

















Interkingdom Signaling and Transition to Disease

FIG 5 Histological representation of mouse tissues infected with various pneumococcal populations. Representative histological images of nasal epithelium,
middle ear space, and lungs 7 days following nonanesthetized intranasal challenge (rows 1 to 3) with PBS (mock-infected control), biofilm, or dispersed or
planktonic populations. Row 4 shows histological sections of the lungs 48 h following intratracheal aspiration of these same bacterial populations. Tissues were
stained with hematoxylin and eosin and examined microscopically at magnifications of X400 for row 1 and X200 for rows 2 to 4. The sections are labeled with
relevant structures (LI, leukocyte infiltrate; TM, tympanic membrane; SM, stapes muscle; ME, middle ear cavity; Spn, S. pneumoniae).

mococcal colonization, we used the established carriage model
described above. In the absence of virus, mice remain colonized
with D39 or EF3030 for 1 to 3 weeks without infection of the lower
respiratory tract or the development of bacteremia (data not
shown). We induced stable asymptomatic carriage with either
biofilm-grown EF3030 or D39. At 48 h postinoculation, mice were
intranasally inoculated with 40 PFU of IAV. Infection with IAV
confirmed the results of many human epidemiological studies and
showed that the mice had a marked level of viral pneumonia on
day 1 post-IAV inoculation, showing increased lethargy, hud-
dling, and ruffled fur. We found that 24 h after IAV infection, both
of the colonizing pneumococcal strains had successfully dissemi-
nated to both the lungs and middle ears, whereas the non-virus-
infected group, inoculated with phosphate-buffered saline (PBS),
showed no presence of bacteria in the lungs (Fig. 6A and B). Only
a limited bacterial presence was observed for the EF3030 clinical
otitis strain in the middle ear. To determine the fate of dissemi-
nated bacteria over time, we followed the mice over 5 days post-
TAV inoculation. EF3030 bacteria continuously colonized the na-
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sopharynx at a high level over all 5 days in both the presence and
the absence of virus (Fig. 6A and C), but dissemination to the
lungs increased over time to induce pneumonia and to the middle
ears that persisted to induce acute otitis media only in the presence
of IAV. The D39 strain, being a more invasive strain, decreased in
colonization over time (Fig. 6B and D). And yet, following damage
to the lungs from the viral pneumonia, D39 pneumococci that
actively disseminated to the lung increased their bacterial burden
over time and substantial bacterial pneumonia was seen on day 5
post-IAV infection (Fig. 6B and D). Although the D39 strain also
disseminated to the middle ear by day 1, it was slowly cleared over
time, suggesting that this strain is less otogenic, in agreement with
the results shown in Fig. 4B.

To further explore the mechanism involved in transition from
colonization to disease, we used this same colonization model to
assess the effect of host-derived interkingdom signals seen during
viral infection that were found to disperse pneumococcal biofilms
in vitro as described above. Infection of mice with IAV induced a
significant release of ATP in nasopharyngeal secretions, suggest-
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FIG 6 Bacterial dissemination of mice stably colonized with pneumococci and challenged with influ-
enza A virus. Bacterial burden in tissues and nasopharyngeal lavage fluid was measured for individual
6-week-old female BALB/cBy] mice colonized intranasally without anesthesia with EF3030 (A and C) or
D39 (B and D) biofilm bacteria at 1 (A and B) or 5 (C and D) days postinfection with IAV. Each dot
represents an individual mouse. Statistical analysis was performed using Student’s ¢ test. * = P < 0.05,

=P <0.01,** =P <0.001.

ing this to be an important host signaling molecule (Fig. 2A). Asin
our in vitro experiments, intranasal application of ATP, NE, or glu-
cose or a brief (4-h) exposure of the mice to febrile-range hyperther-
mia (FRH) led to the dissemination of both EF3030 and D39 pneu-
mococci from the nasopharynx. There was a moderate increase in the
percentage of nasal bacteria found in the lavage fluid compared to the
tissue-associated population. This was accompanied by the dissemi-
nation of bacteria to the middle ear or lungs within 24 h (Fig. 7). No
such bacterial invasion of the lower respiratory tract was detected
after intranasal administration of PBS. All host signals that induced
dispersion effectively caused dissemination to the lungs for both
strains. For dissemination to the middle ear, febrile-range hyperther-
mia and norepinephrine were especially effective in causing dissemi-
nation and ATP worked effectively also for the EF3030 otitis media
isolate (Fig. 7A).

To confirm the crucial role of activating events leading to spe-
cific release of bacteria from the biofilms with increased virulence,
we tested the in vivo phenotype of bacteria passively released from
EF3030 and D39 biofilms (see Fig. SI in the supplemental mate-
rial). Released bacteria from EF3030 biofilm overgrowth inocu-
lated intranasally showed no dissemination to the lungs and only a
limited presence in the middle ears that was not significantly
greater than that seen during challenge with intact biofilm bacteria
as shown in Fig. 4. Similarly, intraperitoneal challenge of this same
population resulted in complete clearance within 24 h. Together,
these results demonstrate that activation of the biofilm with spe-
cific host signaling molecules is required to induce the liberation
and dispersion of bacteria that can disseminate to normally sterile
sites.

DISCUSSION

A current challenge in the field of pneumococcal pathogenesis is
to understand how asymptomatic pneumococcal colonization
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However, recent work has shown that
large bacterial aggregates are more sus-
ceptible to complement-mediated opsono-
phagocytosis within the vascular com-
partment (39) and that in vitro-grown
biofilms are attenuated for virulence (14).
Our results demonstrating that biofilms
grown on epithelial cells downregulate important virulence fac-
tors, are predominantly in the transparent phase, induce lower
cytokine responses in epithelial cells, and are noninvasive and
nontoxic to HRECs support these observations. Likewise, our
in vivo models suggest that the formation of biofilm structures
within the nasopharynx allows increased bacterial adherence and
persistence while ensuring the rapid clearance from any normally
sterile areas into which they may gain entry such as the lung or
vascular compartment, possibly through microaspiration.
Biofilms formed during nasopharyngeal colonization must
balance attachment, growth, and eventual dispersion processes
within a dynamic nasopharyngeal environment. In both bacteria
and fungi, the nutritional status of the environment dictates bio-
film dispersal. In general, increased nutrient availability is associ-
ated with inhibiting biofilm formation, increasing detachment,
and triggering dispersion, and it is possible that other host signals
are involved in this regulation (40, 41). Here, we found that pneu-
mococcal cells dispersed from biofilms in response to hyperther-
mia treatment were more inflammatory and more invasive in both
in vitro and in vivo assays, while passive overgrowth and seeding of
biofilm bacteria into the supernatant did not result in any pheno-
typic traits shared with their actively dispersed counterparts but
did result in traits similar to those seen with the biofilm parent
cultures. Phenotypic analysis showed that heat-dispersed cells
were predominantly opaque, with increased capsule production
and markedly higher expression of a number of virulence factors
required for invasive disease. Trappetti et al. found that opaque
broth-grown bacteria, but not transparent-biofilm-derived pneu-
mococci, were able to translocate from the nasopharynx to the
lungs and brain of mice (42). These findings support previous
reports that human convalescent sera from individuals recovered
from pneumococcal pneumonia primarily recognize bacterial
proteins in planktonic versus biofilm pneumococci (43). How-
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FIG 7 Bacterial dissemination of mice stably colonized with pneumococci and challenged with dispersants. The bacterial burden in tissues and nasopharyngeal
(NP) lavage fluid was measured for individual 6-week-old female BALB/cBy] mice colonized intranasally without anesthesia with biofilm bacteria from (A)
EF3030 or (B) D39 pneumococci for 48 h and then challenged intranasally with 20 ul PBS, 10 mM ATP, 100 nM norepinephrine (NE), or 1 M glucose (Glu) or
subjected to 4 h of febrile-range hyperthermia (FRH). Each experiment represents at least three individual experiments with duplicate samples. Statistical analysis
was performed using Student’s ¢ test, comparing treatment conditions to PBS control. * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

ever, given the largely artificial phenotype of planktonic broth-
grown bacteria, in aggregate these data suggest that phenotypically
altered cells dispersed from biofilms in response to specific envi-
ronmental cues, and not colonizing biofilm bacteria or cells pas-
sively released during normal growth, are more likely to represent
the etiologic agents of acute disease.

It is becoming increasingly evident that cell-cell signaling in-
side the nasopharynx plays a key role in commensal survival,
pathogen colonization, and host defense. An important compo-
nent is interkingdom signaling, or the recognition of eukaryotic
signaling molecules by commensal bacteria and pathogens.
Changes in the nasopharyngeal microenvironment, including nu-
trient availability, temperature, ion concentrations, and host sig-
naling molecules capable of triggering biofilm dispersion, can be
the result of viruses joining the microbial microflora as a prelude
to secondary bacterial infections of the respiratory tract (44). Fe-
ver often peaks within 24 h of viral infection onset and is accom-
panied by other physical signs, including cough, sore throat, head-
ache, and myalgia, and correlates with a significant release, either

July/August 2013 Volume 4 Issue 4 e00438-13

in nasopharyngeal fluid or in plasma, of a number of cytokines
and chemokines (45). IAV infection also activates the sympathetic
nervous system, resulting in the release of granules containing
neurotransmitters, including the classic stress hormone NE and
ATP (30, 46, 47), and ATP may also be released through virus-
induced cell damage. A growing body of evidence recognizes both
ATP and NE as important interkingdom signaling molecules dur-
ing a number of different host-pathogen interactions (48). Release
of sympathetic neurotransmitters occurs nonsynaptically, and NE
diffuses widely in tissues with a half-life on the order of 7 h (49).
Likewise, rapid release of extracellular ATP into the airway surface
liquid and local microenvironment from distressed or injured eu-
karyotic cells due to pathogens or other etiological factors func-
tions as an important “danger signal,” activating host inflamma-
tory and immune responses (50, 51). Both low levels of NE and
high extracellular concentrations of ATP exhibit activating effects
on leukocytes (52, 53). In addition, high extracellular ATP con-
centrations induce rapid increases in monolayer permeability of
pulmonary epithelial and endothelial cells, allowing increased
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transmigration of immune cells to an area of acute infection (52,
54).

As indicated by our results, the changes of the microenviron-
ment induced by these agents have the paradoxical effect of in-
creasing bacterial dissemination into normally sterile areas. In-
duction of a febrile response after virus infection correlated with
increased concentrations of ATP in the nasopharyngeal lavage
fluid and resulted in dispersion of bacteria from bacterial biofilm
communities both in vitro and in vivo. Surprisingly, even a limited
period of whole-body hyperthermia or a single intranasal applica-
tion of glucose, NE, or ATP applied to healthy mice with stable
asymptomatic nasopharyngeal colonization induced the develop-
ment of pneumococcal pneumonia and otitis media within 24 h.
Although the mechanisms of pneumococcal sensing of host fac-
tors are not yet understood, this is an exciting focus for future
studies. These data suggest that interkingdom signaling, through
the molecules identified in this study as well as other potential host
factors and mechanisms, allows communication between respira-
tory microbes and their hosts, leading bacteria to activate their
virulence genes and turning a passive commensal into a destruc-
tive pathogen.

Clinical findings support these observations, as an increasing
body of data points to enhanced levels of ATP in airway secretions
of patients with airway damage and respiratory diseases (reviewed
in reference 52) where secondary pneumococcal infections are
significantly more common. Therefore, massive dispersion under
favorable growth conditions may reflect a bacterial survival strat-
egy whereby S. pneumoniae benefits from the biofilm mode of
growth under restrictive environmental conditions imposed by a
healthy host but abandons this mode in response to interkingdom
signaling and microenvironmental changes that suggest a state of
decreased host immunity.

Temperature is another critical and ubiquitous environmental
signal that governs the development and virulence of diverse mi-
crobial pathogens, including viruses, parasites, and bacteria (55—
58). Microbial survival is frequently contingent on initiating ap-
propriate responses to environmental temperature cues— often
signaling successful infection of the host. In the host, febrile-range
hyperthermia (FRH) enhances serum cytokine levels and other
modulators of the acute inflammatory response (59). However,
increased levels of tumor necrosis factor alpha (TNF-a) and other
immediate proinflammatory cytokines induced both by fever-
range hyperthermia and by bacteria actively dispersed from the
commensal nasopharyngeal biofilms could be undesirable due to
their role in lung injury. In the setting of acute lung injury or
infection, FRH augments the development of central pathophys-
iologic features of respiratory disease, including neutrophil accu-
mulation, loss of endothelial and epithelial barrier function, and
epithelial injury (60). Adult respiratory distress syndrome occurs
in one-fourth of humans with heat stroke (61), demonstrating
that exposure to hyperthermia may in and of itself be sufficient to
activate pathways involved in lung injury. Unlike other organ-
isms, such as Streptococcus pyogenes, which produce a variety of
tissue-damaging substances, the pneumococcus produces rela-
tively few toxins, with pneumolysin being the principal one. In-
stead, the pneumococcus causes an intense inflammatory re-
sponse, and in most organs—including the lungs, middle ear, and
meninges—this inflammatory response constitutes the disease.

While animal and cell culture studies clearly establish the im-
portance of fever management, the outcomes of clinical studies
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addressing this issue are less clear (62). Clinical studies suggest
that the effects of fever depend primarily on the severity of the
underlying illness and the timing of antipyretic therapy (62).
Chiappini and colleagues recently found that parental administra-
tion of antipyretics given to children with upper respiratory tract
infections as soon as symptoms manifested resulted in a signifi-
cant decrease in the clinical signs of respiratory infection, includ-
ing nasal discharge and nontransparent tympanic membranes
(63). However, many other studies have found that antipyretic
treatment can have detrimental effects, increasing the length of
time to recovery in viral illnesses (64) and decreasing survival
during sepsis (reviewed in reference 62). Together, these observa-
tions suggest that FRH may play an important role in the initial
pathogenesis of acute lung injury complicating respiratory infec-
tions, including secondary bacterial pneumonia, but may also
confer a protective benefit in systemic disease.

In conclusion, we have proposed a novel model for under-
standing the mechanisms underlying pneumococcal and viral in-
teractions in the respiratory tract. Our findings suggest that syn-
ergistic interactions may occur that influence and disturb the
natural equilibrium of the microbiota in the nasopharyngeal
niche, prompting physiologic changes that lead to the conversion
of Streptococcus pneumoniae from a passive colonizing agent to a
virulent pathogen primed for invasion. These phenotypically
modified dispersed bacteria are primed to take advantage of the
virus-induced changes in airway function and epithelial damage
to the respiratory tract that prime the upper airway and lung for
subsequent bacterial infection. Pneumococcal disease may there-
fore be the result of both variation on the bacterial level and cap-
italization on opportunities presented by the host. The insight
gained into the pathogenesis of the interaction between influenza
virus and pneumococcus may serve as a starting point for under-
standing the mechanisms underlying the processes seen with
other commensal bacteria that have both colonizing and invasive
phenotypes.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. The protocols were approved by
the Institutional Animal Care and Use Committee at the University at
Buffalo, Buffalo, NY, and the Veterans Affairs Medical Center, Buffalo,
NY. All bacterial inoculations and treatments were performed under con-
ditions designed to minimize any potential suffering of the animals.

Reagents. Cell culture reagents were from Invitrogen, Carlsbad, CA.
Bacterial and cell culture media and reagents were from VWR Inc., Rad-
nor, PA. Chemically defined bacterial growth medium (CDM) was ob-
tained from JRH Biosciences, Lexera, KS. Sheep blood was purchased
from BioLink, Inc., Liverpool, NY. All remaining reagents were purchased
from Sigma-Aldrich, St. Louis, MO.

Cells and bacterial and virus strains. NCI-H292 bronchial carcinoma
cells (ATCC CCL-1848), referred to here as HRECs, and MDCK cells
(ATCC CCL-34) were grown on various surfaces as described previously
(65). Pneumococcal strains were grown in a synthetic medium (CDM) as
described previously (66). The study used serotype 19F otitis media isolate
EF3030 (67) and classical serotype 2 Avery strain D39 (68). IAV strain
A/PR8/34 (H3N2) (ATCC VR-777) was used, and titers were determined
by plaque assays (69). Adherence and invasion assays were performed as
described previously (70).

Determination of ATP release from virus-infected epithelia. HRECs
grown to confluence in 24-well tissue culture plates were infected with 1 X
10° PFU/ml IAV that were allowed to adsorb to the cells for 1 h, after
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which the virus was removed and 2 ml of fresh cell culture media with 2%
fetal bovine serum (FBS) and 1 pg/ml CPCK trypsin (tosyl phenylalanyl
chloromethyl ketone-treated trypsin) were added. At 24 h following IAV
infection, the cell culture medium was changed to serum-free medium.
After 2 h, supernatant was removed from wells and subjected to sterile
filtering. Separately, nasopharyngeal lavage fluid from mice infected in-
tranasally for 24 h with 40 PFU of TAV was collected. Levels of ATP release
were determined using an ATP determination kit (Invitrogen) according
to the manufacturer’s instructions and a Synergy 2 plate reader (Bio-Tek).

Cytokine release after bacterial stimulation of HRECs. For stimula-
tion experiments, confluent HREC layers were washed twice with serum-
free media and then stimulated with pneumococcal populations prepared
as described above in serum-free, RPMI 1640 medium. Cultures were
incubated for 4 h at 34°C in 5% CO,. After incubation, culture superna-
tants were collected, centrifuged at 10,000 X g for 5 min, and stored at
—80°C. Cytokine contents in the supernatants were determined by a
sandwich enzyme-linked immunosorbent assay (ELISA) (Signosis) fol-
lowing the manufacturer’s protocols.

Static biofilm model on prefixed epithelia. Static pneumococcal bio-
films on prefixed epithelia were produced from CDM-grown pneumo-
cocci seeded onto confluent HRECs that were prefixed in 4% paraformal-
dehyde at 34°C as described previously (12). For our live epithelial-
biofilm model, 48-h biofilms grown on prefixed epithelia were washed
and resuspended by gentle pipetting in fresh antibiotic-free RPMI 1640
media with 2% FBS and then transplanted onto live HREC cultures grown
to confluence in 24-well plates. Biofilms were maintained for up to 72 h,
with changes of culture media every 4 h. For IAV infection, 24 h after
biofilm transplantation, epithelial biofilm cultures were incubated with
viruses at a multiplicity of infection of one virus/cell for 1 h. Virus was
removed, and fresh media were added as indicated above for ATP deter-
minations.

Confocal microscopy. Biofilms were prepared on live epithelia as in-
dicated above. Infected cell layers were then fixed in 4% paraformalde-
hyde. To identify internalized bacteria, cells were washed with PBS and
permeabilized with 3% bovine serum albumin—0.1% Triton X-100—-PBS,
bacteria were labeled with anti-PspA antibody (gift from David Briles,
UAB, Birmingham, AL) (1:50 dilution), and cells were labeled with anti-
secretory component antibody (1:200 dilution). DAPI (4[prime],6-
diamidino-2-phenylindole) (5 ug/ml) was also added. Biofilm bacteria,
which could not be washed extensively, were visualized with BacLight Red
(Molecular Probes), and epithelial cells were stained with 488-conjugated
concanavalin A and DAPL

Mouse sepsis, pneumonia, and nasopharyngeal colonization model.
For nasopharyngeal colonization experiments, BALB/cByJ mice (Jackson
Laboratories, Bar Harbor, ME) were intranasally colonized with 5 X
106 CFU of various bacterial populations prepared in a 20-ul volume as
described above and previously (13). Pneumonia was induced using the
same inoculum pipetted into the nares of isofluorane-anesthetized mice.
Sepsis was induced by intraperitoneal injection with 1 X 10> CFU bacte-
ria. Mice were monitored six times daily for determination of illness and
mortality according to indications correlating to huddling, ruffled fur,
lethargy, and body temperature. Mice found to be moribund were eutha-
nized. Nasopharyngeal lavage fluid and tissue, lung, and blood samples
were collected, and bacterial burden was determined as described previ-
ously (66). Tissue homogenate, lavage fluid, and blood were sonicated to
ensure dissociation of bacterial aggregates and then serially diluted on
tryptic soy agar (TSA)-5% blood agar plates. Histopathological assess-
ment was performed on slides stained with hematoxylin and eosin (H&E)
prepared by the University at Buffalo Histology Core Facility.

Where indicated, mice were subjected to febrile-range hyperthermia
for 4 h as described previously (59) or treated intranasally with a single
dose of 10 mM ATP, 100 nM norepinephrine, or 1 M glucose in a 20-ul
volume on day 2 after colonization.

RNA isolation and quantitative RT-PCR (qRT-PCR). RNA was iso-
lated from PBS-washed CDM-grown planktonic and biofilm samples as
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well as from dispersed biofilm bacteria. Bacterial pellets were resuspended
in 0.5 ml of 0.9% NaCl, 1 ml of RNAprotect (Qiagen, Valencia, CA) was
added, and the mixture was incubated at room temperature for 5 min.
Cells were then pelleted at 9,000 X g for 2 min at room temperature, and
RNA was purified using Qiashredder columns and an RNeasy minikit as
described previously (66). Three independent biological samples were
collected for each population, and the relative levels of gene expression
were analyzed by using the 2-2ACT method (71). The reference gene was
16S, and the primers spanning 100-bp-to-150-bp segments are reported
in Table S1 in the supplemental material.

Statistical analysis. The data were analyzed for statistical significance
by a two-tailed Student’s ¢ test or analysis of variance (ANOVA) with
correction for multiple groups using Prism 5 software (GraphPad, La
Jolla, CA). A P value of <0.05 was considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00438-13/-/DCSupplemental.

Figure S1, TIF file, 0.2 MB.

Table S1, DOCX file, 0.1 MB.
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