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ABSTRACT  Stenotrophomonas maltophilia is a Gram-negative bacterium found
ubiquitously in the environment that has historically been regarded as nonpatho-
genic. S. maltophilia is increasingly observed in patient sputa in cystic fibrosis (CF),
and while existing epidemiology indicates that patients with S. maltophilia have
poorer diagnoses, its clinical significance remains unclear. Moreover, as multidrug re-
sistance is common among S. maltophilia isolates, treatment options for these infec-
tions may be limited. Here, we investigated the pathogenicity of S. maltophilia alone
and during polymicrobial infection with Pseudomonas aeruginosa. Colonization, per-
sistence, and virulence of S. maltophilia were assessed in experimental respiratory in-
fections of mice. The results of this study indicate that S. maltophilia transiently colo-
nizes the lung accompanied by significant weight loss and immune cell infiltration
and the expression of early inflammatory markers, including interleukin 6 (IL-6), IL-
1a, and tumor necrosis factor alpha (TNF-a). Importantly, polymicrobial infection
with P. aeruginosa elicited significantly higher S. maltophilia counts in bronchoalveo-
lar lavages and lung tissue homogenates. This increase in bacterial load was directly
correlated with the density of the P. aeruginosa population and required viable P.
aeruginosa bacteria. Microscopic analysis of biofilms formed in vitro revealed that S.
maltophilia formed well-integrated biofilms with P. ageruginosa, and these organisms
colocalize in the lung during dual-species infection. Based on these results, we con-
clude that active cellular processes by P. aeruginosa afford a significant benefit to S.
maltophilia during polymicrobial infections. Furthermore, these results indicate that
S. maltophilia may have clinical significance in respiratory infections.

KEYWORDS Stenotrophomonas maltophilia, Pseudomonas aeruginosa, polymicrobial
infection, biofilm, inflammation, biofilms, cystic fibrosis, Pseudomonas,
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ystic fibrosis (CF) is a genetic disease characterized by airway dehydration, hyper-

inflammation, and defects in mucociliary clearance in the lung, leading to chronic
bacterial infections that are not efficiently resolved (1, 2). Even with recent advances in
antibiotic regimens, pulmonary infections and their associated sequelae remain the
primary drivers of morbidity and mortality in the CF patient population (3). It is well
established that there are successional changes in the microbial population of the CF
lung as patients age, with mucoid strains of Pseudomonas aeruginosa emerging as the
primary pathogen for many patients (4). However, with the advent of culture-
independent methods for microbial detection, a larger appreciation has developed for
the complex microbiota present in CF airways (5), and many organisms once thought
to be innocuous or only transiently present in the lung have emerged as possible
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drivers of disease progression (6-8). One organism recognized in recent years for its
prevalence in this patient population is Stenotrophomonas maltophilia. Current data
indicate that a significant proportion of the U.S. CF patient population is colonized
with this organism, which has been increasing since its initial recognition in the
mid-1990s (9).

S. maltophilia is a highly drug-resistant Gram-negative bacillus that is widely dis-
tributed in environmental sources and is known to cause nosocomial infections in
immunocompromised hosts (10). However, the significance of S. maltophilia as an
opportunistic pathogen in patients with CF remains uncertain (11, 12). While it is clear
that S. maltophilia is frequently isolated from patients with lower lung function (as
measured by predicted median forced expiratory volume in 1 s (FEV,)), at present it
remains uncertain whether S. maltophilia merely colonizes a profoundly damaged lung
environment or is the causative agent of the destruction (13-16).

Distinct from acute respiratory infections, thickened mucus and a decrease in
mucociliary clearance in CF patients predispose them to bacterial colonization of the
lung in the form of a chronic, complex polymicrobial biofilm (7). Epidemiologic data
clearly show that S. maltophilia participates in polymicrobial infections in concert with
many important pathogens in CF, including Staphylococcus aureus and P. aeruginosa
(13, 15, 16). During late-stage disease, P. aeruginosa predominates within the CF lung
environment, and many studies have shown that P. aeruginosa can interact with other
microbes within the lung to alter infection dynamics (17-20). Several in vitro studies
have confirmed that S. maltophilia and P. aeruginosa interact via quorum signaling
pathways and that virulence factor expression differs during coculture (21-23); how-
ever, our current understanding of the impact of this cross-species interaction on
disease progression is limited.

In this study, we address how S. maltophilia infects, colonizes, and persists in the
lung alone and in concert with P. geruginosa. We demonstrate that S. maltophilia can
transiently colonize the lung, where it initiates an acute inflammatory response. Anal-
ysis of in vitro biofilms formed between S. maltophilia and P. aeruginosa indicate that
they can form a polymicrobial biofilm with each organism in a distinct stratum. Notably,
we found that the presence of P. aeruginosa facilitated S. maltophilia persistence in the
lung during polymicrobial infections. This increased persistence required live P. aerugi-
nosa, and S. maltophilia counts from the lung correlated directly with the amount of P.
aeruginosa present. This study confirms the in vivo relevance of previous reports of the
importance of S. maltophilia and P. aeruginosa dual-species interactions. From these
data, we conclude that these organisms establish a bacterial interaction in which S.
maltophilia benefits from a P. aeruginosa population in the lung.

RESULTS

To test the virulence of S. maltophilia in respiratory infections, BALB/cJ mice were
infected intratracheally (inoculum of ~108 CFU/mouse) with S. maltophilia K279a or a
clinical sputum isolate, S. maltophilia msm4. Both strains transiently colonized the lung,
with detectable bacteria present in the lung homogenate (Fig. 1A) and bronchoalveolar
lavage fluid (BALF) (Fig. 1B) for up to 72 hours postinfection. Histopathologic analysis
(hematoxylin and eosin [H&E] staining) of lung sections revealed immune cell infiltra-
tion, peribronchial inflammation, and dense alveolar consolidation following infection
with both strains of S. maltophilia that persisted to 72 hours postinfection (Fig. 1C).
These results were scored in blind fashion for severity of inflammation, as quantified by
the extent and severity of immune cell infiltration into the lung. Both groups of infected
mice had significantly higher histology scores (indicating more severe immune cell
infiltration) than uninfected animals at all time points (P < 0.0001). Results were similar
between the two strains of S. maltophilia, with the exception of the 48-hour postin-
fection time point, at which S. maltophilia K279a evoked significantly greater levels of
inflammation than the clinical isolate S. maltophilia msm4 (P = 0.013) (Fig. 1D). To look
at a broader measure of virulence, we assessed weight changes of infected mice and
found that both infected groups lost significantly more weight than their uninfected
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FIG 1 S. maltophilia persists in the lungs of BALB/cJ mice with pathological consequences. BALB/cJ mice were intratracheally
infected with ~108 CFU of S. maltophilia K279a or S. maltophilia msm4, and groups were euthanized at 24, 48, and 72 hours
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FIG 2 S. maltophilia infection induces a proinflammatory cytokine response. (A to F) Cytokine and chemokine analysis were performed on BALF supernatant
from infected or mock-infected mice using a Luminex multiplex assay. Mean = SEM, n = 5. One-way ANOVA with Tukey’s multiple-comparison test for post hoc
analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Significant outliers were identified via ROUT method and removed.

counterparts (P < 0.0001) and that weight loss became more severe as the infection
progressed (P = 0.004) (Fig. 1E). The immune cell infiltrates seen in histopathological
grading were defined via total and differential cell counts from the BALF following
cytospin preparation and differential staining. As expected from the histopathology
results, infected animals had significantly more immune cells in the BALF than unin-
fected controls (P < 0.0001) (Fig. 1F). Infection also significantly altered the composition
of the infiltrate; infected groups had a greatly increased percentage of neutrophils in
the BALF compared with control animals at all time points (P < 0.0001) (Fig. 1G).

To better define the host inflammatory response in the lung following S. maltophilia
infection, we performed Luminex multiplex analyses to measure cytokine and chemo-
kine levels in the BALF. As reported in other models, tumor necrosis factor alpha
(TNF-@) was upregulated in response to infection with both strains of S. maltophilia
(P < 0.0001) (24) (Fig. 2A). Similarly, additional inflammatory markers, including inter-
leukin 1 (IL-1a), IL-1B, and IL-6, were significantly higher in infected animals than in
controls (Fig. 2B to F). Most of the cytokines measured indicate that S. maltophilia K279a
elicits a similar inflammatory response to that of S. maltophilia msm4. However, there
was one exception (IL-1B) in which S. maltophilia K279a appears to yield greater
responses than S. maltophilia msm4 (P = 0.4111) (Fig. 2C and D).

Bacterial opportunists are thought to reside in the lungs of patients with CF in
polymicrobial biofilm communities on the airway mucosal surface (25, 26). Conse-
quently, we wanted to test whether these two species could be cultured in a polymi-

FIG 1 Legend (Continued)

postinfection. Bacterial counts in the lung homogenate (A) or in the BALF (B) were enumerated via viable colony counting. (C)
Representative images of H&E-stained lung sections from infected and control animals were taken. (D) Severity of infection as
indicated by H&E-stained sections were examined and graded in blind fashion by a board-certified veterinary pathologist (T.S.)
for a semiquantitative histology score. (E) Weight loss was monitored postinfection. Total immune cell number (G) and
percentage of PMNs (F) and in the BALF were quantified by differential cell counts. Mean = SEM, n = 3 to 6. Two-way ANOVA
with Tukey’s post hoc comparisons, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Significant outliers were identified

via ROUT method and removed. Groups with undetectable colony counts were represented at the limit of detection.
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FIG 3 S. maltophilia and P. aeruginosa stratify within polymicrobial biofilms in vitro. Structural composition of polymicrobial biofilms was assessed via confocal
imaging of S. maltophilia K279a (GFP+), P. aeruginosa mPA0831 (mCherry+), or both grown at 30°C for 8 hours. Single-species biofilms of S. maltophilia K279a
(GFP+) (A) and P. aeruginosa mPA0831 (mCherry+) (B) were imaged at X40 magnification. Dual-species foci were imaged at x40 magnification (C) and zoomed

4X for a total magnification of X160 (D).

crobial biofilm. Static in vitro biofilms were inoculated with each species, or with both
in equal proportions, and grown at 30°C up to 24 hours. S. maltophilia K279a survived
up to 24 hours in coculture with a mucoid clinical isolate of P. aeruginosa (mPA0831)
and a nonmucoid model strain (PAO1), with roughly equivalent amounts of each
organism integrated into the biofilm, and no significant decrease in viable bacteria
compared with single-species biofilms (see Fig. STA and B in the supplemental mate-
rial). These dual-species biofilms maintained an even composition of both organisms up
to 12 hours for all strains, with a significant decrease in S. maltophilia viability at 24
hours postinoculation for the clinical strains S. maltophilia msm2 and S. maltophilia
msm4 but not for S. maltophilia K279a (Fig. S1).

Next, we sought to define the spatial organization of these polymicrobial biofilms.
Static single- and dual-species biofilms of S. maltophilia K279a (GFP+) and P. aeruginosa
mPA0831 (mCherry+) were grown and imaged via confocal laser scanning microscopy
(CLSM). In single-species biofilms, both organisms form a homogenous lawn structure.
However, S. maltophilia shows a distinct filamentous morphology not seen in P.
aeruginosa (Fig. 3A and B). In a dual-species context, we observed lawns of S. malto-
philia with discrete foci of P. aeruginosa (Fig. 3C). The two organisms stratify into
distinct layers, with S. maltophilia comprising the base of the biofilm and P. aeruginosa
forming the upper layer. Furthermore, the filamentous structure of S. maltophilia is
maintained in the presence of P. aeruginosa (Fig. 3D).

P. aeruginosa is responsible for a large degree of morbidity and mortality in patients
with CF and can be cultured from nearly half of CF patients in the United States (3, 9).
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FIG 4 Coinfection with mucoid P. aeruginosa confers an increase in S. maltophilia persistence. BALB/cJ mice were intratracheally infected with ~107 CFU of S.
maltophilia K279a and P. aeruginosa mPA0831 alone and in combination, and groups were euthanized at 24, 48, or 72 h postinfection. Bacterial load in lung
homogenate (A) and in BALF (B) were enumerated via viable colony counting on differential medium. Mean * SEM, n = 4 to 12. Two-way ANOVA with Tukey’s
post hoc comparisons, *, P < 0.05; **, P < 0.01; ***, P < 0.001. Significant outliers were identified via ROUT method and removed. The correlation between
bacterial burdens of S. maltophilia K279a and P. aeruginosa mPA0831 in the lung (C) and BALF (D) were calculated. n = 19 to 22. Linear regression with
automatic outlier elimination and two-tailed Spearman correlation were performed on log-transformed bacterial counts. (E) Dual infections were also performed
with S. maltophilia msm2 and P. aeruginosa mPA0831. Mean = SEM, n = 8 to 10. Kruskal-Wallis test with Dunn’s post hoc comparisons. Significant outliers were
identified via ROUT method and removed. (F) Calculations of the correlation between bacterial burdens of S. maltophilia msm2 and P. aeruginosa mPA0831 in

the lung were also performed. n =

log-transformed bacterial counts. Groups with undetectable colony counts were represented at the limit of detection.

Notably, P. aeruginosa and S. maltophilia are frequently coisolated from patients (13, 15,
16), and thus, we hypothesized that these two species enhance each other’s virulence
and survival during infection. To determine whether the presence of P. aeruginosa
changes the infection kinetics of S. maltophilia, we infected mice concurrently with
~107 CFU of S. maltophilia strain K279a and an equal dose of P. aeruginosa mPA0831,
a mucoid clinical isolate from a chronically infected CF patient that was chosen to
reflect the dominant infection type found in the CF lung. Notably, we found that while
the presence of P. aeruginosa did not increase growth in dual-species biofilms in vitro
(Fig. S1), during infection, the presence of P. aeruginosa conferred a 3-log increase in
the S. maltophilia load in the lung at 24 hours (mean of 2.51 X 10* = 891 X 103
compared with 5.326 X 107 = 1.586 X 107, respectively; P = 0.0009) and 48 hours
postinfection (3.87 X 102 = 1.31 X 102 compared with 7.48 X 10> = 4.47X 105, respec-
tively; P =0.0071) (Fig. 4A). Furthermore, in coinfected mice, we observed delayed
clearance of S. maltophilia from the lung (Fig. 4A) and BALF (Fig. 4B), with detectable
S. maltophilia present at 72 hours only in the dual-infected animals (mean, 9.28 X 10* =
3.36 X 10% P = 0.0036). In contrast, the presence of S. maltophilia largely did not affect
colonization, persistence, or clearance of P. aeruginosa. The bacterial loads of the two
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organisms in the lung (Fig. 4C) and in the BALF (Fig. 4D) were highly correlated,
indicating that increasing the P. aeruginosa load in the lung results in a corresponding
increase in S. maltophilia (P < 0.0001; in the lung and BALF). A similar increase in S.
maltophilia counts was seen when a clinical isolate of S. maltophilia, msm2, was used
(mean of 2.76 X 10* = 6.60 X 103 compared with 7.63 X 106 = 4.16 X 109, respectively;
P = 0.0561) (Fig. 4E). In this case, the tight correlation in recoverable CFUs between the
two organisms remained (Fig. 4F).

To determine whether this increase in bacterial burden was associated with a
comparable increase in virulence, we assessed measures similar to those used in the
mice infected with each species alone. H&E staining of lung sections again revealed
significant pathological changes for all infection groups compared with control animals
(Fig. 5A). When histology scores were quantified, coinfected mice had significantly
higher scores than mice infected with S. maltophilia alone (indicating more severe
immune cell infiltration) (P = 0.0009) but not significantly worse than mice infected
with P. aeruginosa alone at 24 hours postinfection (P = 0.822) (Fig. 5B), a result that was
supported by weight loss measurements (Fig. 5C). We again quantified immune cell
infiltrates in the BALF via differential cell counts. All infection groups had an increase in
total cells and in the percentage of neutrophils in the BALF, but no significant
differences between groups were seen (Fig. 5D and E). To get a better overall picture
of the immunological consequences of dual infection, we measured cytokine and
chemokine levels from BALF supernatant using a Luminex multiplex assay. The majority
of measured factors (IL-183, IL-6, monocyte chemoattractant protein 1 [MCP-1], and
MIP-2) showed levels in dual infection that were above S. maltophilia monoinfection
but not significantly different from P. aeruginosa monoinfection. The two exceptions,
TNF-a and IL-Te, showed opposing trends. Levels of TNF-a, an early proinflammatory
cytokine published to be an important mediator of inflammation following S. malto-
philia infection (24), was elevated in all groups compared with controls but was not
significantly different between infection groups. IL-1a was the only cytokine elevated
in dual-infected animals compared with both monoinfected groups (P = 0.036) (Fig.
5F). While most metrics of infection virulence indicated that polymicrobial infection was
comparable to single-species infection with P. aeruginosa alone, total mortality was
higher in this group (44.1% in polymicrobial infections compared to 18.4% with P.
aeruginosa alone) (see Table S1 in the supplemental material).

The polymicrobial infection data suggest that P. aeruginosa conferred a persistence
benefit to S. maltophilia largely independent of immunological state. To determine if
live P. aeruginosa is required for this persistence benefit, mice were challenged with S.
maltophilia in the presence of an equivalent inoculum of heat-killed P. aeruginosa. We
found that the heat-killed P. aeruginosa was unable to increase S. maltophilia persis-
tence beyond what was seen in single infection in the lung or in BALF at 24 or 48 hours
postinfection (Fig. 6A and B). Furthermore, we found that the early immune response
to heat-killed and viable P. aeruginosa is not significantly different, as measured by
weight change postinfection (Fig. 6C), histopathological grading of lung sections (Fig.
6D), percentage of polymorphonuclear leukocytes (PMNs) in the BALF (Fig. 6E), or
neutrophil activation, as indicated by myeloperoxidase levels (Fig. 6F). These data
indicate that activation of the innate immune response via bacterial pathogen-
associated molecular patterns (PAMPs) is not responsible for the increase in S. malto-
philia burden in the lung and that viable P. aeruginosa is required for our cooperative
phenotype.

Although it has been reported that S. maltophilia and P. aeruginosa can be coiso-
lated from CF patients, one hallmark of CF disease is the existence of microniches
within the lung where bacteria are sequestered into distinct populations (27). In vitro
biofilms of these two organisms indicated that they are able to live in integrated
communities, but counts from lung homogenate alone do not determine whether the
two populations detected are residing together in the lung during coinfection. We,
therefore, investigated the localization of these two organisms in the lung. Due to
problems with cross-reactivity between antibodies available for these organisms, we
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FIG 5 Inflammatory consequences of polymicrobial infection closely resemble those of P. aeruginosa single-species infection. (A) Representative images were
taken of H&E-stained lung sections from mice infected with S. maltophilia K279a and P. aeruginosa mPA0831 alone and in combination. (B) Severity of infection
as indicated by H&E staining was graded via a semiquantitative histology score for 24 and 48 hours postinfection. Mean + SEM, n = 3 to 8. (C) Change in weight
following infection was monitored. Mean = SEM, n = 4 to 6. (D and E) Total immune cell number (D) and percentage of PMNs in the BALF (E) were quantified
via differential cell counts. Mean * SEM, n = 3 to 5. Two-way ANOVA with Tukey’s post hoc comparisons; *, P < 0.05; ****, P < 0.0001. (F) Cytokine/chemokine
analysis performed on BALF supernatant using a Luminex multiplex assay. Mean = SEM, n = 3 to 4. One-way ANOVA with Tukey’s multiple-comparison test
for post hoc analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Significant outliers were identified via ROUT method and removed.
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sacrificed at 24 and 48 hours postinfection. (C) Change in weight following infection was monitored. Mean = SEM, n = 6. (D) Severity of infection as indicated
by H&E staining was graded via a semiquantitative histology score. (E) Percentage of PMNs in the BALF were quantified via differential cell counts. (F)
Myeloperoxidase concentration in the BALF was quantified via enzyme-linked immunosorbent assay (ELISA). Mean + SEM, n = 3. Two-way ANOVA with Tukey’s
post hoc comparisons. Significant outliers were identified via ROUT method and removed. Groups with undetectable colony counts were represented at the

limit of detection.

cut serial sections from dual-infected lungs and stained for either S. maltophilia or
alginate, the predominant exopolysaccharide of P. aeruginosa during CF infections, and
imaged corresponding lung structures from each. We found that foci of S. maltophilia
localize in similar areas to alginate in the lung, including the airway epithelial surface
(Fig. 7A and B), and the lung parenchyma (Fig. 7B and C).

The production of alginate by P. aeruginosa has been shown to promote the
persistence of other organisms within polymicrobial biofilms; most notably, this passive
protection has been demonstrated for Staphylococcus aureus and commensal Strepto-
coccus strains (28, 29). To determine whether alginate production by P. aeruginosa is
responsible for the increase in S. maltophilia persistence, we intratracheally infected
mice concurrently with ~107 CFU of S. maltophilia strain K279a and an equal dose of
an alginate overproducing strain, P. aeruginosa FRD1, or a nonmucoid isogenic mutant,
P. aeruginosa FRD1/mucA+. Concurrent infection with both FRD1 and FRD1mucA+
resulted in significantly higher titers of S. maltophilia in lung homogenate than S.
maltophilia alone (P = 0.0348 and < 0.0001, respectively) (Fig. 8A). Furthermore, the
close correlation between S. maltophilia and P. aeruginosa counts was maintained,
regardless of alginate production (Fig. 8B and C).
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FIG 7 S. maltophilia colocalizes with alginate during polymicrobial infection in the lung. Representative images of fluorescently
stained lung sections were taken via confocal laser scanning microscopy (CLSM). Ten-micrometer serial sections were cut from lungs
of mice dually infected with ~107 CFU/mouse of S. maltophilia K279a and P. aeruginosa mPA0831. Lung sections from dual
species-infected mice were stained for S. maltophilia via antisera from rabbits immunized with heat-killed S. maltophilia (green) and
for alginate via an anti-alginate polyclonal rabbit antibody (red). Lung structures were visualized with 4’,6-diamidino-2-phenylindole
(DAPI; blue). Dual-species foci were imaged on the airway surface (A) and in the lung parenchyma (B and C) at X40 magnification.
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FIG 8 The benefit conferred to S. maltophilia by P. aeruginosa is not alginate dependent. BALB/cJ mice were intratracheally infected with ~107 CFU of S.
maltophilia K279a and P. aeruginosa FRD1 or a nonmucoid isogenic mutant, P. aeruginosa FRD1/mucA+, at 24 hours postinfection. (A) Bacterial burden in the
lung homogenate was enumerated via viable colony counting on differential medium. Mean * SEM, n = 8 to 10. Two-way ANOVA with Tukey’s post hoc
comparisons; *, P < 0.05; ****, P < 0.0001. Significant outliers were identified via ROUT method and removed. Correlation between bacterial burdens of S.
maltophilia K279a and P. aeruginosa FRD1 (B) and P. aeruginosa FRD1/mucA+ (C) was calculated; n = 8 to 9. Linear regression with automatic outlier elimination
and two-tailed Spearman correlation were performed on log-transformed bacterial counts.

DISCUSSION

With the recent advent and widespread use of culture-independent methodologies
for profiling the microbial populations in the upper and lower airways of CF patients,
it is now clear that the scope and breadth of bacterial phyla found within the CF lung
is much broader than what was previously appreciated (6, 8, 19). Furthermore, it has
become evident that shifts in the dominant species of this microbial population, as well
as changes in the total amount of diversity present, can have a profound impact on the
host inflammatory responses within the lung, and on overall pulmonary function
(30-32). Currently, there is a need for a better understanding of how specific compo-
nents of the lung microbiome impact health and disease in patients with CF.

Carriage of S. maltophilia is quite common in patients with CF and has been
increasing in prevalence since the mid-1990s (9, 33). S. maltophilia is widely distributed
in a range of environmental sites, including water and soil. However, an extensive body
of research has made it clear that this organism can also act as an opportunist in human
infections (10). Previous work has indicated that S. maltophilia can transiently colonize
mice, but there remains a need for clarification of its full pathogenic potential in
pulmonary infections (24, 34, 35). In our single-species infections, we found that the
introduction of S. maltophilia resulted in transient lung colonization and a potent
inflammatory response. This was characterized by weight loss, increased expression of
proinflammatory cytokines and chemokines, and a subsequent recruitment of innate
immune cells to the lung up to 72 hours postinfection (Fig. 1 and 2). While similar
studies have varied in the route of infection, strains used, and mouse genotype, many
common themes have emerged, including severe neutrophilia and a potent TNF-«
response (24, 35, 36). Others have seen wide variability between clinical isolates, but we
found infection dynamics of S. maltophilia K279a and the clinical strain S. maltophilia
msm4 to be similar.

Reports have indicated that polymicrobial infection with S. maltophilia and P.
aeruginosa might increase virulence in patients (37). While epidemiological data are
often not explicit about polymicrobial infection rates, it is clear that a large proportion
of S. maltophilia-infected patients are also P. aeruginosa positive, highlighting the
importance of understanding how this dual-species interaction changes infection
dynamics and patient outcomes (13, 15, 16, 37). Importantly, we found that infection
with S. maltophilia in the presence of P. aeruginosa greatly increases S. maltophilia
burden in lung homogenate and in BALF at every time point tested. Tight correlations
between the lung burden of two organisms in all strain combinations indicate that as
the amount of P. aeruginosa goes up in the lung, we get a subsequent increase in S.
maltophilia counts. Looking at the inflammatory consequences, most metrics measured
indicated that infection with P. aeruginosa was more inflammatory than infection with
S. maltophilia but that dual infection was not significantly more damaging than P.
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aeruginosa alone. The exceptions to this were cytokine levels of TNF-a, which showed
similar levels in all infection groups, and IL-1«, which was significantly upregulated in
dual-infected animals compared with infection with either species alone (Fig. 5). We
found that despite the lack of evidence for heightened pathological consequences in
the dual-infected animals, they did have a higher rate of mortality than infection with
P. aeruginosa alone.

Other groups have found mechanisms of cooperativity with P. aeruginosa that rely
on a change in the inflammatory state of the lung due to the presence of bacterial
PAMPs rather than on active processes by the bacterium (38). To determine if this was
the case, we infected animals with S. maltophilia in the presence of heat-killed P.
aeruginosa, a scenario that introduced PAMPs but did not recapitulate the active
processes of secretion or biofilm formation. We found that in the absence of live P.
aeruginosa, our persistence benefit was lost, indicating that active cellular processes by
P. aeruginosa, rather than the host inflammatory response to bacterial PAMPs, are
required for S. maltophilia to derive a persistence benefit.

The localization of P. aeruginosa on the top of dual-species biofilms, and the
colocalization of S. maltophilia and alginate in the lung indicated that P. aeruginosa
might be providing mechanical or chemical protection from the stressful lung envi-
ronment via alginate production. This mechanism has been shown to mediate the
interaction of P. aeruginosa with several other bacterial species (28, 29). However, the
fact that S. maltophilia continued to derive benefit from P. aeruginosa presence even
when alginate production was disrupted indicates that this is not the mechanism at
play (Fig. 8).

One potential mechanism contributing to the increase in S. maltophilia persistence
is the previously described interactions between the quorum signaling pathways of
these two organisms. These systems include the diffusible signaling factor (DSF), an
interkingdom signaling factor produced by most Xanthomonas species and sensed by
P. aeruginosa, and smoR, a LuxR family regulatory protein in S. maltophilia that responds
to acyl-homoserine lactone (AHL) signals, the canonical quorum signaling (QS) mole-
cules of P. aeruginosa. Signaling through DSF is largely one-sided. S. maltophilia can
produce the signal molecule cis-11-methyl-dodecenoic acid, which can act as an
intraspecies autoinducer or can signal through PA1396, a sensor kinase of P. aeruginosa.
The described phenotypes governed by this signaling in P. aeruginosa include in-
creased expression of bacterial stress tolerance genes and antimicrobial resistance,
both of which could ultimately be relevant to the cooperative behavior of these species
in CF patients. In contrast, AHL signals in this system are produced exclusively by P.
aeruginosa and can be sensed by both organisms. Signaling through smoR has been
shown to increase S. maltophilia swarming motility (21), a virulence factor found in a
wide variety of bacterial pathogens (39).

Another potential mechanism for the increase in S. maltophilia persistence is via
localized host immune modulation due to the type Ill secretion system of P. aeruginosa.
This is a complex secretion apparatus constructed to inject effector proteins into host
cells, ultimately weakening epithelial barrier integrity and dampening local immune
response by mediating phagocytic cell death or impairment (40). This mechanism
would require active processes by P. aeruginosa, and close localization of these two
organisms in the lung, both of which are supported in our model of infection. There are
indications that P. aeruginosa isolates from chronic infection tend to have lower
expression of or even mutations in genes involved in the type three secretion system
(T3SS) (41, 42), and there have been indications that mucoid conversion of P. aeruginosa
via @ mucA mutation is accompanied by a downregulation of the T3SS (43, 44).
However, it is not clear whether this is broadly applicable to the diverse array of P.
aeruginosa strains found in patients, and the presence/regulation of a T3SS in our
particular isolate has not been confirmed.

Ultimately, this study furthers our understanding of the consequences of dual-
species interactions on the disease progression in CF. This work gives us a better idea
of the factors that predispose patients to S. maltophilia acquisition, ultimately leading
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to better eradication strategies for an incredibly drug-resistant organism. Ongoing work
in our laboratory is aimed at further characterizing the molecular mediators responsible
for the synergism between these two bacterial species.

MATERIALS AND METHODS

Strains and growth conditions. S. maltophilia K279a is a widely used model strain, and its genome
has been fully annotated and sequenced (45); this strain and the S. maltophilia K279a-GFP derivative were
provided by M. Herman (Kansas State University). S. maltophilia msm2 and S. maltophilia msm4 are
sputum-derived isolates from patients with chronic CF and were provided by W. Benjamin (University of
Alabama at Birmingham). P. aeruginosa PAO1 was provided by D. Wozniak (Ohio State University); P.
aeruginosa mPA08-31 was obtained from S. Birket (University of Alabama at Birmingham); and P.
aeruginosa FRD1 and an isogenic, nonmucoid derivative (P. aeruginosa FRD1mucA+) were obtained from
J. Scoffield (University of Alabama at Birmingham) (29, 46). P. aeruginosa mPA08-31-mCherry+ was
constructed by transforming parent strains with plasmid pUCP19+mCherry provided by D. Wozniak
(Ohio State University). All strains were routinely cultured on Luria-Bertani (LB) agar (Difco) or in LB broth.
S. maltophilia strains were streaked for colony isolation before inoculation into LB broth and shaking
overnight at 30°C and 200 rpm. P. aeruginosa strains were streaked for colony isolation before inoculation
into LB broth and shaking overnight at 37°C and 200 rpm.

Static biofilm assay. /n vitro biofilm assays were performed according to an established microtiter
assay protocol (47), with some modifications. Biofilms were prepared from overnight broth cultures of S.
maltophilia and P. aeruginosa diluted to an optical density at 600 nm (ODg,) of 0.15 (~108 CFU/ml) in
LB broth and were inoculated into a 96-well microtiter dish (200 wl/well). Biofilms were incubated at 30°C
or 37°C for the appropriate time before being washed, resuspended in phosphate-buffered saline (PBS),
and plated on M9 minimal medium (48) to select for P. aeruginosa and LB agar with gentamicin
(30 wg/ml) to select for S. maltophilia.

Confocal microscopy. Confocal laser scanning microscopy (CLSM) was performed using a Nikon-ATR
HD25 confocal laser microscope (Nikon, Tokyo, Japan). Images were acquired and processed using the
NIS-elements 5.0 software. Single- and dual-species biofilms were grown by diluting overnight cultures
of S. maltophilia K279a-GFP and P. aeruginosa mPA08-31 (mCherry+) to an ODg,, of 0.15 (~108 CFU/ml)
in LB broth and were inoculated into a 35-mm glass-bottom confocal dish (MatTek) in 2-ml increments
such that the final density in each well was ~108 CFU of one or of both organisms. Dishes were incubated
at 30°C for 8 hours before being washed with sterile PBS and fixed with 4% paraformaldehyde (Alfa Aesar,
Tewksbury, MA).

Mouse respiratory infections. BALB/cJ mice (8 to 10 weeks old) were obtained from Jackson
Laboratories (Bar Harbor, ME). Mice were anesthetized with isoflurane and intratracheally infected with
S. maltophilia (~108 CFU in 100 ul PBS) for single-species infections. For polymicrobial infections, mice
were infected intratracheally with either S. maltophilia, P. aeruginosa, or both (~107 CFU each in 100 ul
PBS). Bronchoalveolar lavage was performed by flushing lungs with 5 ml of cold PBS in 1-ml increments.
Collected BALF was stored on ice until processing and was centrifuged (100 X g, 10 min) to separate the
supernatant from immune cells. Cytokine analyses were performed on supernatants, and the cell pellet
was used for total and differential cell counts. The left lung of each mouse was harvested and
homogenized in 500 ul of sterile PBS for viable plate counting. Homogenate from single-species
infections were serially diluted in PBS and plated onto LB agar to obtain viable CFU counts. Homogenate
from polymicrobial infections were plated on M9 minimal medium (48) for P. aeruginosa and LB agar
containing gentamicin (30 ug/ml) to enumerate S. maltophilia. All samples from polymicrobial infections
were also plated on LB for total bacterial counts. The right lung of each animal was inflated with 10%
buffered formalin and stored at 4°C for histological analysis. For heat-killed P. aeruginosa experiments,
bacteria were washed with sterile PBS, resuspended at an ODg,, equivalent to ~108 CFU/ml in live
bacteria, and incubated at 65°C for 1 h. The efficacy of bacterial killing was confirmed by a complete lack
of growth on LB plates. All mouse infection protocols were approved by the University of Alabama at
Birmingham (UAB) Institutional Animal Care and Use Committees.

Cytokine analysis and cell counts. Cytokine analyses were performed on the supernatant from the
first microliter of collected BALF via a custom Luminex panel (Millipore Sigma, Burlington, MA). For total
and differential cell counts, cell pellets from BALF were resuspended in fresh PBS and mounted on a slide
via cytospin at 500 rpm for 5 minutes. Cell spots were stained via a Kwik-Diff differential cell stain
(ThermoFisher Scientific, Waltham, MA). Three representative fields from each spot were counted to
determine the composition of immune cells.

Histological analysis. Inflated right lungs from infected animals were stored in 10% neutral buffered
formalin (Fisher Scientific, Waltham, MA) at 4°C until processing. Sections from each lobe of the right lung
were trimmed and sent to the UAB Comparative Pathology Laboratory to be paraffin embedded and
hematoxylin and eosin (H&E) stained. Images of stained lung sections were taken on a Leica LMD6 scope
(Wetzlar, Germany) at X10 and X40 magnifications. Semiquantitative grading of all lung sections was
performed by a board-certified veterinary pathologist in a blind fashion (T.S.). Semiquantitative histo-
pathological scores were assigned using a scoring matrix based primarily on neutrophilic influx. Severity
was rated on a scale of 0 to 4, where 0 represents no observable neutrophils and 1 represents =25%, 2
represents 25% to 50%, 3 represents 50% to 75%, or 4 represents 75% to 100% of the section affected
of independently viewed fields of view. The density of PMNs in affected fields was scored from 1 to 3,
to represent mild, moderate, and severe, respectively. The final histopathological score was calculated by
multiplication of extent and severity scores.
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Immunofluorescent staining. For immunofluorescent staining of lung sections, lungs of infected

animals were inflated with 10% neutral buffered formalin (Fisher Scientific) and stored at 4°C until
processing. Sections from each lobe of the right lung were embedded in OCT medium (Sakura Finetek,
Torrance, CA) before storage at —80°C. Tissue was cut via cryostat in 10-um serial sections and mounted
on Superfrost plus adhesion slides (Thermo Scientific, Waltham, CA) for staining. S. maltophilia K279a was
probed via serum from rabbits immunized with heat-killed S. maltophilia (kindly provided by William
Benjamin). Alginate was stained via polyclonal rabbit antibody (49). Stained sections were imaged on a
Nikon-A1R HD25 confocal laser microscope.

Statistical analyses. Unless otherwise noted, graphs represent sample means *+ standard error of

the mean (SEM). For nonparametric analyses, differences between groups were analyzed by Kruskal-
Wallis test with the uncorrected Dunn'’s test for multiple comparisons. For normally distributed data sets
(as determined by Shapiro-Wilk normality test) a one-way analysis of variance (ANOVA) was used with
Tukey’s multiple-comparison test. Those experiments with two factors (for example, CFU changes over
time) were analyzed via two-way ANOVA. Outliers were detected via the ROUT method (Q, 1%) and
excluded from the analysis. All statistical tests were performed using GraphPad Prism 8 (San Diego, CA).
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