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Background. Antimicrobial resistance (AMR) is undermining modern medicine, a problem compounded by bacterial 
adaptation to antibiotic pressures. Phages are viruses that infect bacteria. Their diversity and evolvability offer the prospect of 
their use as a therapeutic solution. Reported are outcomes of customized phage therapy for patients with difficult-to-treat 
antimicrobial resistant infections.

Methods. We retrospectively assessed 12 cases of customized phage therapy from a phage production center. Phages were 
screened, purified, sequenced, characterized, and Food and Drug Administration–approved via the IND (investigational new 
drug) compassionate-care route. Outcomes were assessed as favorable or unfavorable by microbiologic and clinical standards. 
Infections were device-related or systemic. Other experiences such as time to treatment, antibiotic synergy, and immune 
responses were recorded.

Results. Fifty requests for phage therapy were received. Customized phages were generated for 12 patients. After treatment, 
42% (5/12) of cases showed bacterial eradication and 58% (7/12) showed clinical improvement, with two-thirds of all cases 
(66%) showing favorable responses. No major adverse reactions were observed. Antibiotic-phage synergy in vitro was observed 
in most cases. Immunological neutralization of phages was reported in 5 cases. Several cases were complicated by secondary 
infections. Complete characterization of the phages (morphology, genomics, and activity) and their production (methods, 
sterility, and endotoxin tests) are reported.

Conclusions. Customized phage production and therapy was safe and yielded favorable clinical or microbiological outcomes in 
two-thirds of cases. A center or pipeline dedicated to tailoring the phages against a patient’s specific AMR bacterial infection may be 
a viable option where standard treatment has failed.
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The World Health Organization (WHO) states that antimicro
bial resistance (AMR) is a top 10 global health threat [1]. 
Without significant interventions, AMR deaths are expected 
to rise and may exceed those caused by cancer [2]. 
Alternative options have been sought, including phage therapy, 

the specific use of bacteriophages (phages), viruses that lytically 
kill bacteria, as a treatment modality. Phages have been shown 
to be safe for therapeutic use when prepared using standard 
methods and are generally regarded as safe by the Food and 
Drug Administration (FDA) [3,4]. Their specificity facilitates 
targeted killing in a strain-specific manner [5]. An advantage 
of phages compared with antibiotics is their adaptive and di
verse properties [6,7]. Although resistance to phages is com
mon, unlike antibiotics, phages can be trained, or adapted, to 
counter resistant strains, a feature that highlights the evolution
ary arms race that bacteria and phages undergo [8–11]. Phage– 
antibiotic synergy is also common and offers the possibility 
of killing resistant strains through distinct molecular mecha
nisms [12].
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Although clinical trial data are still forthcoming, numerous 
successful case studies have been reported, offering evidence 
that the approach has therapeutic potential [4,13–17]. Indeed, 
the personalization of phages tailored to a patient’s strain has 
been suggested to fill a clinical need for challenging bacterial in
fections. Our objective was to generate a pipeline of techni
cians, scientists, and clinicians dedicated to streamlining the 
discovery, characterization, and production of safe, customized 
phages for a patient’s infection [12]. Here, we report clinical 
and microbiological outcomes of phage therapy, as well as 
phage synergy, genomic, and immune neutralization responses 
(where possible) for a diverse range of bacterial infections (12 
total cases). Although phage therapy has been shown to be 
safe [13,18–20], safety monitoring procedures and reactions 
are reported. Finally, we also provide information associated 
with ineffective outcomes, and obstacles encountered, since 
negative results in this area are uncommonly reported. 
Experiences reported herein will aid the development of effec
tive, personalized therapy for bacterial infections while high
lighting challenges to overcome.

METHODS

Human Subjects

The FDA approved the individual IND (investigational new 
drug) for each patient on a compassionate-use basis. Each pa
tient case was treated after approval from the local institutional 
review board (IRB). All patients provided informed consent for 
clinical use of phages and their data being used for research 
purposes and publication. The manufacturing institution 
(Tailored Antibacterials and Innovative Laboratories for 
Phage (Φ) Research [TAILΦR] at Baylor College of 
Medicine) also received IRB approval. No safety or ethical 

concerns were noted in either review. Figure 1 shows a Gantt 
chart that illustrates TAILΦR Lab’s end-to-end pipeline. 
Table 1 lists criteria for inclusion for treatment  and Table 2 in
dicates data provided to the FDA as chemistry, manufacturing 
and controls (CMC) information.

Clinical Assessment

There are 2 response classifications for this case series, favor
able and unfavorable, and each is classified to either clinical 
or microbiological criteria. A favorable clinical response is de
fined as relief of clinical symptoms, regardless of whether the 
bacteria was detected. An unfavorable clinical response is a 
lack of or marginal relief of symptoms. These responses were 
determined by a combination of physician judgment and pa
tient symptom reporting. Cases were also judged by the pres
ence or absence of positive or negative microbiological 
culture results. No positive culture post-treatment was judged 
as a favorable microbiological response, whereas a positive cul
ture with the same species was judged as an unfavorable micro
biological response.

Phage Isolation
All clinical isolates were grown from individual colonies in ly
sogeny broth (LB) at 37°C. For plaque (phage) isolation from 
environmental samples or TAILΦR’s library of phages, a 
double-agar overlay assay was performed using the patient’s 
bacterial isolate as host. Individual plaques were serially pas
saged by streaking onto a fresh bacterial lawn twice and single 
plaques used to ensure clonality. Additional methodological 
details associated with this report can be found in the 
Supplementary Methods.

Figure 1. TAILΦR plan for phage therapy. Gantt chart showing the TAILΦR process for phage formulation, treatment, and assessment. The timeline (bottom of the chart) is 
listed in weeks. In-house testing (Baylor College of Medicine) or tasks are shown in dark green boxes. Sequencing, sterility testing, and endotoxin quantification (light green 
boxes) are outsourced to other laboratories. Starred boxes (*) are test results that are compiled into cocktails reports for filing to the FDA. Abbreviations: CLIA, Clinical 
Laboratory Improvement Amendments; EOP, Efficienct of Plating;  FDA, Food and Drug Administration; IND, investigational new drug; Prep., Preparation; TAILΦR, Tailor
ed Antibacterials and Innovative Laboratories for Phage (Φ) Research; TEM, Transmission Electron Microscopy; Sub., Submission; Quant., Quantificaiton. The figure was 
created with BioRender.com.
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RESULTS

TAILΦR Received 50 Phage Therapy Requests

We received 50 case requests from physicians over 30 months 
(Table 3). Patient infections varied, with a majority (60%) com
prising 4 primary infection types, ranging from systemic infec
tion to device-related (left ventricular assist device [LVAD]) 
(Table 4). Most requests came from the United States (90%), 
with some from other countries—Canada, Finland, India, and 
Spain (2% each) (Supplementary Table 1). Thirteen states 
were represented (Supplementary Table 2), with 67% of re
quests from California, Texas, and Minnesota. Of the 50 re
quests, only 12 were treated, with 5 more active cases ongoing 
(Table 3), thus highlighting a need for a robust pipeline. Some 
cases improved before treatment (8 cases; 16%). Five (10%) pa
tients expired prior to therapy. Some cases were delayed, span
ning from technical related reasons (eg, insufficient phages 
found) and hospital/pharmacy-related delays (eg, unable to 
compound on site) to delays associated with meeting regulatory 
criteria (Supplementary Table 3). For some cases (10%), lytic 
phages could not be detected, which occurred for the species 
Escherichia coli, Staphylococcus aureus, Achromobacter xylosox
idans, and Pseudomonas aeruginosa. In other cases (6%), a bac
terial agent could not be isolated, although the patient had 
symptoms of infection. Time to treatment became shorter as 
we improved efficiency over time (Supplementary Figure 1).

Ten Phage Cocktails Were Generated Against 6 Different Species

TAILΦR had originally provided phages for 12 patients. For 1 
case, we were not provided sufficient clinical information despite 
treatment being regarded as successful, so we omitted this case. 
One patient was retreated with a different phage cocktail after de
veloping a new infection (thus, 12 cases) (Tables 5 and 6). The 
phages used for treatment were characterized. For example, 
TEM (transmission electron microscopy) images were generated 
(Figure 2). Table 7 summarizes the source of discovery, sequenc
ing data, genomic analysis, and predicted lifestyle of each phage. 
Based on a sequence analysis, all phages lacked known bacterial 
virulence factors (eg, toxins) and antibiotic-resistance genes. 
Two different methods were used to assess whether the phage ex
isted as temperate (integrated into the genome of the host bacte
rium) or lytic (lysed the bacteria without integration). Three 
phages had conflicting results per these 2 methods but were ulti
mately determined to be lytic by a manual review of their genomes 
(see Supplementary Methods).

Clinical Features, Phage Therapy, and Outcomes of the 12 Cases

Clinical Features
The 12 cases consisted of the following infections: LVAD (3), 
recurrent bacteremia (3 + 1 retreatment), prosthetic joint infec
tion (PJI) (2), urinary tract infection (UTI) (1), bacteremia and 
UTI (1), and sternal wound infection and bacteremia (1) 
(Tables 4, 5, and 6). Causative bacteria of those infections are 
listed as follows: E. coli (3 + 1 retreatment), S. aureus (3), 
Klebsiella pneumoniae (1), Enterobacter cloacae (1), Klebsiella 
aerogenes (1), P. aeruginosa (1), and Enterococcus faecium (1). 
Patient 5 was retreated for the same infection type (bacteremia 
and sepsis) and the same causative species (E. coli). The report
ed immune status of the patients was not specifically assessed 
by our group but was based on a clinical profile provided by 
the treating physicians. Of the 12 patient cases, more than 
50% (7/12 cases) had a secondary immune deficiency.

Mode of Administration
All patients received concomitant antibiotic therapy. All pa
tients were treated with intravenous (IV) phage therapy 
(Table 5). Four patient cases (33%) received phage therapy 
through an additional route. Of these, 1 patient (case 3) re
ceived phages into the intra-articular space of a prosthetic joint. 
Two patients (cases 8 and 11) received concomitant intraoper
ative phages. The fourth patient (case 12) received phages top
ically. All non-IV doses were single one-time applications. The 
average duration for IV treatment was 5.6 weeks.

Phage–Antibiotic Combination
Interactions (synergy, antagonism, or additive) between the an
tibiotic and phage cocktail were determined in vitro using a sys
tem developed by TAILΦR Labs termed “synography” (detailed 
in Gu Liu et al [21] and in Methods [results in Figure 3]). For 

Table 1. Inclusion Criteria for Phage Therapy

Antibiotic treatment has been ineffective

Multidrug-resistant organism (or difficult-to-treat infection)

Chronically infected patienta

Clonal pathogen is the sole or main cause of diseaseb

aPatient is stable during the time frame to manufacture phages.  
bAs determined by genome sequencing.

Table 2. Cocktail Report Contents

Name and description of phages

Manufacturer

Description of manufacturing

Cocktail formulation and phage concentration

Documentation of lytic activity

Stability testing

Killing assay results

Endotoxin testing results

Calculated endotoxin exposure

Sterility testing results

Toxin screening results

Sequencing analysis

Antibiotic synergy/antagonism

Purification protocols

Statement on equipment and facilities

Statement on generalized transduction

Equipment and materials

Certificates of sterility testing or other outside testing

References
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most cases (10/12), we observed an in vitro synergistic effect; 
the concentration of antibiotic and phages resulted in greater 
killing than the same concentration of either alone. A general 
additive effect was seen in case 1 (not shown, available 
Terwilliger et al., 2022) and 12 (Figure 3). Of particular note 
is case 8 in which 2 antibiotics were tested (Figure 1Hi, Hii): 
ceftriaxone and cefazolin. For the phage cocktail with cefazolin, 
we observed antagonism. For ceftriaxone, antagonism was also 
noted, but mostly at low concentrations of antibiotic and was 
less apparent in the earlier time point. The physician was in
formed of this and decided to use ceftriaxone.

Clinical Outcomes
Although this was not a clinical trial and the phage was not 
benchmarked against a control or placebo cohort, there were 
clear outcomes that we classified as either a “favorable response” 
or “unfavorable response,” which was further divided as either 
clinical or microbiological. Classifications were determined by 
the clinical status of the patient, resolution of signs or symp
toms, radiographic determination, and finally by microbiologi
cal culture data. The duration of follow-up after phage therapy 
to determine the outcome was based on infection type (eg, UTI, 
and complicated or recurrent UTI including prostatitis). An un
favorable microbiological response included a recurrence of 
bacterial infection with an organism whose phenotype matched 
the original infecting strain, as determined by sequencing.

Favorable Microbiological Responses
Tables 6 and 8 detail each individual case with safety and out
comes. Of the 12 cases, 4 cases (cases 2, 6, 8, and 12) were asso
ciated with bacterial eradication (Table 6). The causative 
organism for these varied by species—E. cloacae, E. coli, and S. 
aureus. Infection type ranged from recurrent bloodstream infec
tions (1 case), PJI (1 cases), LVAD (1 case), and 1 sternal wound 
infection and bacteremia. These cases (cases 2, 6, and 12) were 
also complicated by the development of secondary infections, 

likely due to comorbidities of the patients. For example, in 
case 2 (PJI; E. cloacae), E. cloacae was eradicated but 4 weeks lat
er the patient developed an infection caused by Peptoniphilus 
asaccharolyticus. This patient was treated with an antibiotic 
and avoided hip disarticulation. For case 8 (LVAD; S. aureus), 
there were no complications; the patient cleared the initial bac
terial infection without developing a secondary infection (favor
able microbiological and clinical response).

Unfavorable Microbiological With Favorable Clinical Responses
Some patients who did not experience bacterial clearance 
showed clinical improvement (cases 1, 7, and 11). For case 1, 
a patient with a multidrug-resistant E. coli UTI, combined an
tibiotic and phage therapy did not lead to clearance, but the pa
tient became symptom-free with asymptomatic bacteriuria 
until last follow-up (favorable clinical response).

Unfavorable Clinical and Microbiological Responses
There were 4 cases that we defined as unfavorable responses 
(clinical and microbiological). It should be noted that 2 of these 
patients (cases 4 and 10) eventually improved over time with 
continued antibiotic therapy. Patient 5 had bacteremia and sep
sis caused by E. coli and received retreatment with a new phage 
cocktail (case 6). After the first treatment, neither the patient’s 
bacterial burden nor symptoms were alleviated. However, after 
the second phage/antibiotic treatment, the case resolved for 12 
months. For an LVAD case caused by S. aureus (case 9), phage 
therapy did not lead to bacterial eradication or clinical im
provement. We are not certain why 2 of the 4 unfavorable cases 
improved with continued antibiotic therapy. Some reasons may 

Table 3. Progress on 50 Phage Requests

Progress Cases, n Cases, %

Treated 12 24

Improved 8 16

Delayeda 8 16

Expiredb 5 10

Activec 5 10

No phaged 5 10

No isolatee 4 8

Other 3 6

Total 50 100
aPatient treatment was delayed beyond average (10 wk).  
bPatient died before treatment started.  
cCases that are about to receive phage.  
dPhage was not able to be isolated for patient.  
eBacteria were not able to be isolated for phage isolation.

Table 4. Clinical Infections Underlying Requests for Phage Therapy

Indication Cases, n Cases, %

Abdominal aortic graft 1 2

Abdominal infection 1 2

Bacteremia 7 14

CF lunga 7 14

Heart (aortic arch) 1 2

Heart (sternotomy) 1 2

Heart (endocarditis) 2 4

Hip joint 1 2

Hip prosthesis 1 2

Other joint 3 6

Liver 1 2

Lung 5 10

Lung, primary sclerosing cholangitis 1 2

LVAD 9 18

Prostatitis 2 4

UTI 6 12

UTI, abdominal abscess, lung 1 2

Total 50 100

Abbreviations: CF, cystic fibrosis; LVAD, left ventricular assist device; UTI, urinary tract 
infection.  
aPatients with CF with lung infection.

1082 • CID 2023:77 (15 October) • Green et al



Table 5. Summary of Case Treatment Details

Species
Case 
No. Phage(s) Patient Details

Phage Dose, Route, 
Duration

Safety 
Outcome Outcome

Escherichia coli 1 HP3, 
ES17, 
HP3.1, 
ES19

Patient (IND 19509): Transplant 
recipient with complex, recurrent 
prostate and urinary tract infections 
(UTIs) caused by an 
extended-spectrum beta-lactamase 
(ESBL)–producing E. coli (UCS1). 
Treatment: phage cocktail and 
ertapenem

109 PFU/mL every 
12 h (q12h), 
intravenous (IV), 
2 wk

No adverse 
effects

Favorable outcome: There were no 
further clinical UTI events that required 
antibiotic therapy. The patient had 
asymptomatic bacteriuria noted on 
surveillance urine cultures at 6 and 
11 wk following the end of phage 
therapy that did not require antibiotic 
treatment. The bacteriuria was caused 
by a sister strain of E. coli (UCS1.1) that 
remained susceptible to the original 
phage cocktail but possessed 
mutations in virulence genes. See 
publication by Terwilliger et al., 2021 [4].

4 HP3.1, 
EEc2, 
EEc4

Patient (IND 26982): Recurrent 
bacteremia for >1 y from ESBL E. coli 
(USC1) in transplant recipient. 
Treatment: phage cocktail and 
ertapenem

1010 PFU/mL q12h, 
IV, 6 wk

No adverse 
effects

Unfavorable outcome: The patient 
developed bacteremia several months 
after treatment with an E. coli strain 
with similar susceptibility profile to 
original infecting strain. The recurrent 
bacteremia was successfully treated 
with ertapenem. The patient has no 
further episodes of bacteremia.

5 6948, 6949 Patient (IND 22713): Recurrent 
bacteremia in transplant recipient, 
sepsis E. coli (UCS2) infection. 
Treatment: phage cocktail and 
ertapenem

109 PFU/mL q12h, IV, 
6 wk

No adverse 
effects

Unfavorable outcome: The patient 
developed recurrent symptoms after 
the end of phage and antibiotic therapy, 
which resolved with new courses of 
prolonged ertapenem. Blood cultures, 
however, remained negative. The 
patient was re-treated with a new 
phage cocktail targeting the original 
pathogen (see row below). Note–cases 
5 and 6 are the same patient.

6 HC6, 
HC12, 
HC13

Patient (IND 22713): Recurrent 
bacteremia, sepsis E. coli (UCS2.1) 
infection. Treatment: retreatment 
with new phage cocktail and 
ertapenem

109 PFU/mL q12h, IV, 
4 wk

No adverse 
effects

Favorable outcome: No recurrence of 
symptoms or bacteremia after the end of 
phage therapy while remaining off 
antibiotics for 12 mo. However, the 
patient did develop a 
carbapenem-resistant E. coli UTI 2 wk 
afterwards

Enterococcus 
faecium

10 Bop, 
Bill, 
Ben

Patient (IND 22921): Recurrent 
bacteremia caused by Enterococcus 
faecium (UMM1). Treatment: phage 
cocktail, ceftriaxone and daptomycin

109 PFU/mL q12h, IV, 
6 wk

No adverse 
effects

Unfavorable outcome: The patient 
developed recurrent enterococcal 
bacteremia infection 4 wk post–phage 
therapy treatment that has since been 
suppressed with antibiotic therapy.

Staphylococcus 
aureus

8 Phage K, 
SA4

Patient (IND 27384): LVAD-related 
infection caused by S. aureus (MYC5) 
with recurrent bacteremia. 
Treatment: phage cocktail and 
ceftriaxone

1010 PFU/mL q12h, 
IV, 6 wk; 3 × 1010 

PFU/mL 
intraoperative (IO), 
once

No adverse 
effects

Favorable outcome: 19 mo after 
completion of phage therapy, the 
patient successful underwent heart 
transplant and all antibiotics for the 
infection were stopped.

9 Phage K, 
SA4

Patient (IND 27469): LVAD-related 
infection caused by S. aureus 
(UCS13). Recurrent bacteremia and 
ongoing device-associated abscess. 
Treatment: phage cocktail, cefazolin 
and ertapenem

109 PFU/mL q12h, IV, 
6 wk

No adverse 
effects

Unfavorable outcome: Bacteremia 
recurred after end of phage and 
antibiotic therapy. He remains on 
suppressive antibiotics to date.

12 Phage K, 
SA4

Patient (IND 27952): Bacteremia due to 
sternal wound caused by S. aureus 
(UPG1). Persistent infection despite 
multiple antibiotic treatments and 
debridement surgeries. Treatment: 
phage cocktail, daptomycin and 
ceftaroline

1010 PFU/mL q12h, 
IV, 2 wk; 1010 PFU/ 
mL, topical, once

No adverse 
effects

Favorable outcome: Patient received an 
abbreviated course of phage IV (2 wk) 
instead of the usual 4–6-wk dose. The 
patient did not demonstrate 
improvement (no bacterial eradication, 
no clinical improvement). Then, the 
patient received another 6 wk of the 
same phage cocktail, dosed IV and 
topically, together with daptomycin. 
The wound healed during the 6 wk of 
topical treatment and remained closed 
at 2 mo after the 6 wk of treatment. 
Completed course of phage therapy 
wand antibiotics on 19 April 2022.
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include sensitization of the infecting strains to antibiotics 
(which can occur from phage pressure), duration of treatment, 
or the spontaneous improvement over time.

Serum Neutralization
Neutralization assays were performed using serum samples for 
5 cases (1, 5, 6, 7, and 9). Neutralization of the phage cocktail 
was noted for cases 1, 7, and 9 after treatment (Table 6). For pa
tient 5, serum neutralization of phage cocktail was seen at week 
4 (Figure 4A). Thus, a new phage cocktail (HC6, HC12, and 
HC13) was generated for retreatment that was not neutralized 
by the patient’s original serum (case 6) (Figure 4B) or serum 

attained 4 weeks post-treatment with the new cocktail (day 
29) (Figure 4C).

Adverse Reactions
Every case was thoroughly reviewed by the physician’s IRB, the 
manufacturing institution’s IRB, and the FDA (through the 
expanded-access pathway). A treatment protocol of the product 
(phage cocktails) and monitoring of potential adverse effects 
was submitted. Since each case was different, monitoring was 
adjusted on a case-by-case basis. Generally, for phage adminis
tration in the hospital/clinic, the patient was observed for 
3 hours after the first IV dose. Blood was drawn and weekly 
labs conducted (complete blood count, comprehensive 

Table 5. Continued  

Species
Case 
No. Phage(s) Patient Details

Phage Dose, Route, 
Duration

Safety 
Outcome Outcome

Klebsiella 
pneumoniae

7 6991, 
6993, 
6995

Patient (IND 27614): Recurrent UTI and 
recurrent bacteremia caused by K. 
pneumoniae (UMF1) in transplant 
recipient. Treatment: phage cocktail 
and ertapenem

1010 PFU/mL q12h, 
IV, 6 wk

Mild diarrhea 
which 
resolved 
during 
treatment

Indeterminate outcome. The K. 
pneumoniae persisted in the urine, but 
the bacteremia resolved with no further 
episodes of sepsis in over 1 y since 
phage therapy. Clinical symptoms of 
urinary tract infection resolved except 
that he experiences intermittent pain 
consistent with epididymitis every 5– 
6 wk, which had resolved without 
antibiotic therapy. However, the patient 
and clinician both agree that symptoms 
have improved.

Klebsiella 
aerogenes

3 6937, 6939 Patient (IND 25016): Prosthetic joint 
infection (PJI) caused by Klebsiella 
aerogenes (UCF1). Treatment: phage 
cocktail, cefepime and 
ceftazidime-avibactam

1010 PFU/mL q12h, 
IV, 6 wk; 1010 PFU/ 
mL intraarticular 
once

No adverse 
effects

Indeterminate outcome. Prior drainage 
and antibiotic therapy had eradicated 
the K. aerogenes when the joint was 
entered surgically for repeat drainage, 
washout, and local installation of phage. 
The joint instead grew Candida 
albicans, which likely explained the 
ongoing infection rather than 
persistence of the gram-negative 
infection, and then later 
vancomycin-resistant enterococci. The 
joint was eventually removed in a 
Girdlestone procedure.

Pseudomonas 
aeruginosa

11 6917, 6959 Patient (IND 27807): Persistent 
(dissemination) LVAD driveline 
infection caused by Pseudomonas 
aeruginosa (MYC4). 
Treatment: phage cocktail and 
cefepime

1010 PFU/mL q12h, 
IV, 6 wk; 1011 PFU/ 
mL, IO, once

No adverse 
effects

Favorable outcome: Patient continues to 
have scant drainage culture positive for 
P. aeruginosa that is controlled with 
local wound care. Computed 
tomography imaging shows no 
evidence of infection. Currently, the 
patient is off antibiotic treatment since 
May 2022 and stable.

Enterobacter 
cloacae

2 691, 
692, 
693, 
694

Patient (IND 27401): PJI caused by 
Enterobacter cloacae (SLC4). 
Treatment: phage cocktail and 
cefepime

1010 PFU/mL q12h, 
IV, 6 wk

No adverse 
effects

Favorable outcome: Phage targeted 
pathogen was eradicated. However, 
later developed new infection due to 
Peptoniphilus asaccharolyticus. The 
patient was treated successfully with 
oral amoxicillin-clavulanate and will 
remain on life-long suppression. E. 
cloacae was not recovered from any of 
the cultures at the time of recurrence. 
The treating physician believed the E. 
cloacae has been eradicated.

Abbreviations: IND, investigational new drug; LVAD, left ventricular assist device; PFU, plaque-forming units.
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metabolic panel, erythrocyte sedimentation rate, C-reactive 
protein, and blood culture). A daily questionnaire was used at 
the time of administration, vital signs recorded, and symptom 
diary used to track reactions in the outpatient setting during 
treatment. The patient was also warned of potential side effects 
during the consenting process. Only 1 adverse reaction, mild di
arrhea, was detected in 1 case (case 7), which resolved during 
treatment. It should be noted that bacterial sequencing was per
formed on some strains before and after phage therapy 
(Supplementary Table 4). In cases 10 and 11, we identified 2 spe
cies of bacteria in the sequencing data. Whether both species 
were simultaneously present at the time of infection is not 
known.

DISCUSSION

Here, we show that (1) there is demand for phage therapy for 
difficult-to-treat AMR infections; (2) it is feasible to develop 
safe, well-characterized, therapeutic phage cocktails that gain 
FDA compassionate-use approval using an integrated phage 

discovery and manufacturing pipeline tailored to the patient’s 
bacterial strains; (3) the rate of adverse reactions to phage 
was low (in fact, in a recent review of 13 clinical trials on phage 
therapy, no adverse reactions were noted [22]); (4) for 12 infec
tions previously uncontrolled by antibiotics, 42% (5/12) 
showed favorable microbiological outcomes, with 58% (7/12) 
showing clinical improvement; and (5) phage–antibiotic syn
ergy (in vitro) was common. Finally, there is a deficit in the lit
erature in the reporting of cases whose outcomes are 
ineffective. This dearth of knowledge makes it difficult to judge 
if a personalized approach (difficult to achieve in a clinical trial 
format) is an option for some patients. As such, we report lim
itations of this personalized approach, including (1) it was un
clear as to why treatment was infective, (2) the time to 
treatment for some cases was lengthy (>1 y), (3) many cases 
never proceeded to therapy (for the reasons outlined herein), 
and (4) anti-phage neutralization was observed in some cases.

There were 2 patient cases (5 and 9) where no clinical im
provement after phage and antibiotic treatment was observed. 
For case 8 (LVAD infection; S. aureus), there was a favorable 

Table 7. Phage Characteristics

Case no. Phage Accession No. Source Genome Size, bp G+C, % ORF tRNAs Lifestyle Pred.a Ab. Res. Vir. F.

1   HP3 NC_041919.1 Goose/duck feces 168 188 35.4 264 11 V … …

HP3.1 OK275722 Directed evolution 168 195 35.4 264 11 V … …

ES17 MN508615.2 Sewage 75 134 42.12 120 1 Vb … …

ES19 MN508616.1 Sewage 167 088 35.39 263 11 V … …

2   691 MN508621 Sewage 178 607 44.79 283 2 V … …

692 MN508622 Sewage 176 610 44.72 275 1 V … …

693 MN508623 Sewage 178 070 44.74 276 2 V … …

694 MN508624 Sewage 178 230 44.74 277 2 V … …

3 6937 OL362270 Sewage 43 359 56.1 48 0 V … …

6939 OL362271 Sewage 46 039 43 62 0 V … …

4  HP3/1 OK275722 Directed evolution 168 195 35.4 264 11 V … …

EEc2 ON210144 Sewage 44 883 45 57 0 V … …

EEc4 ON210145 Sewage 44 590 45 57 0 V … …

5 6948 OL362272 Sewage 44.545 45.1 53 0 V … …

6949 OL362273 Sewage 44 371 45 54 0 V … …

6  HC6 OL362274 Sewage 47 726 46.6 87 0 Vb … …

HC12 OL362275 Sewage 39 342 50.1 50 0 V … …

HC13 OL362276 Sewage 39 803 50.1 52 0 V … …

7  6991 OL362277 Sewage 46 373 48 81 0 Vb … …

6993 OL362278 Sewage 44 351 53.9 53 0 V … …

6995 OL362279 Sewage 42 538 54.1 53 0 V … …

8, 9, 12 Phage K KF766114 Unknown 139 381 30.4 212 4 V … …

SA4 OL362280 Pig feces 140 004 30.4 216 4 V … …

10  Bop ON125307.1 Sewage 147 049 36.9 184 14 V … …

Bill OM966901.1 Sewage 151 985 37.1 187 0 V … …

Ben MN027503.1 Sewage 153 454 37 187 23 V … …

11 6917 OL362268 Sewage 67 297 55.7 96 0 V … …

6959 OL362269 Sewage 68 080 55.6 95 0 V … …

Abbreviations: Ab. Res., antibiotic resistance; G+C, guanosine and cytosine content; ORF, open reading frame; tRNA, Transfer RNA; Vir. F, virulence factors  
a
Virulent (V) or temperate (T) as determined by genetic analysis.  

b

Classified as virulent and temperate using 2 different analysis tools, phage.ai and PHACTS.
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Figure 2. A–J, TEM images of phages used in the 12 cases of this report. Scale bars are present in the image, from 50 nm (black) to 100 nm (white).
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outcome; however, the same cocktail was used for case 9 
(LVAD infection; S. aureus), an ineffective case. For case 8, 
the patient received a higher dose of phage (>1 log) and was 
given a second dose via another route. LVAD infections are of
ten driveline infections caused by S. aureus and are difficult to 
resolve due to biofilms [23]. Topical treatment for drivelines 
has been shown to be successful [18,24,25], likely due to di
rectly dispersing enzymes capable of degrading the polymetric 
substances of biofilms [26,27]. The phage dose for the success
ful case ranged from 1 × 1010 to 3 × 1010 plaque-forming units 
(PFU)/mL compared with case 9 who received 1 × 109 PFU/ 
mL, IV (Tables 5 and 6). However, in other successful phage 
therapy cases for LVAD infections, the dose was lower 
[18,24,25]. One case report of a patient who received 4 × 1010 

PFU IV developed fever and wheezing after each dose [16]. 
The patient from case 8 did not have adverse events from phage 
therapy. Sequencing of the bacterial strain post-treatment 
showed mutations that may cause reduced fitness, such as 
loss of immune evasion factors and virulence regulators 

Figure 3. The phage–antibiotic combination for each case (A–L) was determined using OD (600-nM) measurements that were taken every 15 minutes. Synograms (t =  
24 h) represent the mean reduction percentage of each treatment from 3 biological replicates: Reduction (%) = [(ODgrowth control − ODtreatment)/ODgrowth control] × 100. The “y” 
axis is the antibiotic concentration and the “x” axis is the phage concentration (PFU/mL). Abbreviations: OD, optical density; PFU, plaque-forming units.

Table 8. Outcomes for Each patient

Favorable Microbiologicala  

Outcome (Y/N)
Favorable Clinicalb 

Outcome (Y/N)

Case 1 N Y

Case 2 Y Y

Case 3 Yc N

Case 4 N Y/Nd

Case 5 N N

Case 6 Y Y

Case 7 N Y

Case 8 Y Y

Case 9 N N

Case 10 N Y/N

Case 11 N Y

Case 12 Y Y

Total 5/12 (42%) 7/12 (58%)
aBacterial eradication of initial infection—yes (Y) or no (N).  
bClinical improvement of initial symptoms—yes (Y) or no (N).  
cAlthough bacteria were eradicated, this likely happened prior to phage therapy.  
dY/N indicates that patient did improve but only later after retreatment with antibiotic 
therapy.
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(agrC G394A; codY R222C) (Supplementary Table 4). The bac
terial strain recovered was still susceptible to the original phage 
cocktail. Neutralization of the phage cocktail was noted but 
only tested after treatment, a limitation here.

For the treatment of case 5 (bacteremia, E. coli), the outcome 
was also unfavorable; however, after retreatment, it became fa
vorable. For both, TAILΦR Labs was able to assess serum neu
tralization (Figure 4). After the first treatment (week 4r) we 
saw a reduction in phage titer (1 log decrease). Likely due to 
varying doses of immunosuppressive drugs, after the second 
treatment with a different phage cocktail no significant reduc
tion in phage titer was noted, suggesting an absence of anti- 
phage antibody, perhaps explaining clinical improvement. 
However, this patient developed a UTI. One well-reported 
case suggested the reason for failed treatment for a 
Mycobacterium abscessus infection was due to antibody- 
mediated phage neutralization [28]. This patient, however, 
was immunocompetent and received prolonged treatment 
with phage (6 mo). The patient described here (case 5 and 6) 
was a transplant recipient who was on immunosuppressants 
during both treatments. Also, this patient received a new phage 
cocktail once phage neutralization was noted after the first treat
ment. A study in Poland assessed the immune response of 20 pa
tients receiving phage therapy and concluded that a weak 
production of anti-phage antibodies correlated with negative 
outcomes [29]. For the 12 cases herein, more than 50% of the pa
tients had a form of immunosuppression. It is known that im
munosuppression can predispose patients to opportunistic 
infections [30,31] and are likely to be candidates for phage ther
apy [4,16]. Finally, in 10 of 12 cases, the phage cocktail showed in 
vitro synergy with the antibiotic used in treatment. It is 

uncertain if this synergy improved outcomes. Since phage-anti
biotic synergy reduces resistance and increases killing efficiency, 
clinical trials comparing antibiotics with phages are required to 
determine the contribution of each.

In conclusion, the data herein provide evidence that a center 
dedicated to customized phage cocktails can deliver safe and fa
vorable outcomes for AMR infections. There are improvements 
that would lower cost and increase speed and favorable out
comes (Supplementary Table 5). These include automating 
phage screening and purification, having regulatory approval 
of premade “fixed” cocktails, standardized and certified tests as
sociated with biomanufacturing, standard operating proce
dures (SOPs) for compounding, robust post-treatment 
characterization, and the development of a discovery pipeline 
for phages with unique properties (anti-biofilm, etc). Of partic
ular importance is the need to standardize treatment protocols 
[32]. A global, multidisciplinary effort involving clinicians, 
hospitals, governments, advocates, the pharmaceutical and bi
otechnology industry, and basic scientists, all sharing data and 
agreeing on the parameters of tailored cocktails, will be re
quired for similar centers to make personalized infectious dis
ease therapy a part of mainstream medicine.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases on
line. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility 
of the authors, so questions or comments should be addressed to the cor
responding author.
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cocktail for retreatment (case 6) prior to treatment. C, Serum neutralization of a patient cocktail for case 5.1 on day 29 post-treatment with phage therapy. N = 2–3; means ± 
SDs are shown. Significance was determined with 1-way analysis of variance. Abbreviations: NS, not significant; PFU, plaque-forming units.
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