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Abstract

Staphylococcus aureus small-colony variants (SCVs) can efficiently infect non-professional phagocytes and
are often referred to as facultative intracellular pathogens. The ability to hide and persist within host cells is likely to
contribute to the development of chronic S. aureus infections such as those observed in the lungs of cystic fibrosis
patients. Polarized human pulmonary Calu-3 cells were used to confirm that S. aureus small-colony variants (SCVs)
persist within epithelial cells without exacerbating the innate immune response. Whereas all studied S. aureus strains
significantly induced the secretion of Interleukin-6 (IL-6) and Interleukin-8 (IL-8) by Calu-3 cells 48 hours after cellular
invasion, dead bacteria did not. Surprisingly, no difference in the secretion of these interleukins was detected between
cells infected with normal and SCV strains despite the marked difference in infection levels. This study supports the
hypothesis that despite their increased ability to persist inside epithelial cells, SCVs do not over activate the host
immune response in comparison to normal strains. SCVs may thus help to perpetuate infection without exacerbation

of the host immune response.
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Strains forming pin-point colonies and called small-colony
variants (SCVs) are often isolated from Staphylococcus aureus chronic
infections such as those encountered in the lungs of cystic fibrosis (CF)
patients and also from osteomyelitis, septic arthritis and infections of
orthopedic devices. Several SCV's are respiratory deficient strains that
show a dysfunctional electron transport system. Such characteristic
affects the growth rate, disrupts the proton motive force and decreases
the susceptibility to aminoglycoside antibiotics, and also alters the
expression of several virulence factors [1]. SCVs are now known to
have an increased ability to form biofilms [2,3] and to infect non-
professional phagocytes [4]. This may promote the development of
chronic infections by shielding the bacteria against the host immune
system and the action of some antibiotics [4-6].

The distinct virulence profile of SCVs may result from the inability
of the bacteria to properly activate the accessory gene regulator (agr)
quorum-sensing system and/or by a sustained activity of the alternative
transcription factor sigma B [7-9]. Interestingly, S. aureus activation of
the agr system has been associated with the production of an innate
immune response in both endothelial [10] and airway epithelial [11]
cells. It was also demonstrated that normal S. aureus strains cause an
inflammatory response in endothelial cells whereas SCVs did not [12].
In light of these results, we conducted a study aimed to evaluate the
inflammatory response triggered by the infection of polarized human
airway epithelial cells with normal and SCV strains, since these cells
constitute the first line of defense against lung pathogens [13].

We used Calu-3 cells grown at the air-interface as our infection

model. These cells are known to have many features of polarized
and differentiated airway epithelial cells when grown in vitro [14-16]
and should thus help in the study of interactions between the airway
epithelium and S. aureus. The Calu-3 cell line (ATCC HTB 55) was
cultured in eagle’s minimum essential medium supplemented with
0.ImM minimum essential medium nonessential amino acids, I mM
of sodium pyruvate, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2.5
pg/ml of Fungizone and 10% fetal bovine serum (FBS) at 37°C in 5%
CO, (Wisent, QC, Canada). Cell infection assays were performed as
previously described with few modifications [8,15,16]. Briefly, cells
were seeded at 1.5 x 10° cells/inserts on 12-wells transwells (Fischer,
ON, Canada) and cultured for 9 to 10 days in an air:liquid system.
Approximately 1 x 10° hoescht-stained nucleus/insert were then
observed. The complete medium in the basal compartments was
replaced by the invasion medium (1% FBS and no antibiotics) 18 h
before assays. Inocula were prepared by suspending bacteria grown
20 h on brain heart infusion agar plates in ice-cold phosphate buffered
saline (PBS). Bacteria were then washed three times in ice-cold PBS
and suspended in the invasion medium supplemented with 0.5%
bovine serum albumin at a density of approximately 4 x 10° colony-
forming unit (CFU)/ml. Cells were washed twice with PBS and 250 pl
of the bacterial suspension was added to the apical side of each insert.
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Invasion was allowed for 3 h, inserts were emptied and washed three
times with PBS. Invasion medium supplemented with 20 ug/ml of
lysostaphin (Sigma, ON, Canada) was then added to kill extracellular
bacteria and the cells were further incubated for a varying amount of
time. Following three washes with PBS, cells were detached with 100 pl
of trypsin 0.25% and lysed for 10 min by the addition of 400ul of water
containing 0.05% of triton X-100. Lysates were serially diluted 10-fold
and plated on agar for bacterial CFU determination. The intracellular
localization of bacteria was confirmed by fluorescence microscopy
using the anti- S. aureus antibody AB20920 (Abcam, MA, USA) and
the olympus fluoview FV 300 confocal system [15,16].

The strains CF07-L and CF07-S were previously compared for
their ability to infect polarized Calu-3 cells [16]. CF07-L and CF07-S
are genetically related S. aureus strains co-isolated from a CF patient,
which respectively have a normal and a SCV phenotype [2]. Infection
kinetics revealed no significant differences in the level of intracellular
CFU recovered from Calu-3 cells infected with these strains 3, 9 and
24 h post-invasion, whereas a striking difference was found 48 h post-
invasion [16]. This result was confirmed with another pair of genetically-
related non-SCV/SCV strains (CF1A-L and CF1D-S, respectively)
co-isolated from another CF patient [2]. Figure 1a confirms that CFU
recovered from cells infected by the SCV of both pairs of strains are
markedly higher than those of their normal counterpart 48 h post-
invasion (more than a 2 log,  increase in magnitude).

In order to evaluate the immune response of Calu-3 cells to S. aureus
infections, combinations of flowcytomix™ simplex kits were used
according to the recommendations of the manufacturer (eBioscience,
San Diego, CA). The extent of granulocyte colony-stimulating factor
(G-CSF), interleukin-1p (IL-1P), IL-6, IL-8, Interferon-y (INF-y),
INF-y inducible protein 10kD (IP-10), monocyte chemoattractant
protein-1(MCP-1) and tumor necrosis factor-a (TNF-a) secretion
by Calu-3 cells infected by S. aureus at 3, 9, 24 and 48 hours post-
invasion was initially evaluated to establish detectable and reproducible
thresholds (data not shown). Only IL-6 and IL-8 secretions at 48 h post-
invasion were selected to compare the effect of different strains on the
activation of the immune response because only these cytokines were
significantly induced during the infection of Calu-3 cells by S. aureus,
although the biological significance of the low IL-6 secretion levels in
these infected cells may be marginal. According to the manufacturer,
the sensitivity of the method was of 1.2 and 0.5 pg/ml for IL-6 and IL-8,
respectively. As expected, treatment of cells with 100 ng/ml of TNF-a or
10 pg/ml of LPS for 48 h also stimulated IL-6 and IL-8 secretion (data
not shown). The induction of the pro-inflammatory mediators IL-6 and
IL-8 in epithelial cells infected by S. aureus has also been reported by
others [11,13,17-19] and is thought to constitute a critical part of the
lung immune response to bacterial pathogens [13].

The secretion of IL-6 and IL-8 was then measured from Calu-3 cells
infected with the normal and SCV strains CF07-L, CF07-S, CF1A-L
and CF1D-S, and compared to that from non-infected Calu-3 cells. In
addition, the immune response of cells exposed to approximately 1x10°
CFU of heat inactivated CF07-1 bacteria (30 min at 72°c) was evaluated
since live or dead S. aureus may not trigger the same response in host
cells [20,21]. Figure 1b and Ic show that all studied S. aureus strains
induced IL-6 and IL-8 secretion in airway epithelial cells 48 h post-
invasion in comparison to uninfected cells (one-way ANOVA followed
by the Dunnett’s post test), whereas dead bacteria had no effect on
the cells (unpaired t-test). Surprisingly, no difference was observed in
the extent of IL-6 and IL-8 secretion by airway epithelial cells despite
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Figure 1: IL-6 and IL-8 secretions by polarized airway epithelial cells infected
with normal and SCV strains are similar despite marked differences in infec-
tion levels. (A) Bacterial CFU recovered 48 h post-invasion from polarized
Calu-3 cells infected with the S. aureus SCV strains CF07-S and CF1D-S and
their normal counterparts CFO7-L and CF1A-L, respectively. Significant differ-
ences between CFU recovered from cells for normal and SCV strains of each
pairs are indicated (**, P < 0.01; ***, P < 0.001; unpaired t-test). Figures 1B
and 1C show the concentrations of IL-6 and IL-8 in the basal compartment of
Transwells seeded with polarized Calu-3 cells, respectively. Cells were either
non-infected (untreated control), treated with dead bacteria (D.B.) or infected
with the various strains CF07-L, CF07-S, CF1A-L and CF1D-S. The medium
from the basal compartment of the Transwell was collected 48 h post-invasion
for the measurement of IL-6 and IL-8 concentrations. Significant differences
between the control and the infected conditions are shown (*, P < 0.05; **, P <
0.01; one-way ANOVA followed by the Dunnett’s post test). No difference be-
tween strains was revealed by a one-way ANOVA followed by the Tukey’s post
test. Results are from three independent experiments performed in duplicate.

their being infected with different S. aureus strains (one-way ANOVA
followed by the Tukey’s post test) and notwithstanding the markedly
greater ability of SCV strains CF07-S and CF1D-S to persist 48 h post-
invasion in comparison to their normal counterparts. Noteworthy,
normal colony-forming bacteria were recovered at a low frequency 48
hours post-invasion from cells infected with SCVs. It is thus possible
that the induction of IL-6 and IL-8 secretions in SCV infected cells may
have arisen by phenotypic switching during intracellular infections
especially that the SCV strains used in this study are clinical isolates
that have kept the natural ability to revert back to the normal phenotype

This study supports the hypothesis that SCVs do not particularly
activate the host immune system despite their marked intracellular
persistence [4,12]. This may help to explain why some infections
caused by SCVs can be sustained asymptomatically for many years
[22-24]. Tuchscherr, et al. [25] have recently proposed that the
switch from the normal to the SCV phenotype and vice versa could
be an integral part of the infection process. It is likely that the SCV
phenotype can confer the ability to S. aureus to remain hidden inside
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non-professional phagocytes for some periods of time until reversion
to normal phenotype occurs and a new acute phase of infection begins.
Therapeutic tools to tackle both the normal and persistent phenotypes
seem implicitly needed [15].
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