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The effect of nasal irrigation formulation on the antimicrobial activity

of nasal secretions

Charmaine M. Woods, PhD', Sophia Tan, BSc', Shahid Ullah, PhD?, Claire Frauenfelder, MSurg',
Eng H. Ooi, PhD" and A. Simon Carney, FRACS'

Background: Saline-based irrigation solutions are
evidence-based rhinological treatments; however, the for-
mulation of these solutions could theoretically alter the
function of innate antimicrobial peptides. The aim of this
study was to determine if the antimicrobial activity of nor-
mal human nasal secretions in vivo is altered by commer-
cially available large volume irrigation solutions.

Methods: Minimally manipulated sinonasal secretions were
collected from patients with chronic rhinosinusitis (CRS; n
= 10) and normal healthy volunteers (n = 20). In a subset
of control patients (h = 10) secretions were collected prior
to, and at 1 hour, 6 hours, and 24 hours after nasal irrigation
with 4 commercial irrigation solutions. Lysozyme and lacto-
ferrin levels were analyzed and the antimicrobial activity of
secretions determined using a radial diffusion assay.

baseline at 24 hours. Low-salt solution stimulated peptide
secretion by approximately 40% at 6 hours and 24 hours,
but produced a transient decrease in antimicrobial activ-
ity, returning to baseline levels by 6 hours. Hypertonic so-
lution initially decreased lysozyme and lactoferrin levels
but maintained baseline levels of antimicrobial activity and
increased peptide secretion by approximately 30% at 24
hours.

Conclusion: The formulation of nasal irrigation solutions
significantly affects the measured levels and functionality
of sinonasal antimicrobial peptides. © 2015 ARS-AAOA,
LLC.
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Results: The antimicrobial activity of nasal secretions was
reduced in CRS patients compared to healthy volunteers
(p < 0.01), but there was no significant difference in an-
timicrobial peptide concentrations. Isotonic nasal irrigation
reduced lysozyme and lactoferrin levels, which returned
to baseline levels by 6 hours; in addition to a sustained
decrease in antimicrobial activity before returning to
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hronic rhinosinusitis (CRS) causes a significant re-
duction in patients’ quality of life, and costs bil-

lions of healthcare dollars each year."»> The etiology of
CRS is incompletely understood, with current hypotheses
including bacterial and/or fungal infection, biofilms,
anatomical obstruction of sinus drainage, and dysregulated
mucosal immunity.3-°

Nasal secretions contain cationic antimicrobial peptides
such as lysozyme, lactoferrin, human 8-defensin, and secre-
tory leukocyte protease inhibitor.””” These proteins are an
important component of innate immunity against inhaled
antigens and microorganisms with documented antimicro-
bial activity toward bacteria, fungi, and viruses. Lysozyme
is the most abundant secreted innate immune defense pro-
tein from the paranasal sinuses'’; it works both as an an-
tibacterial agent via its enzymatic muramidase activity'!
and as a cationic protein.!>'* Our previous work has
demonstrated that lysozyme exhibits fungicidal activity,'
supporting a role for lysozyme in paranasal sinus innate
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immunity against both bacteria and fungi. Subsequent
immunohistochemical studies found increased lysozyme
protein present in the sinus mucosa of CRS patients,!® sug-
gesting that decreased functional activity rather then de-
creased protein levels may be an important factor in CRS
pathophysiology.

The tonicity (osmotic activity) of airway surface liquid
(ASL) is difficult to quantify,!” but is generally assumed
to be similar to plasma and extracellular fluid (ie, iso-
tonic). However, there is some evidence to suggest that
under normal conditions ASL is hypotonic!® ! compared
to plasma, with a pH of 5.5 to 6.5.22? In contrast, in
patients with airway inflammation, infection, or cystic fi-
brosis the ionic composition of ASL was found to approach
or reach isotonicity,'® with a pH of 7.2 to 8.3,>> suggesting
that changes to ion and water secretion occur during an
inflammatory state.

There is also evidence in the literature that the local ionic
state can affect the innate immune system; studies from cys-
tic fibrosis patients with high ASL chloride concentration
showed a lack of antimicrobial activity despite the presence
of key antimicrobial peptides.?® Increases in sodium chlo-
ride concentration are known to influence the antimicrobial
activity of cationic antimicrobial peptides,>*~” likely due to
ions present in solution having an electrical charge, which
can interact with both the cationic antimicrobial peptides
and the anionic microbial cell wall.

Commercial irrigation solutions are generally formulated
as either isotonic (154 mM) or hypertonic saline solutions.
The ionic strength of these solutions has the potential to
inhibit the antimicrobial activity of innate cationic antimi-
crobial peptides present in sinonasal secretions. A low-salt
nasal irrigation formulation was recently released in Aus-
tralia to reduce this potential effect.

There is now level 1 evidence that different large-volume
nasal irrigation formulations can affect clinical outcomes.
In a randomized controlled trial performed in our unit,
postoperative irrigation with Ringer’s lactate provided su-
perior patient outcomes to normal or hypertonic saline.?®
This justifies further research looking at clinical outcomes
for patients with CRS in both the preoperative and post-
operative phase, following different irrigation frequency
regimes with variable salt concentrations.

This study was designed to determine: (1) the antimi-
crobial activity of nasal secretions from CRS patients com-
pared to normal healthy people; and (2) if the antimicrobial
activity of normal nasal secretions was altered after nasal
irrigation with 4 commercially available irrigation formu-
lations (isotonic saline, hypertonic saline, lactated Ringer’s,
and “low salt” formulation).

Subjects and methods

This project was reviewed and approved by the South-
ern Adelaide Clinical Human Research Ethics Committee:
Project ID 214.12.

Minimally manipulated sinonasal secretions

Sinonasal secretions were collected from normal healthy
volunteers (n = 20) and patients diagnosed with CRS (no
previous surgery, both with and without nasal polyps;
n = 10) by European Position Paper on Rhinosinusitis
and Nasal Polyps (EPOS) criteria.> Volunteers had no his-
tory of nasal disease and were recruited from hospital re-
search advertisements, with 22-item Sino-Nasal Outcome
Test (SNOT-22) scores of <8 and normal nasendoscopy.
CRS participants were excluded if they had used antibiotics
or topical steroids in the preceding 4 weeks. A commer-
cial sinus secretion sponge?’ (polyurethane foam measuring
5 mm x 25 mm) was placed between the inferior turbinate
and nasal septum for 10 minutes.

To investigate the effect of irrigation on innate peptide
concentration and antimicrobial activity, secretions were
collected from 10 of the healthy volunteers (selected from
the initial 20 due to their time-availability for the second
phase of the study; 6 females:4 males; mean age 37.5 years;
range, 19.9 to 64.4 years). SNOT-22 mean = 2.3). Se-
cretions were collected before (0 hours) and after (1 hour,
6 hours, and 24 hours) irrigation with a commercially avail-
able large volume solution (isotonic saline: 0.9% Na; hy-
pertonic saline: 2.7% Na; lactated Ringer’s: 0.9% Na; and
a “low salt” formulation: isotonic but 0.0375% Na). All
4 irrigation solutions were provided in a randomized order
to each participant, with a minimum of 48 hours between
irrigations.

All secretions were kept on ice and stored at —20°C for
later use. Secretions were extracted from the sponge by
centrifugation and sonicated to disrupt mucoprotein aggre-
gates and facilitate accurate handling. Secretions were irra-
diated at 200 Gy (20k rad; Adelaide Radiotherapy Centre;
Siemens ONCOR; Siemens Australia, Bayswater, Victoria,
Australia) to kill endogenous bacteria that would compro-
mise the antimicrobial assay. The sonication and irradiation
processes used had been shown not to effect antimicrobial
peptide activity.*’

Antimicrobial activity assay

A highly sensitive microbial assay was used to determine
antimicrobial activity of sinonasal secretions. This assay,
designed specifically for assessing cationic antimicrobial
peptides,?»32 utilizes a double layer technique that op-
timizes the composition of the underlay to support an-
timicrobial activity by keeping the ionic strength and di-
valent cation content low, with a conventional overlay
to support microbial growth. The underlay gel contained
metabolically-active microbes in 1% agarose and 0.03%
trypticase soy broth (TSB) in 10 mM sodium phosphate
(pH 7.4). A series of wells was punched out of the solid
agar and 5 uL of purified peptide (0 to 100 uM recom-
binant human lysozyme, L1667; Sigma-Aldrich, St. Louis,
MO) or nasal secretions was applied. Plates were incubated
at 37°C for 3 hours to allow peptide diffusion before be-
ing covered with an overlay gel containing 6% TSB and
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1% agarose. Antimicrobial activity was identified as a zone
around the well absent of microbial growth after 18 to
24 hours of incubation. The surface of the overlay gel was
washed with 10 mL disinfecting solution (5% acetic acid in
25% methanol) to remove any surface bacterial colonies.

The assay was used with Esherichia coli as the test organ-
ism (ATCC 25922; strain commonly utilized in antibiotic
resistance tests). For quality control and normalization be-
tween plates a 5-uL aliquot of antibiotic was added to a
well (E. coli: 2 ug/mL Ciprofloxacin).

The dose characteristics of this assay allow it to be used
quantitatively.’> However, traditional analysis of this as-
say by measuring the zone of clearance (defined as a zone
around the sample well devoid of bacterial colonies) and
presenting it as clearance units [(zone mm — well mm) x 10
Units] was not sensitive enough for our purposes. Although
the pure antimicrobial peptides produced clear zones of in-
hibition, many of the nasal secretion samples demonstrated
a zone of reduced growth surrounded by a “halo” of in-
creased growth, with growth within the zone being variable
from no colonies to a density consistent with the bacterial
lawn. Therefore plates were photographed and electronic
images were analyzed using Image] (v1.46r; NIH, Bethesda,
MD; http://imagej.nih.gov/ij). Briefly, each plate image was
converted to an 8-bit black and white image, black and
white colors were inverted (ie, the absence of growth was
represented by white), and then the image was scaled ap-
propriately to represent the 90-mm plate. The area selected
for analysis was defined as the area within the inner rim
of the “halo” and the integrated density (IntDen) was cal-
culated to provide a measure of both the size and density
of growth within the traditional “zone of clearance.” This
value was adjusted for the blank well space, and represented
as a percentage of the antibiotic control to normalize be-
tween plates using the formula: (IntDen SNOT — IntDen
WELL)/(IntDen ANTIBIOTIC — IntDen Antibiotic WELL)
x 100%. Therefore, a higher percentage correlates with
more microbial killing by the secretions in the sample.

Concentration of lysozyme and lactoferrin in
secretions

Enzyme-linked immunosorbent assay (ELISA) was used
to quantify the concentrations of key antimicrobial pep-
tides within nasal secretion samples (human lysozyme
= EL3010-1; human lactoferrin = EL2011-1; AssayMax
ELISA kit; Assaypro, St. Charles, MO).

Statistical analysis

To provide an estimation of antimicrobial peptide concen-
tration in nasal secretions the levels of lysozyme and lacto-
ferrin were combined for each time point. Antimicrobial
activity and lysozyme+lactoferrin levels were calculated as
a percentage of baseline levels using the formula: T;/Ty x
100% where i = 1, 6, and 24 hours.

A Wilcoxon-Mann-Whitney test was used to detect a
significant difference between CRS and healthy volunteer
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FIGURE 1. Box plot of antimicrobial activity (A) and lysozyme-lactoferrin
(B) levels in nasal secretions between normal (n = 20) and CRS groups (n =
10). Ab = antibiotic; CRS = chronic rhinosinusitis.

groups for antimicrobial activity and lysozyme+lactoferrin
levels. A mixed-effect linear regression model was applied
in STATA version 13.0 (StataCorp., College Station, TX)
to determine the antimicrobial activity of nasal secretions
prior to, and 1, 6, and 24 hours following nasal irriga-
tion with 4 commercial irrigation solutions. A maximum-
likelihood estimation procedure was used to compare the
significant differences over time and between solutions. The
model was used to determine the irrigation effects (adjusted
mean change of 4 solutions at each time point) and interac-
tion effects (overall effects on the 4 solutions after 1 hour,
6 hours, and 24 hours). All analysis was performed with
2-tailed tests and the level of significance was set at p <
0.05. Where appropriate, 95% confidence intervals (95%
CIs) were reported along with p values.

Results

Antimicrobial activity was significantly lower in secretions
from CRS patients compared to normal controls (p < 0.01;
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FIGURE 2. Radial diffusion assay demonstrating effects of irrigation solution on the antimicrobial activity of nasal secretions in 1 “norma

|

individual. Sinonasal

secretions were collected before (0 hours) and after (1 hour, 6 hours, 24 hours) irrigation with 4 different formulations (A = isotonic saline formulation; B =
hypertonic saline formulation; C = lactated Ringer’s formulation; D = low salt formulation) from 1 individual and the antimicrobial activity was determined.
Zones of inhibition are apparent. A “halo” of increased growth can be observed associated with some samples. The antibiotic (Ab) was utilized for normalization
between plates and repeated assays, and lysozyme (LYZ) was utilized as an internal positive control. Ab = antibiotic; LYZ = lysozyme.
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FIGURE 3. Change in antimicrobial peptide concentration in nasal secre-
tions following nasal irrigation with 4 different irrigation formulations. Nasal
secretions were collected prior to and at 1 hour, 6 hours, and 24 hours after
nasal irrigation in normal participants (n = 10 for each solution). Data was
normalized to percentage of baseline level for each participant. IRR = irri-
gation; SOLN = solution; SOLN A = isotonic saline; SOLN B = hypertonic
saline; SOLN C = lactated Ringer’s; SOLN D = low salt.

Fig. 1A). Higher median levels of lysozyme+lactoferrin
were detected in the CRS group compared to the normal
group, but this did not reach statistical significance (p =
0.17; Fig. 1B).

The effect of nasal irrigation formulation on cationic an-
timicrobial peptide concentration and antimicrobial activ-
ity was investigated in normal volunteers. The effect of
irrigation over a 24-hour time period on these parameters
is depicted in Figures 2, 3, and 4. All irrigation solutions
caused an initial reduction in lysozyme+lactoferrin con-
centrations. For the isotonic solutions (saline and lactated
Ringer’s) this returned to baseline levels by 6 hours. The
low-salt solution stimulated peptide secretion by approxi-
mately 40% at 6 hours and 24 hours with the hypertonic so-
lution stimulating peptide secretion by approximately 30%
at 24 hours.
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FIGURE 4. Change in antimicrobial activity of nasal secretions following
nasal irrigation with 4 different irrigation formulations. Nasal secretions were
collected prior to and at 1 hour, 6 hours, and 24 hours after nasal irrigation
in normal participants (n = 10 for each solution). Data was normalized to
percentage of baseline level for each participant. IRR = irrigation; SOLN =
solution; SOLN A = isotonic saline; SOLN B = hypertonic saline; SOLN C =
lactated Ringer’s; SOLN D = low salt.

Very different profiles were observed for antimicrobial
activity. Low-salt solution produced a transient decrease
in antimicrobial activity, returning to baseline levels by
6 hours. Isotonic solutions resulted in a sustained decrease
in antimicrobial activity approaching baseline levels by
24 hours, despite lysozyme-+lactoferrin levels normalizing
at 6 hours. The hypertonic formulation maintained baseline
levels of antimicrobial activity, despite the initial decrease
in lysozyme+lactoferrin levels.

Statistical modeling and predictions of
antimicrobial activity and peptide concentrations
following nasal irrigation

The observed antimicrobial activity and peptide concentra-
tions were entered into a mixed effects linear regression
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TABLE 1. A mixed effects linear regression model predicting time effects for antimicrobial activity and cationic peptide
concentration across the 4 irrigation solutions*

Test Time (hours) Solution A Solution B Solution C Solution D

Antimicrobial activity 1 —10.8(—28.9107.3) 1.6 (—17.6 t0 20.8) —1.1(—18.8 10 16.6) —21.6 (—42.11t01.0)}
6 —14.9(—33.0t03.2) 3.1(—16.8t023.1) —20.4 (—38.6 to —2.0)} 2.8(—17.81023.3)
24 —5.5(—23.6 10 12.6) 0.6 (—18.6t0 19.8) —1.7(-18.9t0 15.5) 1.2(—19.31t021.7)

Lysozyme-+lactoferrin 1 —15.8 (—68.5 10 36.9) —24.7 (—74.31024.9) —31.1(-7391011.9) —28.3(—79.51022.9)
6 8.2(—41.41057.9) 2.8 (—46.8 t0 52.4) 0.9 (—44.6 t0 46.4) 36.0 (—15.2 10 87.3)
24 —14.6 (—64.3 10 35.0) 33.9(—14.010 81.9) 6.8 (—36.0t0 49.7) 48.3 (0.01 t0 99.5)}

*Data are presented as percent change from baseline activity. Marginal mean change (95% Cl); changes at 1, 6, and 24 hours from baseline for each group.

tp < 0.05.

Cl = confidence interval; Solution A = isotonic saline; Solution B = hypertonic saline; Solution C = lactated Ringer’s; Solution D = low salt.

model to predict differences between irrigation formu-
lations over time (Table 1). This model predicts an
approximate 25% decrease in antimicrobial peptide lev-
els immediately following irrigation, which return to near
baseline levels by 6 hours. A sustained significant increase in
peptide concentration of approximately 40% is predicted
6 hours and 24 hours after irrigation with the low-salt so-
lution. With the exception of the hypertonic solution, an-
timicrobial activity is predicted to decrease by 15% to 20%
following irrigation. Antimicrobial activity is predicted to
return to baseline levels within 6 hours after irrigation with
low-salt solution, and by 24 hours with isotonic saline or
lactated Ringer’s solutions. The hypertonic formulation is
predicted to maintain antimicrobial activity following irri-
gation, despite the predicted decrease in antimicrobial pep-
tide concentration at 1 hour.

Discussion

This study evaluated the combined concentration of an-
timicrobial peptides lysozyme and lactoferrin, as well as the
functional antimicrobial activity present in sinonasal secre-
tions of CRS patients when compared to normal healthy
individuals. Antimicrobial activity was significantly dimin-
ished in CRS patients compared to normal controls; how-
ever, comparable levels of the antimicrobial peptides were
still present. Our findings suggest that in CRS, it is the
functionality of these innate peptides that is reduced. Mea-
suring the tonicity of nasal secretions is very complex and
was not attempted in this study; however, we hypothesize
that a small increase in the tonicity of ASL (perhaps in-
creased NaCl concentration as a result of “plasma” trans-
fer through a diseased, damaged, and ineffective epithelial
barrier) may be inhibiting the functional activity of cationic
antimicrobial peptides, thereby leading to impaired innate
defense of the sinonasal epithelium and contributing to the
development of CRS. Further work will be required to ad-
vance this hypothesis.

In rhinological research, nasal secretions are most com-
monly collected via nasal lavage’?; however, this process

would have altered the fluid composition and was therefore
not appropriate for this type of research. Other commonly
used methods of obtaining minimally manipulated nasal se-
cretions include filter paper, sinus pack, microsuction, nose
blow, or polyurethane foam sponge.?? For this study it was
essential to identify a method by which enough nasal fluid
could be obtained for the assays without causing trauma
to the mucosa or activation of nasal reflexes that stimulate
secretion.

The results of this study also demonstrate that both the
use and the formulation of irrigation solutions impacts
on the normal function of the innate immune sinonasal
defenses. The use of large-volume nasal irrigation solu-
tions is evidence-based and recommended for the removal
of thickened nasal secretions in patients with CRS.3%3%
There is also evidence for their efficacy in allergic rhini-
tis, the common cold, and other upper respiratory tract
infections.®® In the postsurgical scenario, douching pro-
vides symptomatic relief through the physical action of re-
moving thick eosinophilic mucin, crusts, and postoperative
blood clots.?*

However, a potential negative effect of sinonasal irriga-
tion is the reduction/removal of normal nasal secretions
from the nasal cavity (and sinonasal cavity in the postsur-
gical patient).?® It has been previously estimated that the
cationic antimicrobial peptides start to reconstitute them-
selves within 10 to 20 minutes, but that it may require 4
to 24 hours before they return to normal preirrigation ASL
concentrations.” This study has clearly demonstrated that,
following irrigation, cationic antimicrobial peptides are re-
constituted more quickly than previously thought, with a
return to baseline levels at 1 to 6 hours. Nevertheless, dur-
ing this postirrigation period, the innate immune defenses
of the nasal epithelium remain potentially compromised.
Patients are often instructed to irrigate repeatedly during
the day, potentially leaving the epithelium with decreased
levels of antimicrobial peptides for a prolonged period,
providing favorable conditions for microbial colonization
of the sinonasal epithelium, especially in patients with al-
ready impaired mucociliary clearance pathways (ie, CRS).
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Of particular interest, the low-salt formulation (which was
well tolerated by the patients in this study) stimulated a
40% increase in cationic peptide secretion between 1 and
6 hours postirrigation. This was maintained at 24 hours,
suggesting a potential benefit to innate nasal defenses with
this irrigation solution.

In addition to the concentration of cationic antimicrobial
peptides in sinonasal secretions, it is important to consider
the impact of irrigation formulation on the functional ac-
tivity of these peptides. It has been well established that
cationic antimicrobial peptides are salt-sensitive’>~?” and
there is potential that the sodium in any residual irrigation
solution could affect functionality of these peptides. The ra-
dial diffusion assay utilized in this study was chosen because
it uses minimal amounts of sample and is highly sensitive
to determine the antimicrobial activity of cationic antimi-
crobial peptides.?!>32 Nevertheless, the assay only measures
activity against 1 microorganism and it is entirely possible
that different results would be obtained for other bacteria
or fungi.

Despite the levels of lysozyme and lactoferrin returning
to baseline levels by 1 to 6 hours, antimicrobial activity
remained impaired by 15% to 20% at 6 hours after irri-
gation with isotonic saline or lactated Ringer’s solution,
demonstrating an ongoing negative effect of irrigation on
the functionality of antimicrobial peptides secreted into the
sinonasal secretions. In contrast, the low-salt formulation
resulted in a transient decrease in antimicrobial activity
that returned to baseline levels within 1 to 6 hours. An
additional advantage of the low-salt irrigation formulation
may be an increase in mucociliary function, given that it has
been demonstrated that extracellular sodium blocks ciliary
activity in the airway.3®

Of particular note, no decrease in antimicrobial activity
was observed following irrigation with hypertonic saline,
despite a 25% decrease in peptide concentration. Many pa-
tients report tingling or pain after irrigation with hypertonic
solutions, believed to be a result of activation of nocicep-
tive nerves stimulating substance P release into secretions.>’
Serosal substance P has also been reported to stimulate
submucosal gland secretion, which would theoretically in-
crease secretion volume (ie, water and bicarbonate) as well
as antimicrobial peptides.*’ We observed a 25% decrease

in lysozyme and lactoferrin concentrations during the im-
mediate postirrigation period; this could have been simply
due to an excess of water and bicarbonate over peptide
stimulation. It should also be considered that substance P
and other neuropeptides are also known to have both di-
rect and indirect antimicrobial properties themselves,*!>*>
which could explain the sustained antimicrobial activity ob-
served following hypertonic saline irrigation. The antimi-
crobial action of these neuropeptides would be separate
from the lysozyme/lactoferrin pathways and their concen-
trations were not measured in this study. Other possible ex-
planations of the observed hypertonic effect could include:
(1) The high concentration of NaCl itself inhibits microbial
growth (NaClis a known preservative in the food industry).
Pilot assay work for this study used increased NaCl concen-
trations in the media and demonstrated inhibition of E. coli
growth, such that no bacterial lawn could be established at
a concentration of NaCl similar to commercially-available
hypertonic saline (unpublished data). (2) Residual hyper-
tonic saline may liberate bound cathelicidin LL-37 from
glycosaminoglycan, providing an additional source of ac-
tive antimicrobial peptide in secretions (previously demon-
strated in patients with cystic fibrosis*3).

The strengths of this study are as follows: (1) the use of
an established assay designed to measure the effect of an-
timicrobial peptides; and (2) the in vivo collection method
after irrigation with commercially available solutions. The
weaknesses include: (1) activity was only assayed against
1 bacterial strain; (2) the in vivo irrigation trial was only
performed on normal controls and not patients with CRS;
(3) only the 2 most prevalent innate antimicrobial peptides
were measured; and (4) there may be additional unidenti-
fied variables in our ex vivo assay.

Conclusion

This study identified impaired antimicrobial activity of
sinonasal secretions in patients with CRS, and that formula-
tion of irrigation solutions affects the antimicrobial activity
of sinonasal secretions in healthy individuals. Low-salt and
hypertonic formulations would appear to provide benefits
for antimicrobial activity following irrigation, perhaps via
different salt-dependant and salt-independent physiological
mechanisms, respectively. €
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