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Abstract

Background—Nitric oxide (NO) is released in the airway as a critical component of innate
immune defense against invading pathogenic organisms. It is well documented that bacteriostatic
and bactericidal effects of NO are concentration-dependent. However, few data exist comparing
relative susceptibility of common pathogens to NO at physiologic concentrations. In this study we
evaluated the effects of NO on 4 common airway bacteria and 1 fungus, and examined the
potential implications of discrepancies in sensitivity.

Methods—Staphylococcus epidermis, Staphylococcus aureus, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Candida albicans cultures were adjusted to a uniform optical
density (OD) and grown in log phase at 37°C with varying concentrations of NO formed by DETA
NONOate. Both OD readings and colony forming units (CFUs) were measured at varying time-
points to evaluate for inhibitory effects of NO.

Results—P aeruginosa and C albicans were significantly more sensitive to NO at physiologic
concentrations typical of the human airway. S aureus was a enuated by NO to a lesser degree, and
K pneumoniae and S epidermis were more resistant to NO at all concentrations tested. Air surface
liquid from cultured human sinonasal epithelial cells had an additive effect in bacterial killing of P
aeruginosa, but not in S aureus.

Conclusion—Common airway pathogens have varying levels of susceptibility to NO at
physiologic concentrations of innate immune defense. Relative sensitivity of P aeruginosa and
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relative resistance of S epidermis may help explain the composition of the healthy microbiome, as
well as opportunistic infection in the absence of induced NO release.
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A number of immune defense mechanisms function in concert to prevent infection of the
sinonasal tract, a daunting task in the face of constant environmental exposure. In addition,
the complexity of the nasal microbiome in health and disease supports the assertion that it is
the resident microbe homeostasis that is of significance, as opposed to sterility.> When the
balance is perturbed, even commensal organisms can become pathogenic causes of
inflammation or infection.23 Staphylococcus aureus is a frequent colonizer of healthy
subjects, but it is also present at increased density in patients with chronic rhinosinusitis
(CRS).4 Klebsiella pneumoniae and coagulase-negative Staphylococcus species, such as
Staphylococcus epidermis, show similar patterns as representative commensal bacteria that
can play a role in infectious processes.>6 An under-standing of the host-pathogen
interactions that cause these transitions allow for novel therapeutic opportunities.

Nitric oxide (NO) is a free radical compound that has potent antimicrobial effects.” Cells
that line the upper airway release NO as an innate immune mechanism,8-12 often in response
to bacterial insult. Bitter secreted products from common organisms, such as S aureus, S
epidermis, and Pseudomonas aeruginosa, are detected by bitter taste receptors of upper
airway epithelial cells and elicit many of these downstream NO responses.813.14 The NO
diffuses through the apical mucus into the offending organism, where it produces
peroxynitrites and S-nitrosothiols that are destructive to bacterial components.1>-17 DNA,
replication machinery, enzymes, or virulence factors can all be affected by the NO free
radical.1® In addition to being directly antimicrobial, NO also speeds up ciliary beating and
resultant mucociliary clearance (MCC),19:20 with movement of trapped organisms in the
sinonasal tract to the oropharynx.2!

NO can have bacteriostatic to bactericidal effects that may be species-specific in magnitude.
Escherichia coli and Salmonella enterica are affected in replication frequency, but not in
overall cell survival, whereas other organisms, such as Burkholderia species and P
aeruginosa, are more readily killed by the effects of NO.12:22-24 |n this study, we aimed to
characterize the susceptibility of 4 common airway bacteria and 1 fungus to NO at
physiologic concentrations.1>2 In addition, we suspected that NO may display synergy with
other antibacterial compounds secreted by sinonasal epithelial cells. The characterization of
microbial resistance to innate immune mechanisms, including NO production, may provide
critical insight into the pathogenesis of disease and the composition of the healthy
microbiome.
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Material and methods

Bacterial and fungal cultures

Methicillin-resistant Staphylococcus aureus (MRSA) ATCC strain 33591, Pseudomonas
aeruginosa strain PAOL, Klebsiella pneumoniae ATCC strain 13883, and Staphylococcus
epidermis ATCC strain 14990 were obtained from frozen —80°C glycerol stocks. Samples
from these stocks were inoculated into 4 mL of Luria-Bertani (LB) broth and grown to
stationary phase over 24 hours at 37°C with shaking. Samples were diluted from this stock
in 50% LB broth to a selected optical density prior to all experiments.

Candida albicans cultures were prepared from strain HGFP3 (provided by Katharina
Ribbeck, Massachusetts Institute of Technology, Cambridge, MA, with the permission of P.
Sundstrom).26 The C albicans colonies were grown on YPD agar plates (2% Bacto Peptone
[Sigma-Aldrich], 2% glucose, 1% yeast extract, 2% agar) at 30°C. For preparation of liquid
cultures, individual colonies were inoculated into YPD broth and grown with shaking at
30°C for 12 hours. Samples from this stock were diluted to a desired optical density in YPD
broth prior to experimentation.

NO sensitivity assays

Using a spectrophotometer (Model 680, BioRad), organisms were adjusted to an optical
density at 600 nm (ODgqg) of 0.1 in the appropriate broth at the beginning of each
experiment. One-milliliter samples for each experimental condition were aliquoted into
culture tubes. The cells were then incubated with increasing concentrations of DETA
NONOate (Cayman Chemicals), an NO donor that has been used in previous susceptibility
experiments.2’” DETA NONOate was made fresh at the start of each experiment from
lyophilized powder stored at —80°C, and made in stock solutions of 0.1% sodium hydroxide
prior to addition to the culture media. Cultures were placed in a 37°C incubator (30°C for C
albicans) with shaking at 300 rpm and grown aerobically. At predetermined time intervals,
cultures were briefly removed from the incubator and 150 s of sample was removed and
placed in a 96-well plate. ODgqq readings were obtained, and these samples were serially
diluted and spotted on LB or YPD agar plates as appropriate. The number of colony forming
units (CFUs)/mL was calculated from culture growth after 16 hours on agar at 37°C.

Determination of 50% inhibitory concentration and minimal concentration values

DETA NONOate was utilized at concentrations ranging from 0.1 to 10 mg/mL. As shown in
previous work,2” a concentration of 1 mg/mL corresponds to a steady-state concentration of
6 tmol/L NO in solution. Fifty-percent inhibitory concentration (1Cs) values were
calculated based on nonlinear regression curve fitting of bacterial growth after 3 hours of
exposure to increasing concentrations of NO. Minimal concentration (MIC) was calculated
using Gompertz modeling to fit the bottom plateau of bacterial growth. Minimum
bactericidal concentration (MBC) was defined as the concentration of NO that killed at least
99.9% of the inoculum relative to the start of the experiment.
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Human tissue acquisition and air-liquid interface cultures

All human tissue was obtained with informed consent and institutional review board
approval. Patients undergoing sinonasal surgery at the Division of Rhinology, Department of
Otorhinolaryngology, University of Pennsylvania, were recruited and tissue was procured
from excess clinical material. Our previous work has extensively described the culture of
human nasal epithelial cells at an air-liquid interface (ALI).28:2% Briefly, human sinonasal
epithelial cells were enzymatically dissociated and grown with medium containing
Dulbecco’s modified Eagle medium (DMEM)/Ham’s F12 and bronchial epithelial-based
medium (Clonetics), as well as 100 U/mL penicillin and 100 pg/mL streptomycin for 1
week. After this, cells were trypsinized and placed on porous polyester membranes in
Transwell cell culture inserts (Transwell-clear, 12-mm diameter, 0.4-zm pores; Corning).
The inserts were coated with 100 gL of coating solution (bovine serum albumin 0.1 mg/ml;
Sigma-Aldrich), type 1 bovine collagen (30 pg/mL; BD Biosciences), and fibronectin (10
tg/mL; BD) in LHC basal medium (Invitrogen). After 5 days, the apical compartment was
cleared and the epithelium was allowed to differentiate using a medium of 1:1 DMEM
(Invitrogen) and bronchial epithelial cell basal medium (Clonetics, Cambrex), with the
Clonetics complements for human epidermal growth factor (0.5 ng/mL), epinephrine (5 g/
mL), hydrocortisone (0.5 1g/mL), bovine pituitary extract (0.13 mg/mL), insulin (5 ug/mL),
triiodothyronine (6.5 pg/mL), and transferrin (0.5 pg/ml), supplemented with 100 1U/mL
penicillin, 100 g/mL streptomycin, 0.1 nmol/L retinoic acid (Sigma-Aldrich), and 10% fetal
bovine serum (Sigma-Aldrich) in the basal compartment. Cellular differentiation was
allowed to progress for 1 month. Forty-eight hours prior to experimentation, ALIs were
washed on the apical and basal surfaces with phosphate-buffered saline and then placed in
antibiotic-free media. Then, 48 hours later, airway surface liquid (ASL) was aspirated from
the apical compartment of these cells and used in the experiments.

Statistical analysis

Results

Stata version 13 (StataCorp, College Station, TX) software was used for statistical analysis,
with p < 0.05 considered statistically significant. One-way analysis of variance (ANOVA)
was used to assess differences in bacterial growth curves at 3- and 6-hour time-points, as
well as in comparisons of lactate dehydrogenase (LDH) release between human cultures
exposed to varying levels of NO. Two-way ANOVA was used to assess for synergistic
effects of NO and ASL treatments. Data are reported as mean + standard deviation (SD).

We investigated the relative susceptibilities of 4 bacteria and 1 fungus to NO chemically
generated by the NO donor DETA NONOate. DETA NONOate has a half-life of 20 hours
and releases 2 mol of NO per mole of parent compound. The steady-state concentration of
NO created is 6 zmol/L per milligram per milliliter of DETA NONOate used.2” ODggg
readings were obtained and CFUs/mL were counted (Fig. 1) at several distinct time intervals
to determine the effects of experimental manipulations on bacterial growth.
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Susceptibility of bacterial species to NO

S aureus, S epidermis, K pneumoniae, and P aeruginosa strains were grown overnight in LB
broth and then diluted to an ODgqq of 0.1 prior to the start of the experiment. The bacteria
were exposed to increasing concentrations of NO (0, 0.6, 3, 6, 30, and 60 gmol/L) and
grown at 37°C with shaking. These concentrations of NO were chosen based on the
physiologic range observed in experiments demonstrating human sinonasal epithelial cell
release of NO in response to microbial challenge.19:25:28.30 Specifically, the concentration
range of NO observed in vivo in health and disease generally ranges from 100 to 1000 parts
per billion, which corresponds to 3.3 to 33 zmol/L NO.30 CFUs were counted at 0, 3, and 6
hours and recorded for concentrations of 0, 3, 6, and 30 gmol/L (Fig. 2). ODggpg Was
recorded at all 3 time-points for all concentrations, and these data were used to calculate
ICsq and MIC for each species (nonlinear regression curve-fitting, and Gompertz modeling,
respectively; Table 1).

Overall, S epidermisand K pneumoniae demonstrated minimal susceptibility to
concentrations of 6 umol/L NO or below, and had 1Csq values of 27.0 gmol/L and 30.0
umol/L NO, respectively. This is in contrast to S aureus (ICgg 8.4 mol/L NO) and P
aeruginosa (ICsg 9.0 gmol/L NO), which showed stunting of growth in response to the lower
NO concentrations tested. A concentration of 30 gmol/L NO was slightly bactericidal in 2
aeruginosa, yet this concentration was only bacteriostatic in S aureus. This phenomenon is
reflected in the calculated MICs for each bacterium, as P aeruginosa had an MIC of 23.4
umol/L, whereas the other 3 bacteria had MICs between 30 and 60 gmol/L NO. Of interest,
S aureushad a low ICsq value with a higher MIC value, indicating that, although stunting of
bacterial growth occurs early, complete inhibition of bacterial growth requires a much higher
concentration of NO. This is juxtaposed with the high 1Csq and relatively low MIC value of
S epidermis, indicating that early initial resistance to lower NO concentrations can quickly
be overcome with small NO concentration increases in this species. The MBC could not be
calculated, as no bacteria showed 99.9% inhibition to the highest concentration of NO
tested. Of note, apical concentrations of NO from 0 to 60 z/mol/L demonstrated no overt
cytoxicity in human airway epithelial cells over a 6-hour time period, as assessed by LDH
release (refer to Fig. S1 in the Supplementary Material online). NO of 600 y/mol/L, a
concentration 10-fold higher than that used in bacterial experiments, elicited a high degree
of LDH release with suspected cellular death of epithelial cells in the experimental
paradigm.

Susceptibility of C albicans to NO

C albicans liquid cultures were prepared from individual colonies grown on YPD agar that
were inoculated into YPD broth and shaken at 30°C for 12 hours at 300 rpm, then diluted to
an ODgqg of 0.1. Samples from the culture were exposed to the same NO concentrations as
the bacteria in the previous experiment, but CFUs were counted only at 6 hours (Fig. 3).
ODgqg was also recorded at 6 hours to calculate 1C5q and MIC values (Table 1). C albicans
demonstrated much lower 1Csq (4.8) and MIC (6.0) than any of the bacteria, signifying a
much higher susceptibility to NO at all concentrations.

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Workman et al. Page 6

Effects of culture ASL on NO-susceptible bacteria

As many diverse innate immune defenses function together in the sinonasal tract, we were
interested in a possible synergistic effect between ASL compounds and NO. Prior work has
demonstrated that human airway epithelial cells release antimicrobial peptides, such as 5
defensins, as well as other toxic radicals that serve as an additional layer of innate immune
defense against bacteria.3132 In addition, our previous work has shown the sensitivity of all
4 bacteria utilized in this study to some of these compounds.8 To test the hypothesis that
effects of these compounds and NO would be additive, ASL was aspirated from 18 ALI
cultures that were at least 1 month old, and the ASL was then diluted in 1 mL of deionized
water. Seventy-five microliters of diluted ASL or deionized water was added to 75 pmol/L of
full-strength LB medium with S aureus or P aeruginosa at an ODgqg of 0.2, for a final ODggg
of approximately 0.1. CFUs were counted at 0 and 3 hours and are shown in Figure 4. ASL
was permissive of S aureus growth, and no significant effects were observed. However, P
aeruginosa growth was inhibited by ASL and 6 g/mol/L NO to a comparable degree, and the
combination of ASL and 6 pmol/L NO caused almost complete cessation of growth (p <
0.01, 2-way ANOVA; n = 3). The effects of ASL and NO were additive, rather than
synergistic, based on the absence of an observed statistical interaction between the 2
experimental manipulations.

Discussion

In this study we tested the relative susceptibility of common sinonasal organisms to NO, an
antibacterial free radical released by airway epithelial cells as a part of innate immune
defense. In bacteria, NO has toxic effects on several cellular targets, including protein thiols,
iron, tyrosine residues, lipids, and DNA.18 Several discrepancies in organism sensitivity to
NO were observed. P aeruginosa and C albicans were more sensitive to the effects of NO at
all concentrations tested, whereas S aureus had intermediate initial sensitivity to low
amounts of NO followed by resistance to complete bacteriostasis at higher concentrations. K
pneumoniae and S epidermis were fairly insensitive to the effects of NO at physiologic
concentrations, and very high quantities of NO were required to achieve complete
bacteriostasis.

The implications for these differences in sensitivity are broad, and may influence the
composition of the nasal microbiome. Species such as S aureus, S epidermis, and K
pneumoniae are most commonly commensal organisms in the healthy nasopharynx, and
more rarely become pathogenic when homeostasis is disrupted.33-36 These organisms are
kept in check by NO production, but are not fully eradicated. Alternatively, the presence of P
aeruginosa is almost always indicative of disease. The high sensitivity of P aeruginosato
NO, as suggested by its low ICgg and MIC, likely contributes to it being an uncommon
presence in healthy subjects. Indeed, our earlier research has indicated that the genetic
difference in the physiologic ability to release NO in response to pathogens correlates with
clinical outcomes in diseased patients.3”-38 In addition, work by Bommarito et al has
demonstrated that there is variability in endogenous NO levels among patients, and
individuals with CRS with nasal polyps have significantly lower NO concentrations in the
sinonasal tract.30
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Density control of bacteria by NO is not entirely predicated on bacterial killing and
elimination. Rather, NO more often impairs bacterial proliferation to allow for other immune
responses to act more efficiently and resolve disease with return to homeostasis.3? An
example of this phenomenon is illustrated in the case of P aeruginosa, in which NO disrupts
immune-resistant biofilm formation so that other immune defenses have unimpeded access
to the bacterium.4041 Although some organisms are in fact readily killed by NO,12:22 jt is
antimicrobial eptides like S-defensins and other related compounds that have additional
potent effects.31:32 Previous experiments have also demonstrated that gram-negative bacteria
have greater susceptibility than gram-positive bacteria to antimicrobial compounds,
including B-defensin 2.3%42 In our study, P aeruginosa showed almost complete
bacteriostasis when exposed to low levels of NO and ASL, neither of which was sufficient
alone to cause the same impedance of bacterial proliferation. This additive effect was not
observed in S aureus. Whereas ASL and low concentrations of NO are permissive for
controlled growth of S aureus, P aeruginosa does not share the same fate, again indicating a
differential response and more efficient eradication of the more virulent organism. This
combination of innate immune mechanisms is also a reason that MBC of NO could not be
calculated at the physiologic concentrations used in our experiment, as bacterial elimination
is a result of several distinct processes.

One phenomenon of interest that we observed is the initial sensitivity of S aureusto low
physiologic concentrations of NO that does not readily progress to overt bacteriostasis at
higher concentrations. The exact opposite observation was made in S epidermis, with a high
ICs0 and low MIC indicating potent initial NO resistance, quickly progressing to
bacteriostasis with small NO concentration increases beyond that point. This phenomenon is
best explained by an NO-inducible LDH metabolic pathway that exists in S aureus and not
in S epidermis.18 Alternative cellular machinery allows S aureus to proliferate in an
attenuated fashion even at high physiologic concentrations of NO. This corroborates its role
as a commensal organism that is difficult to eliminate, even when pathogenic. The
differential NO sensitivity between the 2 Staphylococcus species also substantiates previous
work by Carey et al, showing a less potent NO response from sinonasal epithelial cells to S
epidermis when compared with that of S aureus.1* Other bacteria can upregulate NO
scavengers or alter cellular respiratory function to evade the effects of NO through changes
in gene expression.*3 However, it is important to note that this resistance does not induce
adaptive mutations in the bacteria, as expansion of cultures that initially survive NO
treatment does not yield increasingly resistant cultures.2’ Of additional interest is the anti-
biofilm effect of high-physiologic NO on S aureus, in contrast to the biofilmenhancing effect
of lower concentrations of NO on the same organism.#4 This phenomenon, observed by
Jardeleza et al, may help explain the low incidence of full bacterial eradication, as well as
the concentration differences observed in the healthy and diseased microbiome.30
Individuals who produce low-physiologic quantities of NO may be exponentially more
susceptible to overgrowth of these commensal organisms.

Beyond bacteria, C albicans is a ubiquitous fungus that is both a commensal organism and
opportunistic pathogen, much like many of the bacteria we studied.24 Our experiments
showed that C albicans was more sensitive to NO than any of the bacteria we tested, and had
a very narrow concentration range between its ICsg and MIC. This increased responsiveness
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is likely multifactorial and probably related to increased cellular targets and slower
adaptation mechanisms.24

The potent antimicrobial activity of NO allows for therapeutic opportunities. Ideally,
harnessing the power of host signaling pathways for endogenous NO production allows for a
streamlined approach. These pathways cause NO to be released steadily over time, and to
minimize deleterious effects of exogenous NO on host cells. The signaling pathways that
detect microbial products are still being elucidated, but the stimulation of bitter taste
receptors using exogenously applied compounds shows promise, and will be a likely subject
of future investigations.® Critically, this also allows for NO to be produced at the site of
interest, as opposed to in a less specific fashion.#> Other research involving the use of NO-
releasing silica nanoparticles and xerogel films has also shown initial promise for candidate
antimicrobials, especially against biofilm-forming bacteria.11 Further experimentation could
potentially optimize other experimental variables that may have effects on NO in vivo,
including nonliquid culture conditions, airflow in the sinonasal tract, and possible anaerobic
environments. In addition, the identification of specific airway compounds that demonstrate
additive or synergistic effects with those of NO is also an important next step.

In conclusion, there is differential NO susceptibility of common airway microbes, and these
discrepancies may help explain variations in the composition of the human microbiome in
health and disease. P aeruginosa was the bacterium most sensitive to NO in our study,
whereas commensal organisms, such as S epidermisand K pneumoniae, were significantly
more NO-resistant at physiologic NO concentrations. Tonically secreted compounds from
human sinonasal epithelial cells show an additive antibacterial effect when combined with
NO in P aeruginosabut not S aureus cultures. Knowledge of the relative susceptibilities of
these organisms to innate immune defenses can help develop novel therapeutics that release
NO when applied or act through endogenous NO pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Plate of S aureus CFUs following 6 hours of growth in LB media (left) and 6 hours of

growth in LB media with 60 gmol/L NO (right). CFUs = colony forming units; LB = Luria-
Bertani; NO = nitric oxide.
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FIGURE 2.

Susceptibility of log-phase S aureus, S epidermis, K pneumoniae, and P aeruginosa to
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- Control
- 3 uMNO
- 6 yMNO
- 30 pM NO

varying concentrations of NO in LB media (0 gmol/L, 3 zmol/L, 6 4mol/L, and 30 gmol/L).
Individual bacteria CFUs/mL were calculated at 0, 3, and 6 hours after initiation of treatment
with NO. The data are mean = standard error of 3 individual observations. CFUs = colony
forming units; LB = Luria-Bertani; NO = nitric oxide.
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Susceptibility of log-phase C albicansto varying concentrations of NO in LB media (0
umol/L, 3 ymol/L, 6 pmol/L, and 30 pmol/L). CFUs/mL were calculated at 0 and 6 hours
after initiation of treatment with NO. The data are mean + standard error of 3 individual
observations. CFUs = colony forming units; NO = nitric oxide; LB = Luria-Bertani.
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FIGURE 4.
Susceptibility of log-phase S aureusand P aeruginosato ASL from ALI cultures, with and

without the addition of 6 ymol/L NO. All growth data are presented as fold increase in
CFUs/mL after a 3-hour growth period. All experimental conditions were compared with the
control condition (2-way ANOVA, **p < 0.01; n = 3 per condition). Dashed line
demonstrates bacterial concentration at £= 0. ANOVA = analysis of variance. ALI = air-
liquid interface; ANOVA = analysis of variance;ASL = airway surface liquid; CFUs =
colony forming units.

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2018 August 01.



Page 15

Workman et al.

Author Manuscript

"apIX0 dMUU = ON ‘WU 009 Ie Ausuap
1eando = 009QO ‘uonenuaduod A10)IgIyul WNWIUIW = DA ‘UoITeUsIU0d AI0NqIYul %05 = 0S| ‘|apow zuadwoo) e 0} elep ay) Bumiy Aq pale|najed sem DN pue ‘Buiniy 8AINd uoissalfial Jeauljuou
Buisn pareinafea sem 0SD1 "ON T1/10wW7 09 pue /10w og ‘/jowr 9 “J/jowr? € /10w 9°0 “1/10wr? 0 4o ddussald ay3 ui ‘snbuny Joy 009gO Jnoy-9 pue eusioeq 1oy 009QO Jnoy-g a1am pasn swiiod ereq

09 '€ 8'G§ 'S 92y (ON 1/10W7) DIN
8 06 00¢ 022 7’8 (ON T1/10wWr7) 9591
sueoiqre D | esouibniee 4 | seluownaud ¥ | siwsepides | smeunes
pa1sal swisiuehlo |[e 10} ON JO DI pue 059 Jo uone|nde)
T 3719vLl

Author Manuscript

Author Manuscript

Author Manuscript

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2018 August 01.



	Abstract
	Material and methods
	Bacterial and fungal cultures
	NO sensitivity assays
	Determination of 50% inhibitory concentration and minimal concentration values
	Human tissue acquisition and air-liquid interface cultures
	Statistical analysis

	Results
	Susceptibility of bacterial species to NO
	Susceptibility of C albicans to NO
	Effects of culture ASL on NO-susceptible bacteria

	Discussion
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	TABLE 1

