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Subversion of antimicrobial calprotectin
(STO00A8/S100A9 complex) in the cytoplasm of
TR146 epithelial cells after invasion by Listeria

monocytogenes

AA Zaial*»37, KJ Sappington®%67, K Nisapakultorn®>#, W] Chazin®, EA Dietrich?>%%, KF Ross®3 and

MC Herzberg?3

Expressed by squamous mucosal keratinocytes, calprotectin is a complex of two EF-hand calcium-binding proteins

of the $S100 subfamily (S100A8 and S100A9) with significant antimicrobial activity. Calprotectin-expressing cells resist
invasion by Porphyromonas gingivalis, Listeria monocytogenes, and Salmonella enterica serovar Typhimurium

(S. typhimurium). To understand the interactions between calprotectin and invasive bacteria, we studied the distribution
of calprotectin in the cytoplasm of TR146 epithelial cells. In response to L. monocytogenes, calprotectin mobilized

from a diffuse cytoplasmic distribution to a filamentous pattern and colocalized with the microtubule network. Listeria
more frequently invaded cells with mobilized calprotectin. Calprotectin mobilization was listeriolysin O-dependent

and required calcium (extracellular and intracellular) and an intact microtubule network. In the presence of preformed
microtubules in vitro, the anti-Listeria activity of calprotectin was abrogated. To facilitate intraepithelial survival,
therefore, Listeria mobilizes calprotectin to colocalize with cytoplasmic microtubules, subverting anti-Listeria activity

and autonomous cellular immunity.

INTRODUCTION
Calprotectin is a complex of two EF-hand calcium-binding
proteins of the S100 subfamily, SI00A8 and S100A9, expressed
primarily in the cytoplasm of granulocytes, monocytes, and
keratinocytes. 1> S100 proteins are involved in cell-cycle pro-
gression, cell differentiation, and cytoskeletal-membrane
interactions.? Calcium-dependent translocation of calprotec-
tin occurs within the cytoplasm to the cytoskeleton and plasma
membrane of monocytes and epithelial cells (TR146 cells).* In
phorbol myristate acetate-activated monocytes, for example, cal-
protectin colocalizes with B-tubulin, which promotes release of
calprotectin from the cell using a Ca?*-dependent mechanism
requiring an intact microtubule network.”

Like other squamous mucosal epithelia, the gingiva expresses
calprotectin in suprabasal keratinocytes.! In oral mucosal

epithelia, expression of calprotectin increases with inflamma-
tion during gingivitis, periodontitis,® lichen planus, and diseases
of viral and fungal origin such as herpes stomatitis, oral hairy
leukoplakia, and candidiasis.” In contrast, normal skin does not
express calprotectin, but calprotectin is upregulated in inflam-
mation associated with psoriasis, lupus erythematosus,® and
wound repair.® During infection, inflammation, and wound
healing, calprotectin may contribute to the innate antimicro-
bial defense of the keratinocyte, a form of autonomous cellular
immunity.

As an antimicrobial protein complex, calprotectin shows
broad spectrum activity in vitro.!9-12 In epithelial cells, calpro-
tectin expression within the cytoplasm promotes resistance to
invasion by Listeria monocytogenes.! Listeria and Salmonella
enterica serovar Typhimurium (Salmonella typhimurium) are
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intracellular pathogens that invade epithelial cells. Listeria inva-
sion into nonpolarized, nonphagocytic cells is mediated by sur-
face expression of internalins A and B.!* Corresponding invasins
on Salmonella are not known. After invasion, Salmonella reside
and grow in endosomal vacuoles; Listeria escape the vacuole,
enter the cytoplasm, and replicate.!>!® Within the cell, bacterial
routing post-invasion reflects cellular constraints, such as space
and antimicrobial molecules, and species-specific virulence fac-
tors. As antimicrobial calprotectin appears to protect keratino-
cytes against invading bacteria in vitro, we hypothesized that
successful invasion into the cytoplasm may be accompanied by
altered distribution of calprotectin.

Like suprabasal squamous keratinocytes, TR146 epithelial cells
normally express calprotectin in the cytoplasm.* In response to
invasion by L. monocytogenes and S. typhimurium, we analyzed
calprotectin in TR146 cells. Calprotectin distribution appeared
unaffected by S. typhimurium. After L. monocytogenes invasion,
however, calprotectin mobilized from a diffuse to a filamen-
tous cytoplasmic distribution, colocalizing with microtubules.
Mobilization in response to L. monocytogenes required intact
microtubules, extracellular and intracellular calcium, and lis-
teriolysin O (LLO). In the presence of preformed microtubules
in vitro, the anti-Listeria activity of calprotectin was inhibited.

RESULTS

Reduced L. monocytogenes invasion into cells expressing
calprotectin

To confirm that calprotectin confers autonomous cytoplasmic
immunity, we generated stable calprotectin-expressing KB epi-
thelial cell lines by transfection.!3 The well-characterized intra-
cellular mucosal pathogens, L. monocytogenes and S. typhimurium
(S. enterica serovar Typhimurium), were tested for their ability
to invade calprotectin-expressing cells in comparison to a cal-
protectin-negative, sham-control transfectant. KB-EGFP (sham-
control) and KB-MRP8/14 (calprotectin positive) were infected
with L. monocytogenes ATCC 43249, ATCC 19111, and 10403S at
a multiplicity of infection (MOI) of 100 and the number of viable
intracellular bacteria was enumerated using a standard antibiotic
protection assay. We observed significantly fewer intracellular
Listeria in calprotectin-expressing KB-MRP8/14 cells than in the
sham KB-EGFP (Figure 1a). Calprotectin expression appeared
to have no effect on invasion by S. typhimurium ATCC14028
or S. typhimurium SL1344 at an MOI of 100 (data not shown).
The viability of intracellular Listeria within the KB transfectants
was determined over time. Listeria strains were incubated with
cells for 2 h, as in the standard antibiotic protection assay, fol-
lowed by lysis and enumeration of viable intracellular bacteria
at 3.5, 5.5, and 7.5 h. Listeria replicated within both KB-EGFP
and KB-MRP8/14 cells. In calprotectin-expressing cells, Listeria
strains 43249 (Figure 1b) and 19111 (Figure 1c) at MOIs of 1
and 10 consistently showed lower fold-increase in growth than
in the nonexpressing transfectant. Although significantly fewer
intracellular bacteria were recovered from KB-MRP8/14 than
KB-EGFP at all time points (not shown), the fold-increase in
growth of Listeria 43249 at an MOI 100 in calprotectin-express-
ing cells exceeded the nonexpressing cells (Figure 1b). For strain
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19111 at an MOI of 100, growth was similar in the calprotectin-
expressing and nonexpressing cells (Figure 1c). At higher intra-
cellular densities, therefore, Listeria tended to overcome cellular
restrictions and replicate more effectively in the cytoplasm.

Distribution of calprotectin within TR146 cells after invasion
with L. monocytogenes and S. typhimurium

Human calprotectin (complex of SI00A8 and S100A9) reacts
specifically with the murine anti-human monoclonal antibody
(mAD) 27E10, which does not bind monomeric or homopoly-
meric subunits.!” Expressed under control of native promot-
ers, calprotectin intracellular distribution in TR146 cells was
probed with mAb 27E10. In normal culture conditions, cal-
protectin showed diffuse cytoplasmic distribution, increasing
in concentration proximal to the nucleus (Figure 2a and b).
When cells were incubated with S. typhimurium at MOI of 100
for 2 h, calprotectin distribution appeared unaffected (Figure
2c and d). In contrast, cytoplasmic calprotectin mobilized into
filaments in response to L. monocytogenes 43249 at MOI of
100 for 2h (Figure 2e and f). Mobilization into filaments was
detected by 1h of incubation with L. monocytogenes 43249 and
by 2h, a maximum of 11% of cells were affected (Figure 2g).
Affected cells at 2h were undetectable at an MOI of 1 (data not
shown).

In these conditions, invasion by Listeria and Salmonella
was confirmed by double immunofluorescence staining.
Significantly more cells with intracellular invading Listeria
showed mobilized rather than diffuse calprotectin (50+3.3 vs.
33+3.3%, s.e., P<0.05; Figure 2h). Cells frequently showed intra-
and extracellular bacteria. Virtually all cells (>90%) showed
bound extracellular Listeria, independent of the presence of
mobilized calprotectin. When incubated with L. monocytogenes
43249 (MOI of 100) for longer than 2h, TR146 cells started
to die.

Calprotectin colocalizes with microtubules

To learn whether mobilized calprotectin associated with
cytoskeleton, TR146 cells were incubated with L. monocytogenes
43249 for 2h at MOI of 100, followed by double immunostain-
ing for calprotectin and B-tubulin. Using confocal analysis
(cross-sectional intervals of 0.5 um), microtubules (anti-f3-
tubulin fluorescein isothiocyanate (FITC), green) and cal-
protectin (27E10-biotin-streptavidin Alexa 568, red) showed
similar patterns (Figure 3a). When merged, the yellow/orange
color strongly suggested colocalization of calprotectin and [3-
tubulin. In response to L. monocytogenes 43249, calprotectin
colocalized with B-tubulin filaments throughout the cell, with
more intense fluorescence subjacent to the plasma membrane
and in or proximal to the nucleus. Calprotectin and actin did
not colocalize.

TR146 cells were next treated with demecolcine (2 uM for 2 h)
to disrupt the microtubule network and then incubated with L.
monocytogenes 43249. In demecolcine-treated cells, calprotectin
failed to organize into filaments (Figure 3b), whereas Listeria
invasion was confirmed by immunofluorescence. As expected,
the actin cytoskeleton and cytokeratins were unaffected by
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Figure 1 Invasion of L. monocytogenes into KB transfectants and intracellular growth. Invasion of Listeria was determined by the antibiotic protection
assay (a). Subconfluent monolayers of KB-EGFP and KB-MRP8/14 were infected for 2h with L. monocytogenes at a MOI of 100, followed by addition
of gentamicin and incubation for another 1.5h. Monolayers were washed and lysed with distilled water to release intracellular bacteria. Bacteria were
plated on tryptic-soy agar (TSA) with a spiral plater and counted after 24 h. Each experiment was performed in triplicate wells. Values are meanssxs.

d. from a representative experiment. The experiments were repeated at least three times with similar results. The differences between KB-EGFP and
KB-MRP8/14 were statistically significant (P<0.005). To determine the intracellular growth of bacteria in KB-EGFP and KB-MRP8/14, KB transfectants
were incubated for 2h with L. monocytogenes 43249 (b) or 19111 (c) ata MOI 1, 10 or 100. Gentamicin was added and cells were lysed to recover
viable intracellular bacteria as described in the Methods. Shown is fold-increase in CFUs relative to 3.5h post-inoculation. Data shown are from one
representative experiment performed in triplicate and expressed as meanzs.e. Experiments with each strain and MOI were replicated as indicated:
strain 43249, 2 experiments at MOI 1 and 3 experiments at MOI 10 and 100; strain 19111, 1 experiment at MOI 1 and 10, and 3 experiments at MOI

100.

demecolcine (data not shown). Phalloidin-stained actin was
disrupted by cytochalasin and yet calprotectin mobilized in the
presence of Listeria (Figure 3c).

Ca2* dependency of calprotectin mobilization

To learn whether colocalization of calprotectin with microtu-
bules requires extracellular Ca?*, TR146 cells were incubated
with L. monocytogenes 43249 and 2 mM EGTA for 2h. When
extracellular calcium was chelated by EGTA, the frequency of
cells with mobilized calprotectin was reduced by 97% when
compared to a media control (untreated cells; Figure 4a).
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Treatment with EGTA did not appear to affect the distribution of
microtubules, although the cells appeared more fusiform (data
not shown). To determine whether intracellular calcium affects
calprotectin mobilization, cells were preincubated for 20 min
in glycine, N,N’-(1,2-ethanediylbis(oxy-2,1- phenylene))bis(N-
(2-((acetyloxy) methoxy)-2-oxoethyl))-, bis((acetyloxy)methyl)
ester (BAPTA/AM; 20 M) and an additional 20 min in growth
media to allow cleavage of the AM groups inside the cell. To
release calcium from internal stores, TR146 cells were then incu-
bated with thapsigargin (2 uM, 15 min), washed twice, and incu-
bated with L. monocytogenes 43249 for 2h. BAPTA/thapsigargin
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Figure 2 Distribution of calprotectin and Listeria in the cytoplasm of TR146 epithelial cells. TR146 cells were infected with L. monocytogenes and

S. typhimurium at MOI of 100 for 2h. The cells were then fixed, permeabilized, and stained with mouse mAb 27E10-biotin (streptavidin-Alexa 568,

red) against S100A8/A9 complex and DAPI (blue) for nuclear staining. Low (panels 1; scale bar is 150 um) and high (panels 2: scale bar is 25 um)
magnification images are shown. (a, b) TR146 cells without bacteria. (¢, d) Cells infected with S. typhimurium detected with rabbit anti-Salmonella
(goat anti-rabbit FITC conjugated). (e, f) Cells infected with L. monocytogenes detected with rabbit anti-Listeria (goat anti-rabbit FITC conjugated).

(9) The percentage of cells+s.d., (n=3) in 10 random microscopic fields that mobilized calprotectin. The results represent the average of three
independent experiments. (h) TR146 cells with intracellular and extracellular (attached) L. monocytogenes, according to mobilization state. After 2h
invasion, cells were fixed and stained for calprotectin and L. monocytogenes. Mobilized cells (100 counted) and nonmobilized cells (100 counted) were
analyzed for presence and location of L. monocytogenes. A significantly (*P=0.046) greater percentage of TR146 cells mobilizing calprotectin had L.
monocytogenes located inside the cell, as opposed to nonmobilized cells (meanzs.e., n=3).

inhibited the frequency of cells showing mobilization by 68%
(Figure 4a).

To learn whether L. monocytogenes-stimulated calcium-
signaling pathways'® affect calprotectin mobilization, TR146
cells were preincubated with selected inhibitors for 45 min,
washed twice, and then incubated with Listeria. Inhibitors
included wortmannin!® and LY294002, inhibitors of phosphati-
dylinositol 3-kinase,?? U73122, an agonist of phospholipase C,*! and
calphostin C, an inhibitor of protein kinase C.2? All inhibited cal-
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protectin mobilization (Figure 4a). Yet in the presence of EGTA,
BAPTA/thapsigargin®? or any of the calcium-signaling inhibitors,
L. monocytogenes still invaded TR146 cells (data not shown).

Calprotectin mobilization is listeriolysin O-dependent

To determine whether calprotectin mobilization required con-
tact between Listeria and TR146 cells, cells were grown in tran-
swell plates. L. monocytogenes (MOI 100) were placed in the
inserts and incubated for 2 h. In this system, TR146 cells were
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Figure 3 Colocalization of calprotectin and microtubules. (a) Laser confocal images of TR146 cells (0.5 um cross-sections through the nucleus) were
captured after L. monocytogenes infection. In these nuclear plane images, the microtubule network is shown in green (anti-B-tubulin FITC conjugated)
and calprotectin in red (27E10-biotin and streptavidin Alexa 568). When both images were merged, the colocalization between both proteins appears
in yellow/orange color. The colocalization was visualized as filaments in the cytoplasm and inside the nucleus. (b) When TR146 cells were incubated
with L. monocytogenes (MOI of 100) in the presence of demecolcine 2 M for 2h, no filamentous pattern was seen. Fluorescence microscopy of
disrupted microtubules is shown in red (anti-p-tubulin and streptavidin Alexa 568), L. monocytogenes in green (detected with rabbit anti-Listeria and
goat anti-rabbit FITC conjugated) with DAPI (blue) for nuclear staining. (¢) TR146 cells were incubated in the presence of cytochalasin B (2mM) and
then infected with L. monocytogenes (MOI of 100). Actin was stained green with phalloidin conjugated to Oregon Green 514. Calprotectin and Listeria

were stained as described for panel b. Scale bars are 25 yum.

unable to contact Listeria, but were exposed to products, includ-
ing released LLO. TR146 cells failed to mobilize calprotectin
(data not shown). When undiluted medium harvested from L.
monocytogenes wild-type strain 10403S was incubated directly
with TR146 cells, fewer than 1% of TR146 cells showed mobi-
lized calprotectin.

Several Listeria pathogenicity factors were considered for their
contributions to calprotectin mobilization. TR146 cells were
incubated with L. monocytogenes 10403S or mutants lacking
LLO (DPL2161), LLO, and a broad-range phospholipase C (PC-
PLC; DPL2318), or LLO and metalloprotease (DPL2404). Each
LLO mutant caused significantly fewer TR146 cells to mobi-
lize calprotectin than the wild-type L. monocytogenes 10403S.
In contrast, a L. monocytogenes 10403S mutant lacking ActA
(DPL3078) did not significantly affect calprotectin mobiliza-
tion (Figure 4b).

Polymerized tubulin (microtubules) abrogates the
anti-Listeria effect of calprotectin

To determine whether colocalization with microtubules reduces
the anti-Listeria effect of calprotectin, we determined the ED,,
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of purified calprotectin in vitro. Purified calprotectin inhibited
growth of L. monocytogenes 43249 at concentrations ranging
from 200 to 270 ug/ml. Calprotectin at 250 ug/ml reduced
growth by approximately 53% (average of five experiments;
ED.). At the ED,, calprotectin inhibition of L. monocytogenes
growth was unaffected by 20 uM taxol in dimethyl sulfoxide
(DMSO; Figure 4c), which maintained the polymerization state
of preformed microtubules in vitro. Taxol itself inhibited Listeria,
but this effect was independent and not additive with calpro-
tectin. In the presence of preformed microtubules (1:1 ratio of
microtubules to calprotectin complex), inhibition of Listeria was
not statistically different in the presence or absence of calpro-
tectin (P>0.05; Duncan’s multiple range test). Calprotectin (and
taxol) was largely neutralized by preformed microtubules. At a
ratio of microtubules to calprotectin of 1:10, Listeria growth was
significantly inhibited by calprotectin (P<0.01).

DISCUSSION

In human infections, Listeria and Salmonella in contami-
nated food and water generally enter the body through the
mouth. Remarkably, oral infections by these organisms
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in the Methods. Cells (500) from five random fields were counted and scored for mobilization. Data represent the percent reduction in frequency

of mobilized cells relative to a media control+s.e., n=3. (b) Listeria strains with virulence factor mutations were incubated with TR146 cells at a

MOI of 100 for 2h at 37 °C. Monolayers were fixed and immunostained with mouse antibody 27E10-biotin to visualize calprotectin as described in

the Methods. Cells (500) from five random fields were counted and scored for mobilization. Data represent the percentage of cells with mobilized
calprotectinzs.e., n=4. (c) Incubation with preformed microtubules inhibits anti-Listeria activity of calprotectin at ED,,. Calprotectin at ED, (250 ng/ml)
and tubulin were placed in triplicate wells of microtiter plates at a 1:1 or 0.1:1molar ratio (tubulin dimer to calprotectin dimer) with a suspension of L.
monocytogenes as described in the Experimental Procedures. Plates were incubated for 8h at 37 °C and bacteria were plated on tryptic-soy agar
(TSA) and counted after 24 h. Values are meanszs.e. from three separate experiments. At a 1:1 molar ratio, the fold-increase in CFUs in the presence
and absence of calprotectin was not significantly different (P>0.05 Duncan’s multiple range test). Listeria growth was significantly inhibited in the
presence of calprotectin EDg in all other conditions studied (*P<0.01). Note that no microtubules are present in the vehicle control, DMSO +taxol in

tubulin polymerization buffer (TPB).

are unknown. Although contaminated food is macerated
and partially retained in proximity to the oral mucosa for
minutes to hours, actual infections occur in the gastro-
intestinal mucosa. The healthy oral epithelium expresses the
antimicrobial protein, calprotectin, which is not found in the
intestinal epithelial cells in the absence of inflammation. Hence,
one response of the gut epithelium during inflammation?42°
and to certain enteric pathogens is the upregulation of cal-
protectin. Calprotectin shows a broad scope of antimicrobial
activity against bacteria and fungi!®!? and may contribute
to innate host defense by epithelia.?® In rodent models,
enteric infection with Listeria®” or Salmonella®®?° increases
the expression of calprotectin subunits in the intestinal mucosa.
Hence, enteric pathogens colonize the healthy intestinal tissues
when the intestinal epithelium does not express calprotectin, but
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as the levels of pathogen increase in the intestines, calprotectin
expression is induced in response.

We modeled the effect of calprotectin on invading Listeria
and Salmonella in vitro. We show for the first time that calpro-
tectin effectively inhibited growth of Listeria in vitro and within
keratinocytes. In the gastrointestinal tract, the spectrum of anti-
microbial peptides effective against Listeria also include cathelin-
related antimicrobial peptide, which is expressed in the intestinal
crypts of newborns,*® Paneth cell mature defensins (cryptdins)
and lysozyme,! and epithelial defensins.>? Calprotectin, how-
ever, differs from the other prominent antimicrobial peptides
and lysozyme. In the intestinal epithelium, calprotectin both
is inducible and expressed in the cytoplasm. Consistent with
expression in the cytoplasm, we show that keratinocyte calpro-
tectin inhibits low levels of Listeria invasion and intracellular
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growth. After invasion, Listeria resides in the cytoplasm. In gen-
eral, intracellular growth of Salmonella at MOIs of 1, 10, and 100
appears unaffected by calprotectin (data not shown), reflecting
that this organism is generally confined to vacuolar or endo-
somal compartments. At higher MOls, Listeria induces mobili-
zation of calprotectin in a greater percentage of cells. Mobilized
or complexed calprotectin is less effective as an intracellular
antimicrobial. Consequently, with greater invasion, Listeria
overcomes calprotectin and grows well in the cytoplasm. In the
gut, calprotectin will be induced in response to infectious agents
in ingested foods. If calprotectin is induced rapidly, epithelial
cells may suppress invasion by Listeria. As Listeria proliferates,
however, our data suggest that the protective effect of calprotec-
tin could be overcome.

The intracellular activity of calprotectin is independent of cell
background. TR146 buccal carcinoma cells*? facilitated study of
calprotectin expressed under control of native endogenous pro-
moters. TR146 cells constitutively express calprotectin in their
cytoplasm,* similar to normal mucosal keratinocytes.? Probed
with mAb 27E10, calprotectin distributes diffusely in the cyto-
plasm, concentrating in the perinuclear area as described pre-
viously,* and the data suggest that cells with diffuse expression
of calprotectin show fewer intracellular Listeria than cells with
mobilized calprotectin. Like TR146 cells, calprotectin-express-
ing KB carcinoma cells (HeLa-like), which were transfected to
express both subunits of calprotectin under control of exogenous
promoters,'? also showed intracellular anti-Listeria activity.
The comparison between cell lines and control of expression
strongly suggests that calprotectin is the basis for intracellular
anti-Listeria activity and not another idiosyncratic feature of
the cell.

As the input of Listeria increases to an MOI of 100, the propor-
tion of keratinocytes showing mobilized calprotectin—change
from diffuse to filamentous intracellular distribution—increases
to about 10% at the time of observation. Mobilization was char-
acterized by LLO-dependent colocalization of calprotectin with
microtubules. When colocalized with microtubules, we show
that the intracellular anti-Listeria activity of calprotectin was
neutralized or subverted. When mixed with equimolar pre-
formed microtubules in vitro, calprotectin-dependent anti-
Listeria activity was lost. In the presence of excess calprotectin,
anti-Listeria activity was rescued. Anti-Listeria activity appears
to require free diffusible calprotectin within cells. Despite the
increase in expression of calprotectin in response to enteric
infection in the gut, Listeria appears to have evolved an LLO-
dependent mechanism to overcome autonomous anti-Listeria
immunity in the epithelial cells. Definitive proof in vivo needs
to be established.

In TR146 cells, Salmonella and invasive L. monocytogenes
LLO-deficient mutants failed to induce significant mobiliza-
tion of calprotectin. Calcium fluxes and signaling directed by
Salmonella effector proteins from within the vacuole or extra-
cellularly®* were also insufficient to trigger calprotectin mobi-
lization. To explain mobilization of calprotectin in response to
Listeria, soluble, and cell-surface LLO was considered a candi-
date agonist, modulating signaling, host cell gene expression,
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and the formation of Ca?*-permeable pores leading to intra-
cellular Ca?* oscillations.*® Listeria failed to mobilize calpro-
tectin when separated by transwells or when freshly harvested
LLO-containing culture medium was incubated directly with
TR146 cells. TR146 cell localization of calprotectin appears
unresponsive, therefore, to extracellular soluble LLO, although
Listeria at the plasma membrane interface may express higher
concentrations of active LLO than we obtained in culture media
or across transwell membranes.

Mobilization of calprotectin may depend on the availability of
extracellular and intracellular stores of calcium. LLO signals for
Ca’* influx from extracellular reservoirs and release from intra-
cellular stores.> In response to Listeria, mobilization required
both extracellular and intracellular calcium. Keratinocytes were
unable to mobilize calprotectin when incubated with EGTA to
chelate extracellular calcium or BAPTA/thapsigargin to deplete
and chelate intracellular calcium stores. If Listeria signals for
mobilization at the cell membrane, resulting phosphotidyli-
nositol hydrolysis mediates intracellular calcium transients
and waves.>®> Both LLO activity and internalin B-stimulated
pathways can generate lipid mediators, which open intracel-
lular calcium channels.'®3> Although lipid mediators can also
be generated intracellularly by Listeria, we show that inhibition
of the inositol 1,4,5-triphosphate-dependent calcium-signaling
pathway attenuates mobilization of calprotectin. Other down-
stream inhibitors of internalin B-signaling and other calcium
release pathways, wortmannin, LY294002, U73122, Calphostin
C, BAPTA/AM, and thapsigargin inhibit downstream Ca?*
release from intracellular stores!®3¢ and inhibited the mobili-
zation of calprotectin.

Pore-forming LLO also mediates rupture of the primary
vacuole or endosome, allowing entry of Listeria into the cyto-
plasm.?” As Listeria-invaded TR146 cells most frequently show
mobilized calprotectin, LLO-mediated release of intracellular
calcium from membrane stores*® may mediate mobilization.
Listeria in the cytoplasm also secretes LLO, which is degraded
by an ubitquitin-dependent N-end rule pathway.?” In addi-
tion to release of calcium from intracellular stores, Listeria are
strongly suggested to induce signaling responses mediated by
membrane-associated, cytoplasmic pathogen sensors, such as
the nucleotide-binding oligomerization domain-leucine-rich
repeat.>® Cytosolic signaling through the nucleotide-binding
oligomerization domain-leucine-rich repeat may occur dur-
ing LLO-dependent escape from the endosome,* resulting
in expression of the “late” cluster of IFN-responsive genes.*’
Mobilization of calprotectin and colocalization with B-tubulin
could, therefore, involve LLO-dependent cytoplasmic pathogen
sensor signaling and Listeria-induced release of calcium from
intracellular stores.

The availability of intracellular calcium affects the structure
and function of calprotectin. As the EF-hands bind calcium,*!
calprotectin complexes with specific effector molecules, includ-
ing arachidonic acid,*? intermediate filaments,* keratin fila-
ments® and B-tubulin.*®> With elevated intracellular calcium, the
calprotectin heterodimer could be expected to form tetramers
and higher order multimers.** Tetramer formation has been
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Table 1 Bacteria used in this study

Strain Genotype? References
Salmonella enterica serovar Typhimurium (S. typhimurium)
14028 R Curtiss,
Washington
SL1344 University, St Louis,
MO
Listeria monocytogenes
ATCC 19111 D Portnoy,
University of
ATCC 43249 California, Berkley,
CA
10403S Wild type of the Bishop and
DP-L strains below  Hinrichs*”
DP-L2161 Ahly Jones and
Portnoy*8
DP-L2318 Ahly AplcB Marquis et al.4®
DP-L2404 Ahly Ampl Marquis et al.*®
DP-L3078 AactA Skoble et al.>0

aStructural genes encoding hly, listeriolysin O; plcB, broad-range phospholi-
pase PC-PLC; mpl, secreted metalloprotease; actA, protein necessary for
actin-based motility.

associated with ability of calprotectin to promote formation of tubulin
microtubules.** It is unknown, however, whether intracellular anti-
Listeria activity and mobilization of calprotectin depend on tetramer
formation. Indeed, the oligomerization state of calprotectin complex
within cells has not been reported. In our study, intracellular calpro-
tectin was detected with the murine anti-human calprotectin com-
plex-specific monoclonal antibody 27E10. This antibody; although
specific for complexes and also colocalizes calprotectin with microtu-
bules (Figure 3a), does not appear to distinguish heterodimers from
higher order multimers. It is clear, however, that the mobilization of
calprotectin heterodimers to complex with B-tubulin is likely medi-
ated by an intracellular calcium flux initiated by LLO. Mobilization
and colocalization of calprotectin with microtubules may
also be transient, and sensitive to changes in intracellular calcium.
Images illustrating cells with mobilized and colocalized calprotectin
and tubulin represent only a snapshot in time. The actual frequency
of mobilization may be underestimated in our studies.
Information about our cell model is incomplete, however, as
we do not know the concentrations of calprotectin in subcellu-
lar microdomains and environments. From our immunofluo-
rescence microscopy images, calprotectin complex distributes
nonuniformly after incubation with Listeria. The average con-
centration of calprotectin complex in a resting keratinocyte is
estimated to be 1 ng per g cell cytosol protein, but intracellular
concentrations at discrete sites could simulate the ED,; shown
in our in vitro experiments. When calprotectin appears mobi-
lized and complexed with microtubules, however, significantly
more intracellular Listeria are seen after invasion. Complexing
of calprotectin with microtubules appears to subvert intracel-
lular anti-Listeria activity. For the first time, therefore, we show
that invasive L. monocytogenes direct calprotectin to colocal-
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ize with B-tubulin by signaling through LLO. This mechanism
appears to subvert autologous epithelial cell immunity, ena-
bling Listeria to replicate within the cytoplasm and spread from
cell-to-cell.

METHODS

Strains, cells, and reagents. Bacterial strains (Table 1) were main-
tained on tryptic-soy agar (Difco BD, Franklin Lakes, NJ) and grown
in brain-heart infusion medium (Difco). KB cells (HeLa-like calpro-
tectin-negative, epithelial cell line, ATCC CCL-17) and calprotectin-
expressing transfectants were grown and maintained as described
previously.*> A calprotectin-positive human head and neck squamous
cell carcinoma cell line TR146 (TR146 cells (gift from Dr Reuben Lotan,
University of Texas, MD. Anderson Cancer Center, Houston, TX) was
cultured in Ham’s F-12 medium with L-glutamine (Cellgro Mediatech
Inc, Manassas, VA) supplemented with heat inactivated 10% (v/v) fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA) and maintained
at 37°Cina 5% CO, humidified atmosphere. All reagents were obtained
from Sigma Aldrich, St Louis, MO) unless otherwise specified.

Invasion assay. Bacterial invasion into KB transfected cells was
determined by an antibiotic protection assay (Elsinghorst, 1994).
L. monocytogenes ATCC 43249, ATCC 19111, 10403S, S. enterica
serovar Typhimurium (S. typhimurium) ATCC 14028, and SL 1344
(Table 1) were grown in brain-heart infusion media and on tryptic-soy
agar (Difco). Listeria were harvested from log phase (optical density at
620nm of 0.4-0.6) and Salmonella from stationary phase (optical density
1.4) and used to infect KB transfectants. KB transfectants were grown in
Eagle’s Minimum Essential Medium (Cellgro) supplemented with 10%
fetal bovine serum in the absence of G418 sulfate for one passage (4 days)
prior to the assay to eliminate residual intracellular antibiotics. KB trans-
fectants (1.2x10° cells) were seeded in each well of 24-well plate the day
before the assay. Bacteria were resuspended in tissue culture media and
added to the monolayers at a MOI of 1, 10, or 100 bacteria per eukaryotic
cell (i.e., MOI 100 =107 colony-forming units (CFUs) of bacteria inocu-
lated onto 10° epithelial cells). Infected monolayers were incubated for
2hat37°Cina 5% CO,-95% air atmosphere. Following this invasion
period, the monolayers were washed twice with Dulbecco’s phosphate-
buffered saline with Ca?* and Mg?* and incubated for another 1.5h in
tissue culture media containing gentamicin (100 ug/ml) to kill extracel-
lular bacteria. For time course analyses, the monolayers were further
incubated for another 2—-4h in the presence of 20 ug/ml gentamicin. The
concentration of gentamicin was reduced during prolonged incubation to
minimize uptake into KB cells. After gentamicin incubation, the infected
monolayers were washed twice as described above and lysed with distilled
water for 15min at room temperature. Released intracellular bacteria
were diluted and plated with a spiral plater (Spiral Biotech, Bethesda,
MD), incubated at 37 °C in air, and enumerated by colony count after
24h. Each invasion assay was performed in triplicate wells and repeated
in at least three independent experiments. Control studies were con-
ducted to verify that 100 ug/ml of gentamicin killed 100% of Listeria
and Salmonella after 1h of exposure. The viability of KB transfectants
was unaffected by bacterial invasion as determined by trypan blue dye
exclusion. Intracellular growth was reported as the fold-increase in CFUs
relative to the number of CFUs at 3.5h post-inoculation as described by
Mills and Finlay.4®

Bacterial invasion of TR146 cells and incubation with inhibitors. For
invasion, TR146 cells (2x10°) were grown overnight in six-well plates
(Costar Corning Inc. Life Sciences, Lowell, MA) on glass coverslips
coated with 0.2% (v/v) gelatin. L. monocytogenes was harvested in mid-
logarithmic phase and S. typhimurium from stationary phase as above.
Bacteria were added to cell monolayers at an MOI of 100 in 1 ml, and
incubated at 37°C in a 5% CO,-95% air atmosphere for 2h before immu-
nostaining (described below).
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Microtubules were disrupted with demecolcine (2 uM), actin filaments
were disrupted with cytochalasin B (2mM), and to chelate extracellular
calcium, ethylene glycol-bis (-aminoethyl ether)-N,N,N,N -tetraacetic
acid (EGTA; 2mM) was used. Each reagent was added to the TR146
monolayer together with L. monocytogenes and incubated for 2h before
immunostaining (see below).

For BAPTA/thapsigargin treatment, incubation for 20 min in BAPTA/
AM (Molecular Probes, Invitrogen Corp, Carlsbad, CA, 20 uM) was fol-
lowed by an additional 20 min incubation in Ham’s with 10% fetal bovine
serum to allow cleavage of the AM group inside the cell. Thapsigargin
(2 uM) was added for 15 min. In separate experiments, TR146 monolay-
ers were treated for 45 min before invasion with wortmannin (100 nM),
LY294002 (100 uM), U73122 (2.5 uM), or calphostin C (Calbiochem, San
Diego, CA, 2 uM). Cells were washed twice with Dulbecco’s phosphate-
buffered saline after treatment with BAPTA/thapsigargin, wortmannin,
LY294002, U73122, and calphostin C because it was unknown how these
inhibitors would affect Listeria during invasion. Monolayers were then
incubated with L. monocytogenes for 2h before immunostaining.

Invasion in each experimental condition was verified by double
immunofluorescence staining of intracellular and extracellular L. mono-
cytogenes as described previously!® (described below).

Antibodies. To identify cytoplasmic calprotectin (S100A8/A9 complex),
the murine anti-human mAb 27E10-biotin (dilution 1:50; Bachem,
Torrance, CA) that does not bind monomeric or homopolymeric subu-
nits!” used. L. monocytogenes was identified with rabbit anti-L. monocy-
togenes (dilution 1:3,000; Biodesign, Meridian Life Sciences, Saco, ME)
and S. typhimurium was identified with rabbit anti-Salmonella (dilution
1:3,000; Biodesign). Microtubules were detected with mouse mAb anti-
f3-tubulin clone Tub 2.1 (dilution 1:300, Sigma-Aldrich, St Louis, MO) or
mouse mAb anti--tubulin conjugated with FITC(dilution 1:30, Sigma).
Actin filaments were detected by phalloidin conjugated with Oregon
Green 514 (dilution 1:50, Molecular Probes). Cytokeratins were detected
by mouse mAD anti-pan-cytokeratin clone C-11 (dilution 1:40, Sigma-
Aldrich). All monoclonal antibodies were isotype IgG,, and, therefore,
the controls used were mAb mouse IgG, (Sigma) conjugated or not with
biotin and polyclonal rabbit IgG (Sigma) were employed. Streptavidin
conjugated with Alexa Fluor 568 (dilution 1:2,000; Molecular Probes) or
Alexa Fluor 350 (dilution 1:350, Molecular Probes) was used to detect
biotinylated antibodies. To detect unlabeled or underivatized primary
antibodies, goat anti-rabbit IgG conjugated with FITC (dilution 1:300;
Jackson ImmunoResearch, West Grove, PA) or Alexa Fluor 568 (dilution
1:2,000; Molecular Probes) and goat anti-mouse IgG conjugated with
Alexa Fluor 568 (dilution 1:2,000, Molecular Probes) were used. The
nuclear stain, 4,6’-diamidino-2-phenylindole dihydrochloride (0.8 mg/
ml; Molecular Probes) diluted 1:3,000, was also used. All antibodies and
dyes were diluted in PBS with 3% bovine serum albumin.

Immunostaining. After incubation with bacteria, cells were washed twice
with Dulbecco’s phosphate-buffered saline and fixed for 10 min with
4% paraformaldehyde in PBS. The cells were then washed twice in PBS
and permeabilized with 0.2%. Triton X-100 in PBS for 2 min, washed
again, and incubated with primary antibody for 1 h at room temperature.
The cells were subsequently washed three times and incubated for 1h
at room temperature in the dark with secondary antibody or strepta-
vidin labeled with a fluorescence probe. To verify antibody specificity,
the primary antibodies were replaced with isotype-specific IgG. To con-
trol for nonspecific binding of secondary antibody, primary antibodies
were omitted. After staining, the cover slips were washed three times
and mounted on slides with Fluoromount-G (Southern Biotechnology,
Birmingham, AL). The edges of coverslips were sealed with nail
polish. The slides were examined with a Nikon Eclipse epifluores-
cence microscope and photographed using a Spot Camera (Diagnostic
Instruments Inc.).

Mobilization was reported as the mean of three independent experi-
ments or as noted. In most experiments, cells (500) from five random
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fields were counted and scored for mobilization by two independent
observers.

Double immunofluorescence staining of intracellular and
extracellular L. monocytogenes was carried out as described previously.!3
Briefly L. monocytogenes adhering to the cell monolayer (extracel-
lular) were stained with rabbit anti- Listeria antibodies for 1h, washed
three times and incubated with goat anti-rabbit antibodies conjugated
with Alexa Fluor 568 for 1h. Cell monolayers were then washed and
permeabilized with 0.2% Triton X100 in PBS to allow for staining
of both intracellular and extracellular bacteria. Monolayers were incu-
bated with rabbit anti-Listeria antibody for 1h and then washed and
incubated with goat anti-rabbit IgG conjugated with FITC for 1h. This
procedure enabled us to overlay the fluorescent stains and distinguish
extracellular bacteria, which were labeled with both fluorescent anti-
bodies, from intracellular bacteria, which were labeled with only one
fluorescent antibody. To verify the mobilization state of invaded cells,
27E10-biotin was added with rabbit anti-Listeria antibody after permea-
bilization and detected with streptavidin, Alexa Fluor® 350 conjugate.

Bacteria were counted inside and outside cells, including 100 cells with
mobilized calprotectin and 100 without. In three separate experiments,
the mean counts were virtually the same for both operators. Statistical
significance was analyzed by repeated-measures analysis of variance (see
below).

Confocal images were obtained at cross-sectional intervals of 0.5 tM
using a confocal laser microscope (Sharp MRC-1024). All images were
further processed and pseudo-colored with Confocal Assistant4.02 and
Adobe Photoshop software.

Anti-Listeria activity of calprotectin incubated with preformed
microtubules. Purified (>99%) recombinant calprotectin was prepared
as described previously,*! concentrated to 10 mg/ml and dialyzed into
tubulin polymerization buffer (20 mM 2-N-(morpho-lino)ethanesulfonic
acid/K+, 5mM MgCl,, 100 mM glutamate, 3.4 M glycerol, 60 uM CaCl,,
pH 6.8;* for 8h with two changes of buffer.

For growth inhibition experiments, overnight cultures of L. mono-
cytogenes were pelleted, resuspended in fresh brain-heart infusion
broth, adjusted to a McFarland equivalence of 1.0, and diluted 1:50,000.
Lyophilized preformed microtubules (Cytoskeleton, Denver, CO) were
reconstituted to 5mg/ml in tubulin polymerization buffer with I mM
GTP, containing 20 pM taxol in DMSO (Cytoskeleton). Calprotectin
(5 ul) and tubulin were placed in triplicate wells of microtiter plates at a
1:1 or 1:10 molar ratio (tubulin dimer to calprotectin dimer), and 30 ul
of diluted L. monocytogenes suspension was added for a final volume
of 100 ul. Vehicle control wells (with no microtubules) contained either
DMSO or DMSO with taxol or buffer alone (tubulin polymerization
buffer with 1 mM GTP). In separate wells, L. monocytogenes was added
to buffer alone and immediately plated to determine the initial inoculum.
Plates were sealed and incubated for 8h at 37°C in an air atmosphere. The
contents of each well were then mixed well, diluted, and a portion was
plated onto tryptic-soy agar plates for enumeration of CFUs.

Statistical analysis. Analysis of Listeria invasion (Figures 1 and 2e)
used repeated-measures analysis of variance where the “subject” (ran-
dom effect) was “date” and the fixed effect was the independent variable
relevant to the experiment. The threshold of significance was P=0.05.
for the analysis of variance F-tests. For independent variables with more
than two values post hoc tests used the Bonferroni-corrected significance
threshold, namely 0.05 divided by the relevant number of comparisons.
Standard error (s.e.) was computed using pooled estimates of components
of variation. Experiments regarding interactions between calprotectin
and tubulin (Figure 4c) were analyzed by a two-way analysis of variance,
with the presence or absence of calprotectin as the first factor, and the
presence or absence of tubulin as the second factor (buffer alone, DMSO
alone, and taxol alone also were groups in that factor). Comparisons
between specific pairs of groups were made by Duncan’s multiple range
test with an experiment-wise o.=0.05.
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