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Abstract: Cystic fibrosis (CF) is characterized by mutations of CFTR that lead to increased viscous
secretions, bacterial colonization and recurrent infections. Chronic P. aeruginosa infection in persons
with CF is associated with progressive and accelerated lung function decline despite aggressive an-
tibiotic treatment. We report the management of respiratory infections in persons with CF with an-
tibiotic therapy that was based on the recommendations of AtbFinder, a novel, rapid, culture-based
diagnostic test system that employs a novel paradigm of antibiotic selection. AtbFinder mimics bac-
terial interactions with antibiotics at concentrations that can be achieved in affected tissues or or-
gans, and models conditions of interbacterial interactions within polymicrobial biofilms.

This open-label, single-arm, investigator-initiated clinical study was designed to identify the effi-
cacy of antibiotics selected using AtbFinder in persons with CF. Microbiological and clinical param-
eters were assessed following the change of antibiotic therapy to antibiotics selected with AtbFinder
between January 2016 and December 2018 and retrospectively compared with clinical data collected
between January 2013 and December 2015.

We enrolled 35 persons with CF (33 with chronic P. aeruginosa colonization). Antibiotics selected
using AtbFinder resulted in clearance of P. aeruginosa in 81.8% of subsequent cultures, decreased
pulmonary exacerbations from 1.21 per patient per annum to 0, and an increase in predicted FEV1%
up to 28.4% from baseline. The number of systemic antibiotic courses used in patients after switch-
ing to the AtbFinder selected therapy was reduced from 355 to 178. These findings describe the
superiority of antibiotic regimens selected with AtbFinder compared with routine antimicrobial sus-
ceptibility testing.

Keywords: AtbFinder; antibiotic susceptibility testing; cystic fibrosis; Pseudomonas aeruginosa;
multi-drug resistant

1. Introduction

The majority of currently existing antimicrobial susceptibility testing (AST) methods,
which includes phenotypic and genotypic methods, are not sufficiently accurate for anti-
biotic selection and frequently fail to correlate with patient outcomes (1-4). These meth-
ods select appropriate antibiotics predominantly based on antimicrobial sensitivity of
only the lead pathogen isolated from a biological sample, which reflects the decades-old
belief that infections are caused by a single pathogen (5). However, recent studies have
shown that the majority of human infections are polymicrobial and include complicated
interactions between the pathogen and other bacteria, even if there is only a single causa-
tive pathogen (6-9). Given that conventional AST determines resistance and sensitivity to
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antibiotics of the leading pathogen in a very constrained, pure-culture condition that is
completely different from the conditions at the site of infection, effects of complex inter-
bacterial interactions are not accounted for by existing AST methods (10-13). Failure to
account for such interactions may have significant consequences including a) the devel-
opment of

collective antibiotic resistance within polymicrobial communities when the lead
pathogens are protected by antibiotic resistance factors, such as efflux pumps, from
other bacteria; b) the unchecked (and untreated) activity of “bacteria helpers,” or “acces-
sory pathogens” which are required for the growth of lead pathogen (14-19) . Traditional
AST methods do not account for these effects, contributing to the failure of AST to select
effective antibiotics (20, 21).

Some studies have shown that within multi-species communities, certain factors se-
creted by one bacterium, such as S. aureus protein A (SpA), alter multiple persistence-
associated behaviors, leading to the persistence of P. aeruginosa infection (7). In addition,
recently published studies have shown that the joint response to antibiotics within a
mixed community can be different (opposite) to that of the individual bacteria (22). More-
over, other bacteria at the site of the infection can often take the lead and promote the
infectious process after the eradication of the lead pathogen.

A final issue concerning the selection of antibiotics effective only against the lead
pathogen is related to the difficulty in definitively establishing the pathogenicity of certain
bacteria (23-26). Currently, methods to indicate which bacteria are pathogenic and/or par-
ticipate in the pathogenesis of certain diseases are inconclusive. For example, rare patho-
gens such as Aeromonas spp., Kluyvera spp., and Herbaspirillum spp. have only recently been
classified as pathogenic (25,27,28). One can assume that oversight in considering these
bacteria as pathogenic could lead to therapy failure, at least in some cases.

When standard ASTs are based on separate isolation of several bacteria from the site
of infection, subsequent independent determination of their sensitivity to antibiotics fre-
quently do not reflect the sensitivity of the same bacteria when found within polymicro-
bial communities at the site of infection (20). Supporting the notion that antibiotics se-
lected by conventional AST methods frequently fail to be effective in vivo, numerous re-
ports suggest that the clinical predictive value of conventional AST based on minimum
inhibitory concentration (MIC) determination in the assignment of appropriate therapy is
limited (29,30).

Multiple studies demonstrated no relationship between antibiotic susceptibility test-
ing and treatment responses, indicating that current AST lacks the ability to predict clini-
cal response to antimicrobial treatment, particularly lung infections (3%, 3)These clinical
observations have given rise to the “90-60" rule: “susceptible” infections respond well to
appropriate therapy in 90% of cases, whereas “resistant” infections respond well to these
antibiotics in 60% of cases (1,32,33).

The persistence of P. aeruginosa in patients with cystic fibrosis (CF) is another notable
demonstration of the failure of ASTs in selecting antibiotic treatment (33). CF, a genetic
disorder caused by a mutation in the CFTR gene, is characterized by highly viscous mucus
in the airways and chronic, mixed respiratory infections (34) CF is a well-studied human
disease associated with bacterial infection, therefore persons with CF provide an excellent
case in point for the study of antibiotic treatment on complex inter-bacterial interactions
(35).

P. aeruginosa infection, a hallmark of lung function decline in persons with CF, is re-
silient to therapy and rarely eradicated, despite aggressive systemic and local antibiotic
treatment (36-38). The persistence of P. aeruginosa in patients with CF is the result of not
only the high antibiotic resistance profile of this pathogen, but also the specificity of its
behavior in polymicrobial communities that are not accounted for by routine ASTs (2,10).
We recently tested the efficacy of AtbFinder, a novel, culture-based test system developed
to address the shortcomings of existing ASTs, including the issue of combined antibiotic
resistance (39, 40).
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AtbFinder is a rapid, phenotype-based system that introduces a novel principle of
antibiotic selection wherein antibiotics are evaluated based on their efficacy against mixed
biofilms cultured from the biological sample .

It is comprised of a multi-well plate filled with a novel TGV medium, with each well
individually supplemented with antibiotics for the treatment of certain diseases. TGV me-
dium was shown to allow culturing of a more diverse set of bacteria from polymicrobial
biospecimens in the form of mixed biofilm, compared with that achieved with the stand-
ard media (32). Thus, antibiotics are selected based on their ability to modulate polybac-
terial cooperative interactions at the site of infection. Additionally, AtbFnder selects an-
tibiotics based on concentrations achieved at the site of infection, unlike routine AST
methods that utilize MIC and susceptibility breakpoints that reflect the pharmacokinetics
of antibiotics in blood rather than in the tissue (41). AtbFiner defines “effective” antibiotics
by demonstrated bactericidal effect or inhibition of all bacteria growth in the specimen.

In the present study, we provide a prospective evaluation of the effectiveness of an-
tibiotics selected with AtbFinder compared to a retrospective analysis of antibiotic efficacy
selected with conventional culture-based AST in patients with CF, a paradigm disease for
studying chronic, complex polymicrobial human infections (42).

2. Materials and Methods
Study Subjects

This was a prospective, single-center, non-randomized, open-label study utilizing
AtbFinder to formulate an individualized antibiotic regimen in persons with CF. Study
participants served as their own controls based on their clinical performance when treated
for a prior period of time when the antibiotic regimen was determined using conventional
AST (microbroth dilution).

We analyzed 35 participants with CF, aged 15-59 years, who were recruited for the
study from the Therapeutic Pulmonology Department, Scientific Research Institute of Pul-
monology, Saint Petersburg Medical University, from January 10, 2013 to December 31,
2018. The whole study included 2 years prior to implementing antibiotic therapy selected
using AtbFinder and marked as year -2 and year -1 (from January 10, 2014 to December
31, 2015) and 2 years after antibiotics were selected with AtbFinder, marked as year +1,
year +2 (from January 10, 2017 to December 31, 2018). We intentionally did not include the
data from year 0 in the present analysis, as this was a transition year from the previous
antibiotic treatment prescribed based on conventional ASTs to the treatment selected with
AtbFinder. This year was excluded from analysis because patients transitioned to new
antibiotic regimens at different times during this year, and because some patients experi-
enced pulmonary exacerbations before antibiotic selection using AtbFinder.

This study was approved by the Institutional Board Review of the Saint Petersburg
Medical University (PA-764/16, 2016) and followed the principles outlined in the Declara-
tion of Helsinki. Each enrolled study participant who was over 18 years of age provided
written informed consent, and for those study participants who were under 18 years of
age written informed consent or children assent was provided by the participant’s legal
guardian. During the prospective study period, the participant’s antibiotic therapy was
switched from one selected with routine AST (microbroth dilution) to those selected with
AtbFinder, as described below. Antibiotic therapy guided by AtbFinder started after the
enrollment of patients throughout 2016 and was monitored throughout December 31,
2018.

Study participants were eligible for enrollment if they had CF that had been diag-
nosed according to conventional criteria including positive sweat chloride test (>60
mEq/L) and the identification of CFTR gene related mutations and the ability to sponta-
neously expectorate sputum and to reproducibly perform pulmonary function testing.
The presence of P. aeruginosa infection was assessed using spontaneously expectorated
sputum.
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Patients were excluded if they were using immunosuppressive drugs, such as sys-
temic corticosteroids, or were participating in other clinical studies. Patients were as-
signed on a rolling basis for the study, and antibiotic selection with AtbFinder was con-
ducted either during check-up visits or during hospitalization due to pulmonary exacer-
bation. Doctors received the list of antibiotics suggested as effective according to At-
bFinder recommendations, and it was solely their decision on how many antibiotics and
in what form to prescribe to the patients.

Access to the retrospective microbiological and treatment records for the patients en-
rolled in the study from January 10, 2013, to December 31, 2015, was approved by both
the management of the department and the ethical committee. Antibiotic selection during
years -2 and -1 was performed based on conventional AST. The minimal inhibitory con-
centrations (MICs) of antibiotics were determined by the broth microdilution method ac-
cording to the Clinical and Laboratory Standards Institute (CLSI) guidelines (43).

For the second portion of our study, deidentified sputum samples from persons with
CF whose concurrent clinical cultures grew B. cepacia were provided by Dr. Andrea Hahn
from Children’s National Hospital (Washington, District of Columbia, USA). IRB ap-
proval for routine collection of demographic and clinical data in persons with CF was
obtained from Children’s National Hospital (Pro6781, 8 Dec 2015). Participants >18 years
old provided written consent, and written parental consent was obtained for patients <18
years old. Assent was obtained from children between the ages of 11-17 years.

Clinical parameters

Clinical and microbiological parameters of study participants one and two years after
antibiotics were selected with AtbFinder (marked as year +1, year +2) were compared with
retrospective clinical data obtained one or two years before the switch of antibiotic ther-
apy to be guided by AtbFinder. These retrospective data were taken as baseline and
marked as years -2 and -1. We intentionally did not include the data analysis for year 0,
which was a transition year from antibiotic therapy prescribed based on conventional
ASTs to those selected with AtbFinder as study participants switched to new antibiotic
regimens at different times during this year, and some of participants had pulmonary ex-
acerbations prior to the switch of the antibiotic therapy selected based on AtbFinder.

Lung function was measured spirometrically according to the American Thoracic So-
ciety criteria and converted to predicted forced expiratory volume in one second (FEV1%)
(44). Blood inflammatory markers (white blood cell count [WBC] [10e9/L] and C-reactive
protein [CRP] [mg/L] ) were collected. Body mass index (BMI) was measured as the
weight in kilograms divided by the square of the height in meters.

Baseline FEV1, WBC, CRP, and BMI were defined as the last tests performed when
the study participant was clinically stable (i.e., without systemic antibiotics) or as the
mean of the measurements taken at years -1 and -2 when the person with CF was clinically
stable.

The absolute changes in predicted FEV1, WBC, CRP, and BMI from baseline to years
+1 and +2 taken during regular checkup visits when the study participants were clinically
stable (i.e., not on any systemic antibiotics) and not experiencing pulmonary exacerba-
tions, were assessed.

The number of pulmonary exacerbations was defined as an increase in respiratory
symptoms requiring hospitalization, and treatment with antibiotics was assessed for each
study participant (45).

Respiratory sample processing

The collected respiratory samples from the prospective study were stored at 4°C for
up to 8 h before sample processing. Spontaneous sputum samples were collected from
sterile specimen cups. Sputum samples were homogenized by mixing 1:1 (v/v) with sterile
normal saline, vortexed, and heated in a 37°C heated bead bath for 15 min. Sputum sam-
ples containing B. cepacia were homogenized by mixing 1:1 v/v with dithiothreitol (Fisher
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Healthcare) and sterile normal saline, vortexed, heated in a 37°C bead bath for 15 minutes,
then pelleted through centrifugation (12,000 ¢ x 10 minutes). Supernatants and pellets
were then stored separately at -80°C.

Sputum bacterial density was assessed by serial 1:10 dilutions in PBS (pH 7.0) and
was performed by plating 100 pL of sputum mix onto MacConkey agar plates (Oxoid)
and incubation at 37°C aerobically for 48 h to isolate P. aeruginosa. To identify the B. ce-
pacia complex, we used Burkholderia cepacia-selective agar (Hardy Diagnostics)
and cultured according to laboratory recommendations at 37°C for 24-72 h. Bacterial den-
sity was reported as logio colony forming units (CFU) per mL of sputum.

Antibiotic selection with AtbFinder

Twenty microliters of each biological sample were directly plated onto the agar of
each well of several 12-well AtbFinder plates. In the 12-well plates used in this study,
“testing wells” contained TGV nutrient medium (Human Microbiology Institute, NY,
USA) with antibiotics (one antibiotic per well) selected as per current cystic fibrosis ther-
apeutic guidelines and “control wells” containing antibiotic-free TGV medium (46). At-
bFinder plates were incubated at 37°C for 24 h in a Sanyo MCO-19AIC incubator (Sanyo,
Japan). Antibiotics (amoxicillin/clavulanic acid, amikacin, aztreonam, azithromycin,
ceftazidime, ciprofloxacin, clindamycin, clarithromycin, ceftriaxone, colistin,
ceftazidime/avibactam, cefotaxime, doxycycline, cefepime, gentamicin, imipenem,
josamycin, levofloxacin, meropenem, metronidazole, ofloxacin, trimethoprim + sulfa-
methoxazole, tobramycin for intravenous use, vancomycin), were added to the TGV me-
dium at the respective maximal concentrations that could be achieved at the site of infec-
tion, according to literature data. AtbFinder plates were incubated at 37°C for 4h, 8h, and
24h.

Control AtbFinder plates were filled with LB agar, Columbia agar or Burkholderia
cepacia-selective agar (all from Sigma-Aldrich, St. Louis, MO, USA).

Plate reading was performed at 4, 8, and 24 h intervals. The presence of microbial
growth was identified with the naked eye and confirmed with a stereoscopic microscope,
magnification 10X. Microbial growth in any “testing well” indicates that in the patholog-
ical material, microorganisms are resistant to the antibiotic in that well. In this case, the
antibiotic is categorized as “ineffective” The absence of bacterial growth in any well indi-
cates that the antibiotic present in that well kills or inhibits the growth of all bacteria in
the biological specimen. Such an antibiotic is categorized as “effective.”

Statistical Analyses

A two-way analysis of variance comparison test was applied within the same data
sets to test the difference between parameters at each time point. A non-parametric paired
Wilcoxon signed-rank test was applied to analyze samples before and after the selection
of antibiotics with AtbFinder.

GraphPad Prism version 9 (GraphPad Software, San Diego, CA, USA) or Excel 10
were applied for statistical analysis and illustration was used if not stated differently. A p-
value of < 0.05 was considered statistically significant.

3. Results

Patient characteristics are shown in Table 1. Between January 2016 and December
2016, 35 patients with diagnosed CF were enrolled in this study. The mean age at the time
of selection of antibiotics using AtbFinder was 28.3 years, with the oldest subject being 62
years old.
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Table 1. Demographic and Clinical Characteristics of Study Participants.

Characteristic Value

Demographic variabilities

Total number of patients (1) 35
Male 22
Female 13
Mean age (years, range) 28.3
CF genotype (1)
AF508/AF508del 7
AF508/other 15
Other 13
Anthropometric measurements
BMI score mean 17.9
Underweight BMI score 27
Normal weight BMI score 8
FEV1% predicted (mean+SD) 43.5% +16.4%
>70% (n) 3
>60% to <69% (n) 0
>50% to <59% (n) 8
>35% to >49% (n) 18
<35% (n) 6
Chronic Pseudomonas aeruginosa infection (1) 33

Abbreviations: BMI, body mass index; FEV1%, = percent predicted forced expiratory volume in one

second ; SEM, standard error of the mean

Clinical Outcomes

First, we found a significant reduction in the annualized rate of pulmonary exacer-
bations defined as a CF-related pulmonary condition requiring hospital admission,
when patients switched to antibiotics selected with AtbFinder at year 0, compared to the
time years -1 and -2 when antibiotics were selected using routine methods (Figure 1A, B)
(47). There was a reduction in the total number of annual hospitalizations due to pulmo-
nary exacerbations in the studied group, from 40 and 45 in the baseline years -1 and -2,
respectively, to 2 and 0 exacerbations in the years +1 and +2 of antibiotic selection with
AtbFinder, respectively (all p<0.001%). The estimated reduction in hospitalizations from
the year before treatment selection with AtbFinder compared to the 15t and 2" years of
treatment selection with AtbFinder was 95.6% and 100%, respectively (p<0.001). Next, we
examined changes in the number of hospitalizations for each patient and presented the
data as a heat map (Figure 2B). At the individual level, the mean annual rate of pulmonary
exacerbations decreased from 1.21 per patient per annum at baseline to 0.057 during the
first year of antibiotic selection with AtbFinder (p<0.001). During the second year of anti-
biotic selection using the AtbFinder algorithm, there was a complete arrest of the devel-
opment of pulmonary exacerbations with no hospitalizations required across the studied
patients.
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Figure 1. Effect of antibiotics selected with AtbFinder on the annualized rate of pulmonary exacer-
bations. A. Number the overall estimated annualized pulmonary exacerbations leading to hospital-
ization treated with antibiotics selected with conventional AST or AtbFinder. ***p<0.001 compared
to baseline years -1 and -2. B. Heatmap of individual changes in pulmonary exacerbations from
baseline through years +1 and +2. The number of pulmonary hospitalizations is represented by a
color scale, from white (absence of pulmonary exacerbations) to red (maximum).

We then observed the effect of antibiotics selected with AtbFinder on the predicted
FEV1%, a common clinical assessment of lung function. For all patients, the mean pre-
dicted FEV1% at baseline year -1 was 43.5%. Treatment with antibiotics selected using
AtbFinder resulted in a significant improvement in predicted FEV1% relative to the base-
line period, with a mean absolute treatment difference of 12.7 percentage points (up to
56.9%) by year +1 and 20.9 percentage points (up to 65.1%) by year +2 (all p<0.001) (Figure
2A).

Next, we conducted a subgroup analysis of the 23 patients who at the baseline period
were categorized as very severely or severely abnormal (with a mean FEV1 of 34.6% pre-
dicted (range <35 — 49% predicted) to determine the effect of antibiotics selected using the
AtbFinder within this group (Figure 2B). We found that within 2 years following the
change to antibiotics selected by AtbFinder, this parameter improved by 22.3 percentage
points, to (up to FEV1 50%-59% predicted) in seven patients, by 28 percentage points up
to (FEV1 60%-69% predicted) in ten patients, and by 39.2 percentage points (up to
FEV1 >70% predicted) in five patients. The absolute change in the FEV (% predicted ) in
these patients was 16.4 percentage points (up to 51.1%) by year +1 and by 28.4 percentage
points (up to 63.0%) by year +2 following the switch to antibiotic therapy selected using
AtbFinder (p<0.001). Taken together, implementing antibiotic therapy selected using At-
bFinder resulted in an upward trend in lung function that had an average adjusted rela-
tive change of 41.0% per annum.
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Figure 2. Dynamics of FEV1 (%predicted). A. FEV1 (%predicted). Each dot reflects the measurement
of FEV1% within each individual over a 1-year interval. After the use of antibiotics selected using
AtbFinder, there was a significant increase in predicted FEV1 from 44.16% (SD + 16.33%) to 56.8%
(SD +13.30%) by year +1 and 65.1% (SD +9.77) by year +2. *** p<0.001. B. Heat map showing the
dynamics of predicted FEV1% in patients categorized at the baseline as very severely or severely
abnormal (predicted FEV1% from <35% to 49%). Red and green colors represent low and high per-
centages of predicted FEV1%, respectively.

Additionally, we evaluated how antibiotics selected with AtbFinder affected sys-
temic, chronic inflammation based on the dynamics of inflammatory markers (WBC and
CRP) measured during regular checkup visits when the patients did not experience pul-
monary exacerbations. Both markers are known to correlate with lung injury. WBC and
CRP levels were elevated in 33/35 and 34/35 patients in baseline year -1, respectively.
There was a reduction of both inflammatory markers beginning in year +1, the first year
of antibiotic selection with AtbFinder, compared to year -1 when antibiotics were selected
using regular AST methods (Figure 3A, B) (p<0.001). Following treatment selected with
AtbFinder, we observed a normalization of WBC in 19/35 patients in year +1 and 28/35
patients in year +2 (p<0.001). We also observed normalization of CRP in 14/35 patients in
year +1 and 26/35 patients by year +2 (p<0.001).
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Figure 3. Effects of antibiotics selected with AtbFinder on inflammatory markers. A. CRP levels
before and after the use of antibiotics selected with AtbFinder. The red line represents the reference
value the upper limit of normal (10 mg/L) (48). B. WBC levels before and after the use of antibiotics
selected with AtbFinder. The red line represents the upper reference value (11.0 x 10%/L) (49).

Microbiological Outcomes

We first observed that using AtbFinder, we were able to cultivate P. aeruginosa in 5
out of 33 (15.2%) patients who were previously believed to be P. aeruginosa-free.

Next, we analyzed the effect of antibiotic therapy on P. aeruginosa culture clearance
after changing antibiotic therapy from that selected based on standard methods to that
selected with AtbFinder (Figure 4). All Pseudomonas-free intervals >6 months were consid-
ered as culture negative. We found that, within a 2-year period, 81.8% of patients were
cleared of P. aeruginosa (27 of 33 patients who initially tested positive for P. aeruginosa). By
the end of the first year, P. aeruginosa was cleared in 63.6% (21/33 patients) and was cleared
in an additional 18.2% (6/33 patients) by the end of the second year (p<0.001). In addition,
all 27 patients remained clear of P. aeruginosa for >24 months during the follow-up period
and had 8 negative cultures (Supplementary Table 1). Both groups who turned P. aeru-
ginosa culture negative and those who failed to clear P. aeruginosa with antibiotics selected
with AtbFinder had very similar median ages of 27 years (range 15-59 years) and 28 years
(range 24-38 years), respectively (Supplementary Table 2). Moreover, there was no asso-
ciation between the length of colonization with P. aeruginosa and clearance success with
antibiotics selected using AtbFinder. Thus, the median colonization time was 2.77 (+ 2.68)
years in patients in whom P. aeruginosa was cleared and 2.83 (+ 1.95) years in patients in
whom it has not been cleared from culture (Supplementary Table 3).
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Figure 4. Number of individuals with a positive P. aeruginosa culture over time. Analysis was per-
formed using Fisher’s exact test. ***p <0.001.

Particularities of antibiotics selection with AtbFinder

After the completion of the study, we retrospectively compared which antibiotics
were used in these patients before selecting antibiotics with AtbFinder. We found a strik-
ing difference in antibiotics selected as “effective” for the treatment based on conventional
AST and those selected with AtbFinder. The first thing we noticed was the decrease of the
number of systemic antibiotic courses from 355 during 3 years (baseline years -3, -2, -1),
when antibiotics were selected with routine AST, to 178 during a 3-year period (years 0,
+1, +2) once patients were switched to the antibiotics selected by AtbFinder (Figure 5A).
There was a decrease in the total number of all major antibiotics used in patients after the
antibiotics were selected with AtbFinder, with the exception of colistin, of which total use
was increased from 9 antibiotic courses administered to 8 patients to 30 antibiotic courses
administered to 14 patients.

Next, to evaluate the particularities of systemic antibiotic therapy guided by At-
bFinder that led to P. aeruginosa clearance, we compared antibiotics selected with At-
bFinder during the transition year 0 (which was the first year of implementing antibiotics
selected with AtbFinder use) and those antibiotics used at baseline year -1 (based on the
recommendation by standard AST) in 21 patients who were converted from P. aeruginosa
positive to P. aeruginosa negative by the end of year 0 using antibiotics selected with At-
bFinder (Figure 5B,C). We first noticed a decrease in the overall number of antibiotic
courses used, with 70 systemic antibiotic courses totally prescribed based on standard
AST methods at baseline year -1, and 45 antibiotic courses based on AtbFinder recommen-
dations at year 0 (Figure 5B).

We also observed that the antibiotics identified as effective by AtbFinder were sig-
nificantly different compared to those identified by standard AST (Figure 5C). Therefore,
the success of P. aeruginosa clearance was not the result of a higher number of antibiotics
used, but due to the different antibiotic regimens selected using AtbFinder.

The three most common antibiotics used at baseline year -1 were azithromycin, fol-
lowed by levofloxacin and meropenem. The most frequently used antibiotics after the use
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of AtbFinder were levofloxacin, meropenem, azithromycin, and colistin (Table 2). 57% of
the study participants received combination systemic antibiotic therapy with beta-lactam
plus another drug class at least once during the baseline year -1, and only 38% received
such therapy after the use of AtbFinder in year 0.
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Figure 5. A. The diagram reflects the total number of systemic antibiotic courses used based on
selection with standard AST methods and with AtbFinder. Each column represents the total number
of antibiotic courses used in 35 patients with CF during a 6-year period of which for 3 years antibi-
otics were used based on selection with conventional AST (red bar) and 3 years based on that by
AtbFinder (grey bar). (B-C). Changes in antibiotic therapy following AtbFinder selection that led to
P. aeruginosa clearance by the end of year 0. B. Number of systemic antibiotics used per year in the
baseline year -1 and the first year of antibiotic selection with AtbFinder year 0, that that led to P.
aeruginosa clearance. C. Heatmap analysis with columns representing individual subjects who had
clearance of P. aeruginosa by the end of the first year (year 0), following antibiotic selection with
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AtbFinder. The antibiotic used are on the left bar. The patient number and indicated analysis times
period are on the top. “pre-” marks the antibiotics selected based on conventional AST at year -1,
“post-“ marks antibiotics selected with AtbFinder on year 0. The blue color key displays the anti-
biotics used in a particular patient. The number inside the blue squares indicates the number of
therapeutic cycles this antibiotic was used during a year. The black cross marks are antibiotics sug-
gested to be effective with AtbFinder but not selected for the treatment.

Amoxicillin/clavulanic acid (AMC), amikacin (AMK), aztreonam (ATM), azithromycin (AZM),
ceftazidime (CAZ), ciprofloxacin (CIP), clindamycin (CLI), clarithromycin (CLR), ceftriaxone
(CRO), colistin (CST), ceftazidime/avibactam (CZA), cefotaxime (CTX), doxycycline (DOX),
cefepime FEP), gentamicin (GEN), imipenem (IMP), josamycin (JM), levofloxacin (Lev), meropenem
(MEM), metronidazole (MTZ), ofloxacin (OFX), trimethoprim + sulfamethoxazole (TMP/SMX), to-
bramycin for intravenous use (TOB iv), vancomycin (VAN)).

Table 2. Comparison of the most frequently used antibiotics based on conventional AST recommen-
dation at year -1 and AtbFinder at year 0.

Number of patients administered

Antibiotic
antibiotic (%)

Conventional AST. Baseline year -1

Azithromycin 12 (57.1%)
Levofloxacin 7 (33.3%)
Meropenem 6 (28.6%)

AtbFinder. Year 0

Levofloxacin 9 (42.6%)
Meropenem 7 (33.3%)

Azithromycin/ 5 (23.1%)

Colistin 5 (23.1%)

Effect of the antibiotics selected with AtbFinder on body composition

Changes in BMI after the use of antibiotics selected with AtbFinder were compared
with years -2 and -1, which were taken as the baseline period. At baseline, the mean BMI
was 17.9 (range: 16.2-20.4), which is categorized as "underweight". At year -1, 27 patients
had a BMI of <18.5, of which 11 had a BMI of <17.5; thus, 16 were classified as very under-
weight (Figure 6).
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Figure 6. Heat map of BMI at baseline and after use of antibiotics selected with AtbFinder. The color
intensity in each panel shows the percentage in a sample, referring to color key at the bottom. The
BMI is denoted by using a gradient from red (underweight) to green (normal weight). .

By year +1, the use of antibiotics selected with AtbFinder contributed to a mean weight gain of 0.98
BMI unit (p< 0.001) and 1.99 BMI unit (p<0.001) by year +2 comparing to year -1 (Supplementary
table 4). Notably after the first year of antibiotic use selected with AtbFinder, 18 of the 27 (66.7%)
who were underweight at baseline were of normal weight. By the second year of a new antibiotic
regimen, all (100%) patients had a normal weight ranging from 18.6-22.0%.

4. Discussion

Our results represent the first study to evaluate the clinical performance of AtbFinder
system based on a novel approach by selecting antibiotics that account for the polymicro-
bial nature of infections. The approach utilized in AtbFinder, which tests the effect of an-
tibiotics against the entire population of microorganisms, is strikingly different from
broadly used conventional susceptibility testing wherein the efficacy of antibiotics is eval-
uated solely against the lead pathogen. We have demonstrated that the antibiotics selected
using AtbFinder among patients with CF were more effective in terms of clinical and mi-
crobiological outcomes than the antibiotics selected for the same patients using routine
ASTs. Antibiotics selected using AtbFinder enabled a dramatic reduction in the use of
systemic antibiotics.

Our findings are in agreement with the latest publications suggesting that standard
AST frequently hinders optimal patient treatment (2, 3). This is believed to occur primarily
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due to the methodology of conventional AST as antibiotic susceptibility of the lead path-
ogen in isolated culture is different from its susceptibility at the site of infection (10,22).

AtbFinder utilizes a novel TGV nutrient medium, which enables the cultivation of a
broader diversity of bacteria from the biological sample. Although no in vitro test can per-
fectly replicate what happens at the infection site, the formation of @ mixed microbial pop-
ulation on TGV agar allows bacteria to support each other’s growth and enables closer
representation of the growth conditions within the host environment including cell-to-cell
interaction via newly discovered DNA- and RNA-based TezR receptors (13, 27,50, 51).
Using TGV media, we were able to cultivate P. aeruginosa in 15.2% of patients who were
previously believed to be P. aeruginosa-free. This discrepancy can be explained by the ob-
servations of previous studies that the presence of P. aeruginosa is frequently missed by
culture with a standard nutrient medium due to low viable counts in a biological sample
and inocula (52). Additionally, AtbFinder cultures specimen in the form of mixed biofilm
rather than in isolated cultures.

Another critical difference in the novel approach used by AtbFinder compared with
routine AST is that the antimicrobial selection by AtbFinder is not based on MIC evalua-
tion. A significant limitation of antibiotic selection based on MIC is that established MIC-
based thresholds of bacterial sensitivity to antibiotics are based on antibiotic concentra-
tions that are attainable in the bloodstream (53, 41). This does not take into consideration
the particularities of the pharmacokinetics of antibiotics in different tissues. In contrast,
antibiotic selection with AtbFinder is based on the concentrations of antibiotics achieved
at the site of infection, thus better reflecting the interaction between bacteria and antibiot-
ics within the host. One of the central findings of the present study is that, once antibiotic
regimens were switched to those selected with AtbFinder, P. aeruginosa could be cleared
in patients along with an increase in FEV1. We describe the successful clearance of P. ae-
ruginosa from airway cultures in 81.8% of patients treated with antibiotic regimens se-
lected using AtbFinder. Importantly, clearance was not associated with the escalation of
antibiotic therapy. In fact, the number of systemic antibiotic courses was decreased from
70 to 45 during the first year of AtbFinder usage in patients in whom these antibiotics led
to clearance of P. aeruginosa. Additionally, there was a reduction in the need for combina-
tion systemic antibiotic therapy with beta-lactam plus another drug class.

This could potentially be a change in therapy of subjects with CF, who are today
treated with two antipseudomonal antibiotics to enhance activity, despite the fact that
the question of monotherapy versus combination therapy has not been clearly validated
(54).

Based on the findings of this study the improved outcomes were not associated with
the age of the patients or the duration of P. aeruginosa colonization. Other significant im-
provements were made including increased predicted FEV1% and decreased number of
hospitalizations. Importantly, our study revealed a significant improvement in lung func-
tion following the implementation of antibiotic regimens selected by AtbFinder regardless
of the severity of their lung disease (55). These results are surprising given that halting
further FEV1 decline in patients with more advanced lung disease is infrequently seen
(56).

Antibiotics selected using AtbFinder decreased the need of hospitalization due to
pulmonary exacerbation in all study participants, including those who had previously
been admitted a few times in a year. Additionally, inflammatory markers that correlate
with lung injury were significantly decreased, indicating a reduction in inflammation in
these patients that is consistent with other clinical outcomes. Finally, with the antibiotics
selected with AtbFinder, we were able to achieve an improvement in BMI in patients with
baseline values that were lower than normal levels.

This study has certain limitations, including the small sample size and the fact that
we assessed a single group of patients who served as their own controls based on their
previous history. However, the course and constant progression of CF are well described.
Moreover, these patients received therapy within the same hospital settings, meaning
that, from a medical-care perspective, nothing except the antibiotic therapy was changed.
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An additional limitation of this study is the lack of bronchoalveolar lavage (BAL)
analysis, which is considered the gold standard for microbiological analysis in patients
with CF. However, due to the relative invasiveness of BAL analysis, some authors point
to its disadvantage as it contributes additional heterogeneity to microbiological content of
biological specimens (57). Therefore, we do not think that these limitations significantly
affected the results of this study that aimed to evaluate the novel approach of AtbFinder.
Future studies with a larger number of persons with CF and control groups will be neces-
sary to uncover the full potential of clinical efficacy of AtbFinder.

Data from this study support the hypothesis that the antibiotics selected based on a
novel principle of population response are clinically more effective than conventional rou-
tine AST methods. Furthermore, when comparing time to results, the AtbFinder system,
which enables direct sampling of biosamples without the need for time-consuming pure
bacterial culture isolation, required only 4h to select antibiotics with AtbFinder, while it
took 48h for routine phenotypic AST to do so. We believe that AtbFinder, with as little as
4h turnaround time, may become a valuable tool for selecting more effective antibiotics
compared to empirical therapy. Future studies will investigate the clinical efficacy of At-
bFinder in these settings. Additional opportunities may reside in the development of ad-
ditional variations of the AtbFinder for selecting antibiotic therapies for other pulmonary
as well as non-pulmonary infections, when AtbFinder would test antibiotics used to treat
these indications at the respective concentrations that could be achieved at the particular
site of infection.
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