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LIMP-2 Links Late Phagosomal Trafficking with the Onset of
the Innate Immune Response to Listeria monocytogenes

A ROLE IN MACROPHAGE ACTIVATION™
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The innate immune response to Listeria monocytogenes
depends on phagosomal bacterial degradation by macro-
phages. Here, we describe the role of LIMP-2, a lysosomal
type III transmembrane glycoprotein and scavenger-like
protein, in Listeria phagocytosis. LIMP-2-deficient mice
display a macrophage-related defect in Listeria innate im-
munity. They produce less acute phase pro-inflammatory
cytokines/chemokines, MCP-1, TNF-a, and IL-6 but normal
levels of IL-12, IL-10, and IFN-+y and a 25-fold increase in
susceptibility to Listeria infection. This macrophage defect
results in a low listericidal potential, poor response to
TNF-a activation signals, impaired phago-lysosome trans-
formation into antigen-processing compartments, and un-
controlled LM cytosolic growth that fails to induce normal
levels of acute phase pro-inflammatory cytokines. LIMP-2
transfection of CHO cells confirmed that LIMP-2 partici-
pates in the degradation of Listeria within phagosomes,
controls the late endosomal/lysosomal fusion machinery,
and is linked to the activation of Rab5a. Therefore, the role
of LIMP-2 appears to be connected to the TNF-a-depen-
dent and early activation of Listeria macrophages through
internal signals linking the regulation of late trafficking
events with the onset of the innate Listeria immune
response.
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Infection with a sublethal dose of Listeria monocytogenes
(LM)* triggers an innate immune response in which M@s play
a central role. In fact, LM replicates intracellularly, and the
number of bacteria is limited by activated M@s, which pre-
vent the dissemination of LM into the bloodstream. Recent
studies suggest that the onset of LM innate immune response
in MO@s involves at least three intracellular stages (1-3). The
first stage corresponds with LM internalization by the Toll-
like receptor (TLR) recognition system and several scavenger
receptors (4-9). Next, the phagosomal stage promotes the
degradation of LM via the action of oxidative pathways, such
as phox and inducible NOS enzymatic complexes (10-13),
and nonoxidative microbicidal components, such as endoso-
mal-lysosomal proteins (11, 14, 15). Lastly, a newly described
cytosolic surveillance system mediated by NOD-like receptors
senses degraded phagosomal bacteria (2, 3) and induces the
production of M@-derived pro-inflammatory cytokines/che-
mokines MCP-1, TNF-q, IL-6, and IL-12. The culmination of
these intracellular responses is the transformation of LM-
primed M@s into powerful microbicidal cells that promote
the clearance of LM and contribute to adaptive immunity as
antigen-presenting cells. LM-primed MOs respond to differ-
ent signals to acquire features of microbicidal cells and anti-
gen-presenting cells. TNF-« is produced by LM-primed M@s
and controls the early signals that grant these cells the ability
to kill intracellular bacteria. IFN-vy is produced by NK and T
cells and regulates the late signals that transform M@s into
listericidal cells and activated antigen-presenting cells with
high MHC class II expression (10, 12, 13). Although the over-
all picture of LM-driven innate immunity is well described (1,
10, 12, 13), the intracellular molecules connecting the phago-
somal and cytosolic stages are currently unknown. Moreover,
the trafficking components involved in the innate immune
response that promotes the transformation of the less bacteri-
cidal phagosomes into fully competent microbicidal and

*The abbreviations used are: LM, L. monocytogenes; dpi, days post-infec-
tion; M@, macrophages; LMP, L. monocytogenes phagosomes-like
vesicles; TLR, Toll-like receptor; MIIC, MHC class Il antigen-processing
compartment; HKLM, heat-killed LM; CFU, colony-forming unit(s); PNS,
post-nuclear supernatant(s); BM-DM, bone marrow-derived M@; ASMase,
acid sphingomyelinase; RI, replication index; TRITC, tetramethylrhodam-
ine isothiocyanate; Ctsd, cathepsin-D.
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MHC class II antigen-processing compartments (MIICs) re-
main elusive.

Our group has been analyzing the role of M@s in LM-
driven innate immunity and in deciphering the phagosomal,
nonoxidative components for several years. We have previ-
ously reported the direct participation of the soluble lysoso-
mal protease cathepsin-D (Ctsd) in LM degradation in the
phagosome (14 -16). Similarly, lysosomal proteins and regula-
tory factors, cathepsin-L, Rab7, LAMP-1, and LIMP-2, partic-
ipate in other phagocytic systems (5, 7, 17-22).

Here, we have investigated the possibility that two major
components of phago-lysosomal membranes, LAMP-1 and
LIMP-2 (19), were involved in the innate immune response to
LM by linking the phagosomal and cytosolic stages. We based
our hypothesis on two observations: (i) different MIIC and
phagocytic vesicles contain LAMP-1 and LIMP-2 as charac-
teristic markers (11, 17, 19, 20, 23-26), and (ii) both proteins
appear as key regulators of late trafficking events (19, 27-29).
Therefore, they were good candidates for the molecules that
connect the late trafficking processes with innate immunity to
LM.

We infected LIMP-2- and LAMP-1-deficient mice (LIMP-
27/~ and LAMP-1"'", respectively) with LM and found that
only the LIMP-2"/~ mice were highly susceptible to LM in-
fection and displayed defective M@ activation. This M@ de-
fect affected the amount of LM able to escape to the cytosol,
the production of early acute phase pro-inflammatory cyto-
kines, and the ability of LM phagosomes to interact with
MIIC vesicles. To confirm a role for LIMP-2 in phagocytic
late trafficking events such as phagosome-lysosome fusion or
bacterial proteolysis, we used CHO cells that overexpressed
LIMP-2. Our results suggest that in concert with active
Rab5a, LIMP-2 regulated the phagosomal fusion machinery of
the late endosomes-lysosomes and the cytosolic levels of LM.

EXPERIMENTAL PROCEDURES

Bacteria—The L. monocytogenes strains used were: 10403S
wild type (LM™"); hly-deficient mutant DPL-2161 (LM"Y ™)
(D. A. Portnoy, UCLA-Berkeley); and DHL-L1039, a GFP-
Listeria variant (D. E. Higgins, Boston College). Heat-killed
LM (HKLM) was prepared as reported previously (14, 30, 31).

Cells, Reagents, and Mice—CHO cells were acquired from
ATCC. We previously described the use of LIMP-2-deficient
(LIMP-27/7) (29), LAMP-1-deficient (LAMP-1"'7) (19), and
Ctsd-deficient mice (Ctsd ' ~) (15). The animals were used in
accordance with the regulations of the University of Kiel and
the Hospital Universitario Marqués de Valdecilla Instituto de
Formacién e Investigaciéon Marqués de Valdecilla animal use
and welfare board. BM-DM and mouse embryonic fibroblast
culture conditions and requirements, as well as i vivo and in
vitro infections and treatments, were described previously
(15).

Transfections, FACS Analysis, Phagoburst, and Cytokine
Measurements—CHO cells were transfected as described pre-
viously (15) with the following cDNAs subcloned into the
peGFP-C1 vector: LAMP-1 (provided by S. Meresse, Centre
d’Immunologie Marseille-Luminy, Marseille, France); murine
cathepsin-D (provided by M. Dustin, New York University);
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LIMP-2 (provided by I. V. Sandoval, Centro de Biologia Mo-
lecular Severo Ochoa, Madrid, Spain); and cathepsin-L, which
was subcloned from the pK14-cathepsin-L vector using

the Smal site. hRab5a, Q79L (AQ), or S34N (AS) cDNAs were
subcloned into the pcDNA3.1 hygromycin vector using the
HindIII/BamHI sites. Transfected cells were FACS-sorted twice
(FACSCalibur; BD Biosciences), and the brightest 5% of cells
was collected. Thereafter, we analyzed 100,000 cells/transfec-
tant cell line by FACS using the CellQuest software program
(BD Biosciences) for data acquisition and analysis. The mean
of arbitrary fluorescent units (mean fluorescent intensity) rep-
resents the percentage of fluorescent intensity per cell line as
described previously (31). We also used FACS analysis for
evaluation of the cell surface phenotype of BM-DM (100,000
cells) using FITC-labeled monoclonal antibodies (BD, Bio-
sciences) against the following M@ activation markers:
CD11b, Grl, CD11c, IA®, F4/80, and CD54. BM-DM oxida-
tive burst was examined using LM as the stimulus (10 min at
37 °C) and the Phagoburst kit (Orpegen Pharma, Heidelberg,
Germany). FACS was used to examine the levels of pro-in-
flammatory cytokines in the sera of LM-infected mice or su-
pernatants of infected BM-DM cultures using the CBA kit
(BD Biosciences) that simultaneously analyzes IFN-vy, TNF-q,
MCP-1, IL-6, IL-10, and IL-12.

Infection Kinetics—Infection assays were performed as de-
scribed (30) and indices of intracellular growth corresponded
to the ratio of CFU at 8 h divided by CFU at 0 h. Intraphago-
somal viability was estimated from intact phagosomal frac-
tions as previously reported (11, 15). CFU from controls were
expressed as 100% of viable LM = S.D. of three different ex-
periments. Conventional fluorescence microscopy (Nikon
Eclipse E400 microscope) was used for visualizing transfec-
tants grown on glass coverslips and fixed with paraformalde-
hyde. Confocal fluorescence microscopy (63X Zeiss
microscope) was used for GFP-LM infection of cells and co-
localization with biotinylate anti-IA" antibodies followed by
streptavidin-phycoerythrin. In some experiments, BM-DM
were pretreated with IFN-y (10 ng/ml) or TNF-« (10 ng/ml)
for 24 h before LM infection.

[?*S]LM Binding and Degradation Experiments—Binding
assays were performed using nontransfected CHO cells and
CHO transfectants as described previously (31). In brief, the
cells were cultured to confluency (4 X 10° cells/well) on poly-
vinyl 96-well plates (Falcon; Becton Dickinson), fixed with 1%
paraformaldehyde to prevent internalization of the bacteria,
and blocked with PBS, 10% FCS to block nonspecific binding
sites. [**S]LM or [**SJHKLM (500,000 cpm/well) were added
to the cells and incubated on ice for 60 min to allow adher-
ence. After washing, the wells were cut out, and the radioac-
tivity associated with adherent cells was measured in a
B-counter. For degradation experiments, [**>S]HKLM
(500,000 cpm/well) were internalized by cells cultured on reg-
ular cultured and treated 96-well plates (4 X 10° cells/well),
centrifuged to synchronize the infection, and incubated for 20
min to allow for bacterial uptake. Next, supernatant and cell
lysates were collected after 60 min. The proteins were precipi-
tated from cell lysates and supernatants with 10% TCA, and
cell-associated and supernatant radioactivity was measured in
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all of the samples following a protocol described previously
(14). Individual data points were performed in triplicate, and
the data correspond to the means * S.D.

Phagosome Isolation and Comparative Analysis of Phagoso-
mal and Cytosolic Bacteria—CHO cells, mouse embryonic
fibroblasts, or BM-DM were infected with LM for 20 min
(20:1 bacteria:cells for CHO and mouse embryonic fibroblasts
cells and 10:1 for BM-DM), and phagosomal fractions or
LMPs were isolated from thawed post-nuclear supernatants
(PNS). A 100-ul aliquot of PNS was applied to a 8.8 —20-40%
discontinuous sucrose gradient and centrifuged. Phagosomes
or LMPs were recovered from the 8.8 —20% interface and the
lower 20% (15). The purity of the organelles was monitored by
biochemical analysis, as previously reported, to assess con-
tamination with other cell components (11, 14-16). For pha-
gosomal protein separation, 30 ug of purified phagosomal
proteins were separated on 10% SDS-PAGE gels, blotted on a
membrane, and analyzed for several markers with the follow-
ing antibodies: 4F11 for Rab5a, goat anti-ASMase (kindly pro-
vided by O. Utermohlen), and rabbit anti-cathepsin D. The
percentage of stable/unstable MHC II molecules in the pha-
gosomes and the whole cells were estimated after cell labeling
with 10 uCi of [**S]Met/Cys translabel and dividing the pha-
gosomal or cell preparations into nonboiled or boiled samples
as reported previously (32, 33). To estimate the percentages of
phagosomal and cytosolic bacteria, we used a previously re-
ported procedure (15, 16). In brief, LM infection was carried
out for 0 and 8 h. Phagosomes were isolated from an aliquot
of PNS. An additional PNS aliquot was used to estimate the
percentage of total internalized LM expressed as CFU. The
percentage of cytosolic bacteria was calculated as (PNS —
phagosomal numbers/PNS) X 100 (15, 16).

Assays for Phagosome-Endosome or Phagosome-Lysosome
Fusion Transfers—For phagosome-early endosome fusion
transfer, we incubated BM-DM with streptavidin-HRP (500
pg/ml) for 5 min followed by infection with biotinylated LM
for 20 min (14). For phagosome-late endosome fusion trans-
fer, BM-DM cells were incubated for 5 min with streptavidin-
HRP and chased for 15 min in DMEM before infection for 20
min with biotinylated LM. For phagosome-lysosome fusion,
BM-DM cells were treated as above with streptavidin-HRP
for 5 min and chased for 16 h in DMEM, 1% FCS to allow for
labeling of the lysosomal compartment before infection with
biotinylated LM for 20 min (14). The results are expressed as
percentages of total PNS before phagosome isolation.

Statistical Analysis—For statistical analysis, the Student’s ¢
test was applied. A p < 0.05 was considered statistically
significant.

RESULTS

LIMP-2~"~ Mice Are More Susceptible to LM—In listerio-
sis, control of the infection is performed in the spleen by resi-
dent M@s as early as 3 days post-infection (dpi). However,
complete bacterial clearance is not achieved until 7 dpi. To
determine the involvement of LAMP-1 or LIMP-2 in the im-
mune response to LM, we compared the bacterial LM burden
of spleens from infected LIMP-2~/~ and LAMP-1"'" mice at
two time points, 3 and 7 dpi, which allowed for the evaluation
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FIGURE 1. LIMP-2/~ but not LAMP-1~'~ mice were highly permissive to
LM infection and displayed an impaired LM innate immunity. WT mice
(white bars), LAMP-1""~ (gray bars), or LIMP-2~/" littermates (black bars)
were infected with 5 X 10% LM for different times. Next, CFU were quanti-
fied in homogenized organs. The experiments were performed at least
three times. A, CFU analysis of spleen from LM infected LIMP-2~/~, LAMP-
17’7, and wild-type mice at 3 and 7 dpi. The results are expressed as the
CFU X 10° + S.D. B, columns 1-5 represent different experiments of five
mice/genotype in each experiment. CFU analysis of liver and spleen of LM
infected LIMP-2~/~ and WT mice at 3 dpi. The results are expressed as the
CFU X 10° = S.D.in liver and as CFU X 10° + S.D. in spleen of triplicate
samples. C, spleen from wild-type mice (labeled as +/+), LAMP-1"/~, or
LIMP-2~/~ infected, or not, with 5 X 10* LM for 7 days. Homogenates were
incubated with 10 uCi of 3*S-translabel for 2 h. Next, the spleen cells were
incubated with 2% dialyzed FCS-DMEM-Met/Cys-free for 14 h. The cells
were lysed and immunoprecipitated with Y3P antibody to capture the
newly synthesized MHC Il molecules. The immunoprecipitates were run
under SDS-PAGE, and the gels were exposed to x-ray films.

of the innate and adaptive immune responses. As shown in
Fig. 14, LIMP-2~/~ mice had 25- and 100-fold increases in
susceptibility to LM infection at 3 and 7 dpi, respectively,
compared with both the WT and LAMP-1"/" mice. These
data suggest that LAMP-1 is not required for immunity to
LM. To evaluate in detail the impact of the innate immune
response to LM and the role of LIMP-2, we examined early
listeriosis at 3 dpi following the bacterial burden in both the
liver and spleen of infected LIMP-2 "/~ mice after intraperito-
neal injection of 5 X 10* CFU, which is LDy, for WT mice.
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TABLE 1
Innate immune parameters elicited by LM infection
LIMP-2=/~ Wild type
Sera cytokine concentration”
TNF-«a 309.5 = 11 3.500 = 35
MCP-1 612.5 = 13 2.803 = 21
IL-6 809.5 = 12 4.500 = 45
IL-12 341 %5 312+%8
IL-10 51*1 6.2*2
IFN-y 177.3 £ 12 163.45 * 13
BM-DM cytokine production”

TNF-a/LM™* 816.8 = 13 5101.2 £ 21
MCP-1/LM™* 942.1 = 25 4619.8 £ 16
IL-6/LM™* 2909 + 11 6502 = 14
IL-10/LM™* 189 £5 193 £2
TNF-a/LM"Y~ 140 = 11 150 = 15
MCP-1/LM"Y~ 153 = 15 157 = 16
IL-6/LM"Y ™ 86 =2 81 *4
TNEF-a/LMHM 310 =11 321 =15
MCP-1/LMHKIM 123 =15 133 = 16
IL-6/LM"<M 156 = 2 131 =4
TNF-a/LPS 3004 = 35 3400 = 31
MCP-1/LPS 3012 =21 3500 =* 24
IL-6/LPS 2204 = 20 2550 = 31

“LIMP-2"/" or wild type mice (n = 5) were infected with 1X LDy, intraperitone-
ally for 3 days. The mice were sacrificed, and sera were collected for cytokine
measurement by FACS analysis. The results are expressed as concentrations in
pg/ml extrapolated from an internal standard curve. LAMP-1"/" concentration
of cytokines was as follows: 3050 + 17 for TNF-a, 2500 * 20 for MCP-1,
4280 * 35 for IL-6, 30 * 5 for IL-12, 5.6 = 2 for IL-10, and 165 * 11 for IFN-.

® BM-DM were infected with wild type LM*, LLO-deficient mutant LMY~ or
heat-killed bacteria, LM M (ratio 10:1 of bacteria: cell) for 1 h or treated with
LPS from E. coli (1 ng/ml) and supernatants collected after 24 h. Cytokine meas-
urement was performed as above.

Infection periods beyond 3 days would lead to the induction
of adaptive immune responses to LM, which begins between 3
and 5 dpi (10, 12, 13). We performed five different experi-
ments with five mice/genotype (Fig. 1B; 1-5; p < 0.01).
LIMP-2~/~ mice had an average bacterial burden of 8 X 10°
CFU/spleen and 7 X 10° CFU/liver compared with 3.2 X 107
CFU in the spleen and 3 X 10® CFU in liver of WT mice. This
increase in bacteria load translated into a ~25-fold increase in
susceptibility to LM infection for the LIMP-2~/~ mice com-
pared with the WT animals.

LIMP-2 Participates in Early Innate Immune Responses to
LM—To consolidate the role of LIMP-2 in the innate immune
response to LM, we examined the level of pro-inflammatory
cytokines in the sera of LM-infected LIMP-2~/~ and WT
mice at 3 dpi. To differentiate between a possible early or late
role for LIMP-2 in the innate immune response to LM, we
evaluated the production of early pro-inflammatory cytokines,
such as TNF-«, MCP-1, IL-6, and IL-12, and late pro-inflam-
matory cytokines, such as IFN-vy and IL-10. After LM infec-
tion, the serum concentrations of IFN-vy and IL-10 were simi-
lar in the LIMP-2"/~ and WT mice. LIMP-2"/~ mice
infected with LM had a 10-fold reduced concentration of
acute phase pro-inflammatory cytokines, TNF-«, MCP-1, and
IL-6 compared with the levels seen in WT mice (Table 1).
LAMP-1"'" mice and WT control animals had comparable
concentrations of all pro-inflammatory cytokines (Table 1).
These data suggested that LIMP-2 regulates the early innate
immune response to LM. Moreover, we discarded a role for
LIMP-2 in the adaptive immune response following the in-
crease on the levels of newly formed stable MHC II o8 dimers
in the spleen after LM infection that correlated with the onset
of LM-specific immunity and can be detected 4 -5 dpi (10, 12,
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13). LIMP-2~/~, LAMP-1"'", and WT mice showed similar
levels of stable a8 dimers in the spleen of 7-dpi LM-infected
mice (Fig. 1C).

LIMP-2""" Bone Marrow-derived M@ Showed a Defect in
Endogenous Activation Signals—The high susceptibility to
LM infection in LIMP-2~/~ mice might reflect a defect in
endogenous signals that activate M@ such as bacterial infec-
tions. We examined BM-DM from LIMP-2~'~ and WT mice
after in vitro infection with pathogenic LM (LM™") and ob-
served an increase in LM intracellular growth rates compared
with WT BM-DM (Fig. 24), reflecting reduced microbicidal
function. These results also correlated with reduced produc-
tion of MCP-1, TNF-q«, and IL-6 but normal levels of IL-10,
after infection with pathogenic LM"* (Table 1). Therefore, the
activation of LIMP-2~/~ BM-DM may be compromised to
some extent, although they displayed a competent oxidative
burst capacity (Table 2). Evaluation of cell surface markers
characteristic for activated M@, such as F4/80, MHC II mole-
cules (IAP), and CD54, demonstrated that their expression
was reduced on the LIMP-2~/~ BM-DM compared with WT
BM-DM. Other cell surface markers common to resting and
activated M@ as well as dendritic cells or granulocytes, such
as CD11b, CD11c, and Gr-1, were expressed at similar levels
on the LIMP-27/~ and WT BM-DM (Table 2).

The significantly higher rate of intracellular LM growth in
the LIMP-2~/~ BM-DM compared with the WT BM-DM
indicated uncontrolled cytosolic growth of the pathogen. To
analyze the subcellular compartment of LM growth in LIMP-
27/~ BM-DM, we directly evaluated the percentage of phago-
somal and cytosolic LM. We reasoned that the first 8 h post-
infection would allow us to examine the phagocytic and
cytosolic stages of LM growth, because LM remains in the
phagosome for 30 -90 min post-infection, depending on the
cell type (34), before escaping to the cytosol. Therefore, we
calculated the percentage of phagosomal and cytosolic bacte-
ria at 0 and 8 h post-infection using a previously described
procedure (16). As controls, we also examined the intrapha-
gosomal growth of LM in Ctsd ™/~ and Ctsd™/* BM-DM, in
which we have previously shown enhanced intraphagosomal
viability of LM (16). The percentage of phagosomal LM at 0 h
in the Ctsd '~ and LIMP-2~/~ BM-DM was lower than in
WT cells (Table 3). These results suggest a lower listericidal
potential in Ctsd ™/~ - and LIMP-2 "/~ -derived M@ compared
with WT cells (Ctsd*/* or LIMP-2"/* mice). The intracellu-
lar distribution of LM at 8 h displayed clear differences be-
tween LIMP-2"/~ and Ctsd ™/~ BM-DM. In Ctsd '~ BM-
DM, LM was found mainly within the phagosomes. However,
it was primarily found in the cytosol in the LIMP-2~/~
BM-DM (Table 3). Therefore, LM preferentially grows within
the phagosomes of Ctsd "/~ BM-DM and in the cytosol in the
LIMP-2~/~ BM-DM. Exclusively cytosolic LM triggers the
cytosolic surveillance system of NOD-2 receptors responsible
for the production of the acute phase pro-inflammatory cyto-
kines, such as MCP-1, TNF-q, and IL-6. In fact, /ly-deficient
mutants of LM (LM™ ™), which are trapped in the phagosome,
do not induce these cytokines in BM-DM (1-3). LIMP-2~/~ and
WT BM-DM infected with LM™ ™ produced only background
levels of MCP-1, TNF-q, or IL-6 and infected with heat-killed
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10 uCi of 3*S-translabel, as in Fig. 4C, were isolated as under “Experimental Procedures,” and 30 g of phagosomal proteins were boiled (B lanes) or non-
boiled (NB lanes) before loading. The labels show stable a8 dimers and unstable « and 8 chains as reported (32, 33). £, WT or LIMP-2~/~ BM-DM were in-
fected with GFP-LM for 1 h, and MIIC compartments were labeled with biotinylated anti-IA® antibody followed by streptavidin-phycoerythrin. Co-localiza-
tion images appearing as yellow fluorescence were analyzed by confocal microscopy. The scale bars correspond with 5 um. F, different BM-DM pretreated
with IFN-vy (+/FN-y samples), TNF-« (+TNF-a samples), or untreated (NT samples) were infected with GFP-LM (ratio 10:1, bacteria:cell) for 12 h, and fluores-
cent images were analyzed by conventional fluorescent microscopy. The scale bars correspond with 6 um. CFU values at 12 h were 10 X 10* (WT and un-
treated images), 2 X 102 (WT and +IFN-yimages), 3 X 10% (WT and +TNF-«a images), 65 X 10* (LIMP-2~/~ and untreated images), 13 X 10 (LIMP-2~/~ and
+IFN-yimages), and 56 X 10* (LIMP-2"/~ and TNF-« images).

LM (LMPXIM) Jow Jevels (Table 1). However, LIMP-2~/~ BM- vation of TLR2 or TLR4 were not impaired in LIMP-2~/~

DM infected with LM™* showed a 10-fold reduced production of ~ BM-DM (Table 1). These data indicated that LM-primed

the acute phase pro-inflammatory cytokines compared with WT. ~BM-DM from LIMP-2"/~ mice showed a defect in endogenous
Exogenous signals such as the one mediated by LPS through acti-  signals, which had an impact on their intracellular activation.
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TABLE 2

Activation parameters and markers elicited by LM infection
BM-DM activation response LIMP-27/~ Wild type
Oxyburst® 77.5 78.2
Control isotype® 0.18 0.18
CDl11b 22.3 21.1
CDl1lc 8.5 10
Grl 0.33 0.33
IA? 27.5 57.2
F4/80 2.1 23
CD54 67.4 89.9

“ Oxidative burst capacity of BM-DM using the Phagoburst fluorescent reagent
after 10 min of incubation with LM as stimulus and according to the instruc-
tions of the supplier. The results correspond with the fluorescent intensity mean
of 100,000 cells using the CellQuest software program of data acquisition and
analysis.

> BM-DM were also surface-labeled with specific monoclonal antibodies
phycoerythrin-labeled. The percentages reflect the amount of positive cells for a
given marker or stimulus.

TABLE 3

Subcellular compartments for LM growth in different BM-DM
genotypes

Phagosomal Cytosolic
BM-DM genotypes” Oh 8h Oh 8h
% %
Ctsd*/* 32 2 68 98
Ctsd ™/~ 12 70 88 30
LIMP-2~/~ 16 20 84 80
LIMP-2"/* 33 1 67 99

“ BM-DM from LIMP-2~/~ or WT mice were infected with LM at a 10: 1 (cell:
bacteria) ratio as described under “Experimental Procedures.” Phagosomal and
cytosolic fractions were purified from PNS (30 pg) and solubilized, and viable
LM were quantified as CFU to calculate the percentages of phagosomal and cy-
tosolic bacteria as previously reported (15, 16). The results are expressed as per-
centages of total CFU internalized in PNS as described under “Experimental
Procedures.” CFU values for PNS at 0 h were: 6.5 = 0.03 for Ctsd™/*, 32.5 * 0.1
for Ctsd~/~, 63.7 = 0.01 for LIMP-27/~, and 7.0 % 0.03 for LIMP-2*/*.

LIMP-2~"" BM-DM Showed Impaired Transformation of
LM Phagosomes into Late Endosomal and Antigen Processing
Competent MIIC—A defect in the M@ bactericidal ability
may correspond with impaired late intracellular trafficking
events. In this regard, LM phagosomes from LIMP-2 "/~
BM-DM exhibited normal early endosome fusion, whereas
the percentage of interactions with late endosomes or lyso-
somes was reduced (Fig. 2B). LM phagosomes from LIMP-
27/~ and WT BM-DM had also similar levels of endocytic
markers such as Rab5a, inactive/immature Ctsd forms, iCtsd,
or ASMase (25, 35) (Fig. 2C). LIMP-2~/~ BM-DM also dis-
played a defect to transform LM phagosomes into MIIC be-
cause we detected low percentages of peptide-loaded MHC II
molecules or stable a«3-MHC II dimers (32, 33) in LM phago-
somes compared with WT BM-DM (Fig. 2D). Moreover, we
performed co-localization experiments of GFP-LM with anti-
MHC-class II antibodies and showed co-localization in WT
BM-DM (Fig. 2E and supplemental Fig. S1). In contrast, we
observed low levels of co-localization in LIMP-2~/~ BM-DM
(Fig. 2E and supplemental Fig. S1A4). Therefore, the defect of
LIMP-2"/~ BM-DM to respond to endogenous activation sig-
nals and produce acute phase pro-inflammatory cytokines (Table
1) may correlate with impaired late trafficking (Fig. 2, B-E).

LIMP-2""~ BM-DM Display Impaired Responses to Early
Exogenous Activation Signals but Normal Response to Late
Signals—Activation of M@ is also modulated by two exoge-
nous responses: an early activating signal modulated by
TNEF-« and a late activating signal controlled by IFN-vy. To
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analyze the participation of LIMP-2 in both exogenous acti-
vating signals, we used GFP-conjugated LM and examined
cytosolic LM after 12 h post-infection as described previously
(5,6,22). LIMP-2~/~ BM-DM displayed a higher level of cy-
tosolic GFP-LM fluorescence than WT BM-DM (Fig. 2E).
IFN-v pretreatment of LIMP-2~/~ and WT BM-DM resulted
in a clearly reduced GFP-LM fluorescence signal, and this
reduction was comparable between the LIMP-2~/~ and WT
BM-DM (Fig. 2F). However, pretreatment of BM-DM with
TNEF-a induced a reduced GFP-LM fluorescence signal only
in WT BM-DM but not in LIMP-2~/~ BM-DM (Fig. 2, F and
G). Replication index (RI) values for these cells confirmed LM
intracellular killing after TNF-o and IFN-vy treatment in WT
BM-DM as well as in LIMP-2~/~ BM-DM with IFN-vy treat-
ment (Fig. 2E). LM phagosomes from IFN-vy-treated LIMP-
27/~ and WT BM-DM also displayed high levels of Rab5a,
mCtsd, and ASMase as expected (Fig. 2C) (11, 25). Therefore,
LIMP-2~/~ BM-DM could respond normally to exogenous
signals such as IFN-vy.

LIMP-2 Regulates LM Intracellular Growth in LM Permis-
sive Cells—To evaluate the participation of LIMP-2 as a regu-
lator of LM cytosolic growth without the interference of M@
bactericidal mechanisms, we used LM-permissive cells. WT
or LIMP-2-deficient mouse embryonic fibroblasts (Limp2*"*
and Limp2~'~, in supplemental Fig. S24) were infected for
different periods with LM. Limp2 ™/~ cells showed exagger-
ated LM intracellular growth with rates 20-fold higher as
compared with WT cells. We also included Ctsd ~/~ mouse
embryonic fibroblasts, previously reported to show increased
LM intracellular growth within the phagosomes (15). We also
studied LM distribution between phagosomes and cytosol at
two different time points: 0 and 6 h. Limp2 '~ cells showed a
clear LM distribution and uncontrolled growth in the cytosol,
compared with the phagosomal growth in Ctsd ™'~ cells (sup-
plemental Fig. S2B). To verify these results, we infected WT,
Limp27/ ~,and Ctsd™/~ mouse embryonic fibroblasts with
GFP-LM and labeled the cytoskeleton with TRITC-phalloidin.
Co-localization of GFP-LM with TRITC-phalloidin was pro-
nounced in Limp2_/ ~ mouse embryonic fibroblasts, WT cells
showed some co-localization, but GFP-LM in Ctsd ™/~ cells
hardly co-localized with TRITC-phalloidin as expected, be-
cause bacteria grows within the phagosomes (15) (lower im-
ages in supplemental Fig. S2B). These results indicate that
LIMP-2 influences the phagosomal permeability of LM pha-
gosomes. In the absence of LIMP-2, the membrane perme-
ability changes and allows a higher number of LM to escape
to the cytosol.

LIMP-2 may also be involved in late endocytic trafficking
events in endocytosis and phagocytosis requiring active Rab5a
(28). It also functions as the sorting receptor for B-glucocere-
brosidase (29, 36) or acts as the invasive receptor for the en-
terovirus 71 (37). To discard a role of LIMP-2 in bacterial sur-
face adherence and to evaluate the molecular mechanism to
control cytosolic LM growth, we transfected LM permissive
CHO cells with the GFP-tagged cDNAs of LIMP-2, LAMP-1,
and Ctsd. Transfection efficiency was verified by immunoblot
analysis of whole cell lysates using anti-GFP antibodies for
LAMP-1 and LIMP-2 and a specific rabbit anti-Ctsd antibody
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(supplemental Fig. S3A, left panel). An equivalent fluorescent
intensity among transfectants was further confirmed by FACS
analysis (supplemental Fig. S34, right panel). We evaluated
the role of LAMP-1, Ctsd, or LIMP-2 in LM recognition using
a described previously [>*S]LM binding assay with CHO cells
to directly examine binding of bacteria to the cell surface (30,
31). Control cells and different CHO transfectants displayed
similar binding abilities (supplemental Fig. S3B), demonstrat-
ing that none of these lysosomal components participated in
LM cell surface recognition. We also observed that LIMP-2
and Ctsd transfectants compromised the intracellular growth
of LM (supplemental Fig. S3B), whereas LAMP-1 transfec-
tants displayed similar LM growth as CHO or peGFP-mock
transfected cells.

LIMP-2 and Active Rab5a Regulate Late Trafficking Events
Involved in LM Bacterial Proteolysis—We examined the pos-
sibility that Rab5a controls the involvement of LIMP-2 in dif-
ferent phagocytic events in LM infection using CHO co-
transfectants of LIMP-2 with Rab5a inactive (Rab5a: S34N
named here as AS) or Rabba active forms (Rab5a: Q79L
named here as AQ). LM killing was analyzed by estimating
the pathogen RI that measures the rate of LM intracellular
growth (Fig. 34) (16). LIMP-2 and AQ transfectants displayed
RI values that were 2.5-fold lower than control cells, indicat-
ing high LM killing efficiencies. AS transfectants showed RI
values that were 3.5-fold higher than controls reflecting low
LM killing abilities, as expected (14). LIMP-2/AQ co-transfec-
tants had RI values at the same range as compared with
LIMP-2 and AQ transfectants. However, LIMP-2/AS co-
transfectants reverted the high killing efficiencies of LIMP-2
transfectants to RI values of control cells, indicating that
Rabb5a activation might be required for the negative LIMP-2
effect on LM intracellular growth.

We also examined directly the role of LIMP-2 and Rab5a in
bacterial proteolysis of radiolabeled and HKLM ([**SJHKLM
in Fig. 3B). This assay measures two ratios of radioactivity
that reflect bacterial proteolysis (30): (i) the percentage of cell-
associated radioactivity (Fig. 3B, black bars) and (ii) the per-
centage of radioactivity in the supernatant (Fig. 3B, gray bars).
LIMP-2 transfectants had a clear increase in bacterial proteol-
ysis similar to AQ transfectants and LIMP-2/AQ co-transfec-
tants reflected by a decrease in cell-associated radioactivity
compared with control cells. AS transfectants showed a defect
in bacterial proteolysis, as expected (14). LIMP-2/AS co-
transfectants reverted the increase in bacterial proteolysis to
control cells values (Fig. 3B). Therefore, active Rab5a seems to
regulate the high bacterial proteolytic capacity of LIMP-2
transfectants.

Because bacterial proteolysis is linked to the transformation
of phagosomes into phago-lysosomes, we also monitored pha-
gosome-lysosome fusion by the transfer of the lysosomal con-
tent to LM phagocytic vesicles (LMP) as described previously
(16). LMP from LIMP-2, AQ transfectants, and LIMP-2/AQ
co-transfectants showed a higher percentage of lysosomal
fusion events than control cells (48, 45, and 50%, respectively;
Fig. 3C). LIMP-2/AS co-transfectants reverted the high per-
centages of LMP-lysosome fusion values seen in the LIMP-2
transfectants to control CHO values (9 —-10%). Rab5a activa-
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FIGURE 3. Linked actions of Rab5a activation and LIMP-2 degrade LM
and promote lysosome fusion. LIMP-2 transfectants and active Rab5a:
Q79L (AQ) or inactive Rab5a: S34N (AS) co-transfectants were infected with
LM, and different trafficking parameters were analyzed. A, LM replication
indices at 6 h post-infection in CHO control cells, LIMP-2, LIMP-2/AQ, and
LIMP-2/AS co-transfectants. The results are expressed as Rl = S.D. of tripli-
cate samples. B, degradation of [*>*S]JHKLM (500,000 cpm/sample) added to
4 X 10° CHO cells/well in 96-well plates, centrifuged to synchronize infec-
tion, and internalized for 20 min. The cells were washed and cell-associated,
and supernatant radioactivities were recorded after a 60-min incubation
(14). The results are expressed as percentages of cell-associated (black bars)
or supernatant (gray bars) compared with internalized radioactivity = S.D.
of triplicate samples. C, percentages of phagosome-lysosome fusion using
HRP-loaded lysosomes transfer fusion assays (14). The results correspond to
percentages = S.D. of triplicate experiments. D, conventional fluorescent
patterns of LIMP-2 transfectants, LIMP-2/AQ, and LIMP-2/AS co-transfec-
tants. Scale bars, 4 um.
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tion appears required for LIMP-2-mediated enhancement of
phagosome/lysosome fusion. LIMP-2-mediated endosome-
lysosome fusion has been linked to an enlarged endosomal
compartment regulated by active Rab5a (28). We also ob-
served enlarged endocytic vesicles in LIMP-2 transfectants,
which were absent in LIMP-2/AS co-transfectants but un-
changed in the LIMP-2/AQ co-transfected cells (Fig. 3D),
suggesting a general role for LIMP-2 in late trafficking events
both in endocytosis and phagocytosis. These results suggest a
concerted involvement of LIMP-2 and active Rab5a in several
phagocytic parameters, such as LM intracellular growth, bac-
terial proteolysis, and phagosome-lysosome fusion events. We
examined the phagocytic rates of different CHO transfectants
and co-transfectants at 60 min to analyze late trafficking
events. Only LIMP-2 transfectants and LIMP-2/AQ co-trans-
fectants showed high phagocytic rates, whereas AQ transfec-
tants showed normal ratios (supplemental Table S1). LIMP-
2/AS co-transfectants reverted the high phagocytic rates
promoted by LIMP-2. These data suggest that LIMP-2 acts as
a late regulator of phagocytosis, whereas active Rab5a regu-
lates early fusion events (30). Therefore, it seems that Rab5a
precedes the LIMP-2 involvement in phagocytosis.

DISCUSSION

In this study, we have investigated the role of LAMP-1 and
LIMP-2 in bacterial immunity. We present evidence for the
specific role of LIMP-2/SCARB2 in the innate immune re-
sponse to L. monocytogenes and in phagocytosis, whereas
LAMP-1 seems to play no important role. Studies with LM-
infected LIMP-2~'~ BM-DM and LIMP-2"'" mice indicated
that LIMP-2 participates in two processes in the activation of
LM-primed M. First, LIMP-2 tightly controls the number of
cytosolic LM and the induction of acute phase pro-inflamma-
tory cytokines such as MCP-1, TNF-q, and IL-6. Therefore, it
appears that low cytosolic LM numbers modulate the normal
production of these cytokines in BM-DM. However, the pro-
duction of late pro-inflammatory cytokines, such as IFN-vy
and IL-10, was not regulated by LIMP-2. LIMP-2 also partici-
pates in late trafficking events transforming LM phagosomes
into microbicidal and antigen processing compartments with-
out affecting early intracellular processes. In fact, LIMP-2 "/~
BM-DM display impaired listericidal function and low expres-
sion of cell surface markers characteristic of activated MO
(i.e. F4/80 and IAP), albeit a normal oxidative burst capacity.
They showed impaired interactions of LM phagosomes with
late endosomes and lysosomes. Moreover, we observed de-
creased recruitment of peptide-loaded MHC II molecules in
LIMP-2~/~ BM-DM and hardly any co-localization of LM
with MHC-II molecules compared with the WT cells, indicat-
ing impaired interactions with late MIIC vesicles. However,
we also observed normal levels of several other endosomal
proteins in the LM phagosomes from LIMP-2~/~ BM-DM,
such as Rab5a, mCtsd, and ASMase, suggesting normal inter-
actions with endosomes. LIMP-2 appears to require active
Rabb5a to regulate all of these late trafficking processes. Never-
theless, Rab5a seems to precede the role of LIMP-2 in phago-
cytosis as previously suggested in M@ with inhibited Rab5a
expression, which presented reduced LIMP-2 translocation to
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LM phagosomes (11). In fact, experiments in LIMP-2-trans-
fected CHO cells and co-transfection with Rab5a-inactive
forms abrogated LIMP-2 effects in different LM phagocytic
parameters such as LM killing, phagosome-lysosome fusion,
and late phagocytic rates.

The proposed linkage of LAMP-1 and Rab?7 in different
phagocytic systems (19, 20) and the recent demonstration
that ASMase functions in the interaction between LM pha-
gosomes and endosomes (25) suggest the possibility that
late endocytic vesicles are subdivided into different com-
partments that are targeted by different trafficking regula-
tors (18, 19, 21).

The specific intracellular action of LIMP-2/SCARB2 in LM
phagocytosis and the lack of involvement in bacterial cell sur-
face adherence or TLR2/TLR4 signaling correlate with the
role assigned to LIMP-2 in endocytosis participating in late
trafficking events (27-29, 38) and also correlate with TLR2/
TLR4-independent killing of LM by activated M@ (39 —41). In
fact, LIMP-2~/~ BM-DM showed a failure in listericidal abili-
ties and acute phase cytokines production, whereas they dis-
played normal LPS responses and oxidative burst capacity.
This intracellular specificity of LIMP-2/SCARB?2 for late en-
docytic vesicles appears dependent on the presence of a
coiled-coil domain in the luminal region and a preceding N-
terminal transmembrane segment (36, 38). These LIMP-2/
SCARB2 domains are absent in other CD36 family members
such as CLA-1/SCARB1 or CD36, which have been shown to
participate in bacterial recognition and uptake (7-9). The fine
division of tasks among the CD36 family of scavenger-like
molecules seems highlighted by the differential roles of CLA-
1/SCARBI and LIMP-2/SCARB2 in LM phagocytosis. In this
regard, CLA-1/SCARBI participates in the recognition and
uptake of LM (5). However, LIMP-2/SCARB2 functions in the
late phagosomal trafficking events involved in the onset of the
innate immune response to LM but not in bacterial adherence
(this study).

Listeriosis is characterized by the effect of two cytokines
involved in M@ activation: TNF-« and IFN-v. Although
TNE-w acts as an early signal in innate immunity, IFN-vy is a
late signal. In fact, IFN-vy constitutes a late pro-inflammatory
cytokine, bridging the innate and adaptive immune response
and facilitating the full clearance of LM from the spleen. An-
other difference between TNF-« and IFN-v signaling is the
endogenous and exogenous role of TNF-« to activate MOs.
LM-primed M@s produce TNEF-a that serves as a feedback
mechanism to activate M@s exogenously. M@Os show several
activating states before turning into powerful bactericidal
cells with antigen-presenting abilities. It has been claimed
that the exogenous action of TNF-« promotes an early acti-
vating state in Ms that triggers the cytosolic microbicidal
mechanisms (12, 13, 39). The exogenous effect of IFN-vy acts
in MO as a late activation signal that induces a strong micro-
bicidal cascade affecting different subcellular compartments,
phagosomes, endosomes, and cytosol (10, 12, 13).

LIMP-2 participates in a second process involved in exoge-
nous M@ activation, the early signals modulated by TNF-a.
In fact, WT BM-DM responds to listericidal signals induced
by TNF-a and IFN-v. LIMP-2~/~ BM-DM responds normally
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Listeria
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Late endosomes/
Lysosomes

PHAGO-LYSOSOME
(MIIC-Phg)

MCP-1/TNF-o/IL-6 secretion

FIGURE 4. Model for the role of LIMP-2 in LM-primed M@ activity. Step 1,
LM binds to different TLRs or scavenger receptors and is internalized into
phagosomes. Step 2, the early phagosomal steps include Rab5a-GTP-medi-
ated fusion with endosomes, the transport of membrane-bound and inac-
tive Ctsd (mCtsd) and the activation of Ctsd into a listericidal, soluble, and
active enzyme (step 2.1). LIMP-2 action on the phagosomal membrane re-
quires Rab5a-GTP and promotes fusion with late endosomes/lysosomes,
including late endocytic vesicles containing MHC Il molecules (step 2.2). This
overall process allows the transformation of phagosomes into phago-lyso-
somes with bactericidal abilities and features of MIIC (MIIC-Phg) (step 2.3).
LIMP-2 regulation of this phagosomal transformation process influences the
LM membrane permeability and confines the bacteria within phagosomes.
Therefore, the number of cytosolic LM is limited (step 2.4). Step 3, the low
numbers of cytosolic LM are sensed by NOD-2 receptors in the cytosol that
activate the production of the acute phase pro-inflammatory cytokines/
chemokines: MCP-1, TNF-a, and IL-6. Step 4, the release of these cytokines/
chemokines such as TNF-a acts as a feedback loop that promotes the full
activation of M@, making them more efficient at degradation of LM.

to IFN- listericidal signals but failed to respond to TNF-«
listericidal signals, showing high rates of LM growth. We have
compiled all of these data in a proposed model (Fig. 4) for
LIMP-2 role in early activation of LM-primed M@, connect-
ing late trafficking events with the acute phase pro-inflamma-
tory cytokines signaling in listeriosis.

The phagocytosis of LM appears to be regulated by the
function of Rab5a (steps 1-3 in Fig. 4) (11, 15). Rab5a activa-
tion (step 2.1 in Fig. 4) promotes early interactions with the
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endosomal compartment and transport to LM phagosomes
containing Ctsd-endosomal hydrolytic enzymes that, upon
activation, have listericidal potential (15) (step 2 in Fig. 4). In
fact, Ctsd enzymatic action inactivates listeriolysin O, which
is the LM virulence factor responsible for phagosomal mem-
brane lysis, and decreases the bacterial viability within the
phagosomal lumen (16). Next, specific late endocytic vesicles
transform the LM phagosomes into MIIC (steps 2.2-2.3 in
Fig. 4). The action of LIMP-2 on the membrane permeability
of LM phagosomes, which confines the nondegraded LM to
the phagosomal compartment, contributes to bacterial prote-
olysis by other listericidal oxidative or nonoxidative mecha-
nisms. LIMP-2 regulation of the transformation of phago-
somes into MIIC (MIIC-Phg in Fig. 4) would also limit the
number of cytosolic LM bacteria. Notably, only low numbers
of cytosolic LM appear to be sensed by the cytosolic surveil-
lance system of NOD2 receptors (Fig. 4, step 2.4), activating
the production of acute phase pro-inflammatory cytokines/
chemokines such as MCP-1, TNF-«, and IL-6 (Fig. 4, step 3)
(2, 22). The secretion of these cytokines/chemokines such as
TNE-a may act as a feedback loop that activates M@ to trans-
form LM phagosomes into proteolytic and MIIC compart-
ments that control the number of bacteria accessing the cyto-
solic compartment (Fig. 4, step 4). In conclusion, LIMP-2-
mediated regulation of the late trafficking events of M@ may
be due to TNF-a signaling pathways induced during the in-
nate response to L. monocytogenes.
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