaneously vaccinated
(day-28) once. Cells were then harvested from the spleens
of 4 week-immunized mice (half of each group) and cul-
tured in the presence of OVA,ss 564 (10 png per well) for
3 days. The IFN-y concentrations of the supernatants were
determined by ELISA. The remaining 4 week-immunized
mice had high numbers of EG7 cells (5 x 10%/mouse) inoc-
ulated into their right flank (day 0) in order to evaluate the
protective immunity induced by the vaccine. Tumors were
measured using vernier calipers every 3—4 days. Data are
reported as the mean == SE of tumor area (product of the
largest perpendicular diameters). Furthermore, survival was
recorded as the percentage of surviving animals after tumor
injection and analyzed in EG7 tumor model.

CTL activity

Fourteen days after the tumor challenge, splenocytes were
harvested from two animals per group. They were restimu-
lated in vitro (8 x 10° per well) for 5 days with OVA,q,_
,64-Pulsed syngeneic splenocytes that had been treated with
50 pg/ml mitomycin C (Roche Diagnostics GmbH) before-
hand (two responder cells to one stimulator cell) in the
presence of 10 IU/ml recombinant human IL-2 (R&D
Systems) in 24-well culture plates. After the collection of
viable effector cells, various numbers of effector cells were
co-cultured with J774 cells that had been pulsed with
OVA,57 564, Which were used as the target cells in this study,
(at 1 x 10* cells/well) for 5 h. The cell-mediated cytotoxicity
of OVA 5, 54 peptide was measured using a lactate dehy-
drogenase (LDH) cytotoxicity detection kit (Roche Diag-
nostics). The LDH released into the medium was measured,
and the specific lysis of the target cells was calculated
as 100 x ([experimental release]—[spontaneous release])/
(Imaximal release]—[spontaneous release]) according to
the manufacturer’s instructions. Spontaneous and maximal
release were determined in the presence of medium alone
and 1% Triton X-100, respectively. For 2LL tumors, 2LL
cells treated with mitomycin C were used for in vitro stimu-
lation, and untreated 2LL cells were used as the target cells.
For B16-F10 tumors, TRP2 4, ;45 peptides were used for in

vitro stimulation, and B16-F10 cells were used as the target
cells.

Therapeutic model of DC vaccine involving pretreatment
with low-dose cyclophosphamide

Wild-type C57BL/6 mice (6 per group) had tumor cells s.c.
inoculated into their right flank (EG7: 1.5 x 10°, 2LL:
3 x 10°, or B16-F10: 1.5 x 10° per mouse) (day 0). The mice
were 1.p inoculated with CY (1 mg/0.1 ml PBS, Sigma-Ald-
rich) or PBS on day 2 and s.c. vaccinated (1 x 10° DC) into
the same flank on day 5. Tumor area was measured every
3—4 days. Tumor size was monitored for 14 days, and then the
splenocytes from two animals per group were harvested for
the CTL assay. Furthermore, survival was recorded as the per-
centage of surviving animals and analyzed. Survival was fol-
lowed as described above in EG7 tumor model.

Flow cytometory

To determine the phenotype of cultured DCs, we stained
them with phycoerythrin (PE)- or fluorescein isothiocyanate
(FITC)-conjugated monoclonal antibodies against cell sur-
face molecules (CD11c and MHC classIl; obtained from
Miltenyi Biotec, CD86, CD80, and CD40; obtained from
Pharmingen) and analyzed on a flow cytometry (Beckman
Coulter EPICS XL). To enumerate OVA s, 5,-specific
CD8" T cells, spleen cells from immunized mice were
stained by PE-conjugated tetrameric H-2Kb/OV A <7 564 pep-
tide complex (synthesized by MBL) and FITC-conjugated
anti-CD8a monoclonal antibody (MBL) and analyzed on a
flow cytometry (Beckman Coulter EPICS XL). Intracellular
forkhead/winged helix transcription factor (Foxp3) staining
was performed according to the manufacturer’s instructions.
Briefly, spleen cells from vaccinated tumor-bearing mice
were firstly surface-labeled with FITC-conjugated anti-CD4
monoclonal antibody and allophycocyanin (APC)-conju-
gated anti-CD25 monoclonal antibody. Then, after fixation
and permeabilization, the cells were stained with anti-Foxp3
PE (mouse regulatory T-cell staining kit; eBioscience) and
analyzed on a flow cytometry (BD FACSAria™).

Statistical analysis

Data from multiple experiments were expressed as the
mean £ SEM. Statistical evaluation of the differences
between the experimental group means was performed by
the Mann—-Whitney U test, and time series analyses of
tumor size between the experimental groups were per-
formed by repeated measurements of ANOVA. Survival
was analyzed by log-rank test on Kaplan-Meier survival
curves using JMP (SAS Institute). All tests were two-sided
and performed at the 0.05 significance level.
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Fig. 1 DC and T-cell activation of SAg. a Naive splenocytes stimu-
lated with SEA/SEB produced significantly more IFN-y than those
stimulated with either SEA or SEB alone. Splenocytes from naive
mice were incubated in the absence or presence of SEA or SEB for
48 h. Columns, mean from one experiment of three that yielded similar
results; bars, SD. b Interaction with CD8* T cells primes dendritic
cells for high IL-12p70 production. Dendritic cells were co-cultured
for 48 h with CD8" T cells from wild-type B6 mice, in the absence or

Results

Naive splenocyles strongly express IFN-y in the presence
of both SEA and SEB

To test which SAg is able to efficiently generate IFNy-pro-
ducing cells in vivo, we evaluated IFN-y production by
spleen cells from naive mice. Upon stimulation with SEA
or SEB, or both, the spleen cells stimulated with a combina-
tion of SEA and SEB produced significantly higher levels
of IFN-y than spleen cells treated with either SEA or SEB
(Fig. 1a).

Dendritic cell activation of CD8" T cells with SAg
and their phenotype

To analyze the ability of mouse CD8" T cells to affect den-
dritic cell functions in vitro, we used the previously estab-
lished model of SEA/SEB-driven stimulation of T cells
from wild-type C57BL/6 mice. This model allowed us to
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presence of SEA/SEB, before being washed and stimulated with
CD40L. Similar results were obtained in one additional experiment.
¢ Phenotypic characteristics of SEA/SEB-pulsed DC and non-pulsed
DC as determined by flow cytometry. The addition of SAg had no or
a marginal effect. The expression of cell surface molecules on DC
(CD1l1c, MHC class TI, CD86, CD80, and CD40) was evaluated by
flow cytometry. The data are representative of three independent
experiments in which similar results were obtained

promote the interaction of dendritic cells with high num-
bers of CD8* T cells without the need for prior T-cell acti-
vation and clonal expansion. In accordance with our
previous data, freshly isolated mouse CD8" T cells primed
the SEA/SEB-loaded dendritic cells for high 1L-12p70
production during their subsequent interaction with CD40L-
expressing L cells, which were used as CD4" T-cell surrogates
(Fig. 1b).

Then, we examined the expression patterns of various
cell surface molecules by flow cytometry. DC pulsed with
SAg (SEA and SEB) and non-pulsed DC expressed similar
amounts of CD11c, MHC class II molecules, CD86, CD80,
and CD40, (Fig. ic), indicating that pulsing SAg into DC
does not affect their phenotype.

SAg/OV A-pulsed DC vaccination generates
OVA ,5;_sss-specific CTL

We determined the ability of SAg-pulsed DC to induce
epitope-specific CD8" T cells in the spleen. Using an
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OVA,57 964 peptide-specific H-2kb tetramer, we evaluated
the frequencies of tetramer-bound CD8* T cells by flow
cytometry in the spleen cells from mice that had been
mmmunized with SAg/OVA-pulsed DC (SAg/OVA-DC)
4 week before, and compared it with that by spleen cells
from mice that had been immunized with OV A5, ,c,-pulsed
DC (OVA-DC), SAg-pulsed DC (SAg-DC), none-pulsed
DC (con-DC) or PBS. Immunization with SAg/OVA-DC
resulted in significantly higher numbers of OVA,5;_,c4-spe-
cific CD8" cells than immunization with OVA-DC, SAg-DC,
con-DC or PBS (P =0.0157, SAg/OVA-DC vs. OVA-DC,
Fig. 2a). Furthermore, upon stimulation with OVA,ss 64
peptide, the spleen cells from SAg/OVA DC-immunized
mice produced significantly higher levels of IFN-y than
spleen cells from mice immunized with OVA-DC, SAg-DC
or con-DC (P=0.0200, SAg/OVA-DC vs. OVA-DC, Fig. 2a
inset). Collectively, these data suggest that immunization
with SAg/OVA-pulsed DC efficiently generates OVA sy o64-
specific CTL and IFN-y-producing cells in vivo.

Next, we determined the cytolytic activities of OVA 57 g4~
specific CTL induced by immunization with SAg/OVA-
pulsed DC. After in vitro restimulation of immune spleen
cells with the OVA,q; 5., peptide, the cells from SAg/
OVA-pulsed DC-immunized mice lysed the peptide-pulsed
J774 cells more effectively than the cells from OV A-pulsed
DC-immunized mice (Fig.2b). The CTL activity of the
spleen cells from the mice immunized with SAg-pulsed DC
was similar to that of the spleen cells from the mice immu-
nized with OVA-pulsed DC. These CTL activities corre-
lated well with the frequencies of OVA,g; e4-specific
tetramer-bound CD8" T cells and the levels of OVA,q;_ye4s-
specific IFN-y (Fig. 2a, b).

SAg/OV A-pulsed DC vaccination provides protective
Immunity against a subsequent challenge with an EG7
OVA 57 64 €Xpressing tumor

To ascertain whether the immune responses induced in the
mice immunized with the DC vaccines efficiently protected
against tumors, the vaccinated animals were subcutane-
ously challenged with EG7 tumors. The suppression of
tumor growth was significantly higher in the mice that
received SAg/OVA-pulsed DC than in the mice that had
received OVA-pulsed DC, SAg-pulsed DC, or untreated
control DC (P =0.0048, SAg/OVA-DC vs. OVA-DC,
Fig 2c). Subsequently, survival analysis revealed that,
although all of the mice immunized with SAg-DC, OVA-
DC, or control DC died within 30 days after tumor inocula-
tion, 80% of mice immunized with SAg/OVA-pulsed DC
survived (Fig. 2d). The differences in the survival curves
were statistically significant between SAg/OVA-pulsed
DC-immunized mice and OVA-pulsed DC-immunized mice
(P =0.0101).

Critical role of dendritic cells in mediating CD8 help

Whereas the inclusion of SAg strongly enhanced the immu-
nologic and antitumor effects of vaccination in the animals,
the heterologous help from CD8* T cells induced by SAg
was not mediated by IL-12/IL-23-deficient dendritic cells
generated from the bone marrow of p40-knockout animals
(Fig. 2e, f).

SAg enhance the therapeutic efficacy of DC-based
immunization against established tumors in combination
with low-dose CY

To determine the therapeutic potential of immunization
with SAg/OVA-pulsed DC, we attempted to induce tumor
rejection in mice with EG7 tumors. In a 5-day treatment
model, B6 mice harboring EG7 were treated with SAg/
OVA-pulsed DC with or without low-dose CY. As shown
in Fig. 3a and b, although we could not see any potential
effect of this vaccine in terms of the induction of OVA,.;_
ss4-specific CTL or tumor size reduction, treatment with a
combination of SAg/OVA-pulsed DC and low-dose CY
markedly generated OVA,s;_o54-specific CTL. Further-
more, combined treatment with SAg/OVA-pulsed DC and
low-dose CY resulted in a significant reduction of tumor
growth (P =0.0015; compared with mice receiving OVA-
pulsed DC). Similar effects were observed in other two cell
line two poorly immunogenic tumors (2LL and BI16,
respectively) (Fig. 3c—f). Collectively, these findings dem-
onstrated that SAg enhanced the therapeutic efficacy of DC
immunization and induced protective immunity against
poorly immunogenic tumors, which was achieved in com-
bination with the systemic administration of low-dose CY.
Furthermore, survival analysis revealed that survival of
mice vaccinated with SAg/OV A-pulsed DC were improved
in EG7 model (Fig. 3g). The differences in the survival
curves were statistically significant between SAg/OVA-
pulsed DC-immunized mice with CY and OVA-pulsed
DC-immunized mice with CY (P = 0.0317).

Low-dose CY support the therapeutic effect
of SAg/OV A-pulsed DC vaccine by inhibiting the increase
of CD4*CD25*Foxp3™* cells

To ascertain the role of low-dose CY in the therapeutic
model, the proportion of regulatory T cells of the splenocytes
from vaccinated mice was investigated using flow cytometry
(Fig. 4a). On day 5, after tumor inoculation, B6 mice harbor-
ing EG7 were treated with SAg/OVA-pulsed DC with or
without low-dose CY. Three days after vaccination, the per-
centage of CD4*CD25"Foxp3* cells among the total CD4*
cells in the spleen was increased in the tumor-bearing mice
(P =0.0001, Naive vs. Tumor bearing, Fig. 4b), but was
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Fig. 2 SAg(SEA/SEB)-pulsed DC to induce potent anti-tumor protec-
tive immunity. a OVA,s;_,4,-specific CD8* T cells in spleens of 4 week-
immunized mice. Spleen cells from mice immunized with OVA 55, 5¢, Or
SAg plus OVA,57_4-pulsed DC (OVA-DC and SAg/OVA-DC, respec-
tively) or SAg-pulsed DC (SAg-DC) or none-pulsed DC (Con-DC), or
from PBS immunized mice (PBS) were harvested 4 weeks after immu-
nization and OVA 5, ,4-specific CD8" T cells were evaluated by flow
cytometry with a tetrameric OVA s;_5¢4 H-2kb/OVA 5, ¢, peptide com-
plex. Percentage of OVA,s5, ¢, tetramer positive cells among the total
CD8" T cells was shown. The data are means and standard deviations for
four mice in each experimental group. Inset, IFN-y secretion by OVA,s;_
x64-Stimulated splenocytes from mice immunized with SEA/SEB plus
OV A,57_964-pulsed DC or OVA,s;_y64-pulsed DC. The concentrations of
IFN-y in the culture supernatants were determined by a sandwich en-
zyme-linked immunosorbent assay. The data are means and standard
deviations for six mice in each experimental group. b Induction of CTL
specific to EG7 lymphoma. Spleen cells from mice immunized with both
SAg and OVA, 5,54, or either of the other pulsed DC (SAg/OVA-DC,
SAg-DC, or OVA-DC) or non-pulsed DC (Con-DC), or PBS were
harvested 4 weeks after immunization and stimulated in vitro with

reduced by low-dose CY. Furthermore, SAg/OVA-pulsed
DC vaccine induced the increase in CD4*CD25*Foxp3* cells
and was reduced similarly by low-dose CY (P=0.0118,
Tumor bearing with CY and DC vs. Tumor bearing with DC,
Fig. 4b). These findings suggest that inhibition of regulatory
T cells by systemic administration of low-dose CY support
the therapeutic effect of SAg/OV A-pulsed DC vaccine.
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OV A5 564 Peptide-pulsed spleen cells for 5 days. The percentage of
specific lysis was determined using J774 cells (H2Y) that had been pulsed
with OVA,5; ., peptide as target cells. Immune spleen cells (effectors)
were incubated with target cells at the effector-to-target-cell ratios (E/T
Ratio) indicated on the x-axis. The data are representative of data
obtained in four independent experiments. ¢ Induction of protective
immunity against tumor growth by immunization with SAg plus
OVA 57 564 DC. The mice were immunized with the indicated vaccines.
Four weeks after immunization,- the mice were challenged with
1.5 x 10° of EG7 lymphoma. The data are the means and standard errors
for six mice in each experimental group. d Survival was recorded as the
percentage of surviving animals. Data represent one of two independent
experiments. e, f IL-12p40—deficient dendritic cells (unable to produce
IL-12p70 and IL-23) do not mediate heterologous CD8 help via SAg.
Mice received single s.c. injections of dendritic cells (generated from
wild-type or IL-12p40-knockout mice) loaded with OVA,; 5, alone or
in combination with SAg. The differences between the treatment groups
were evaluated by repeated measurements of ANOVA. An exact log-
rank test was used to analyze the survival differences between the
SAg/OVA-DC and OVA-DC treatment groups (P = 0.0010)

Discussion

Superantigens cause intense T-cell proliferation and the
production of cytokines. The predominant cytokines pro-
duced and released during superantigen activation are IL-2
and IFN-y [5-7], both of which are intimately involved in
the cytokine cascade during immune responses. One of
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Fig. 3 SAgplus OVA,s,_¢4-pulsed DC mediate significant therapeu-
tic antitumor effects in combination with low-dose cyclophosphamide.
a-f Three days after tumor inoculation, B6 mice bearing established

EG7 (a, b), B16 (¢, d), or 2LL (e, f) tumors were treated with or with- -

out cyclophosphamide followed by the indicated vaccines. a, ¢, e SAg
plus OVA,55_544-pulsed DC efficiently enhance the induction of CTL
specific to the individual tumors. b, d, f SAg with low-dose cyclo-
phosphamide supports the therapeutic activity of cancer vaccines. The
open arrowhead shows the day of CY treatment. The closed arrow

these cytokines, IFN-y, possesses immunostimulatory activity
in that it activates CD8" T cells, macrophages, and NK cells
so that they become cytolytic. It was also reported that the
high cytolytic activity detected in vaccinated mice given
SEA/SEB was predominantly due to CD8* T cells [24]. T
cells activated by superantigen promotes the maturation of
DC mainly via MHC classlII molecule, which contributes to

shows the day of DC vaccination. Similar results were obtained in two
separate experiments. Data are presented as the mean + SE.
g Survival of B6 mice bearing established EG7 treated with cyclo-
phosphamide followed by the indicated vaccine was recorded as the
percentage of surviving animals. An exact log-rank test was used to
analyze the survival differences between the SAg/OVA-DC with CY
i.p. and OVA-DC with CY i.p. treatment groups (P = 0.0317). Data
represent one of two independent experiments

induce tumor-specific CTLs [25]. Other cell types have
been found to play roles in antitumor immunity, such as
NK cells or activated eosinophils, which may be marginally
involved. Thus, as various cancer patients have been shown
to possess low levels of tumor-specific T cells, superanti-
gens may be able to expand these small populations to pro-
duce populations that are effective at fighting the tumor.
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IFN-y has been shown to elicit direct anticellular effects on
a variety of tumor cell lines. Furthermore, IFN-y-induced
cell growth inhibition was accompanied by the increased
production of the tumor suppressor gene products p21 and
p27 [26, 27]. This suggests that the direct anticellular
effects of IFN-y also contribute to the antitumor protection
seen in response to vaccination followed by superantigen
administration.

The ability of DC to generate potent type-1 immune
responses has made them highly attractive for use as cancer
vaccines where cytolytic immunity is desired for the clear-
ance of tumor cells. IL-12 enhances natural killer cell and
CTL activities and plays a key role in the induction of type-1
immune responses. Numerous studies have demonstrated
that the co-administration of IL-12 or genetic engineering of
DC to produce high levels of IL-12 strongly enhances the
antitumor efficacy of cancer vaccines [28-30]. Recently, we
found that the ability of class I restricted CD8" T cells to
coactivate and polarize DC supports the induction of type-1

@_ Springer

Tumor Tumor Tumor
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bearing bearing with bearing with  bearing with
(4 DC CY and DC

responses using ovalbumin or superantigen mice model [ {6].
Consistent with previous studies using the OVA model, het-
erologous help from CD8" T cells could not be mediated by
IL-12/1L-23-deficient dendritic cells generated from the bone
marrow of p40-knockout animals in this study, suggesting
that dendritic cells play a critical role in mediating CD8 help
for anticancer immunity.

Superantigenic stimulation of T cells prior to their activation
by vaccination may ultimately lead to the induction of anergy
[9, 10]. Furthermore, tumor-specific anergy has been shown to
be an early event in the tumor-bearing host. Although the
CD4" CD25"* T-cell number is tightly regulated in normal
conditions, they accumulate in tumor-bearing hosts [31, 32].
Valzasina et al. [32] reported CD4*CD25™ T-cell conversion
into regulatory T cells (Treg) as the mechanism of Treg
replenishment and expansion in tumor-bearing mice. Fur-
thermore, therapeutic vaccination of the tumor-bearing host
expanded both tumor-induced Treg and effector cells, but
suppression was dominat, blunting the expansion of naive
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tumor-specific T cells and blocking the execution of effector
function [33]. Cyclophosphamide (CY) is an alkylating
agent that 1s widely used in the treatment of malignancies
as well as autoimmune disorders. As an immunomodula-
tory agent, CY increases the efficacy of various kinds of
antitumor immunotherapeutic regimens, including active or
adoptive immunotherapies. The administration of low-dose
CY prior to DC immunization resulted in a significant
increase in antitumor Thl immune responses and a
decrease in the number of CD4* CD25" Treg cells in the
tumor-bearing host [34]. Our data demonstrate that
although the efficacy of tumor antigen and SAg-pulsed DC
was abolished in a therapeutic tumor-bearing model, sig-
nificant antitumor effects were observed in animals bearing
various established tumors (EG7, B16, and 2LL) after low-
dose CY treatment. Complete tumor eradication was
observed in 30-60% of mice treated with a single injection
of SAg-pulsed DC, even when a weakly immunogenic B16
or 2LL tumor was used. Consistent with previous reports
[31, 32, 34], our data also demonstrated that these efficacy
might be due to an ability of CY to control the number of
Treg in tumor-bearing animals.

Few studies have utilized SAg as an immune adjuvant
for anti-cancer therapy. Wirth etal. [35] investigated
whether the induction of a CTL response to HLA-A2-
Melan-A was improved by using rVV expressing the CTL
defined epitope alone or in combination with SAg. They
showed that the anti-Melan-A response was efliciently
induced but that tumor suppression was not significantly
enhanced by coexpression of the SAg in a tumor protective
model. However, the host dendritic cells might not have
worked efficiently in their model. Kominsky etal. [24]
reported that  the vaccination of mice with irradiated
B16F10 cells followed by treatment with a combination of
SEA and SEB led to significant and specific protection
against subsequent challenge with viable B16F10 cells.
Here, we showed that tumor antigen and SAg-pulsed ex
vivo generated dendritic cells efficiently induced antitumor
immunity in therapeutic models (tumor-bearing state) as
well as the prophylactic setting. Although SAg is known to
cause toxicity through excessive immune responses, SAg
was administered in several human clinical studies as well
as animal studies, and no serious adverse events were
reported [36-38]. Indeed, we observed five non-tumor-
bearing animals that were injected with the same dose of
SAg-pulsed DC, and they remained alive for at least a year.

In summary, systemic immune responses, as demon-
strated by CTL activity and IFN-y production, were signifi-
cantly higher and tumor specific when SAg-pulsed DC
were used. High cytolytic activity in association with a
type-1 response may have contributed to the profound in
vivo anti-tumor effects that we observed. These results
strongly suggest that treatment with SAg-pulsed DC in

combination with low-dose CY should be considered in
humans, in order to facilitate the development of effective
strategies for therapeutic vaccination of patients with can-
cer and chronic infections.
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Mycobacterium tuberculosis (M. tb) is an intracellular
pathogen that can replicate within infected macrophages.
The ability of M. tb to arrest phagosome maturation is
believed to facilitate its intracellular multiplication. Rab
GTPases regulate membrane trafficking, but details of
how Rab GTPases regulate phagosome maturation and
how M. tb modulates their localization during inhibiting
phagolysosome biogenesis remain elusive. We compared
the localization of 42 distinct Rab GTPases to phago-
somes containing either Staphylococcus aureus or M. tb.
The phagosomes containing S. aureus were associated
with 22 Rab GTPases, but only 5 of these showed simi-
lar localization kinetics as the phagosomes containing
M. tb. The Rab GTPases responsible for phagosome
maturation, phagosomal acidification and recruitment of
cathepsin D were examined in macrophages expressing
the dominant-negative form of each Rab GTPase. Lyso-
Tracker staining and immunofluorescence microscopy
revealed that Rab7, Rab20 and Rab38 regulated phagoso-

mal acidification and Rab7, Rab20, Rab22b, Rab32, Rab34,

Rab38 and Rab43 controlled the recruitment of cathepsin
D to the phagosome. These results suggest that phago-
some maturation is achieved by a series of interactions
between Rab GTPases and phagosomes and that dif-
ferential recruitment of these Rab GTPases, except for
Rab22b and Rab43, to M. tb-containing phagosomes is
involved in arresting phagosome maturation and inhibit-
ing phagolysosome biogenesis.

Key words: acidification, cathepsin D, macrophage, mem-
brane trafficking, Mycobacterium tuberculosis, phago-
lysosome biogenesis, phagosome maturation, Rab
GTPase
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Phagocytosis of pathogens by macrophages is an impor-
tant process of the innate immune response. Pathogens
are enveloped by phagocytic membranes to form phago-
somes immediately following internalization. The phago-
somes are then processed by a series of interactions

with endosomes, resulting in phagosome maturation.
During phagosome maturation, phagosomes fuse with
lysosomes, in a process known as phagolysosome bio-
genesis, and acquire degradative and microbicidal prop-
erties. Several proteins, including the Rab GTPases, play
pivotal roles in phagosome maturation and phagolyso-
some biogenesis (1). Rab5 is associated with phago-
somes immediately after phagocytosis and facilitates the
recruitment of Rabb effector proteins, EEA1 and class
i1l phosphatidylinositol-3-phosphate kinase (2). Membrane
bound Rab5 is rapidly dissociated from the phagosome
after its activation (3). Rab7 appears on the phagosome
membrane after Rab5 dissociation and resides on the
membrane during phagosome maturation (4). After acqui-
sition of Rab7, phagolysosome biogenesis is accelerated
by the recruitment of Rab7-interacting-lysosomal-protein
(RILP) to the phagosome (5).

Mycobacterium tuberculosis (M. tb) is the causative
agent of tuberculosis "and has the ability to survive
and proliferate in macrophages. Blockage of phagolyso-
some biogenesis may assist M. tb multiplication within
infected macrophages (6,7). M. tb inhibits the acidification
of phagosomes and recruitment of lysosomal hydratases
to phagosomes, resulting in avoidance of the degrada-
tive and microbicidal properties of phagosomes (8). It

" has been thought that M. tb arrests phagosome matu-

ration at the stage of Rab5—Rab7 conversion (9) on the
mycobacterial phagosomes (10,11), because Rab7 was

- reported to be absent on mycobacterial phagosomes in
“macrophages (12—-15). Sun et al. (16), however, demon-

strated Rab7 localization on mycobacterial phagosomes.
We have demonstrated that Rab7 is transiently recruited
to and subsequently released from M. tb-containing
phagosomes and that the release of Rab7 limits the
recruitment of cathepsin D and RILP {17,18). Other Rab
GTPases, Rab14 and Rab22a, were also demonstrated to
be involved in the maturation arrest of M. tb-containing
phagosomes (12,19), suggesting that M. tb-disturbs the
activity of some Rab GTPases regulating phagosome mat-
uration and survives within macrophages.

Rab GTPases are encoded by a family of more than 60
genes and regulate membrane trafficking (20,21). The role
of Rab GTPases in the trafficking of endocytosis and exo-
cytosis has been well studied and their function in phago-
cytosis is being elucidated. Proteomic analysis revealed
that several Rab GTPases are recruited to the latex bead-
containing phagosomes (22-24). Smith et al. (25) investi-
gated the interaction of a large number of Rab GTPases
with phagosomes containing Salmonella in Hela cells.
However, there is currently insufficient information about
the role of Rab GTPases in professional phagocytotic cells
to understand how M. tb subverts membrane trafficking
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to survive within infected macrophages. In this study,
we investigated the localization and function of 42 Rab
GTPases in macrophages infected with S. aureus and
M. tb during the progression of phagosome maturation.
Through this comprehensive study, we demonstrate that
the progression of phagosome maturation is achieved by
the association of several Rab GTPases with the phago-
some, leading to phagolysosome biogenesis, and that
the release and/or dissociation of these Rab GTPases
from M. tb-containing phagosomes has the relevance to

from M. th-containing phagosomes, suggesting that M. tb
alters the localization of Rab7 to arrest phagosome mat-
uration (17). In this study, we examined the localization
of other Rab GTPases on M. tb-containing phagosomes
in order to identify those with pivotal roles in phago-
some maturation that are affected by the virulent M. tb.
Raw264.7 macrophages were infected with S. aureus
or M. tb and phagosomal maturation was compared. We
confirmed acidification of the phagosomes and the recruit-

M. tb-induced inhibition of phagolysosome biogenesis. ment of cathepsin D to the phagosomes in macrophages

infected with S. aureus (Figure 1A,B). Both events, how-
ever, were inhibited in the macrophages infected with
the virulent strain of M. tb, strain H37Rv (Figure 1C,D).
We also found that the viability of S. aureus phagocy-
tosed by macrophages quickly decreased, while M. tb
was more robust, demonstrating survival and proliferation
(Figure 1E). These results indicate that the maturation of
the phagosomes containing M. tb was inhibited and that
M. tb proliferated within Raw264.7 macrophages.

Results

Maturation of S. aureus- and M. tb-containing
phagosomes

We have previously demonstrated that Rab7 controls the
recruitment of the major lysosomal hydratase, cathep-
sin D, to the latex bead-containing phagosomes and that
Rab7 is transiently recruited to and subsequently released
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Figure 1: Maturation of phagosomes containing S. aureus and M. th. A-D) Acidification and cathepsin D recruitment to phagosomes
containing S. aureus and M. tb were examined. Raw264.7 macrophages were infected with Alexad05-abeled S. aureus (A and B) or
M. tb (C and D) for 6 h. Infected cells were stained with LysoTracker (A and C) or anti-cathepsin D and Alexa488-labeled secondary
antibodies (B and D), followed by observation with LSCM. A-1, B-1, C-1 and D-1 show S. aureus {SA} or M. tb (MTB). A2, B-2, C-2
and D-2 show localization of LysoTracker (LT} or cathepsin D (CATD). A-3, B-3, C-3 and D-3 show merged images of macrophages
and bacteria (merge). Arrows indicate the phagosomes containing SA or MTB. Scale bar, 10 um. E} Intracellular growth of S. aureus
and M. tb in macrophages. Raw264.7 macrophages (1 x 105 cells) were infected with M. tb for 4 h or S. aureus for 1 h at an MOI
of 10. Infected cells were washed with DMEM three times to remove non-phagocytosed bacteria and then incubated with DMEM
containing 10% FBS and 10 pg/mL gentamicin. Infected cells were collected at the indicated days and the number of viable bacteria
was determined by a colony forming unit [CFU) counting assay. Data represent the means and standard deviations of three independent
experiments. The CFU of S. aureus after day 2 was not plotted as they were less than 10.
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Localization of Rab GTPases on M. tb-Containing Phagosomes

Localization of Rab GTPases on S. aureus-containing
phagosomes

To investigate the association of Rab GTPases with
S. aureus phagosomes, Raw264.7 macrophages were
transfected with the expression plasmid for enhanced
green fluorescent protein (EGFP)-fused Rab GTPases and
were then infected with S. aureus labeled with Texas
Red. Infected cells were fixed and observed by laser scan-
ning confocal microscopy (LSCM) at the indicated times
up to 6h. More than 100 internalized bacteria within
macrophages expressing EGFP-fused Rab GTPase were
examined at each time-point. The bacteria surrounded
by EGFP signals were regarded as positive phagosomes
associated with Rab GTPases. We investigated the kinet-
ics of 42 distinct Rab GTPases whose expression was con-
firmed in Raw264.7 by reverse transcription-polymerase
chain reaction (RT-PCR; data not shown). Their localization
is summarized in Table S1 (Supporting information). We
found 22 Rab GTPases associated with the phagosomes
containing S. aureus (Figures 2 and S1). Localization of
Rab GTPase could be classified into two types according
to their kinetics on S. aureus-containing phagosomes, i.e.
(i) transient localization or {ii} accumulation.

Figure 2A shows the localization kinetics of Rab GTPases
exhibiting type | profiles. Rab5 and Rab22b were recruited
to 30 and 90% of the phagosomes at 10 min post-infection
(p.i.), respectively. Subsequently, these two Rab GTPases
quickly disappeared from the phagosomes. Rab8, Rab8b,
Rab11, Rab11b, Rab13, Rab14, Rab20, Rab22a, Rab32,
Rab38 and Rab43 also showed transient phagosomal
localization, peaking at 30 min and/or 1 h p.i. Figure 2B
shows the localization kinetics of Rab GTPases exhibiting
type Il profiles. Rab7 localized on 40% of the phagosomes
at 10 min p.i. The proportion of Rab7-positive phagosomes
reached more than 80% at 30 min p.i. and remained at this
level at 6 h p.i. as described previously (5,17). Localization
of Rab7b, Rab9, Rab3b, Rab34 and Rab39 demonstrated
similar kinetics to Rab7 localization. Rab27 and Rab37
did not localize to the phagosomes at the early stage
of phagosome maturation. The proportions of Rab27-
and Rab37-positive phagosomes increased only after 1 h
p.i., suggesting that these Rab GTPases localize on the
phagosome at the late stage of phagosome maturation.
Rab23 localized on more than 80% of the phagosomes
at all time-points investigated. The other 20 Rab GTPases
investigated showed no significant associations with the
phagosomes fless than 20% of the phagosomes) at all
time-points up to 6 h (Figure S2). These results suggest
that the network of Rab GTPases regulates the process
of phagosome maturation at various time-points.

Localization of Rab GTPases on M. tb-containing
phagosomes

We next investigated the localization of Rab GTPases
on the phagosomes in macrophages infected with the
virulent strain of M. tb. To investigate the association
of Rab GTPases with M. tb-containing phagosomes, we
infected Raw264.7 macrophages expressing EGFP-fused
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Rab GTPases with M. tb strain H37Rv expressing DsRed
(Figure 2 and S1). The localization of Rab GTPases on
M. tb-containing phagosomes was then examined as
described above. Surprisingly, only five of the 22 Rab
GTPases (Rab8, Rab8b, Rab9, Rab22b and Rab43) that
localized on S. aureus-containing phagosomes showed
the same localization kinetics on M. tb-containing phago-
somes. According to the kinetics of localization on
M. tb-containing phagosomes, the other 17 Rab GTPases
were classified into three groups, showing: (i) transient
association in contrast to the accumulation on S. aureus-
containing phagosomes (Rab7, Rabdb, Rab23 and Rab34),
(i} similar kinetics but a lower rate of association than
with S. aureus-containing phagosomes (Rab7b, Rab14,
Rab22a, Rab32, Rab38 and Rab39) and {iii) a very low
rate of association (Rabb, Rab11, Rab11b, Rab13, Rab20,
Rab27 and Rab37).

Rab7 localized on 40% of M. tb-containing phagosomes
at 10 min p.i., and the proportion of Rab7-positive M. tb-
containing phagosomes increased to 80% at 30 min p.i.,
in a similar way to S. aureus-containing phagosomes.
The proportion of Rab7-positive M. tb-containing phago-
somes decreased after 1h p.i. and reached 30% at
6 h p.i., while the proportion of Rab7-positive S. aureus-
containing phagosomes remained at 80% up to 6 h p.i.,
confirming the previous results {(17). Similar localization
kinetics on M. tb-containing phagosomes were observed
for Rab9b, Rab23 and Rab34 (type I). Rab7b localized to
40% of M. tb-containing phagosomes, as was seen with
S. aureus-containing phagosomes. Rab7b-positive phago-
somes containing S. aureus increased to more than 80%
up to 6 h p.i., but the proportion of Rab7b-positive phago-
somes containing M. tb did not change. Rab14, Rab22a,
Rab32, Rab38 and Rab39 also showed a weaker associ-
ation with M. tb-containing phagosomes compared with
S. aureus-containing phagosomes (type ll). Rab5 localized
on 30% of S. aureus-containing phagosomes at 10 min
p.i., but the proportion of Rab5-positive M. tb-containing
phagosomes was less than 20%. Rab11 localized on 80%
of S. aureus-containing phagosomes at 30 min p.i., but
showed no significant association on M. tb-containing
phagosomes (less than 20%). Rab11b, Rab13, Rab20,
Rab27 and Rab37 also showed no significant associa-
tion with M. tb-containing phagosomes (type Ill). These
results suggest that the dissociation of 17 Rab GTPases
might disrupt membrane trafficking in the maturation pro-
cess of M. th-containing phagosomes. We found that 20
Rab GTPases, which were not associated with S. aureus-
containing phagosomes, also showed no significant asso-
ciation with M. tb-containing phagosomes (Figure S2).

Localization of Rab GTPases on isolated phagosomal
fractions

To examine the recruitment of endogenous Rab GTPases
to the phagosomes, we conducted immunoblotting anal-
ysis to detect Rab GTPases in isolated phagosomes
containing latex beads and M. tb. Raw264.7 macrophages
were allowed to phagocytose latex beads or infected with
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