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The rise of antimicrobial resistant (AMR) bacteria is a global public health threat. AMR Achromobacter 
bacteria pose a challenging clinical problem, particularly for those with cystic fibrosis (CF) who are 
predisposed to chronic bacterial lung infections. Lytic bacteriophages (phages) offer a potential alternative 
to treat AMR infections, with the possible benefit that phage selection for resistance in target bacteria 
might coincide with reduced pathogenicity. The result is a genetic “trade-off,” such as increased sensitivity 
to chemical antibiotics, and/or decreased virulence of surviving bacteria that are phage resistant. Here, we 
show that two newly discovered lytic phages against Achromobacter were associated with stabilization 
of respiratory status when deployed to treat a chronic pulmonary infection in a CF patient using inhaled 
(nebulized) phage therapy. The two phages demonstrate traits that could be generally useful in their 
development as therapeutics, especially the possibility that the phages can select for clinically useful trade-
offs if bacteria evolve phage resistance following therapy. We discuss the limitations of the current study 
and suggest further work that should explore whether the phages could be generally useful in targeting 
pulmonary or other Achromobacter infections in CF patients.
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1Equal Contribution.

INTRODUCTION

Antimicrobial resistance (AMR) is a global public 
health threat, exacerbated by the current COVID-19 
pandemic [1]. AMR bacteria are emerging due to the 
widespread, often inappropriate, use of antimicrobials 
[2], which strongly select for evolved resistance in bac-

terial pathogens. The stepwise evolution of resistance to 
each novel antibiotic has left clinicians with few, if any, 
options to treat highly resistant organisms. Also, many 
antibiotics are broad spectrum, creating collateral dam-
age on commensal organisms within the natural human 
microbiomes [3]. The result is an emerging pandemic 
where AMR is predicted to contribute to more human 
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deaths than all forms of cancer by 2050 [4]. Drug-resis-
tant infections pose a particular problem to patients with 
chronic diseases that require elevated exposure to antibi-
otics, such as individuals with the genetic disease cystic 
fibrosis (CF). CF is characterized by lung inflammation 
and injury that results in bronchiectasis and persistent 
lung infections because these bacteria are not effectively 
cleared [5]. The result is that many CF patients are treated 
with multiple courses of antibiotics to treat these chronic 
infections, and consequently bacteria in the CF lung de-
velop drug resistance.

Lytic bacteriophages (phages) – viruses of bac-
teria – have a long history of successful application as 
antibacterials in countries such as Russia and Poland, as 
well as prior Soviet Republics, such as Georgia [6]. More 
recently, Western medicine has shown interest in phage 
therapy to treat AMR infections [7]. The greater speci-
ficity of phages over antibiotics for target bacteria should 
minimize the “collateral damage” – ie, decreased species 
diversity and increased lability [8] – to the human micro-
biome. Furthermore, the co-evolution that has occurred 
between phages and their host bacteria for billions of 
years suggests that additional phage-therapy candidates 
can be discovered quickly if the target bacteria develop 
resistance to administered phage(s) [9].

Although not approved as drugs by the US Food 
and Drug Administration (USFDA), phages have been 
deployed on a compassionate-use basis at a handful of 
US institutions via FDA single patient investigational 
new drug (IND) approval, which includes the Center for 
Phage Biology & Therapy at Yale University, New Hav-
en, CT. While there are current clinical trials examining 
safety/efficacy of phage therapy in CF patients (CYPHY; 
NCT04684641), these trials are currently limited to pa-
tients who are colonized with Pseudomonas aeruginosa.

The opportunistic bacterial pathogens of the genus 
Achromobacter are aerobic, Gram-negative rods that 
readily form biofilms in the airways of patients with CF 
[10]. Achromobacter can lead to increased inflammation, 
pulmonary exacerbations, pneumonia, or bacteremia [11]. 
Colonization is associated with advanced disease that is 
often difficult to eradicate. Part of the difficulty in man-
aging these infections arises from their drug resistance, 
both intrinsic and acquired. It is estimated that 5% of CF 
patients are colonized with Achromobacter spp., many of 
which are drug resistant [12]. Pathogenic Achromobacter 
species include both A. xylosoxidans and A. denitrificans 
[13]. As colonization with Achromobacter is associated 
with increased antibiotic use in CF, and the presence of 
AMR Achromobacter is a relative contraindication to 
transplantation, alternative therapeutic strategies, such as 
phage therapy, are needed.

Here, we describe the treatment of a CF patient 
with AMR Achromobacter pulmonary infection using 

two newly discovered lytic phages isolated from sewage 
samples in New Haven, CT, USA. The phages were char-
acterized using in vitro phenotypic assays by determining 
phage burst size, attachment time, biofilm inhibition ca-
pability, and stability at pH and temperatures that mimic 
clinically relevant conditions. Additionally, the phage 
genomes were completely sequenced and annotated. 
Further cell culture experiments were completed to de-
termine possible trade-off effects of phage resistant Ach-
romobacter. Results showed that phage treatment was 
associated with decreased sputum Achromobacter (eg, 
microbiological success) and the patient achieved clinical 
stability. In addition, data from in vitro studies showed 
that these phages were stable in long-term storage, high-
ly efficient for bacterial killing, and did not select for 
clinically problematic changes in virulence or antibiotic 
resistance, when bacteria evolved phage resistance. This 
phage characterization and case report add to the growing 
body of literature supporting the successful compassion-
ate use of phage therapy to treat Achromobacter or other 
AMR bacteria in Western medicine.

METHODS

Strains and Culture Conditions
Achromobacter strain #YA1.3 was isolated from 

patient sputum and served as the host bacteria used in 
all phage-characterization assays, and to prepare phage 
lysates for in vitro studies. Bacteria were cultured at 37oC 
in Lysogeny Broth (LB) medium (10g tryptone, 5g yeast 
extract, 10g NaCl per L), and grown as colonies on 1.5% 
LB agar plates. Shaking incubation occurred at 250 rpm.

Preparation of Phage Stocks
To produce phage stocks, host bacteria were cultured 

in LB medium to exponential phase as measured by op-
tical density at 600 nm wavelength (OD600) of 0.8, and 
inoculated with phages at low multiplicity of infection 
(MOI; ratio of particles to host cells). The mixture was 
incubated with shaking until the culture became visibly 
cleared by phage lysis (< 24 hours). The solution was then 
centrifuged at 4000 rcf for 10 min. The supernatant was 
mixed with phage precipitation buffer (30% w/v PEG-
8000, 3 M NaCl), and stored overnight at 4°C. The next 
day, the stock was centrifuged at 4000 rcf for 15 min, 
and the pellet was resuspended in 20 mL phage buffer 
(1x PBS) followed by filter (0.22 µm) sterilization. Titer 
(plaque-forming units (PFU)/mL) of a phage stock was 
estimated via plaques formed in spot assays.

Spot Assay
Spot assays were used to estimate the titers of phage 

lysates. Phage lysates were serially diluted 1:10 in phage 
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buffer and spotted on a double-layer agar plate consisting 
of 1.5% bottom agar and 0.75% top agar mixed with 100 
µl host bacteria. The plate was then incubated at 37°C 
until the spots could be counted.

Phage Stability Assays
A 20-µL sample of phage lysate with known titer 

was placed in a sterile PCR tube, moved to a preheated 
Eppendorf Thermocycler for 1 hour incubation at tem-
perature gradients between 30 to 82°C, and then used in 
a spot assay to estimate any change in titer. To examine 
effects of pH on phage stability, phages were diluted to a 
specific titer in pH-adjusted Phage Buffer (adjusted with 
NaOH and HCl to pH 1-14) and incubated at 4°C for 24 
h, followed by spot assay to estimate titer changes.

Adsorption/Attachment Assay
Adsorption (attachment) assays mixed 500 µL of 

overnight bacterial culture with 4 mL LB medium and 
allowed bacteria to grow until OD600 reached 0.6. Then, 
500 µL phage lysate (106 PFU/mL) was added, and the 
mixture was incubated at 37°C with shaking at 250 rpm. 
At various times, 100 µL samples were removed in 
triplicates and centrifuged at 12,000 rcf for 5 min. The 
concentration (titer) of unbound phage particles in the 
supernatant was determined via spot assay.

Burst Assay
Burst assays mixed 500 µL of overnight bacterial 

culture with 4 mL LB medium and allowed bacteria to 
grow until OD600 reached 0.6. Then, 500 µL phage lysate 
(106 PFU/mL) was added, and the mixture was incubated 
at 37°C with shaking. At different timepoints, 100 µL 
samples were removed and measured in triplicates by us-
ing spot assays to estimate changes in phage titer. Phage 
burst size was calculated using the method of Garbe et 
al. [14].

Biofilm Inhibition Assay
Bacterial cultures were preconditioned in LB medi-

um overnight from individual colonies, then transferred 
to Tryptic Soy Broth in 200 µL total volume in a U-bot-
tom 96-well plate. Cultures in each well were incubated 
for 24 h at 37°C. After biofilm formed, 33 µL of a phage 
lysate was added at different timepoints and concentra-
tions. Crystal Violet (CV) staining was used to estimate 
cell density following phage infection. Medium was re-
moved from the well, and the biofilm was washed. Then, 
125 µL CV was added and incubated for 10 minutes at 
room temperature. Liquid was removed, and the well was 
washed 3 times with ddH2O. To dislodge cells, 150 µL 
acetic acid was applied, followed by 10-minute incuba-

tion at room temperature. The solution was transferred to 
a 96-well flat bottom plate and the absorbance measured 
at optical density at 550 nm (OD550).

Bacterial-Growth Assay
Bacterial cultures were preconditioned in LB medi-

um overnight from individual colonies, then transferred 
to fresh LB in 200 µL total volumes. Cultures were incu-
bated at 37°C with shaking and OD600 was monitored at 
5-minute intervals for 24 h using a TECAN microplate 
reader.

Minimum Inhibitory Concentration Assay
The minimum inhibitory concentration (MIC) of 

antibiotics against bacteria was determined via E-TEST 
strip (bioMerieux) per manufacturer’s guidelines. Briefly, 
an overnight culture of bacteria was diluted to a McFar-
land standard of 0.5, and then spread on Mueller-Hinton 
agar (2g beef extract, 17.5g casein hydrolysate, 1.5g 
starch, 17g agar per L) using a sterile swab. The bacterial 
lawn was allowed to dry, and an E-TEST strip was placed 
on top of the lawn. After overnight incubation at 37°C the 
plate was scored by recording the lowest concentration 
of antibiotic that inhibited growth of the bacterial lawn.

Inflammation Assay
Bacteria cultured overnight in LB were diluted to 

OD600 of 0.5. A 10 mL volume of diluted bacteria was 
centrifuged at 4,000 rpm for 15 min, and the supernatant 
was filtered (0.22 µm). To prepare human-derived cells, 
1 mL of 106 immortalized human bronchial epithelial 
(16HBE) cells were seeded in 24-well plates and grown 
at 37°C until confluent in growth medium minimal es-
sential medium (MEM; Gibco) 10% fetal bovine serum 
(FBS; Gemini Bio-Products), supplemented with 2 mM 
l-glutamine, 5 U/ml penicillin, and 5 μg/ml streptomycin 
(Sigma) in submerged cultures. Then, cells were washed 
with 1 mL 1x PBS, and 700 µL of bacterial supernatant 
(pre- or post-phage) were added to cells and stimulated 
for 24 h. Identical assays were performed using an 
immortalized cystic fibrosis ΔF508/ΔF508 bronchial 
epithelial (CFBE41o-) cell line derived from a CF pa-
tient homozygous for F508del mutation. Both 16HBE 
and CFBE41o- cells were generously provided by Dr. 
J. Bomberger (University of Pittsburgh). Interleukin-8 
concentration in cell culture supernatants was measured 
using DuoSetTM ELISA Human IL-8/CXCL8 kit (R&D 
Systems).

Genome Sequencing and Analysis
Phage or bacterial DNA was isolated from a phage 

stock or overnight culture via phenol-chloroform pre-
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cies of Achromobacter were identified in spontaneously 
expectorated sputum: A. denitrificans and A. xylosoxidans 
(via 16s sequencing; data not shown). Two lytic phages, 
Achr-1 and Achr-2 were isolated from sewage samples 
(New Haven, CT, USA) and found to be capable to in-
fect these pathogens (see phage characterization below). 
As this patient was ineligible for enrollment in a phage 
therapy clinical trial, USFDA single-patient IND and 
Yale University IRB approval were obtained to admin-
ister compassionate phage therapy. The patient signed 
informed written consent.

Phage lysates were prepared by growing A. xylosox-
idans (American Type Culture Collection #27061) in 
the laboratory to exponential phase in TSB (30g of TSB 
powder (non-animal origin)) in 1 L diH20 (per manufac-
turer protocol, Sigma Aldrich). A phage was then mixed 
with bacteria at MOI of ~0.01 and incubated at 37oC 
with shaking (100 rpm). After 6 hours, cultures were 
centrifuged and filtered (pore size: 0.22 µm) to obtain a 
cell-free phage lysate. Lysate was then concentrated with 
Centricon small pore concentrators (100 kDa MWCO) 
and dialyzed in 1000x volume PBS with MgSO4. En-
dotoxin concentration was quantitated with Hyglos En-
doNext kits (bioMerieux Inc., Durham, NC). Per FDA 
recommendations, USP 71 testing was completed by a 
third-party laboratory (Accugen Laboratories, Addison, 
IL) on all phage preparations that were used for phage 
therapy. The final preparation was diluted in PBS with 
MgSO4 to a concentration of 1.0 x 1010 PFU/mL for indi-
vidual phages. Final phage concentration was diluted into 
3 ml PBS for nebulization.

Phage Achr-1 was administered once daily at a dose 
of 1x1010 PFU/mL via the patient’s own nebulizer. The 
first dose was supervised in the Adult CF Clinic without 
any evidence for toxicity. Subsequent daily doses were 
completed at home for 7 days. The patient tolerated ther-
apy without incident. Pre- (days -7 and 0) and post-treat-
ment (days 3, 7, 14) sputum samples showed a reduction 
in A. denitrificans from 5.5x106 to 1.7x104 CFU/mL but 
the total Achromobacter burden remained unchanged 
(Figure 1).

Over 3 months of follow-up, the patient reported one 
pulmonary exacerbation that required antibiotics and his 
FEV1 stabilized at 39% predicted. In an attempt to reduce 
total Achromobacter burden, Achr-2 was used for phage 
therapy to target A. xylosoxidans. Again, the initial phage 
therapy was observed at Yale’s Adult CF Clinic. How-
ever, post-treatment sputum analysis was not available 
because the patient did not provide post-phage therapy 
sputum samples. Thus, we were unable to determine if 
there was a decline in total Achromobacter CFU/mL or if 
the patient’s isolates demonstrated evidence of phage re-
sistance after the second phage therapy. After the second 
round of phage treatment, the patient’s FEV1 remained 

cipitation. DNA sequencing via Illumina was completed 
at Yale Center for Genome Analysis. After trimming, 
genome annotation was conducted using CPT Galaxy 
and Apollo. Structural gene prediction was completed 
using GLIMMER, MetaGeneAnnotator, and SixPack. 
Structural decisions were manually and individually 
confirmed based on the presence of Shine-Dalgarno Se-
quences, translation start/stop codons, and gene overlaps. 
Gene functions were predicted using BLASTp. Putative 
functions were manually and individually assigned upon 
review of the BLASTp results. The complete genomic 
sequences will be uploaded to GenBank.

Data and Statistical Analyses
Data were plotted using Prism GraphPad. The data 

were statistically analyzed by one- and two-way ANOVA, 
linear regression, and t-test, as described in the Results.

Isolation of Phage-Resistant Mutants
To isolate phage-resistant bacterial clones, 80 µL of 

bacterial overnight culture was incubated with 4 µL phage 
stock in 4 mL LB medium for 12-16 hours. Bacteria were 
plated on agar and one colony was chosen at random. A 
lawn of this strain was grown alongside a test phage in 
top agar, to ensure that the phage could not form plaques.

RESULTS

Case Report
A 39-year-old man with cystic fibrosis (CF) was re-

ferred to the Center for Phage Biology & Therapy at Yale 
for consideration of bacteriophage therapy. His CF geno-
type is delF508/p.M1V and his disease was characterized 
by chronic rhinosinusitis, pancreatic insufficiency, and 
moderate obstructive lung disease. Referral occurred due 
to the isolation from sputum of increasingly multi-drug 
resistant (MDR) Achromobacter, and the patient contin-
ued with significant symptoms after multiple courses of 
both oral and intravenous antibiotics. He also showed a 
recent, stepwise, decline in lung function, as assessed 
by forced expiratory volume in 1 second (FEV1) from 
~50% to 38% predicted, which corresponded with new 
exertional dyspnea.

The patient’s medication regimen included muco-
myst, albuterol, and cromolyn. At the time of evaluation 
for phage therapy, the CF transmembrane conductance 
regulator (CFTR) modulator Elexacaftor/tezacaftor/
ivacaftor (Trikafta/Kaftrio®) was not available. Sputum 
cultures showed evidence for three variants of Achromo-
bacter bacteria (Table 1), two of which were multi-drug 
resistant (MDR), and one of which (#YA1.3) was pan-
drug resistant (PDR).

At the Center for Phage Biology & Therapy, two spe-
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Results (Figure 2a) showed that the population grew ex-
ponentially until resources in the medium were exhausted 
and then entered stationary phase where growth ceased. 
By contrast, both phages Achr-1 and Achr-2 were capa-
ble of negatively impacting host bacterial growth when 
mixed with host cells at low MOI, as indicated by the 
decrease in optical density estimates around 8 hr (Figure 
2a). However, at later time points the bacterial population 
was observed to recover and to increase in density (Figure 
2a). The latter results showed that spontaneous evolution 
of host resistance to each phage could readily occur, sug-
gesting that examination of changes in phenotypic traits 

stable at 36% 2 months post-therapy before declining to 
26% at 6 months post-therapy. At that point, the recent-
ly approved modulator therapy elexacaftor/tezacaftor/
ivacaftor was initiated and after elexacaftor/tezacaftor/
ivacaftor, the patient’s FEV1 improved to 43% predicted.

In Vitro Measures of Phage Kinetics
We determined the kinetics of bacterial growth (see 

Methods) in the presence and absence of independent 
infection by phages Achr-1 and Achr-2. Bacteria strain 
#YA1.3 (Table 1) was grown in LB medium with shaking. 

Table 1. Antimicrobial Sensitivities of Three Achromobacter Clinical Isolates
Achromobacter #1 Achromobacter #2 Achromobacter #3 (strain #YA1.3)

Amikacin* R R R

Aztreonam R R R

Cefepime I R R

Ceftazidime S I R

Ciprofloxacin R R R

Gentamicin R R R

Imipenem R S R

Levofloxacin R I R

Meropenem R R R

Piperacillin-tazobactam S S R

Tetracycline R R R

Tobramycin R R R

Trimethoprim/sulfamethoxazole S S R

*Broth microdilution determined whether bacteria were sensitive (S), intermediate (I), or resistant (R) to each of the listed antibiotics 
per CLSI breakpoints.

Figure 1. Estimated densities (CFU/mL) of Achromobacter species in longitudinal samples of patient sputum. 
Total density of Achromobacter (A. denitrificans and A. xylosoxidans; filled circles) remained relatively constant 
over time, whereas the subpopulation of A. denitrificans bacteria (open circles) declined by orders of magnitude 
following phage treatment. Lines are results of regression analyses, where linear regressions are depicted for total 
Achromobacter and A. denitrificans bacteria CFU data, respectively.
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sorption (attachment) to host bacterial cells, each phage 
was mixed with host bacteria at low MOI and plated 
samples obtained every 10 min on host lawns to estimate 
how quickly particles bound to susceptible cells. Results 
(Figure 2c) showed that particles “disappeared” from 
solution over time, as they became irreversibly bound to 
susceptible host bacterial cells. The attachment kinetics 
of the two phages were roughly similar. The data indicat-
ed that phage Achr-1 attached to cells by around 40 min 
(Figure 2c), which preceded an observed increase in the 
phage population by 50 min (Supplemental Figure S1). 
Whereas, data for phage Achr-2 presented an estimated 
50-min adsorption (Figure 2c) that preceded expansion of 
the phage population at a relatively later time point of 60 
min (Supplemental Figure S1).

In Vitro Measures of Biofilm Inhibition
The ability for the two phages to reduce biofilms of 

host bacteria was examined by infecting cells with single 
phage versus together in a mixture (cocktail). Biofilm 
inhibition assays estimated the reduction in cell numbers 
within established biofilms prior to phage inoculation. 

of phage-resistant mutants were warranted (see below) as 
a similar outcome was considered possible during patient 
treatment.

We then used burst assays (see Methods) to examine 
the kinetics of growth for each phage independently on 
host bacteria, to compare/contrast individual phage traits. 
Each phage was mixed with host bacteria #YA1.3 in du-
plicate, and every 30 min samples were obtained and sub-
jected to plating assays that estimated phage titers (PFU/
mL). Results (Figure 2b) showed that the kinetics of the 
two phages were similar. Each of the lytic phages expe-
rienced a latent (eclipse) period of roughly 30 min that 
preceded virus population growth, followed by exponen-
tial phage population growth on host cells as they were 
infected and lysed, and finally a period of non-increase 
because the phage population exhausted the susceptible 
host cells capable of supporting phage infection (Figure 
2a). Using the method of Garbe et al. [14], we calculat-
ed that phage Achr-1 produced roughly 9,900 particles 
per infected host cell, and phage Achr-2 produced about 
5,600 particles per cell.

To more closely examine the kinetics of phage ad-

Figure 2. In vitro kinetics of bacteria and phages. (a) Uninfected bacteria (solid line) show expected growth 
kinetics in the absence of phage infection, achieving stationary phase within 20 hours. Whereas, incubation with 
either phage Achr-1 or Achr-2 (dashed and dotted lines) negatively impacted growth of host bacteria within 10 hours, 
followed by host recovery due to growth of phage-resistant mutant cells. (b) Populations of both phage Achr-1 (filled 
circles, dashed line) and phage Achr-2 (open circles, dotted line) show expected kinetics of lytic phage growth on 
host bacteria in one-step burst assays. Standard deviation of technical duplicates represented by error bars. (c) 
Attachment of phages Achr-1 (filled circles, dashed line) and Achr-2 (open circles, dotted line) are similar preceding 
growth of the virus population on hosts cells (Supplemental Figure S1), as both viruses irreversibly bind to susceptible 
host cells by 40 min and 50 min, respectively. Standard deviation of technical duplicates represented by error bars.
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were similar in thermotolerance, as both were stable at 
low temperatures and up to 49°C, which greatly exceeds 
human body temperature (Figure 4). Some differences 
were observed at temperatures above 49°C, especially 
greater sensitivity of phage Achr-1 to mortality at elevat-
ed temperatures between 52°C and 65°C, whereas phage 
Achr-1 showed slightly better stability than phage Achr-2 
at the highest temperatures examined (Figure 4a). The 
effect of pH was also investigated as a proxy for phage 
stability because the CF lung environment is character-
ized as lower pH (approx. 6.5) relative to healthy lungs 
of non-CF individuals (approx. 7.5) [15]. Phage lysates 
were investigated in a range of pH-adjusted phage buffers 
for 24 h total (see Methods). Results (Figure 4b) showed 
no evidence for survival of either phage at pH 1 and 2, 
and at pH 13 and 14. By contrast, stability of both phages 
was nearly maximal between pH 3 and 11, which includes 
pH levels of both CF and non-CF lung environments. Our 
data suggested that phage Achr-1 was more sensitive to 
elevated pH, evidenced by its lower survival at pH 12.

Effects of Phage Resistance on Antibiotic 
Sensitivity

As previous studies show acquisition of phage resis-
tance can alter sensitivity of AMR bacteria to antibiot-
ics [16], Achromobacter resistant to phage infection by 

Uninfected Achromobacter bacteria established biofilms 
(Figure 3). Fluorescence was used as a proxy for cell 
density, whereas growth medium (control) showed mini-
mal background fluorescence. By contrast, after 12-hour 
exposure of host bacteria to the inocula of each phage 
alone, or together in a 1:1 cocktail, reduced fluorescence 
was observed (Figure 3). Assays that subjected bacteria 
to phage exposure for 24 hours total were similar to 12 
hours, which suggests that the ability of phage(s) to in-
hibit biofilm growth was maximized within the first 12 
hours. Interestingly, results for application of phage(s) 
twice in the 24-hour assay (ie, initial inoculum, followed 
by a second inoculum at 12 hours) did not improve bio-
film inhibition, and these results for phage Achr-1 alone 
seemed detrimental for biofilm reduction.

Phage Stability
For phage therapy in humans, a phage should show 

stability. In addition, for convenient long-term on-demand 
use, ideal phages should be stable under typical storage 
conditions. Achr-1 and Achr-2 were stable (did not de-
crease in titer) when stored at 4°C for at least 3 months 
(data not shown). To look at generalized effects of phage 
thermotolerance as a proxy for stability, we incubated ly-
sates of each phage for 1 hour at a range of temperatures 
between -80°C and 80°C (see Methods). Both phages 

Figure 3. Ability for phage(s) to inhibit bacterial biofilms. Exposure of bacterial biofilms to phages Achr-1 and 
Achr-2 alone and together (cocktail) generally did not significantly reduce cell numbers (using fluorescence as proxy 
for cell density), relative to absence of phage infection. Longer exposure (12 vs. 24 hr) to phage(s) does not generally 
improve reduction of biofilm inhibition, nor do two-step exposures to phage(s). Standard deviation of biological 
triplicates represented by error bars.
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Figure 4. Stability of phages when exposed to varying temperatures and pH levels. (a) Both phages Achr-1 and 
Achr-2 (filled, open circles) were relatively stable in a single measurement when subjected to temperature shocks at 
low and high temperatures for 1-hour duration. (b) Both phages were stable in single measurements across a wide 
range of pH levels following 24-hour incubations.

phage Achr-1 (ie, mutant “Achr-1 res”), and a separate 
mutant resistant to phage Achr-2 (ie, mutant “Achr-2 
res”) were isolated. Both phage-resistant mutants showed 
a mucoid phenotype compared to the phage-susceptible 
wildtype bacteria (data not shown). MIC assays were per-
formed with five antibiotics, to compare drug sensitivities 
of wildtype #YA1.3 and of phage-resistant mutants. Re-
sults (Figure 5a) for the Achr-1-resistant mutant showed 
increased sensitivity (ie, fold-change in MIC exceeding 
1.0) for ertapenem, omadacycline, and minocycline. 
Similarly, we observed that the Achr-2-resistant mutant 
became more-sensitized to omadacycline and minocy-
cline (Figure 5b). Taken together, the data suggested that 
evolution of bacterial resistance to either phage created a 
trade-off, whereby the mutants became more-easily inhib-
ited by one or two classes of antibiotics: tetracyclines and 
a carbapenem. Whereas, the data showed that evolution 
of phage resistance was not associated with substantial 
changes in MIC for the other three chemical antibiotics 
examined (Figure 5a,b).

Effects of Phage Resistance on Bacteria-Induced 
Inflammation

We sought to determine whether evolution of 
phage-resistance affected the ability of bacteria to cause 
inflammation in an in vitro model. One concern for phage 
therapy is that bacteria that develop resistance to phage(s) 
to survive may develop increased or decreased virulence 
factors (eg, lipopolysaccharide (LPS)). Thus, in response 
to phage therapy surviving bacteria may produce more 
LPS, which increases lung inflammation, or less LPS, 
which results in decreased inflammation.

For example, if evolved phage resistance was due to 
loss or downregulation of lipopolysaccharide (LPS), or 
other virulence factors, which phage(s) used as receptors 

to infect bacteria (see below) [17], this could increase 
bacterial virulence, thereby causing greater inflammation 
(relative to wildtype bacteria) [18,19] in patient tissue as 
a negative consequence of administered phage therapy.

To examine the results of this type of trade-off, 
bacterial supernatants of wildtype (PDR strain #YA1.3) 
and two spontaneous phage-resistant Achromobacter 
bacteria (Achr-1 res, Achr-2 res) were added to confluent 
monolayers of human-derived cell lines for 24 h. Cystic 
fibrosis epithelial (CFBEo) cells, an immortalized human 
airway epithelial cell line isolated from a CF patient with 
F508del homozygous mutation (by comparison, patient 
genetics included one copy of F508del), and 16HBE 
cells, a standard laboratory immortalized human airway 
epithelial cell line, were used in these assays. Follow-
ing incubation, IL-8 concentration in the supernatants 
of CFBEo- and 16HBE cells was measured after 24 h. 
IL-8 was selected because it is a neutrophil chemokine, 
and neutrophilic inflammation is one characteristic of CF 
lung disease.

In these experiments, Achr-1 res caused significant-
ly lower IL-8 concentrations produced by CFBE cells, 
relative to wildtype (Achr) bacteria. While stimulation 
with the mutant Achr-2 res was measurably lower than 
wildtype Achr on these cells (Figure 5d), results with 
16HBE cells (Figure 5d) showed lower IL-8 for the two 
Achr mutants relative to wildtype bacteria. However, 
these differences were not statistically significant. Alto-
gether, the combined data did not suggest that evolution 
of phage resistance caused an adverse “trade-up” in cel-
lular inflammation. In fact, there is evidence that resistant 
mutants resulted in less stimulation of IL-8 production.
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Figure 5. Impact of evolved phage-resistance on potential trade-offs in Achromobacter. (a) Fold change in 
sensitivity (MIC) measured in singlets for wildtype Achromobacter ancestor relative to MIC for its phage-resistant 
Achr-1 res mutant was evident for Ertapenem, Omadacycline, and Minocycline antibiotics. (b) Fold change (MIC) 
for the Achr-2 res mutant measured in singlets was evident for Omadacycline and Minocycline antibiotics. (c) IL-8 
inflammation assays in laboratory tissue culture showed that phage-resistant mutants presented values lower (Achr-
1 res) or unchanged (Achr-2 res) compared to the wildtype Achr ancestor on 16HBEo cells. Standard deviation of 
biological duplicates measured in technical triplicates making up a total of six measurements represented by error 
bars. (d) IL-8 assays on CFBE cells indicated that neither mutant caused inflammation that differed from that of their 
Achr ancestor. Standard deviation of biological duplicates measured in technical triplicates making up a total of six 
measurements represented by error bars.

Whole-Genome Sequencing and Annotation of 
Phages

Newly discovered phages Achr-1 and Achr-2 were 
fully sequenced using Illumina, and the resulting data 
were annotated using Galaxy CPT Public and Apollo. 
We then created inferred gene maps for the phages using 
GenomeVx and determined the GC content of each phage 
using GeeCee. The virus family for each phage was pre-
dicted using BLASTn search.

The analysis of phage Achr-1 (Figure 6) determined 
a genome size of roughly 53,266 bp and predicted that the 
virus genome contained 81 ORFs. No terminal repeats 
were found indicating the genome of Achr-1 was linear. 
Of these ORFs, the annotation identified 20 putative 
functional proteins, 17 putative structural proteins, and 
44 hypothetical proteins. Importantly, no ORFs were pre-

dicted to have integrase functions, which suggested that 
phage Achr-1 was strictly lytic and thereby incapable of 
converting Achromobacter host bacterial cells to become 
lysogenic. Last, our analysis determined that the GC con-
tent of phage Achr-1 was 55%.

A whole-genome BLASTn search revealed high se-
quence similarity (98.98%) of phage Achr-1 to viruses of 
the genus Pbunavirus, which belong to the virus family 
Myoviridae. No other known virus families showed sig-
nificant sequence similarity to phage Achr-1. Compara-
tive analysis of the genome sequence of phage-resistant 
mutant Achr-1 res to that of the phage-susceptible Achr 
ancestor bacteria revealed the core of LPS of Achromo-
bacter as the putative attachment motif for phage Achr-1 
(see Discussion).

The genome analysis of phage Achr-2 (Figure 7) 
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of the genus Pbunavirus, in the virus family Myoviridae. 
No other virus families showed significant sequence 
similarity to phage Achr-2. Sequence comparison be-
tween phage-resistant mutant Achr-2 res to that of the 
phage-susceptible Achr ancestor bacteria revealed LPS 
as the putative attachment motif for phage Achr-2 (see 
Discussion).

showed a linear genome size of roughly 64,169 bp with 
no terminal repeats and the annotation of this virus sug-
gested 94 predicted ORFs, for which 16 putative func-
tional proteins, four putative structural proteins, and 74 
hypothetical proteins were inferred. No ORFs had pre-
dicted integrase functions, indicating that phage Achr-2 
was strictly lytic. The GC content of phage Achr-2 was 
determined to be 55%.

A whole-genome BLASTn search revealed high 
sequence similarity (97.52%) of phage Achr-2 to viruses 

Figure 6. Draft genome map of Achromobacter phage Achr-1. Genome sequencing and annotation of phage 
Achr-1 showed hypothetical proteins (dark green), putative structural genes (purple), and putative functional proteins 
(light blue).
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burden of the A. denitrificans subpopulation. Following 
therapy, the patient achieved stabilization of respiratory 
status. This report adds to a growing literature that shows 
clinical improvement when phage(s) are used to target 
refractory Achromobacter infections in the lungs of CF 
patients [20-22].

In vitro characterization of the two Achr phages 
revealed traits that could be generally useful for inhaled 
phage therapy. In particular, the high efficiency in their 
growth abilities on target bacteria, stability in the face 

DISCUSSION

This study shows the discovery and characterization 
of two lytic phages that were capable of killing Achromo-
bacter, in particular MDR and PDR strains of A. xylosox-
idans that were isolated from the sputum of a CF patient. 
These phages were deployed in the compassionate use 
treatment of this patient who had declining respiratory 
status. Nebulization was tolerated without toxicity, and 
phage therapy showed efficacy in reducing bacterial 

Figure 7. Draft genome map of Achromobacter phage Achr-2. Genome sequencing and annotation of phage 
Achr-2 showed hypothetical proteins (dark green), putative structural genes (purple) and putative functional proteins 
(light blue).
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longstanding ease of phage isolation from natural sources 
since the early days of phage therapy now coincides with 
the increasing affordability of whole-genome sequencing 
of newly discovered viruses. Phage research in the twen-
tieth century mainly focused on a handful of coliphag-
es, shown to infect genotypes of the popular lab model, 
Escherichia coli. But the rise of antibiotic resistance in 
bacteria such as Achromobacter has provided strong mo-
tivation for researchers to discover promising phage can-
didates which could be used alongside, or in replacement 
of, chemical antibiotics (eg, [23,27,28]). Not surprisingly, 
increasing accounts of Achromobacter phages have ap-
peared in the literature since the work of Whitman et al. 
[26], as biomedical researchers are motivated to address 
AMR infections by discovering and characterizing nov-
el phage candidates. Thus, our study expands the work 
conducted on Achromobacter-specific phages, with an 
emphasis on possible usefulness of the Achr-1 and Achr-2 
viruses in development of phage therapy.

Ideally, binding of candidate therapeutic phages to 
target bacteria can be determined to foster predictions 
of how phage selection may or may not lead to evolved 
trade-offs in infecting pathogens [7,29]. For the phages 
described in the current study, no knockout library of 
Achromobacter was available to identify the attachment 
motif. A first hint for the attachment motif was the mucoid 
phenotype of the resistant bacteria, indicating the bacteria 
has formed a capsule around itself instead of shedding-off 
or downregulating the phages attachment motif. This is 
a phenomenon mostly seen when LPS is the attachment 
motif. Therefore, we used the comparative sequencing re-
sults (data not shown) of the phage-resistant and suscepti-
ble wildtype bacteria, as well as the phenotypic trade-off 
assays, to infer whether purported receptor(s), especially 
LPS-related proteins were used in phage binding. The se-
quence analysis for phage Achr-1 revealed no change in 
sequences of the mutant and ancestor in the outer mem-
brane protein H1 (100% sequence identity). But sequence 
differences in the genes for proteins in LPS export system 
of ATP-binding protein LptB (29.44% sequence identity), 
GDP-6-deoxy-D-mannose reductase (28.01% sequence 
identity), Adenosine 5’-monophosphoramisase HNT1 
(33.64% sequence identity), and Beta-ketoacyl-[acyl-car-
rier-protein] synthase FabY (26.52% sequence identity) 
were detected. The LPS export system ATP-binding pro-
tein LptB is part of the ABC transporter complex LptBFG 
involved in the translocation of LPS from the inner mem-
brane to the outer membrane, probably responsible for 
energy coupling to the transport system. GDP-mannose 
4,6-dehydratase is part of the LPS biosynthesis complex. 
Beta-ketoacyl-[acyl-carrier-protein] synthase FabY is 
thought to catalyze the first elongation reaction of type-II 
fatty acid synthesis. These results suggested that the core 
of LPS could be the attachment motif of phage Achr-1.

of different temperatures and pH and rapid attachment 
(adsorption) to host bacterial cells. Equally important, in 
vitro assays showed few concerns over phage selection 
for evolved resistance in host bacteria that could coincide 
with “trade-ups” whereby pathogens become more dan-
gerous following administered phage treatment. In fact, 
these results indicated that selection for phage-resistant 
mutants sometimes showed trade-offs: 1) increased sen-
sitivity to one or more classes of antibiotics, and 2) re-
duced IL-8 production induced by bacterial supernatants 
on human-derived cells. Further characterization is war-
ranted to study a greater number of spontaneous mutants 
resistant to phage infection, in particular to examine addi-
tional antibiotics that could be used in patient treatment. 
Furthermore, we believe that additional in vitro studies 
of two-phage cocktails (mixtures) should be examined 
alongside assays mimicking individually-administered 
or sequentially-delivered phages Achr-1 and Achr-2, to 
determine which strategy would be most effective in kill-
ing target bacteria. For example, our assays that looked at 
ability for each phage to suppress bacterial growth alone 
showed that the host-cell population became enriched for 
mutants capable of resisting phage infection, and it is un-
known whether a cocktail of the two phages, or sequen-
tial exposure to the phages, would be superior to reducing 
outgrowth of these phage-resistant variants.

Our study has a number of limitations: First, the pa-
tient was unable to provide post-treatment sputum sam-
ples after the second round of phage therapy, which lim-
ited our ability to assess for a microbiological response 
to therapy. Second, while this study showed evidence for 
biofilm inhibition, these assays were based on CV stain-
ing, which measures cell density without distinguishing 
between live and dead cells. Therefore, an assay that in-
dicates cell viability, such as the XTT assay [23], could be 
used in future experiments. Third, we did not phenotyp-
ically characterize phage-resistant isolates. Specifically, 
future studies could explore the mucoid phenotype that 
tends to occur when Achromobacter evolves resistance 
to either phage (data not shown). This phenotype indi-
cates that the bacteria form a capsule surrounding the 
cell, presumably to shield against phage binding, rather 
than down-regulating or deleting the currently unknown 
attachment motif [24]. This change to mucoid phenotype 
could also explain why measurably reduced IL-8 was 
observed for each phage-resistant mutant supernatant. 
Fourth, only IL-8 was measured as an inflammatory 
marker. By measuring other cytokines, it may be ob-
served that a stronger immune reaction is elicited by the 
supernatants of phage-resistant bacteria.

Nearly 50 years ago, phage phi-X174 yielded the 
first ever published genome sequence [25], whereas the 
first sequenced Achromobacter phages appeared in the 
literature only within the last 8 years [26]. Thus, the 
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In an identical comparative analysis for the wildtype 
strain and the mutant resistant to phage Achr-2, the re-
sults showed no sequence differences in purported genes 
for attachment proteins. However, the aforementioned 
sequence comparison of the Achr-2 res mutant and wild-
type Achromobacter did not further suggest this possible 
binding target, and it is unclear how phage Achr-2 may be 
attaching to host cells.

Not long after Felix d’Herelle co-discovered bacte-
riophages in 1917, he conducted groundbreaking studies 
on phage ability to address bacterial infections in humans 
and animal models. Some of d’Herelle’s pioneering work 
in phage therapy appeared in the current journal, and our 
study continues a longstanding tradition of Yale research 
on phages as therapeutics [30-32], given that d’Herelle 
spent a brief period at Yale (1928-33) as the only academ-
ic appointment in his scientific career [33].

Data Availability: Sequenced genomes will be depos-
ited to GenBank. Accession numbers to be provided on 
deposit.
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