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The use of bacteriophages (phages) is reemerging as a potential treatment option for antibiotic-resistant or nonresolving bacterial 
infections. Phages are bacteria-specific viruses that may serve as a personalized therapeutic option with minimal collateral damage 
to the patient or the microbiome. In 2018 we established the Israeli Phage Therapy Center (IPTC) as a shared initiative of the 
Hadassah Medical Center and the Hebrew University of Jerusalem, aiming to conduct all of the steps required for phage-based 
solutions, from phage isolation and characterization to treatments, for nonresolving bacterial infections. So far, a total of 159 
requests for phage therapy arrived to the IPTC; 145 of them were from Israel and the rest from other countries. This number of 
registered requests is growing annually. Multidrug-resistant bacteria accounted for 38% of all phage requests. Respiratory and 
bone infections were the most prevalent among clinical indications and accounted for 51% of the requests. To date, 20 phage 
therapy courses were given to 18 patients by the IPTC. In 77.7% (n = 14) of the cases, a favorable clinical outcome of infection 
remission or recovery was seen. Clearly, establishing an Israeli phage center has led to an increased demand for compassionate 
use of phages with favorable outcomes for many previously failed infections. As clinical trials are still lacking, publishing patient 
data from cohort studies is pertinent to establish clinical indications, protocols, and success and failure rates. Last, workflow 
processes and bottlenecks should be shared to enable faster availability and authorization of phages for clinical use.
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The urge for novel antibiotics against multidrug-resistant bac-
teria is a global public health concern. The search for new an-
timicrobial drugs with low resistance rates or new mechanisms 
is challenging [1–4].

Current conventional antibiotics are failing to treat nonre-
solving infections, particularly those associated with biofilm 
formation [5]. The ability to form biofilms is a major bacterial 
feature, especially in device-related infections, leading to failure 
of antibiotic therapy [6, 7].

Bacteriophage (phage) therapy has reemerged in recent years 
as a promising therapy, with the ability to provide personalized 
therapy for patients and their specific bacterial infections [8–14]. 

Phage use in resistant bacterial infections or difficult-to-treat in-
fections may serve as a promising adjuvant therapy to antibiotic 
or stand-alone therapy in the coming postantibiotic era [15–19]. 
Currently, all phage therapy in most developed countries is con-
sidered as compassionate therapy, as there is no standardization 
on phage authorization or approval.

In Israel, an interest in the search for phage therapy solutions has 
been observed in recent years. The Israeli Phage Therapy Center 
(IPTC), a joint venture of the Hadassah Medical Center and the 
Hebrew University of Jerusalem, was established in 2018 and for-
mally declared as such in 2022. The IPTC is currently the leading 
and only center in Israel focusing on phage therapy. It provides 
all services related to phage therapy—phage discovery and charac-
terization, phage susceptibility and matching tests, authorization of 
treatments for patients from Israel and abroad, and delivering and 
supervising phage therapy for each patient. So far, the IPTC provid-
ed phage therapy for 18 patients from Israel and 2 from abroad.

The present study summarizes the experience collected in the 
IPTC on phage requests and therapy in Israel in the last 5 years.

METHODS

Request Data Collection

Data was collected on phage therapy requests received from 
2018 to 2022. The following data were collected: patient 
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demographics, clinical indication, bacterial pathogen, and anti-
biotic susceptibility of the pathogen.

Microbial Identification and Resistance Testing

In all Israeli centers, clinical microbiology laboratories follow 
pathogen identification using matrix-assisted laser desorp-
tion/ionization–time of flight (MALDI-TOF) and the Vitek 
system. All the strains (Israeli and abroad) that were submitted 
have undergone identification and sensitivity testing according 
to the routine clinical microbiology laboratory at the Hadassah 
Medical Center. Pathogen identification of all isolates was car-
ried out using a MALDI-TOF mass spectrometer (bioMérieux, 
Marcy l’Etoile, France), and antibiotic susceptibility testing was 
conducted utilizing the VITEK 2 system (bioMérieux) follow-
ing the Clinical and Laboratory Standards Institute evaluation 
criteria.

Antimicrobial Resistance Definition

Common definitions were utilized for antimicrobial resistance 
[20]. Multidrug resistant was defined as nonsusceptibility to at 
least 1 agent in 3 or more antimicrobial categories. Extensively 
drug resistant was defined as nonsusceptibility to at least 1 
agent in all but 2 or fewer antimicrobial categories. Pan-drug 
resistance was defined as nonsusceptibility to all agents in all 
antimicrobial categories.

Database

To collect, process, and analyze phage requests and data, a 
REDCap-based database was created in 2021 [21, 22]. This plat-
form allowed better monitoring and control of the workflow for 
managing phage requests and served as a clinical research file 
for phage therapy cases (see Supplementary Form). Study 
data were collected and managed using REDCap electronic 
data capture tools hosted at the Hadassah Medical Center.

Communication

Requests were sent mostly by physicians from different hospi-
tals and health centers in Israel (91% of all requests), with 9% of 
requests coming from abroad. All requests were sent initially to 
an infectious diseases specialist (R. N.-P.) at the Hadassah- 
Hebrew University Medical Center and then relayed to the lab-
oratory (R. H. and his laboratory team).

Workflow for Phage Requests

A workflow (Figure 1A) was implemented to improve the pro-
cess of phage sourcing in which each request was processed dif-
ferently depending on the bacterial pathogen and the patient’s 
current need for compassionate intervention.

Phage Bank and Clinical Phage Microbiology

The phage sourcing process, including phage isolation, charac-
terization, and full genome sequence, in addition to 

susceptibility testing and phage-antibiotic kinetic assays, were 
performed by the Israeli Phage Bank at The Hebrew 
University of Jerusalem (Hazan Laboratory) according to a 
framework previously published by the group [23, 24].

Phage susceptibility testing was performed in several steps, 
using at least 3 methods [24]. First, a spot assay screen, using 
all relevant phages in our phage bank, was performed [23]. 
Phages that yielded clear plaques in this assay were picked for 
a plaque-forming unit count. The third step was kinetic deter-
mination of the efficacy of the phages with and without the rel-
evant antibiotics. This step reveals also possible antagonistic or 
synergistic effects of phages and antibiotics. When the optical 
density in this assay is below the detection threshold, due to ly-
sis, a colony-forming unit count was also performed to detect if 
full eradication was achieved.

Phage Production

According to the designed workflow, when an appropriate phage 
was found, we reached out for collaboration with laboratories 
around the world to obtain a purified preparation of the specific 
phage of interest for intravenous use or for topical use in cases of 
diabetic foot infections (n = 2). Human-grade phage preparations 
were defined as such that that met local regulatory requirements 
for intravenous use (at least USP71) and were approved for com-
passionate use under the US Food and Drug Administration’s 
(FDA) expanded access pathway, FDA approval for clinical trial 
use, or the magistral phage pathway in Belgium. These included 
Adaptive Phage Therapeutics Inc (Gaithersburg, Maryland), 
TechnoPhage Ltd (Lisbon, Portugal), Professor Graham Hatfull 
(University of Pittsburgh), and Dr Jean-Paul Pirnay (Queen 
Astrid Military Hospital, Brussels, Belgium).

Patient Consent Statement and Ethics Approvals

For each patient, informed consent was obtained. Additionally, 
according to the regulations in Israel for each individual treat-
ment, a formal approval of the local institutional review board 
(IRB/ethics committee) and the Ministry of Health was neces-
sary for initiating compassionate therapy, together with obtain-
ing informed consent from each patient. Publication was done 
upon the following Hadassah IRB approval numbers: 0420-12- 
HMO, 0309-18-HMO, 0309-19-HMO, 0689-20-HMO, 0026- 
22-HMO, and 0512-22-HMO.

Clinical and Microbiological Outcome Assessment

Clinical and microbiological outcomes were evaluated by an in-
fectious diseases physician. The clinical outcomes were deter-
mined adopted based on the outcome assessment guidelines 
for osteomyelitis, with recovery, remission, and failure being 
the defined outcomes [25]. Recovery was defined as negative re-
peated microbiological cultures together with positron emission 
tomography/magnetic resonance imaging negative for infec-
tion. Remission was defined as the absence of clinical signs of 
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infection during the entire follow-up period, when repeated mi-
crobiological cultures from infection site were not available. 
Failure was defined as no improvement in clinical signs or re-
currence of infection, as well as positive microbiological cultures 
from the patient. The microbiological outcomes in cases where 
no cultures were obtained were considered indeterminate.

Statistical Analysis

Descriptive statistics in this study was performed using 
Microsoft Excel.

RESULTS

Requests

The first compassionate phage treatment conducted in Israel 
was initiated by the IPTC in 2018 [12]. Starting in January 
2019, clinicians from Israel began to reach out with phage re-
quests. The number of applications increased yearly, with 44 
new requests in 2021 and 64 in 2022 (Figure 1B). Requests 
sent to the IPTC included the bacterial isolate, patient informa-
tion, and bacterial antibiotic susceptibility results. A total of 196 
requests were registered in our center between 2018 and 2022; 
37 requests contained only partial data and are excluded from 
this study (Figure 1C). As the IPTC is located at the Hebrew 
University–Hadassah Medical Center, the majority of the re-
quests came from this center, with 76 requests. Additionally, 

69 requests were received from other hospitals in Israel, and 
14 applications came from abroad, including 8 from the 
United States, 5 from Finland, and 1 from Germany.

Clinical Indications and Bacterial Pathogens

Bone and respiratory infections were the most common indica-
tions among the phage requests (Figure 2A). Of the cases that 
actually received phage therapy, bone infections were the 
most prevalent, accounting for 50% of cases (Figure 2B).

The most common bacteria in the requests were Pseudomonas 
aeruginosa, Staphylococcus aureus, and Acinetobacter baumannii, 
affecting 61.6% of the cases. Among the treated cases, S aureus 
was the most common single pathogen, accounting for 45% (8 
of 20) phage therapy (Figure 3B).

Bacterial Antimicrobial Resistance

Antimicrobial-resistant bacteria accounted for 59% of all re-
quests and also in requests where the phage screening process 
resulted in phage susceptibility (Table 1). Finally, in the cases 
where phage therapy was administered, antimicrobial resis-
tance accounted for 50% of cases, with multidrug-resistant bac-
teria being most common.

Phage Susceptibility

In 53 cases the phage screening process resulted in finding a po-
tential potent phage. Yet, only 20 treatments in 18 patients were 

A

C

B

Figure 1. A, Phage request registry and processing workflow at the Israeli Phage Therapy Center (IPTC) at the Hadassah Medical Center and Hebrew University of 
Jerusalem, Israel. Depending on the availability of human-grade phages in the IPTC and the patient’s current status, we defined a specific workflow for each request. 
Bacterial pathogens for which in-house, ready-to-use phages were available were prioritized for full processing. Pathogens with no readily available phages were subject 
to partial processing and phage screening, depending on patient status. B, Data collection flowchart. A total of 196 requests resulted in 159 requests with complete data. 
Thirty-seven requests were excluded from the study with insufficient information. Of the remaining 159 requests, 20 resulted in phage therapy. C, Number of monthly requests 
received at the IPTC per month between 2018 and 2022. Abbreviations: IRB/EC, institutional review board/ethics committee; MOH, Ministry of Health.
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administered. Out of the remaining 33 cases, phage therapy was 
not pursued for various reasons. In 18 cases, a suitable 
pharmaceutical-grade phage preparation was not available 
due to the limited availability of production sites capable of 
manufacturing phage formulations that meet the FDA’s re-
quirements. In 11 cases, clinicians opted to explore convention-
al and conservative treatment options first and reserved phage 
therapy for cases of recurrence. In 2 cases, patients were consid-
ered stable and did not require further intervention. 
Additionally, 2 patients died before phage therapy became 
available.

Phage Therapy

To date, 20 phage therapy requests have resulted in patient 
treatment both in Israel and abroad (Table 2). A dedicated 
workflow was created using the same REDCap platform to 
ensure adequate monitoring during treatment and patient 
follow-up. All cases were treated with intravenous phage ad-
ministration, except for TP-102 phage cocktail that was admin-
istered locally for treating diabetic foot infections. Treatment 
period varied with each case (6–45 days) and sometimes con-
sisted of 2 treatment cycles. The follow-up period varied 
from 1 month and up to 3 years. Of the 20 patients, 2 are cur-
rently undergoing treatment based on their protocol, and no 
outcome evaluation is available for them yet. Among the re-
maining 18 patients who received therapy, 14 (50%) achieved 
clinical remission while 4 (22%) were classified as treatment 
failure, resulting in a success rate of 78%. Microbiological re-
covery was observed in 5 of 18 cases (28%), while 3 (17%) 
were classified as treatment failure and 2 (11%) experienced re-
currence. For the remaining 8 cases (44%), the culture could 
not be obtained from the infection site, and the outcome was 

assessed as indeterminate. Two patients received phage therapy 
twice in intervals. The first case was a Mycobacterium abscessus 
infection, and the patient had a clinical recovery in the first 
treatment cycle (case 5, Table 2). Yet, there was no eradication 
of the pathogen, and the patient suffered from a recurrence 6 
months after the end of phage treatment. Unfortunately, the 
second phage therapy cycle for this patient resulted in clinical 
and microbiological failure (case 12, Table 2). The second pa-
tient had an Enterococcus faecalis bone and joint infection of 
her hip and pelvis. The first phage therapy intervention was 
originally thought to be too short due to lack of sufficient phage 
preparation for intravenous use, which we suspected to be the 
reason for the clinical failure with recurrence in less than a year 
(case 6, Table 2). Nevertheless, the second phage therapy cycle 
resulted in clinical remission for at least 1 year (case 8, Table 2) 
but was also associated with prolonged oral suppressive antibi-
otics. Additional 2 failure included 1 pediatric case with persis-
tent infection of her Berlin heart (manuscript in preparation) 
and a diabetic foot patient treated with local phage inoculation. 
In the 4 phage therapy cases that failed, we suspect that late ini-
tiation, inadequate treatment protocol, and/or nonoptimal 
phage matching process were the main reasons for failure.

No major side effects were reported by the patients during 
the compassionate use phage treatment. One patient (treat-
ments 6 and 8) reported headaches 1 hour after each intrave-
nous treatment, and 2 additional patients (treatments 1 and 
15) reported tingling sensation at the infection site during the 
treatment.

DISCUSSION

Phage therapy is still evolving. Indications and factors that im-
pact treatment outcomes still need to be defined. As clinical 

A B

Figure 2. A, Distribution of requests according to clinical indication. Bone and respiratory infections were the most prevalent infection types in requests. B, Distribution of 
phage therapy cases according to clinical indication. Bone infections were the most common indication in compassionate-use phage therapy.

4 • OFID • Onallah et al



trials are only in their early stages, and there is a publication bias 
toward positive treatment outcomes, there is a clear need to cre-
ate and share datasets that will enable understanding the full 
spectrum of phage therapy requests and treatments and the out-
come in each specific indication and bacteria. Since this is a mul-
tifactorial interface, and since there are several centers around 
the world currently involved in phage therapy [28–30], it is of 
utmost importance to summarize and share this information 
to understand hurdles, reduce mistakes, reduce unwanted out-
comes, and understand factors that promote favorable ones.

In this study, we presented a summary of our work in the 
past 5 years on phage therapy for nonresolving infections. 
We focused mainly on 3 pathogens: Pseudomonas aeruginosa, 
Staphylococcus aureus, and Acinetobacter baumannii, for which 
a human pharmaceutical-grade phage preparation was avail-
able to us, resulting in a potential bias in our outcome analysis. 
Phages that we used were either taken from the Israeli Phage 
Bank or provided by our collaborators abroad.

Since our phage therapy interventions started before imple-
menting the database, we were unable to collect retrospectively 
part of the clinical information for several cases that were sent 
for evaluation but not treated. Furthermore, while designing 
the database for clinical information, we continuously learned 

with each new case, and have updated and developed the data-
base accordingly to enhance the efficiency of data collecting for 
future requests. One major limitation that we faced was the lack 
of available human pharmaceutical-grade phage preparations, 
which still remains a bottleneck in our system and a limiting 
step in each phage request timeline. One major achievement 
is the relatively high success rate in prior nonresolving infection 
(77%). However, this may be attributed not only to a true suc-
cess, but also to a relatively short observation time posttreat-
ment of a chronic infection that may have long intervals 
between exacerbations. At this stage, it is hard to delineate rea-
sons for treatment failures due to low number of patients.

In summary, the establishment of the IPTC enabled us to al-
low compassionate use of phages for prolonged and nonresolv-
ing infections. The use of phages with additional therapy 
resulted in a high response rate. The observed success also re-
sulted in a substantial increase of phage therapy requests, which 
is challenging due to reduced human-grade phage availability 
and lack of proper authorized indications. This increase also re-
sulted in the crucial need for a database to review and collect 
data to enable a proper workflow and process of phage sourc-
ing. Monitoring every step in the workflow and detailed infor-
mation documenting may also enable better optimization of 

A B

c

Figure 3. A, Prevalence of bacterial pathogens in requests. Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter baumannii were the 3 most common 
pathogens in phage requests. B, Bacterial pathogens in phage therapy treatments. Staphylococcus aureus was the most common infection.

Table 1. Antimicrobial Resistance Incidence in Registered Requests and Phage Therapy Cases

Antibiotic Susceptibility Phage Requests (n = 159) Phage Susceptible Requests (n = 53) Phage Therapy Cases (n = 20)

Susceptible 21% (n = 34) 30% (n = 16) 50% (n = 10)

MDR 38% (n = 61) 42% (n = 22) 25% (n = 5)

XDR 12% (n = 19) 8% (n = 4) 10% (n = 2)

PDR 9% (n = 14) 9% (n = 5) 15% (n = 3)

Not applicable 19% (n = 31) 11% (n = 6) 0% (n = 0)

MDR, XDR, and PDR requests accounted for 59% of all requests and of requests resulting in a sourcing phage.  

Abbreviations: MDR, multidrug resistant; PDR, pan-drug resistant; XDR, extensively drug resistant.
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patient-tailored phage therapy, both in phage sourcing and in 
collecting safety and efficacy data during therapy. The availabil-
ity and publication of such information with additional 
industry-driven clinical trials will also enable us better define 
future indications for phage therapy and improve outcomes.
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