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Nontypeable Haemophilus influenzae (NTHI) is a commensal inhabitant of the human nasopharynx and a causative agent of
otitis media and other diseases of the upper and lower human airway. During colonization within the host, NTHI must acquire
essential nutrients and evade immune attack. We previously demonstrated that the NTHI Sap transporter, an inner membrane
protein complex, mediates resistance to antimicrobial peptides and is required for heme homeostasis. We hypothesized that Sap
transporter functions are critical for NTHI interaction with the host epithelium and establishment of colonization. Thus, we
cocultured the parent or the sapA mutant on polarized epithelial cells grown at an air-liquid interface, as a physiological model
of NTHI colonization, to determine the contribution of the Sap transporter to bacterium-host cell interactions. Although SapA-
deficient NTHI was less adherent to epithelial cells, we observed a significant increase in invasive bacteria compared to the par-
ent strain. Upon internalization, the sapA mutant appeared free in the cytoplasm, whereas the parent strain was primarily found
in endosomes, indicating differential subcellular trafficking. Additionally, we observed reduced inflammatory cytokine produc-
tion by the epithelium in response to the sapA mutant strain compared to the parental strain. Furthermore, chinchilla middle
ears challenged with the sapA mutant demonstrated a decrease in disease severity compared to ears challenged with the parental
strain. Collectively, our data suggest that NTHI senses host environmental cues via Sap transporter function to mediate interac-
tion with host epithelial cells. Epithelial cell invasion and modulation of host inflammatory cytokine responses may promote
NTHI colonization and access to essential nutrients.

Nontypeable Haemophilus influenzae (NTHI) is a commensal
inhabitant of the human nasopharynx, yet it can cause op-

portunistic infections in compromised upper and lower respira-
tory tracts. As such, NTHI is a leading cause of otitis media, sinus-
itis, and community-acquired pneumonia and is also commonly
associated with exacerbations of chronic obstructive pulmonary
disease and cystic fibrosis (1–7). Commensal and opportunistic
colonization of the host requires NTHI to overcome a myriad of
host defense mechanisms, such as production of bactericidal pro-
teins, physical mucociliary clearance, and sequestration of essen-
tial nutrients (8–15). NTHI strains have developed several suc-
cessful strategies to evade host immunity and equip themselves for
survival in vivo, including production of IgA1 protease, expression
of aggregative adhesins, formation of biofilms, and modification
of surface lipooligosaccharide (LOS) (16–28). Gram-negative
outer membrane components such as LOS can be potent stimu-
lators of the host inflammatory response and serve as binding
targets for immunoprotective antibodies, complement proteins,
and antimicrobial peptides (21, 29, 30). Modification of LOS pro-
vides a first line of defense for NTHI and, as such, a mechanism to
evade the host innate immune system. For instance, addition of
sialic acid to LOS prevents complement deposition, and phospho-
rylcholine (ChoP) modification inhibits the binding of immuno-
protective antibodies, further serving to mask bacterial surface
charge and minimize antimicrobial peptide binding (17, 30–32).
In addition, LOS modifications induce changes in host epithelial
responses. ChoP-decorated LOS facilitates attachment to and in-
vasion of the epithelium and signaling through the platelet-acti-
vating factor receptor (PAFr). ChoP activation of the PAFr signal-
ing cascade downregulates host expression of Toll-like receptor 2
(TLR2), TLR4, and TLR9 and promotes NTHI invasion of host
epithelial cells (20, 21, 33, 34). Traditionally, NTHI has been cat-

egorized as an extracellular pathogen; however, invasion of host
epithelial cells can offer a temporary or long-term respite from the
host immune response and can counter active nutrient depletion
by the host. The process of active nutrient depletion, termed “nu-
tritional immunity,” is a host mechanism to inhibit microbial
growth by sequestering essential nutrients (i.e., iron, zinc, and
manganese) (9, 11, 12, 14, 15). Recalcitrance to antibiotic therapy,
persistence in the presence of protective antibodies, and culture-
negative clinical status suggest that biofilm formation and devel-
opment of bacterial reservoirs within host cells may contribute to
the chronic nature of NTHI infections (1, 4, 35–40).

Bacterial mechanisms to acquire essential nutrients and evade
innate immune responses are essential for NTHI survival as a
commensal in the nasopharynx and as a pathogen at privileged
sites in the host. We have previously demonstrated an essential
role for the Sap transporter, a multifunctional inner membrane
ABC transport complex, in resistance to antimicrobial peptide
killing and the transport of the essential heme iron (41–44). An-
timicrobial peptides are transported into the bacterial cytoplasm
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in a Sap-dependent manner and are subsequently degraded by
cytoplasmic peptidase activity (45). Similarly, the Sap transporter
functions in the uptake of heme iron. First bound by the SapA
periplasmic binding protein, heme iron is delivered for transport
across the cytoplasmic membrane through the SapBC permease
complex (44). In addition to the multifunctional roles of Sap
transporter function in innate immune resistance and nutrient
acquisition, Sap transporter function influences NTHI biofilm de-
velopment and architecture. NTHI deficient in the SapF ATPase
protein developed a more robust biofilm than that of the parental
strain, coincident with morphological plasticity of NTHI, includ-
ing increased chain length and filament production within the
biofilm architecture (46). We have further demonstrated that
neutralization of host antimicrobial peptides restores virulence to
the sapA mutant in vivo, suggesting an essential role for Sap-de-
pendent antimicrobial peptide resistance during the acute phase
of disease in the host (45). Sap transporter function thus serves to
maintain NTHI heme iron homeostasis and persistence in the
host, providing mechanisms to resist antimicrobial peptides, aid
in nutrient acquisition, and influence NTHI biofilm formation.

Due to these essential roles, we investigated the consequence of
loss of Sap transporter functions on colonization of epithelial cells.
We determined that NTHI deficient in SapA was less adherent to
epithelial cells yet was associated with membrane ruffling and ep-
ithelial cell destruction. In addition, we observed that SapA-defi-
cient NTHI was more invasive and had a decreased immune-stim-
ulatory effect on host epithelium compared to host responses
induced by the parental strain. Collectively, these data support an
important role for Sap transporter function in NTHI interaction
with host epithelial cells. We propose that NTHI utilizes the Sap
transporter to sense microenvironmental cues such as heme iron
limitation and antimicrobial peptide production to modulate the
host environment, gain access to essential nutrients, and evade the
innate immune system. Additionally, these data suggest that
NTHI residence in the epithelial cytoplasm may function as a
bacterial reservoir during chronic infections.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The parental NTHI strain 86-
028NP::rpsLA128G is a streptomycin-resistant strain constructed as previ-
ously described (47). Construction of a strain with an unmarked, nonpo-
lar deletion of the sapA gene was performed by the recombineering
strategy as previously described (46, 47). Briefly, primers 5=-AAGTGCG
ATGGTATTTTGACGAA-3= and 5=-ACGAGTAATATGATCCGCCTTT
GT-3= were used to amplify sapA and 1 kb of the flanking DNA both 5= and
3= to sapA. The subsequent amplicon was ligated into the pGEM-T Easy
vector (pFR001) and transformed into Escherichia coli strain DY380. In
parallel, primers, 5= TAATATGCCTTACAATTTGACACATAATTTATC
ACAATGCATTTGTTATG 3= and 5= CAGAATATGGCGAAGAACCGA
CCAGAACATTAGTGTTTCTCCTGAATAAA 3=, each containing 50 bp
of DNA homologous to the 5= and 3= ends of the sapA gene, were used to
amplify the spec-rpsL cassette from pRSM2832 (47). This amplicon was
then electroporated into strain E. coli DY380/pFR001 to form strain
DY380/pFR002, in which the sapA gene in pFR001 has been replaced by
the cassette. The plasmid pFR002 was then used to transform NTHI 86-
028NP::rpsLA128G, and transformants were selected by growth on specti-
nomycin-containing Chocolate II agar plates. To generate a nonpolar
deletion mutant, the sapA mutant was transformed with plasmid
pRSM2947 and grown at 32°C, and FLP expression was induced using
anhydrotetracycline. The cells were cured of the plasmid by growth at
37°C. Green fluorescent protein (GFP)-expressing parent and sapA mu-

tant strains were created by electroporation of pGM1.1 as published pre-
viously (43).

Bacterial strains were grown overnight on Chocolate II agar (Becton,
Dickinson, Sparks, MD) and then subcultured into prewarmed brain
heart infusion broth supplemented with 2 �g heme/ml (Becton, Dickin-
son, Sparks, MD) and 1 �g NAD/ml (Becton, Dickinson, Sparks, MD)
(sBHI). Cultures were normalized to an optical density at 490 nm (OD490)
of 0.65, diluted 1:6 in sBHI, and grown for 3 h to logarithmic phase at an
OD490 of 0.65. Logarithmic-phase bacteria were inoculated onto epithelial
cells at a multiplicity of infection (MOI) of 50.

Epithelial cell adherence assay. Adherence of the parent strain and
the sapA mutant was determined on epithelial cell monolayers in a 96-well
plate. Two microliters of logarithmic-phase bacteria (MOI � 50) was
inoculated onto confluent monolayers of chinchilla middle ear epithelial
(CMEE) cells, A549 human adenocarcinoma epithelial cells (American
Type Tissue Collection, Manassas, VA), or normal human bronchial ep-
ithelial (NHBE) cells (American Type Tissue Collection, Manassas, VA).
After 30, 60, and 90 min, the cell culture medium was removed and the
epithelial cell layers were washed three times with 200 �l Dulbecco’s phos-
phate-buffered saline (DPBS) (Mediatech, Manassas, VA), followed by a
3-min incubation with 0.25% trypsin–2.21 mM EDTA in Hanks balanced
salt solution (HBSS) (Mediatech, Manassas, VA). Cell suspensions were
serially diluted, and the CFU of adherent bacteria was determined by
plating on Chocolate II agar. Adherent bacteria were calculated as a per-
centage of the inoculum. The adherence assay was repeated for a total of
three biological replicates on each cell type, and significance for CMEE
cells was determined by a two-tailed Student t test and two biological
replicates for NHBE cells.

Transwell model of respiratory epithelial cell growth. Normal hu-
man bronchial epithelial cells, chinchilla middle ear epithelial cells, and
primary human airway epithelial cells were seeded onto Transwell mem-
branes and grown to confluence. Confluent monolayers were determined
by measuring a resistance of greater than 1,000 �/4.5 cm2 across the
Transwell membrane using an Epithelial Voltohmmeter (World Precision
Instruments, Sarasota, FL). After confluence, cell culture medium on the
apical surface was removed and epithelial cell growth and differentiation
were monitored for 2 weeks prior to inoculation. A 28.3-�l sample
(MOI � 50) of logarithmic-phase bacteria was inoculated onto the apical
surface of the Transwell-grown epithelial cells in 300 �l DPBS for 1 h, after
which nonadherent bacteria were removed and the epithelial cell surface
was washed once with 500 �l DPBS. After 24 h, spent medium was col-
lected from the basolateral surface and the apical surface was washed once
with DPBS and collected. The Transwell contents were fixed for electron
microscopy in 2.5% glutaraldehyde (Electron Microscopy Sciences, Hat-
field, PA) in DPBS for scanning electron microscopy (SEM) or in 2.5%
glutaraldehyde and 2% paraformaldehyde (Electron Microscopy Sci-
ences, Hatfield, PA) in DPBS for transmission electron microscopy or
were treated with TRIzol (Invitrogen, Carlsbad, CA) for RNA isolation.

Scanning electron microscopy. After fixation, cells were washed two
times in 0.2 M sodium cacodylate buffer, followed by subsequent incuba-
tion with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield,
PA) for 2 h, 1% thiocarbohydrazide (Electron Microscopy Sciences, Hat-
field, PA) for 30 min, and 1% osmium tetroxide to enhance electron
contrast of osmiophilic structures on the cell’s surface. Between each step,
the samples were washed 5 times with double-distilled water. The samples
were then dehydrated in a graded series of ethanol solutions, followed by
critical-point dehydration in hexamethyldisilazane (Electron Microscopy
Sciences, Hatfield, PA) for 15 and then 10 min. Samples were air dried
overnight and adhered to SEM specimen mount stubs with colloidal silver
(Electron Microscopy Sciences, Hatfield, PA). Images were obtained on a
Hitachi S4800 scanning electron microscope at 3 kV.

Transmission electron microscopy. For ultrastructural analysis,
Transwells were fixed in 2% paraformaldehyde–2.5% glutaraldehyde in
PBS for 1 h at room temperature. Samples were washed in phosphate
buffer and postfixed in 1% osmium tetroxide (Polysciences Inc., War-
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rington, PA) for 1 h. Samples were then rinsed extensively in distilled
water (dH2O) prior to en bloc staining with 1% aqueous uranyl acetate
(Ted Pella Inc., Redding, CA) for 1 h. Following several rinses in dH2O,
samples were dehydrated in a graded series of ethanol solutions and em-
bedded in Eponate 12 resin (Ted Pella Inc.). Ultrathin sections of 90 nm
were obtained with a Leica Ultracut UCT ultramicrotome (Leica Micro-
systems Inc., Bannockburn, IL), stained with uranyl acetate and lead
citrate, and viewed on a JEOL 1200 EX transmission electron microscope
(JEOL USA Inc., Peabody, MA).

NTHI inoculation onto epithelial cell monolayers for microscopy.
Normal human bronchial epithelial cells and chinchilla middle ear epi-
thelial cells were grown to confluence on a glass coverslip. Epithelial cells
were inoculated with 3.3 �l of mid-logarithmic-phase bacteria (MOI, 50)
in 100 �l DPBS. One hour after inoculation, the coverslips were flooded
with 1 ml DPBS and replaced with cell culture medium. After 24, 72, or 96
h, the cells were fixed in 2.5% glutaraldehyde in DPBS for scanning elec-
tron microscopy or in 2% paraformaldehyde in DPBS for fluorescence
microscopy. For fluorescence microscopy, epithelial cell membranes
were labeled with wheat germ agglutinin (WGA)-Alexafluor 594 (Life
Technologies), and DNA was counterstained with Hoechst 34580 (Life
Technologies). For immunofluorescence microscopy, NTHI was la-
beled with rabbit anti-outer membrane protein (OMP) and detected
with anti-rabbit GFP.

Cytokine array. Spent medium was collected from the basolateral sur-
face of the Transwell model at 24 h after inoculation with NTHI. Cytokine
secretion into the spent medium was measured using the Proteome Pro-
filer human cytokine array kit (R&D Systems, Minneapolis MN). Briefly,
medium samples were incubated with biotinylated detection antibodies.
The complex of cytokine and detection antibody was then bound to a
cognate antibody immobilized on a nitrocellulose membrane. Relative
amounts of the cytokine were detected by measuring streptavidin-horse-
radish peroxidase (HRP) chemiluminescence, and the fold change in cy-
tokine production was determined by measuring the pixel density at each
cognate antibody spot.

Gentamicin protection assay. Invasion by the parent strain and the
sapA mutant was determined on epithelial cell monolayers grown to con-
fluence in a 96-well plate. Two microliters of logarithmic-phase bacteria
(MOI � 50) was inoculated onto confluent monolayers of normal human
bronchial epithelial cells. After adherence for 1 h, the cells were washed
once with DPBS to removed nonadherent bacteria. At 24 h after inocula-
tion, the wells were washed once with DPBS and then treated with 50
�g/ml gentamicin (Sigma-Aldrich) in tissue culture medium for 1 h. Fol-
lowing gentamicin treatment, the epithelial cells were lysed in 0.1% Triton
X-100 (Fischer Scientific, Fair Lawn, NJ) in DPBS, and the number of
invaded bacteria was determined by protection from gentamicin killing
and enumerated by serial dilution and plating. The gentamicin protection
assay was repeated for a total of three biological replicates, and signifi-
cance was determined with a two-tailed Student t test.

Animal studies. Healthy adult chinchillas (Chinchilla lanigera) pur-
chased from Rauscher’s chinchilla ranch (LaRue, OH) were used to assess
disease progression after inoculation with either the parent strain or the
sapA mutant. Chinchillas were anesthetized with xylazine (2 mg/kg; Fort
Dodge Animal Health, Fort Dodge, IA) and ketamine (10 mg/kg; Phoenix
Scientific Inc., St. Joseph, MO), and middle ears were challenged with
2,500 CFU of either the parent strain or the sapA mutant by transbullar
inoculation. At 3 days postinoculation, the animals were sacrificed and the
middle ears were fixed for histological examination. Middle ear samples
were fixed in 4% paraformaldehyde in DPBS, decalcified, paraffin embed-
ded, section, and stained with hematoxylin and eosin (H&E).

RESULTS
Loss of SapA decreases adherence to epithelial cells. Sap trans-
porter function maintains NTHI heme iron homeostasis and per-
sistence in the host, providing mechanisms to resist antimicrobial
peptides, acquire heme, and influence NTHI biofilm formation

(41–45). The host microenvironment at the mucosal surface chal-
lenges NTHI survival through nutrient (i.e., heme iron) limitation
and bactericidal innate immune effectors (48); thus, we hypothe-
sized that Sap transporter functions are critical for NTHI interac-
tion with the host epithelial cells and establishment of coloniza-
tion. To investigate the influence of Sap transporter function on
this critical initial interaction, we monitored NTHI adherence to
anatomically variant and species-variant primary epithelial cells:
normal human bronchial epithelial (NHBE) cells and chinchilla
middle ear epithelium (CMEE). The chinchilla has been used ex-
tensively as a model for NTHI-mediated otitis media, and cells
established from chinchilla middle ear explants have been used to
study NTHI-host epithelial interactions (49, 50). NHBE cells are
derived from donor epithelial tissue and are used as a physiologi-
cal model to study upper respiratory tract infections (48). The
parent and sapA mutant strains were evaluated for adherence to
epithelial cell monolayers. Independent of epithelial cell source,
we observed a reduction in the ability of a sapA mutant to adhere
to epithelial cells compared to adherence of the parent strain (Fig.
1). NTHI has been shown to preferentially adhere to nonciliated
cells of the respiratory tract and to utilize host structures such as
ICAM-1, CEACAM1, sialic acid-containing lactosylceramide, gly-
coproteins related to heparan sulfate and mucin, and plasma
membrane receptors (16, 22, 25–28, 33, 49, 51–56). Therefore, the
disparity in NTHI adherence to these different cell types was not
unexpected. In fact, the higher efficiency of binding to the CMEE
cells may have allowed for better detection of changes in adher-
ence to these cells in the absence of SapA. These results demon-
strate that the Sap transporter function can influence adherence of
NTHI to epithelial cells.

Loss of SapA perturbs NTHI-epithelial cell interaction. Since
we observed a reduction in the adherence of a mutant deficient in
SapA, we sought to determine the effects of this mutation on col-
onization and biofilm formation on the surface of host epithelial
cells. The importance of biofilm formation in the resistance to
antimicrobial peptides and antibiotic therapy has been well estab-
lished, and it contributes to persistence in the host (31, 57, 58). In
addition, biofilm formation is influenced by host microenviron-
ments that are limited in available iron, which is particularly im-
portant as the host sequesters free iron as a means to limit bacterial
growth (59–67). We have demonstrated that transient restriction
of heme iron enhances biofilm structural complexity and peak
height in wild-type NTHI (B. R. Szelestey and K. M. Mason, un-
published observations). Since microenvironmental cues can in-
fluence biofilm formation, we hypothesized that Sap transporter
functions contribute to NTHI colonization and biofilm formation
on host epithelial cells. NTHI inhabits a number of different types
of epithelium in the host, including the oropharynx, middle ear,
and lung epithelia. The best representative cultured cell condition
to model the privileged middle ear is CMEE cells. Since we ob-
served a more pronounced adherence defect of the sapA mutant
on CMEE monolayers (Fig. 1), we examined colonization and
biofilm formation by the parental or sapA mutant strain on these
cells. To that end, parent or sapA mutant GFP reporter strains
were cocultured with CMEE cell monolayers for 72 h, washed to
remove nonadherent bacteria, fixed, and monitored for commu-
nity development and epithelial cell membrane perturbations. Ep-
ithelial cell membranes were labeled with wheat germ agglutinin
(WGA) and visualized for bacterial interaction by confocal mi-
croscopy. We observed that the parental strain was primarily cell

Sap-Mediated Transport and Virulence

January 2013 Volume 81 Number 1 iai.asm.org 45

http://iai.asm.org


surface associated as a biofilm (Fig. 1C). In addition, three-dimen-
sional rendered optical sections of the bacterium-epithelial cell
interface revealed little perturbation of the epithelial cell mem-
brane as indicated by green pseudocolor (bacteria) and red
pseudocolor (epithelial cell membrane) in different focal planes
(Fig. 1E, orthogonal view), supporting surface colonization by the
bacteria. In contrast, the sapA mutant remodels the epithelial cell
surface, resulting in membrane perturbations that enveloped the
bacteria (Fig. 1D). In fact, the sapA mutant was observed in the
same focal plane as the epithelial cell membrane, in many cases
extending 20 �m above the planer surface, which is suggestive of
epithelial cell membrane ruffling and compromise of the epithe-
lial cell membrane integrity (Fig. 1F, orthogonal view). We ob-
served similar results when the parent strain or sapA mutant was
cocultured with NHBE cell monolayers (see Fig. S1 in the supple-
mental material). These observations were thus independent of
epithelial cell type and initial levels of adherence (compare Fig. 1A
and B and Fig. S1 in the supplemental material).

The membrane changes associated with colonization by the
sapA mutant suggested that the sapA mutant had penetrated the
epithelial cell membrane and colonized the cytoplasm. To more

closely examine the cellular localization of NTHI on and within
epithelial cells, NTHI was cocultured with NHBE monolayers for
24 h, the monolayers were washed to remove nonadherent bacte-
ria, and surface-exposed NTHI was immunolabeled. Invasive
bacteria, which were inaccessible to immunolabeling, were subse-
quently identified by DNA counterlabeling. Thus, surface-associ-
ated bacteria were detected by punctate fluorescence (pseudocol-
ored green), whereas internalized bacteria were visualized as
white. Epithelial cell membranes were labeled with WGA and vi-
sualized for bacterial localization by immunofluorescence micros-
copy. We observed the parental strain colonizing the surface of the
epithelial cells, predominantly visualized by punctate green fluo-
rescence (Fig. 2B). In contrast, we observed that the sapA mutant
localized to both the surface and cytoplasm of the epithelial cells
(Fig. 2C). Cytoplasmic localization of the sapA mutant was indi-
cated by white DNA counterlabeling throughout the cytoplasm of
the epithelial cells. The fluorescence of the bacteria in the cyto-
plasm in conjunction with the absence of antibody labeling is
highly suggestive of internalization of the sapA mutant. Moreover,
the intensity and proximity of the signal are indicative of bacterial
microcolonies within the cytoplasm. Collectively, these data sug-

FIG 1 Adherence and epithelial cell surface remodeling in the absence of SapA. (A and B) CMEE (A) and NHBE (B) cells were inoculated with either the parent
strain (white bars) or the sapA mutant strain (black bars). Numbers of bacteria adherent to the epithelial cell monolayers were determined at each time point and
are depicted as the mean adherent bacteria � standard deviation for triplicate wells from three (B) or two (A) independent experiments. The asterisk depicts a
significant change in adherence between the sapA mutant and the parent strain (P � 0.05). (C to F) The parent (C and E) or the sapA mutant (D and F) GFP
reporter strains (green) were inoculated onto CMEE cell monolayers (red), incubated for 72 h, and monitored for colonization and epithelial cell surface changes
by confocal microscopy. Panels E and F are three-dimensional rendered optical sections of the bacterium-epithelial cell interface.
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gest that Sap transporter function mediates NTHI adherence, in-
fluences colonization of epithelial cells, and maintains epithelial
cell membrane homeostasis.

Next, we sought to better define bacterium-host interactions
under conditions that more closely mimic bacterial infections of
the respiratory tract (48). Polarized, differentiated NHBE cells
were grown on semipermeable Transwell membrane supports at
an air-liquid interface; similarly to epithelial cells of the respira-
tory tract, the NHBE cells formed polarized semistratified cell lay-
ers that produced mucus and expressed microvilli and cilia.
Therefore, bacteria cocultured with the apical surface of the epi-
thelial cells must colonize at the air-exposed surface and acquire
nutrients from the epithelial cell, unlike colonization of epithelial
cell monolayers which are submerged in nutrient-rich medium
(48). Thus, to determine the influence of the Sap transporter on
colonizing the nutrient-limited apical surface of epithelial cells, we
exposed polarized NHBE cells to either the parental strain or the
sapA mutant strain for 24 h and visualized bacterium-host cell
interactions by SEM. The parental strain colonized the apical sur-
face by formation of microcolonies or larger biofilm communities
(Fig. 3C and E). We typically observed small clusters of the parent
strain in patches on the epithelial cell surface; these patches appear
to form in minor lesions on the epithelial cell surface. The lesions
are absent in the control cells (Fig. 3A and B), suggesting that they
are triggered by colonization of the bacteria. Despite the presence
of small lesions, there was very little disruption of the epithelial cell
layer integrity (i.e., the surface appears relatively smooth). In con-
trast, although able to colonize the apical surface, the biofilms
formed by the sapA mutant were more dense and coincided with
evidence of epithelial cell destruction associated with bacterial col-
onization (Fig. 3D and F). In contrast to the case for parental
strain (Fig. 3G), populations of the sapA mutant were often asso-
ciated with “honeycomb”-like structures which seemed to have
been left behind by bacteria that were disassociated during the
processing of the samples (Fig. 3H). The “honeycomb”-like struc-
tures appeared to be of epithelial cell origin. Consistent with our
observations with polarized NHBE cells, we also observed en-
hanced biofilm formation and paracellular localization by the
sapA mutant on CMEE cells (see Fig. S2 in the supplemental ma-
terial). Thus, our observations of colonization on polarized NHBE
cells were similar to our observations of that on epithelial cell
monolayers; both strains colonized the surface of the epithelial
cells, and the sapA mutant modified the epithelial cell surface and

was associated with epithelial cell membrane perturbations. How-
ever, we observed small lesions induced by both the parental strain
and the sapA mutant in this nutrient-restricted, air-exposed mi-
croenvironment. Furthermore, the biofilms formed by the sapA
mutant were associated with epithelial cell destruction and inva-
sion by the sapA mutant. Thus, the polarized tissue culture model
enabled us to study colonization of NTHI using a more relevant,
nutrient-restricted microenvironment.

Loss of SapA function results in a hyperinvasive phenotype.
Although it is classically considered an extracellular, opportunis-
tic pathogen, there is increasing evidence of intracellular and in-
tercellular niches for NTHI in vitro (36). Further, the presence of
NTHI within adenoids and bronchial epithelium suggests that an
invasive phenotype may coincide with the chronic nature associ-
ated with NTHI-mediated diseases (68–72). Invasion of epithelial
cells could provide NTHI with an environment rich in nutrients
and a refuge from immune pressures. Our previous data indicate
an increased propensity for the sapA mutant to disrupt the epithe-
lial permeability barrier and invade bronchial epithelial cells (Fig.
2C). Therefore, we sought to further investigate this hyperinvasive
phenotype and determine the ultrastructural localization of the
parental strain or the sapA mutant following coculture on the
apical surface of polarized NHBE cells by examining cross sections
of the epithelium by transmission electron microscopy. We ob-
served that the parental strain colonized primarily the apical sur-
face of the epithelial cells, with little evidence of membrane per-
turbations (Fig. 4A and C), consistent with our previous results
(Fig. 1C and 3C, E, and G). This rather benign surface association
did not preclude NTHI invasion, as the parent strain was also
observed to localize to the cell cytoplasm, typically in membrane-
enclosed vacuoles (Fig. 4C). Although invasion appeared to be
detrimental as observed by loss of bacterial density and membrane
integrity within the presumed phagosomal vacuoles, these data are
consistent with previous observations of NTHI intracellular inva-
sion (48). In contrast, although the sapA mutant also colonized
the apical surface, we observed enhanced epithelial cell membrane
perturbations, disruption of the epithelial membrane barrier, and
populations of the sapA mutant in the cytoplasm of epithelial cells
(Fig. 4B and D). Interestingly, these invasive bacteria did not ap-
pear to be contained within a membranous compartment but ap-
peared to colonize the host cytoplasm, in most cases retaining
bacterial density and membrane integrity (Fig. 4B and D). Simi-
larly, we observed invasive phenotypes of the parent and sapA

FIG 2 Epithelial cell invasion in the absence of SapA. NHBE cell monolayers (A) were inoculated with the parent strain (B) or the sapA mutant strain (C),
incubated for 24 h, and monitored for colonization by fluorescence microscopy. NTHI cells were labeled with a anti-OMP antibody and detected by anti-rabbit
FITC antibody (green). Epithelial cell membranes were stained with wheat germ agglutinin conjugated to Alexafluor 594 (red), and DNA was counterstained with
Hoechst 34580 (white). Arrows indicate cytoplasmic NTHI.
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mutant in primary differentiated chinchilla nasopharyngeal epi-
thelial cells (data not shown), suggesting different mechanisms of
intracytoplasmic trafficking and survival of the sapA mutant and
the parental strain. The hyperinvasive phenotype of the sapA mu-

tant was confirmed by gentamicin protection, demonstrating a
significant increase in invasion by the sapA mutant compared to
the parental strain (Fig. 4E). In addition, we observed outer mem-
brane vesicle (OMV) production by NTHI at the epithelial cell

FIG 3 SapA mediates epithelial cell surface colonization by NTHI. Polarized epithelial cells grown at an air-liquid interface (A and B) were inoculated with the
parent strain (C, E, and G) or the sapA mutant strain (D, F, and H) and incubated for 24 h. NTHI-epithelial cell interactions were monitored by scanning electron
microscopy.
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surface by the parent strain (Fig. 4E) and both within and between
NHBE cells by the sapA mutant strain (Fig. 4F). These data are
consistent with recent observations of NTHI OMV production
following long-term (5-day) colonization of EpiAirway cells, a
commercially available cell model system (48). However, our ob-
servations indicate that OMVs not only are produced rapidly, 1
day following infection of polarized NHBE cells, but are shed dif-
ferentially at subcellular locations of NHBE cells. Previously, we
demonstrated that NTHI OMVs are internalized by host epithelial

cells and trigger host cell signaling and cytokine production (73).
These data, in addition to observed hypervesiculation of the SapA-
deficient strain compared to the parental strain in vitro (S. W.
Sharpe and K. M. Mason, unpublished data), indicate an impor-
tant role for OMV production in NTHI-host cell interactions,
which is under investigation in our laboratory.

Collectively, these data indicate that loss of Sap transporter
function promotes a hyperinvasive phenotype of NTHI, and they
further suggest a role for the function of the Sap transporter in

FIG 4 Loss of SapA promotes a hyperinvasive phenotype. (A to D) Polarized epithelial cells grown at an air-liquid interface were inoculated with the parent strain
(A and C) or the sapA mutant strain (B and D) and incubated for 24 h. The subcellular ultrastructural localization of the parent strain or the sapA mutant was
determined by transmission electron microscopy. Black arrows indicate bacteria that colonized the epithelial cell surface, and white arrows indicate bacteria
present in the cytoplasm of the epithelial cells. (E and F) The parent strain produced outer membrane vesicles at the epithelial cell surface (E), and the sapA mutant
strain produced outer membrane vesicles both within and between NHBE cells (F). (G) A gentamicin protection assay indicates an �2-fold increase in invasion
by the sapA mutant compared to the parent strain when comparing the mean number of bacteria protected from gentamicin lethality � standard deviation for
triplicate wells performed in three independent experiments. The asterisk indicates a significant increase in survival of the sapA mutant compared to that of the
parent strain (P � 0.05).
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mediating a homeostatic interaction with host epithelial cells. In-
vasion into epithelial cells may benefit survival of NTHI in nutri-
ent-restricted microenvironments as a mechanism to gain access
to available nutrients in the cytoplasm of the host epithelium. Our
observations suggest that invasion of the sapA mutant may com-
pensate for the loss of Sap transporter function to counter nutri-
ent starvation.

Sap transporter function mediates epithelial cell stimulation
and cytokine response to colonization. The epithelium provides
the host with a first-line defense to the external environment (74).
In addition to providing a selective barrier, the epithelium is ca-
pable of mounting an inflammatory response by the secretion of
antimicrobial molecules and the production of cytokines after
stimulation by conserved microbial structures. Signaling path-
ways are often manipulated by bacteria to gain access to the cyto-
plasm in nonphagocytic cells (75). Our data suggest that the sapA
mutant compensates for the loss of Sap transporter function via
altered host cell membrane interactions and invasion of epithelial
cells. The epithelial cell membrane perturbations and hyperinva-
sion of the epithelial cells by the sapA mutant suggest an alteration
in epithelial cell homeostasis. To investigate this change in epithe-
lial cell homeostasis, we monitored cytokine secretion by the epi-
thelial cell in response to colonization by the parent strain or the
sapA mutant. Polarized epithelial cells were cocultured with either
the parent strain or the sapA mutant strain at the air-exposed
apical surface of NHBE cells and assessed for fold change in baso-
lateral cytokine production. We observed a decrease in proinflam-
matory cytokine and chemokine production by polarized normal
human bronchial epithelial cells when exposed to the sapA mutant
strain for 24 h compared to that in cells exposed to the parental
strain (Table 1). We extended our analysis to other cell types,
including CMEE cells and primary human alveolar epithelial
(HAE) cells from human lung explants. We again observed a de-
crease in proinflammatory cytokine and chemokine production
on these other primary cell types (Table 1). It is intriguing to note
that interleukin-25 (IL-25) was elevated due to exposure of the
parental strain in all three cell types tested. IL-25 stimulation of
epithelial cells triggers the production of the type 2 cytokine re-
sponse, characterized by the secretion of IL-4, IL-5, and IL-13,
which were also increased in production in response to the parent
strain (76). These data indicate that loss of Sap transporter func-
tion decreases NTHI stimulation of epithelial cell cytokine pro-
duction. Further NTHI sensing of host microenvironmental cues
(heme iron or antimicrobial peptides) via Sap transporter func-
tion may ultimately result in a decrease in epithelial cell cytokine
production and thus contribute to the chronicity of NTHI-medi-
ated diseases.

Sap transporter function modulates severity of experimental
otitis media. The decrease in the epithelial cytokine response to
the sapA mutant suggested that there would be an alteration in
disease progression in the middle ear. To characterize middle ear
mucosal changes, chinchilla middle ear inferior bullae were exam-
ined histologically at 4 days following infection with either the
parental strain or the sapA mutant. We observed capillary dila-
tion, erythema, hemorrhagic foci, and host immune cell infiltrate
in middle ears inoculated with the parent strain (Fig. 5B) com-
pared to naïve middle ears (Fig. 5A). Upon closer examination of
the middle ear mucosa, we observed mucosal epithelial cell thick-
ening and edema (Fig. 5D). Middle ears inoculated with the sapA
mutant also presented similar markers of middle ear disease; how-

ever, there was a clear decrease in the disease severity compare to
that in the middle ears inoculated with the parent strain (Fig. 5C
and E) despite no significant difference in bacterial burden com-
pared to that of the parental strain (data not shown). These obser-
vations, concurrent with diminished cytokine production, suggest
that the sapA mutant is less immunostimulatory than the parent
strain, likely compensating for the increased susceptibility to an-
timicrobial peptides and thus decreasing epithelial cell stimula-
tion.

DISCUSSION

Elucidation of NTHI pathogenic survival strategies will provide
the necessary platform for the development of novel treatment
modalities that will ultimately reduce the burden of NTHI-medi-
ated diseases. NTHI is exposed to complex host microenviron-
ments that are typically nutrient limited due to host sequestration
strategies, such as limitation of available iron, and are replete with
bactericidal immune molecules. Our previous work described an
essential role for Sap transporter function in the acquisition of
heme iron and resistance to host antimicrobial peptides (41–46).
Therefore, we exploited the use of NTHI deficient in Sap trans-
porter function as a means to elucidate the consequences of mi-
croenvironmental cues for NTHI-host interactions that modulate
disease severity. Here, we demonstrated increased ruffling of the
epithelial membrane when cells were cocultured with NTHI defi-
cient in SapA, indicating an altered interaction with the host cell
surface. The increase in membrane ruffling coincides with an in-
creased propensity of the sapA mutant to invade the apical layers

TABLE 1 Cytokine production by respiratory epithelial cells stimulated
by NTHI

Cytokinea

Fold increase in productionb by epithelial cells

NHBE CMEE HAE

G-CSF 2.21 ND ND
I-309 3.37 2.56 ND
IL-23 2.99 3.87 ND
IL-16 1.95 ND 3.29
CD40 L 10.39 ND 2.08
IL-25 2.59 3.31 2.88
IL-1a ND 2.54 4.81
IL-1b ND 3.51 7.15
IL-2 ND 2.52 1.97
IFN-� ND 2.52 2.00
IL-17 ND 2.62 10.63
IL-4 ND 3.71 3.40
IL-13 ND ND 8.09
MCP-1 ND ND 3.68
GM-CSF ND 2.38 ND
IL-12p70 ND 2.86 ND
IL-5 ND 4.85 ND
IL-6 ND 2.44 ND
IP-10 ND 4.05 ND
MIP-1a ND 4.27 ND
sICAM-1 ND 5.74 ND
a G-CSF, granulocyte colony-stimulating factor; IFN-�, gamma interferon; GM-CSF,
granulocyte-macrophage colony-stimulating factor; MCP-1, monocyte chemoattractant
protein 1.
b Data represents the fold increase in production of the listed cytokines stimulated by
the parent strain compared to the mutant strain; cytokines not listed had a fold change
of less than 1.5. ND, no difference in cytokine production stimulated by the parent
strain and the sapA mutant strain.
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of polarized, differentiated epithelial cells, in contrast to that of the
parental isolate, which associated primarily with the cell surface
and did not induce membrane ruffling. This hyperinvasive phe-
notype was coincident with a dysregulation in epithelial cell cyto-
kine production, which was dampened in inflammatory cytokine
production in vitro and, further, less inflammatory in vivo, com-
pared to the observed responses to the parental strain. Bacteria
invasion has been shown to dysregulate epithelial cytokine pro-
duction (74, 77–81). Collectively, our data suggest a dynamic in-
terplay between NTHI and the host that is mediated, at least in
part, by host microenvironmental cues. Thus, microbial sensing
of nutrient availability influences interactions with host cells. It
has previously been demonstrated that the Ami oligopeptide ABC
transporter in Streptococcus influences interaction with epithelial
cells, which is hypothesized to be regulated by oligopeptide uptake
and contribution to global metabolic gene regulation and thus

dependent upon nutrient availability (82, 83). Our data are con-
sistent with this hypothesis, suggesting that NTHI utilizes the Sap
transporter to sense host-derived molecules that can differ in
availability in distinct microenvironments of the respiratory tract.
Our data further indicate that NTHI invades the epithelium, likely
in order to gain access to essential nutrients, evade the innate
immune response, and provide a bacterial population that upon
reemergence may seed recurrent infections that contribute to
chronic otitis media.

NTHI colonization is dependent on bacterial adherence to the
mucosal surface. Additionally, epithelial cell invasion has been
shown to be mediated by the Hap, protein D, and protein E ad-
hesins (16, 28, 33) and ChoP moieties on NTHI LOS (33, 80). Our
observations indicated that loss of SapA reduced the initial adher-
ence of NTHI yet did not affect colonization of the cell surface. In
fact, loss of SapA promoted invasion of epithelial cells. We do not

FIG 5 Loss of SapA attenuates NTHI-induced disease severity. Naïve chinchilla middle ears (A) were inoculated transbullarly with the parent strain (B and D)
or the sapA mutant strain (C and E). Three days after inoculation, the middle ear inferior bullae were excised, embedded, and sectioned. Sections were H&E
stained to monitor middle ear mucosal inflammation and NTHI biofilm formation in the middle ear cavity. L, middle ear lumen; I, infiltrating leukocyte; M,
mucosa; B, bone; Bf, biofilm.
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observe alterations in ChoP expression in the LOS or changes in
the expression of known adhesins in the outer membrane of the
sapA mutant (F. K. Raffes and K. M. Mason, unpublished obser-
vations). Thus, these data suggest a previously uncharacterized
mechanism for NTHI invasion. Further, the hyperinvasive phe-
notype of the sapA mutant suggests that this process may be reg-
ulated by the function of the Sap transporter and therefore be
influenced by host microenvironmental cues such as heme limi-
tation and antimicrobial peptide production during pathogenesis.
It is interesting to note that although it was predominately surface
associated, the parent strain also invaded the epithelial cells. How-
ever, the parent strain was observed in membrane-bound vacu-
oles, in contrast to localization of the sapA mutant in the cyto-
plasm, suggesting differential trafficking once the bacteria are
internalized by the epithelial cells. Additionally, the fate of the
internalized bacteria was different for the parent strain and the
sapA mutant. The parent strain lost electron density and mem-
brane integrity within the phagosomal vacuoles, consistent with
previous observations of NTHI intracellular invasion. In contrast,
the sapA mutant invasive bacteria did not appear to be contained
within phagosomes but appeared to colonize the host cytoplasm,
in most cases retaining bacterial density and membrane integrity.
Invasion into epithelial cells provides an additional mechanism
for resisting host nutritional and innate immune responses. It has
been previously demonstrated that auxotrophic E. coli mutants
are unable to survive in the extracellular environment but are able
to survive in the cytoplasm of host epithelial cells (84, 85). The
survival of auxotrophic E. coli in the cytoplasm suggests increased
access to nutrients in the cytoplasm compared to the extracellular
environment of the host. The clustering of the cytoplasmic NTHI
that we observed is suggestive of intracellular growth (Fig. 2C and
4B and D). These data suggest that exposure of NTHI to host
immune pressures such as increased concentrations of antimicro-
bial peptides or host sequestration of essential nutrients promotes
epithelial cell invasion and survival in the cytoplasm (36). Inter-
estingly, NTHI does not have a dedicated invasion or secretion
system to initiate epithelial cell receptor independent invasion,
which suggests that NTHI must exploit host cell signaling to gain
access to the cytoplasm, mechanisms that are under investigation
in our laboratory. It is also interesting to note the presence of
NTHI membrane vesicles in our polarized NHBE model (Fig. 4).
We have previously determined that NTHI vesicles are able to
stimulate epithelial cells (73), and we are currently investigating
their relevance in NTHI-epithelial cell homeostasis.

We examined the contribution of Sap transporter function to
NTHI colonization of polarized, differentiated epithelial cells
grown at an air-liquid interface, a physiological model of epithelial
cells of the upper respiratory tract. Here, we observed that the
sapA mutant formed a dense biofilm on the apical surface and
invaded into the apical-most cell layers. Biofilms provide a mech-
anism for survival in a nutrient-limited environment and resis-
tance to bactericidal molecules (31, 57, 58). Biofilm survival
strategies are mediated by the expression of quorum-sensing-
regulated genes, an increase in persister cell formation, metabolic
heterogeneity, and secretion of extracellular polymeric structures.
This suggests that the sapA mutant may compensate for the inabil-
ity to acquire heme iron and resist antimicrobial peptides by pref-
erentially forming biofilms on the epithelial cell surface to survive
in the host epithelial cell microenvironment. Host microenviron-
mental cues may influence a similar phenotype during NTHI col-

onization. In fact, we have demonstrated that transient restriction
of heme iron mediates NTHI morphological changes that influ-
ence biofilm architecture, attenuates the host response, and thus
promotes NTHI persistence in the middle ear (Szelestey and Ma-
son, unpublished observations), suggesting that at least the heme
iron acquisition function of SapA contributes to the phenotypes
described here. Both the increased propensity for biofilm forma-
tion and invasion of the epithelial cells could represent survival
strategies utilized by NTHI in vivo.

Epithelial cells respond to bacterial colonization and invasion
by the secretion of cytokines and chemokines that serve initially to
attract innate immune leukocytes and subsequently to attract B
cells and T cells to remove the invading pathogens. We deter-
mined that epithelial cell colonization by the sapA mutant stimu-
lated decreased production of inflammatory cytokines compared
to those produced in response to colonization by the parent strain.
In order to determine if this differential host response to coloni-
zation would alter disease progression, we monitored the middle
ear mucosa of chinchillas inoculated with either the parent strain
or the sapA mutant. Histological analysis of middle ears infected
with parental strain demonstrated severe edema, capillary dila-
tion, erythema, hemorrhagic foci, host immune cell infiltrate, and
mucosal epithelial cell destruction 3 days after inoculation. In
contrast, middle ears inoculated with the sapA mutant demon-
strated a striking decrease in epithelial inflammation that main-
tained an intact mucosal surface, despite no significant difference
in bacterial burden compared to the parental strain as evidenced
by biofilm formation and leukocyte influx in the middle ear. These
data suggest that NTHI utilizes the Sap transporter to sense the
host microenvironment and mediate interactions with the host
mucosal surface. In fact, we have determined that transiently
heme iron-restricted NTHI elicited a similar reduction in inflam-
mation and epithelial cell damage that enhanced NTHI persis-
tence in the middle ear (Szelestey and Mason, unpublished obser-
vations). Therefore, NTHI will decrease the stimulation of
epithelial cells, resulting in a decreased expression and production
of cytokines and ultimately altering disease progression.

Our results highlight the delicate balance maintained between
the host epithelium and commensal bacteria at the epithelial cell
interface. Here we demonstrated that the Sap transporter function
influenced NTHI interaction with host epithelium, revealing a
mechanism by which NTHI can sense the host epithelial cell mi-
croenvironmental cues that impact NTHI behavior. Our data sug-
gest that NTHI colonization of the nasopharynx is dictated by host
microenvironmental cues that limit host cell interaction to thus
establish a commensal relationship in this environment. How-
ever, upon transition to other host sites, NTHI senses changes in
nutrient availability and innate immune pressures, which triggers
a more pathogenic lifestyle which coincides with enhanced bio-
film community development and modulation of epithelial cell
responses. The lifestyle changes by NTHI in these environments
will promote survival and resistance to clearance mechanisms.
The information gathered here provides new avenues of investi-
gation to determine the NTHI and epithelial cell factors that
NTHI will use to decrease stimulation of epithelial cells to dimin-
ish the immune response and alter disease.
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