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In these supplemental materials we provide further discussion of human phage ther-
apy articles, starting from the year 2000. The articles summarized below are ones which,
in our opinion, do not supply sufficient evidence of phage-mediated anti-infection efficacy
to have been included in the main text nor to have been included in either the first or
second rows of Table 1. We present this material in a form similar to discussions of indi-
vidual studies presented in the main text, however, and do so primarily to further justify
the assertions presented in Table 1. As we note in the main text, the intention of these
additional studies were generally not to provide proof of phage-mediated anti-infection
efficacy, so discussion here rather than in the main text should not be construed as a crit-
icism but instead serves only as an indication that either anti-infection efficacy was not
observed or that efficacy could not be readily attributed, in our opinion, to the actions of
treatment phages.

For completeness, we include all human phage therapy studies that we could iden-
tify, even if those studies do not provide evidence of anti-infection efficacy, or were even
designed to provide such evidence. As noted also in the main text, as our primary aim is
to ascertain whether evidence exists that phages are responsible for anti-infection efficacy,
this is rather than our necessarily describing other aspects of articles such as whether
phage treatments have been found to be lacking in side effects during safety studies. Two
sections are presented, 7 and 8, that respectively correspond to studies in which treatment
efficacy is evident but is difficult to conclude is phage mediated (row 3 in Table 1) versus
studies in which it is difficult to ascertain treatment efficacy (row 4 in Table 1). In many
of the latter cases, treatment obtaining treatment efficacy was not a primary aim of the
study.

As also with discussions of individual studies in the main text, additional technical
details of studies not provided in narratives may be found instead in Table S1. Lastly, note
that we provide a separate reference list in this Supplemental Materials, as well as in as-
sociation with Table S1, so reference numbering will differ between these as well as with
what is found in the main text.

7. Insufficient Evidence of Phage-Mediated Efficacy

In this section we provide summaries of clinical phage-therapy studies that we have
categorized in Table 1 as having a Phage Impact Score (PIS) of 0. Equivalent to the sum-
maries provided in Section 3, our primary aim in this section is to justify our inclusion of
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these studies in that category, which in this case indicates that we found it difficult to
conclude with sufficient certainty that phages contributed to observed treatment efficacy.

7.1. Doub et al., 2021, S. epidermidis, prosthetic joint

Doub et al. [1] treated a 79-year-old female with an S. epidermidis infection via ex-
panded access. A single phage dose was applied directly to the infection following surgi-
cal debridement. The infection began after surgical knee replacement (arthroplasty). Ini-
tial treatment consisted of 6 weeks of intravenous vancomycin but within 6 weeks follow-
ing cessation of vancomycin treatment the infection recurred. This infection was subse-
quently considered to be recalcitrant since it again recurred following 2-stage revision
surgery that involved prosthetic removal and 6 weeks of intravenous daptomycin ther-
apy, as took place following the failure of vancomycin treatment. Continued joint cultur-
ing of S. epidermidis resulted in a further 6 months of treatment with doxycycline but with
no improvement of the infection. The patient also suffered from aplastic anemia for which
she was receiving biweekly transfusions of platelets and packed red blood cells. Chemo-
therapy was indicated but considered unsafe until the S. epidermidis infection had been
successfully cleared.

Phage PM448—a bred phage [2] as well as recombinant product of multiple phage
types—was obtained from PhagoMed in Austria, though in the laboratory the S. epider-
midis target strain evolved resistance to this phage. Phage purification involved concen-
tration using a centrifugal concentrator and dilution into phosphate buffered saline fol-
lowed by endotoxin testing, resulting in <1 endotoxin units/dose. Following debridement
as well as “modular exchange of the polyethylene line”, a titer of 2 x 109 PFU/ml were
locally applied, via injection within a volume of 10 ml of normal saline, into the intraar-
ticular space surrounded the prosthesis. Culturing prior to phage application confirmed
the continued presence of S. epidermis. Following surgery, daptomycin treatment was rei-
nitiated intravenously in combination with newly introduced ertapenem, the latter due to
a suspected S. marcescens contaminant that showed up in one culture. Oral rifampin was
also initiated one week after surgery but was not continued due to patient nausea. Intra-
venous doxycycline was replaced with oral doxycycline 6 weeks after surgery, which was
then continued indefinitely. Five months after surgery, “the patient has full range of mo-
tion of her knee and no clinical signs of [infection] recurrence”. There were “no severe
adverse events” that were seen in association with the phage treatment.

Independent of phage application, the circumstances leading up to the reinitiation of
daptomycin intravenous treatment were not identical to those seen with the earlier treat-
ment (an initial 2-stage revision surgery), at least as reported. It is possible in any case that
daptomycin treatment alone during its second round of treatment was responsible for
improvement in the patient’s condition, and indeed intravenous daptomycin was sup-
plied presumably in the hope that it would be efficacious in some manner. Therefore, it is
difficult to conclude that the phage treatment alone was responsible for the observed in-
fection improvement nor even that the phage contributed to improved daptomycin activ-
ity, though both are possibilities. Notwithstanding that conclusion, the patient’s condition
did improve following phage treatment, including in terms of their aplastic anemia,
though it again is difficult to appreciate the degree to which the phage treatment contrib-
uted to those improvements.

7.2. Ferry et al., 2021, P. aeruginosa, prosthetic joint

Ferry et al. [3] compassionate-use treated an 88-year-old male for a P. aeruginosa pros-
thetic joint infection (knee) using a three-phage cocktail, supplied by Pherecydes, that con-
sisted of 10° PFUs/ml for each phage (the three phages were PP1450, PP1777, and PP1792).
Phage treatment was followed with intravenous ceftazidime and ciprofloxacin. These—
acting alone, without phage co-treatment—previously had eliminated an equivalent in-
fection in this patient for six months. Following phage treatment, also in combination with
ceftazidime and ciprofloxacin intravenous treatment, and in each case in association with
debridement toward implant retention, ciprofloxacin treatment apparently was never
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stopped, rather than previously having been stopped after 12 weeks (p. 2): “The dose of
ciprofloxacin [at six months?] was reduced to 250mg bid as suppressive antimicrobial
therapy to prolong the remission of symptoms.” At six months and one year (at which
point the patient had died of unrelated causes) after this phage-antibiotic combination
treatment, the knee remained free of infection. It is difficult to conclude, however, that
continued ciprofloxacin treatment was not responsible for the preventing reoccurrence of
the infection.

7.3. Lebeaux et al., 2021, A. xylosoxidans, lung

Lebeaux et al. [4] treated a 12-year-old male cystic fibrosis patient following lung
transplantation for A. xylosoxidans present in the respiratory tract. This was done via com-
passionate use, starting on September 8, 2017. Phage treatment consisted initially of neb-
ulization of 5 ml, three times daily, of a 4 x 10° PFU/ml (400 endotoxin units/ml). This
initial phage treatment involved the use of a three-phage cocktail (phages 2-1, JWDelta,
and JWT) administered over two days. Imipenem treatment was also initiated, about 40
days (July 31, 2017) prior to the start of phage treatment (September 8, 2017). Reduction
in bronchoalveolar lavage counts of A. xylosoxidans did not change substantially over the
course of this initial treatment.

A second phage application took place on January 23, with the patient still being
treated with imipenem. Added to the original cocktail was a fourth phage, JWalpha. This
treatment involved instillation of 30 ml into each pulmonary lobe during therapeutic
bronchoscopy, with phage titer of 5 x 108 PFU/ml (and 176 endotoxin units/ml). This was
then followed with nebulization at home with 5 ml, three times daily, for two weeks.
Again, there were no reductions in bronchoalveolar lavage counts of A. xylosoxidans and
imipenem treatment was discontinued, after phage treatment was discontinued, on Feb-
ruary 16, 2018.

On February 19, 2018, there were still no obvious reductions in bronchoalveolar lav-
age counts relative to the start of treatments, though these counts had peaked slightly
earlier at 10- to 100-fold higher on January 23 and February 8. Sputum counts were not
reduced in association with the first phage treatment, but were 100- to 1,000-fold lower on
March 5 and May 18, 2018, as well as on June 19, 2019, though were never measured at
zero. Following the February 19 determination of bronchoalveolar lavage counts, the next
determinations, on August 27, 2019, and April 30, 2020, found that these latter counts had
been reduced to zero, roughly 1.5-plus years after the termination of phage and antibiotic
treatment.

Though (p. 4) “the patient’s respiratory condition slowly improved and oxygen ther-
apy was stopped on 15 February 2018”, the lack of documented improvement in A. xy-
losoxidans bronchoalveolar lavage counts until over a year after the cessation of both phage
and antibiotic treatments make it difficult to conclude that phage treatment had been ef-
fective in this case. The study also obtained eight similar A. xylosoxidans isolates infecting
this patient, including ones that were phage resistant, so it is possible that phage treatment
had modified what A. xylosoxidans were present, resulting in improved conditions, but
this conjecture we feel provides insufficient proof of phage-mediated anti-infection effi-
cacy.

7.4. Leitner et al., 2021, various etiologies, urinary tract

Leitner et al. [5] applied phages directly into the bladder using a suprapubic catheter
(intravesical therapy). This was done in combination with scheduled transurethral pros-
trate resectioning. See Leitner et al. [6] for initial publication of the study protocol. Patients
were treated for 7 days either with 20 ml of Pyophage (twice daily, 28 patients receiving
at least one dose, double blinded), a 20 ml of a placebo (also twice daily, with 32 patients
receiving at last one dose, and also double blinded), or systemic antibiotics, the latter var-
ying depending on etiology sensitivities (37 patients). Pyophage is normally employed to
treat infections of the skin or wounds [7] but also urinary tract infections [8]. In this case,
it was active against Enterococcus spp., E. coli, P. mirabilis, P. aeruginosa, Staphylococcus spp.,
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and Streptococcus spp.; from p. 429, the phage product “was not produced under good
manufacturing practice conditions but was subject to thorough monitoring and produced
in accordance with the legislative guidelines of the Georgian Pharmaceutical Agencies.”

The Pyophage cocktail also was supplemented with phages active against Enterococ-
cus spp. with minimum titers of 10* PFU/ml, had a minimum titer of 10° PFU/ml for all
other phages, and was modified with new phages over the course of the study. Neither
minimum titer, however, could be considered to be high for phage therapy purposes [9].
Phages were suspended in and the placebo solution consisted of (p. 430) “standard bacte-
riology media and 0-9% saline, as well as quinazoline as a conservator.” Instillations were
in part patient administered with an intended retention in the bladder of one-half to one-
full hour. Adverse reactions (usually sudden onset of fever) were lower with the phage
treatment (21%) than in the placebo treatment group (41%) or in the antibiotic-treatment
group (30%).

The approach used for this study is commendable due to a combination of both the
randomized double blinding (at least for the phage and placebo treatments) and the ex-
plicit lack of antibiotic treatment during either the phage or placebo treatments, though
the study did lack a fully no-treatment control. Neither phage nor antibiotic treatments
were found to be superior to the placebo treatment in terms of efficacy, however, and
treatment success was otherwise (p. 434) “unexpectedly low for both active treatment
groups”. The also unexpected effectiveness of the placebo was attributed to (p. 428) “me-
chanical reduction of the bacterial load following repeated bladder irrigation over 7 days.”
Therefore, efficacy cannot be attributed to the phage treatment over the span of treat-
ments. It is possible that the phage treatment could have had a greater impact than the
placebo if measured over longer time spans, though this was not reported.

7.5. Lusiak-Szelachowska et al., 2021, various etiologies, chronic rhinosinusitis

Lusiak-Szelachowska et al. [10] determined correlations between neutralizing serum
antibody levels against treatment phages and compassionate use phage therapy efficacy.
A total of 25 patients were treated topically (4) or both topically and orally (21), in both
cases with locally produced phage preparations. A total of 8 of the treatments, or 32%,
were deemed to have been successful, ranging from clinical improvement to etiology
eradication. Though patients being treated all presumably possessed antibiotic-resistant
infections, it is not obvious from the study whether antibiotics were used concomitantly
with phages nor what antibiotics were used, if used, or what patient antibiotic use history
might have been. Thus, though we are appreciative that the successful treatments likely
were associated with phage action, there is insufficient information presented to conclude
that there is proof of that activity.

7.6. Ramirez-Sanchez et al., 2021, S. aureus, prosthetic joint

Ramirez-Sanchez et al. [11] treated via compassionate use a 61-year-old female for an
S. aureus infection of her right knee as associated with a prosthetic joint. Here ongoing
systemic cefazolin treatment was unsuccessful in permanently resolving the infection, but
co-treatment first with a three-phage cocktail and then with a single phage (SaGR51¢1)
ultimately was successful. The cocktail was referred to as AB-SA01 and contained phages
J-S5A36, Sa83, and Sa87, which was delivered intra-articularly and then intravenously
twice daily for two weeks, with a combined titer (as we calculate) of about 2 x 10° PFU/ml.
This cocktail did not appear to directly result in successful S. aureus eradication and was
discontinued due to a failure to obtain additional cocktail from the provider. The single
phage, by contrast, was delivered also intra-articularly and then intravenously for six
weeks, in this case with a titer of about 2.9 x 101 PFU/ml. Although we are partly swayed
by the observation that S. aureus was eradicated over longer periods (over a year) only
upon the second round of phage treatment in combination with cefazolin, we note that
two previous rounds of cefazolin treatment, one initially in combination with the phage
cocktail, also resulted in temporary eradication of this bacterium (as according to their
Figure 1). Thus, we are not sufficiently convinced that this study provides adequate proof
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phage-mediated anti-infection efficacy, though we are attentive of the possibility that we
may be being overly conservative in this assessment.

7.7. Rostkowska et al., 2021, K. pneumoniae, urinary tract

Rostkowska et al. [12] treated a 60-year-old male for a K. pneumoniae infection of the
urinary tract, which had developed following kidney transplantation. Multiple antibiotic
treatments were followed by infection relapses. Phages were applied in 10 ml volumes
intrarectally, twice daily. After five days, meropenem co-treatment was initiated, which
was found to be required for ongoing suppression of symptoms. Cysts in the left kidney
were identified as the reservoir of the bacterium, and curing of the infection followed cyst
removal. As the authors note (p. 4), “Due to the concomitant use of meropenem, it is dif-
ficult to assess the efficacy of [phage therapy] alone.”

7.8. Tan et al., 2021, A. baumannii, lung

Tan et al. [13] treated an 88-year-old male with a carbapenem-resistant lung infection
caused by A. baumannii. This was in association with chronic obstructive pulmonary dis-
ease. A single phage type, Ab_SZ3, was delivered by nebulizer for 30 min once daily for
the first two doses and then every 12 hours for a total of 16 days of treatment. The phage
was purified using either centrifugal filtration or cesium chloride density gradient centrif-
ugation. Endotoxin units/ml were 10° and 10%, respectively. Phage doses ranged from a
calculated 106 PFU/ml to 10'° PFU/ml, as increased over the course of treatment. A maxi-
mum of 107 PFU/ml in bronchoalveolar lavage fluid was measured. Phage-resistant bac-
teria appeared early on over the course of treatment, though what fraction of total num-
bers of A. baumannii colony-forming units (CFUs) were phage resistant is not reported.

The A. baumannii strain being targeted was reported as being sensitive to tigecycline
and polymyxin E. Tigecycline was supplied intravenously twice daily for the 6 days prior
to phage treatment through until 5 days after the initiation of phage treatment. During
this phage treatment, polymyxin E was supplied separately by inhalation. The study com-
mendably supplies a timeline indicating exactly when these antibiotics were administered
relative to phage treatments, though it is difficult from the supplied graph to ascertain
exactly when the different treatments started and ended. Nonetheless, ending about a
week prior to the start of phage therapy were intravenous treatments consisting of ami-
kacin, ceftazidime, and ciprofloxacin. Overlapping the use of intravenous tigecycline were
also cefoperazone and sulbactam. These treatments were then followed by five days of
the polymyxin E delivery. Judging by the supplied timeline, the first day of indicated
elimination of A. baumannii coincided approximately with the last days of treatment with
tigecycline, cefoperazone, and sulbactam and/or the first days of treatment with poly-
myxin E. The authors acknowledge ambiguity with regard to phage impact, as resulting
from overlapping of phage treatments with antibiotics treatments. They do propose, how-
ever, that the appearance of phage-resistant bacterial mutants could serve as evidence of
a phage impact. We don’t disagree with this latter point, but do feel that evidence is lack-
ing in this study that phages reduced bacterial numbers sufficiently to indicate a potential
to have contributed substantially to the curing of this infection.

7.9. Aslam et al., 2020, various etiologies, intravenous

Aslam et al. [14] describe the compassionate-use intravenous treatment of 10 patients,
with a number of cases also reported individually [11,15-19]. Patients were infected by A.
baumannii (2), E. coli (1), P. aeruginosa (5), and S. aureus (2) etiologies. These all were of
infections that had been found to resist curing with antibiotic treatments alone. A total of
70% of treatments were described as successful. Emphasis in this section is on the five
patients, including two failures, that had not previously been reported on.

Delays between requests for phage therapy and initiation of phage therapy ranged
from 28 day to over one year, with a reported median of just under 6 months (these num-
bers are based on 7 more cases than the 10 cases focused on in the report). This delay likely
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indicates a generally prolonged inability to obtain successful outcomes prior to the initia-
tion of phage therapy, including successful outcomes as a consequence of spontaneous
remissions. Personalized treatment was performed with new phages introduced in the
case of development of phage resistance, though it is difficult to tell exactly what total
phage numbers were applied. A fever in one patient (case 8) was reported following each
of the two consecutive doses of phage cocktail but which did not return upon reducing
the phage dose. Remarkably, 6 patients were treated via (p. 4) “self-administered [phage
therapy] via an indwelling peripherally inserted central catheter.” A fascinating finding
was that in three cases (p. 7), “bacterial isolates emerged either during the course of treat-
ment or thereafter with different antibiotic susceptibility profiles than the original infect-
ing strain that were more amenable to antibiotic therapy.”

Two of the newly reported-on treatments, both of infections of ventricular-assist de-
vises, were deemed failures, as noted above. These had P. aeruginosa etiologies and failure
was suspected to be chronic-biofilm related. Both of these patients developed bacteremias
soon after the initiation of phage treatment, but also had histories of developing bactere-
mias independent of phage treatments. One other newly reported-on case (“Recurrent
bacteremia and probable aortic graft infection”, p. 7) involved P. aeruginosa infection and
was deemed successfully treated. It is difficult to tell from the information provided
whether it was phage therapy or instead ciprofloxacin co-therapy that resulted in this suc-
cess, however. There was a reported recurrence of infection with antibiotic treatment
alone, but no recurrence given combination with phage treatment. Lastly was a newly
reported treatment of an E. coli urinary tract infection. Phage-antibiotic combination ther-
apy but not prior antibiotic treatment alone was able to prevent recurrence.

All of these newly described cases unfortunately suffer from a combination of limited
reporting detail and that (p. 3), “All active infections were treated with a combination of
phage and systemic antibiotics.” Proof of phage involvement in treatment success tends
to be dependent on the timing of initiation of phage vs. new antibiotic treatments, but this
information is not provided. Similarly, information on whether antibiotics used in combi-
nation with phages had been previously used, without equivalent success, is not generally
presented. Nonetheless, assuming that these antibiotics which were co-administered with
phages were not new to the patient, then these case studies would be suggestive of a phage
role in contributing to the positive outcomes. This conclusion comes with a further caveat,
however, that antibiotics presumably were co-administered with phages in these cases
with at least a hope of direct impact on efficacy.

7.10. Doub et al., 2020, S. aureus, prosthetic joint

Doub et al. [20] describe the treatment of a 72-year-old male for a multi-year infection
of a prosthetic joint with methicillin-resistant S. aureus. The treatment phage, SaGR51¢1,
was stored as aliquots containing <1 endotoxin unit/ml as following cesium chloride cen-
trifugation-based purification and subsequent dialysis. Discontinuation by the patient of
two years of treatment with oral doxycycline was followed by infection recurrence. The
infection then worsened despite resumption of doxycycline treatment, with leg amputa-
tion indicated. Prosthesis removal, debridement, and local treatment with tobramycin and
vancomycin instead were undertaken. Phage therapy via expanded access was then initi-
ated locally (intra-articularly) with 5 x 10° PFU suspended in 10 ml of normal saline) and
daily intravenously phage treatment (3 x 10° PFU suspended in 50 ml of normal saline)
started on the following day and continued for 3 days. At the same time, intravenous
daptomycin treatment was initiated and maintained for 6 weeks, where improvement was
observed. For the sake of prevention, the patient received two additional intra-articular
phage treatments despite showing no signs of infection (cultures were negative). Com-
bined treatments resulted in clearance of the infection. As a number of antibiotics were
applied concurrently with phage treatment, however, it is difficult for us to conclude with
certainty that the phages were truly responsible for the observed treatment efficacy.

7.11. Ferry et al., 2020 (two separate publications), S. aureus prosthetic joint
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Ferry et al. [21] treated, in a context of compassionate use, a 49-year-old male fora S.
aureus prosthetic knee infection. A two-phage cocktail that was delivered locally within a
hydrogel, as following tissue debridement. The two phages, PP1493 and PP1815, were
supplied by Pherecydes Pharma, with the latter of the two phages deemed “less active”
against the targeted bacterial strain by a variety of criteria, as determined in vitro, but this
phage was used for treatments anyway. Titers upon mixing into the hydrogel were a little
over 10°/ml, in combination. Unfortunately, complications ensued and it consequently is
difficult to infer to what extent phage treatments were efficacious, if at all, in this case.

Ferry et al. [22] treated three patients following debridement of S. aureus prosthetic
knee infections. A three-phage cocktail of titers diluted to a reported 102 PFU/ml and also
supplied by Pherecydes Pharma was applied locally. For each case, the etiology was found
to have “high susceptibility” to at least two of the three phages. The authors report (p. 4)
that “the outcome was favorable with a significant and impressive clinical improvement
of the function for all patients”, though subsequent complications are reported. Treatment
with a variety of antibiotics immediately followed the start of phage treatment, however,
so it is difficult to conclude (as the authors concur) that this treatment success was a prod-
uct of phage action, except that these patients had previously been treated with antibiotics
alone with less favorable outcomes, so similar outcomes therefore were expected. We
agree that the results of these phage treatments are encouraging, but just not providing
sufficient proof of phage-associated efficacy.

7.12. Gainey et al., 2020, Achromobacter spp., lung with cystic fibrosis

Gainey et al. [23] treated a 10-year-old, female patient—with cystic fibrosis—under
the auspices of expanded access. This was done with a combination of a phage
(Ax2CJ45¢2, supplied by Adaptive Phage Therapeutics), cefiderocol, and meropenem-
vaborbactam, targeting an Achromobacter spp. Treatments initially consisted of 2 weeks of
antibiotic alone, delivered intravenously, and then 2 weeks of bacteriophage alone, also
delivered intravenously. Forced expiratory volume improved during the antibiotic treat-
ment, but then declined during the phage treatment. The patient continued to be Achro-
mobacter spp. positive, including with isolates that were resistant to the treatment antibi-
otics. A subsequent 2-week treatment with both antibiotics and phages, however, resulted
in her sputum becoming Achromobacter spp. negative as determined 8 and 16 weeks fol-
lowing the end of this treatment. It did not appear, however, that forced expiratory vol-
ume during treatment (60%) improved substantially beyond that seen previously during
antibiotic treatment alone (58%). We speculate nevertheless that phage treatment may
have been effective at least in reducing numbers of target bacteria that were resistant to
the treatment antibiotics. Nevertheless, we are unsure of the phage numbers which were
able to reach the targeted bacteria, so consequently are not confident in the pharmacoki-
netics that would need to have underlain that result.

7.13. Petrovic Fabijan et al., 2020, S. aureus, intravenous

Petrovic Fabijan et al. [24] treated 13 patients for various S. aureus infections intrave-
nously. This was done twice daily for 2 weeks using a three-phage cocktail (dubbed AB-
SA01, as produced via good manufacturing practice). Given a dosage of 3 x 10° PFU, a
combined titer of less than 105 PFU/ml of blood as present post-phage delivery is esti-
mated, which should nof be considered to be substantial for phage therapy purposes [9].
Patients are described as “seriously ill (premature death reasonably likely)”, with 6 pa-
tients in total dying, including three who died at 15, 27, and 90 days after the completion
of therapy.

Co-treatment was with various antibiotics and the authors note (p. 468) that, “the
observed decline in inflammatory responses that occurred shortly after bacteriophage ad-
ministration... may also reflect the 4-10 d of preceding antibiotic treatment in our cohort.”
It is possible that the supplied phages may have had localized impacts following replica-
tion in the presence, e.g., of bacterial biofilms [25]. The (1) relatively low numbers of
phages delivered, (2) low numbers of bacteria present in the blood at the point of phage
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application (~100-fold lower than concentration of phages in the blood), (3) the use of an-
tibiotic co-treatment, and (4) a lack of reporting of prior antibiotic use, makes it difficult
to conclude that phage cocktail played a substantial role in observed patient improve-
ments. The study, however, was designed as a safety rather than efficacy trial.

7.14. Qin et al., 2020, K. pneumoniae, urinary tract

Qin et al. [26] treated a patient with a K. pneumoniae urinary tract infection. One to
four phages from a collection of five phages (©JD902, ®JD905, ®JD907, ®JDI08, and
®JDI10) were used, with the first round of treatment using one phage, the second two,
the third three, and the fourth four. Phage resistance was observed to develop among
what was found to be a polyclonal K. pneumoniae infection. Phages were applied at 5 x 108
PFU/ml with the bladder irrigated with 50 ml every 48 h and the kidney with 10 ml, the
latter via a percutaneous nephrostomy.

Antibiotic treatments were mostly interspersed among phage treatments, though in
one case these were overlapping. For these three separate rounds of antibiotic treatment,
a different combination of antibiotics was used for the middle round (amikacin and
imipenem) vs. those used for the first and last antibiotic treatments (piperacillin-tazobac-
tam). In looking at the timeline of treatments and culture positivity, for two rounds of
treatments cultures became negative at the end or after the end of treatments rather than
during phage treatment, whereas in another instance cultures became negative on the first
day of phage treatment. Alternatively, in two instances cultures because negative at or
approximately at the beginning of antibiotic treatment. Relevant to the recurrence of pos-
itive cultures between treatment episodes, the authors speculated (p. 7), that “heteroge-
neous pathogens in the renal pelvis were unreachable by phage cocktails via bladder irri-
gation.” This led to renal pelvis irrigation with phages during what appears to have been
the final round (of four) of phage treatment.

Though it is true that antibiotic and phage treatments mostly did not coincide, still it
is difficult to interpret from the presented pattern of treatments and culture-negative re-
sults that phage therapy was responsible for declines in bacteria presence, unless phage
treatment was intentionally discontinued at or about at the point that cultures because
negative. Furthermore, successful elimination of the infection coincided with the third
round of antibiotic treatment, which was only followed after about one month with phage
co-treatment, the latter including via renal pelvis irrigation. Clearly as the same antibiotic
treatment previously had not been successful in eliminating the infection (first round of
antibiotic treatment), this does suggest that the phage treatment, perhaps particularly
upon phage delivery to the renal pelvis, was crucial in curing this infection. Still, it could
be instead that the antibiotic treatment during the third round of antibiotic application
simply happened to be successful that time. Given the substantial overlap between phage
and antibiotic treatments along with lack of association of phage treatments with obser-
vations of bacteria-negative cultures, it is difficult to conclude that this study provides
sufficient evidence of phage anti-infection activity.

7.15. Aslam et al., 2019, P. aeruginosa and B. dolosa, lung transplant

Aslam et al. [17] treated, under expanded access, three lung-transplant recipients
with phages in combination with antibiotics for lung infections with P. aeruginosa (two) or
B. dolosa (one). Some bacterial resistance to phages was noted, but etiology sensitivity to
co-administered antibiotics makes it difficult to conclude that substantial reduction in bac-
terial counts was seen as a consequence of phage action. Four treatment phage cocktails
were obtained from a variety of sources and delivered intravenously (5.3 x 105 to 5 x 10°
PFU; 0.2 to 200 endotoxin units/ml). Dosing intervals ranged from once every 2 hours to
once every day.

Patient 1, a 67-year-old male, was infected with P. aeruginosa and experienced two
episodes of pneumonia, both of which were treated with phage cocktails, both intrave-
nously and by nebulizer. The first phage treatment was in addition to concurrent colistin
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and piperacillin-tazobactam treatments, with the etiology deemed resistant to piperacil-
lin-tazobactam while possessing only intermediately sensitive to colistin. Clinical im-
provement was seen after two weeks. It is possible that the only intermediate sensitivity
of the etiology to colistin points to a phage role in eliminating the infection. This in com-
bination with the isolation, post-treatment, of a P. aeruginosa strain that was resistant to all
four phages in the original cocktail is suggestive of at least some phage impact. As proof
of significant phage contribution, it would have been helpful to have a quantitative sense
of the frequency of these bacterial mutants rather than that they were simply present,
however.

Also for patient 1, there was a subsequent P. aeruginosa lung infection, with a strain
possessing a different antibiotic-resistance pattern. The cocktail was modified with the
addition of a new phage due to culturing of a phage-resistant isolate detected. In addition,
tobramycin was added to the antibiotics previously used. As the infecting bacterial strain
during the second episode was fully susceptible to tobramycin, this suggests a possibly
diminished role for the phages in infection improvement, though phage-resistance was
found to have developed.

Patient 2, a 57-year-old female, was treated with the same phage cocktail as patient 1
for four weeks, but only intravenously. She was treated as well with colistin, to which the
infecting P. aeruginosa was fully sensitive. P. aeruginosa was no longer cultured from bron-
choalveolar lavages once treatment had begun nor 60 days after completion of treatment.
The treatment with colistin of a colistin-sensitive etiology, however, makes it difficult to
conclude that the phage treatment contributed to her recovery.

Patient 3, a 28-year-old female, was infected with a B. dolosa strain that was fully sen-
sitive to minocycline. She responded favorably to treatment with ceftazidime-avibactam
and piperacillin-tazobactam, though the etiology otherwise was described as resistant.
The same antibiotic regimen was initiated following a subsequent bout of pneumonia,
with phage BAPF16phi4281 added after one week. Her condition improved after the start
of phage treatment. The favorable response to the first round of antibiotic treatment, how-
ever, was not instantaneous, i.e.,, “She eventually responded favorably...” Therefore,
without additional detail as to the time course of improvement, it is difficult to conclude
that the phage played an important role in the subsequent improvement. Furthermore,
the B. dolosa infection was never eliminated and the patient eventually died.

7.16. Gupta et al., 2019, various etiologies, chronic wound

Gupta et al. [27] studied the treatment (p. 1) of “Patients with chronic nonhealing
wound not responding to conventional local debridement and antibiotic therapy”, ages
12 to 60 years old. Three types of bacteria were targeted, E. coli (6 patients), P. aeruginosa
(9 patients), and S. aureus (5 patients). Wounds were at least 6 weeks old at the time of
treatment and bacterial counts were reported in excess of 106. Though presumably the
latter is in CFU units, it is difficult to tell what the denominator of these measurements is.
The authors note that (p. 1), “After confirmation of organism, a cocktail of customized
bacteriophages [isolated by the authors] was topically applied over the wound on alter-
nate days till the wound surface became microbiologically sterile.” The sterility was seen
9 days post the start of phage treatment for 9 patients and after 13 days for the rest. Ap-
plication was of 100 pl/cm? of 10° PFU/mI phage cocktail every other day. A total of 3 to 5
phage doses were applied and complete healing, by day 21, was seen with seven patients,
whereas (p. 1) “in others healthy margins and healthy granulation tissue were observed”.
There unfortunately is no indication in the study of whether antibiotic treatment was dis-
continued prior to phage application, nor how long antibiotic treatment had been at-
tempted prior to phage application. Therefore, though the results of complete sterility for
all patients following phage treatment along with various degrees of wound healing
would seem to be highly promising, it is difficult to conclude from the supplied infor-
mation that it was phage treatment that was responsible for the positive results

7.17. Law et al., 2019, P. aeruginosa, lung with cystic fibrosis
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Law et al. [19] performed intravenous anti-P. aeruginosa phage therapy on a 26-year-
old female, with cystic fibrosis, who was experiencing pneumonia. Phage AB-PA01, sup-
plied and produced using good manufacturing practices by AmpliPhi, was administered
intravenously 4 times daily for 8 weeks at doses of 4 x 10° PFU/ml. Azithromycin, ciprof-
loxacin, colistin, doripenem, linezolid, and piperacillin-tazobactam were administered
also, though azithromycin treatment began well prior to the start of phage treatment and
treatment with colistin and linezolid was discontinued soon after phage treatment was
initiated, according to their Figure 1. Initial use of ciprofloxacin was just prior to the start
of phage treatment. The latter was then replaced with doripenem after 3 weeks, which
had also been briefly used previously. Ciprofloxacin then replaced doripenem after about
7 weeks.

Patient oxygen requirements peaked at 70 liters/min a few days prior to the start of
phage treatment, dropped to 30 liters just prior to the start of phage treatment, and then
dropped to 10 liters/min after 1 week of phage treatment, before gradually declining to
about 5 liters/min after 6 weeks of phage treatment. A majority of the reduction in oxygen
requirements, from 70 to 30 liters/min, thus occurred just prior to phage treatment. There
was no recurrence of P. aeruginosa pneumonia following phage treatment, and the tar-
geted etiology remained mostly phage sensitive throughout the treatment period.

Assessment of the contribution of phages to the observed treatment success is com-
plicated by the numerous concurrent antibiotic treatments, though a table of antibiotic
sensitivity of the targeted bacteria is supplied in their Supplemental Materials. On days -
4, 8, and 73, intermediate sensitivity to ciprofloxacin is reported, as well as full sensitivity
also on day -4. On days 8 and 14, full sensitivity to doripenem is reported. Thus, during
the first week of phage treatment, when oxygen requirements were reduced to 10 li-
ters/min from 30 liters/min, it is possible that ciprofloxacin played an important role. Sim-
ilarly, when doripenem was introduced, there may have been fully sensitive bacteria pre-
sent, though at best there were only minor reductions in oxygen needs while these dor-
ipenem-sensitive bacteria were being eliminated. Oxygen needs peaked after colistin
treatment was discontinued, prior to the start of phage treatment. Colistin treatment was
briefly restarted, stopped, and then restarted again for a few days. This latter round of
colistin treatment overlapped with the initial dramatic decline patient oxygen needs, from
70 to 30 liters/min, and during this time there possibly was a decline in Pseudomonas col-
istin sensitivity. In addition, linezolid application overlapped the latter colistin treatment,
also coinciding with the noted dramatic improvement, though no data is provided as to
sensitivity of isolated P. aeruginosa to linezolid. Initial ciprofloxacin treatment also over-
lapped with this period of dramatic decline in oxygen needs, as occurred prior to the start
of phage treatment. Lastly, piperacillin-tazobactam was supplied starting 1 week prior to
phage treatment, with isolated Pseudomonas displaying both sensitivity and resistance
throughout phage treatment.

Overall, we find it difficult to conclude from the information provided in this publi-
cation that the noted patient improvement was a consequence of phage action. It is possi-
ble in particular that the newly introduced ciprofloxacin, acting on an otherwise some-
what antibiotic-impacted population of targeted bacteria, was responsible for the declines
in oxygen needs from 30 to 10 liters/min, particularly as they occurred following the ces-
sation of colistin, doripenem, and linezolid treatments. Alternatively, it is at least possible
that phages were involved in further reductions in oxygen needs after ciprofloxacin was
initially discontinued, though the evidence here for a phage role—vs. spontaneous im-
provement or instead a role for doripenem, or even azithromycin—is not strong.

7.18. Onsea et al., 2019, various etiologies, osteomyelitis

Onsea et al. [28] describe the compassionate-use treatment of osteomyelitis using
combinations of phages and antibiotics, of a total of four patients. From p. 2, “These pa-
tients had a poor prognosis (i.e., need for amputation) after multiple failed medical and
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surgical therapy regimens...” Infections were subject to debridement, irrigation with so-
dium bicarbonate solutions, and then various means of holding liquid phage preparations
in place. Treatment phage types as well as the number of treatment phage types (BFC1 or
Pyophage cocktails) varied depending on the infecting etiologies. Per patient, the latter
consisted of (1 and 2) P. aeruginosa and S. epidermidis, (3) Streptococcus agalactiae and S.
aureus, and (4) Enterococcus faecalis. Phage treatments lasted 7 to 10 days and patients were
deemed to be free of the original infecting bacteria for over 8 to 16 months, depending on
the patient. Though some evidence is presented of the susceptibility of targeted bacteria
to treatment antibiotics, missing from the report are what specific antibiotics were used
that failed to cure infections prior to phage application, in comparison to those antibiotics
used in combination with phages. Though we recognize that previous efforts to cure these
infections were unsuccessful, nevertheless it is difficult to conclude, from the information
presented, that it was phages rather than concurrently used antibiotics that were respon-
sible for the treatment successes.

7.19. Tkhilaishvili et al., 2019, P. aeruginosa, prosthetic joint

Tkhilaishvili et al. [29] treated an 80-year-old female for a combination of prosthetic
knee infection and osteomyelitis. These were thought to be caused by P. aeruginosa but
with other bacterial species found to be present as well (K. pneumoniae, Providencia stuartii,
S. epidermidis, and to some degree S. haemolyticus). Compassionate use of phages was ap-
plied locally both during surgery (100 ml) and after (5 ml of 108 PFU/ml, as applied
through four drains, three times daily for 5 days). These phages were supplied by the
Eliava Institute in Tbilisi, Georgia. The surgery involved removal of the prosthesis, deb-
ridement, and rinsing with sodium bicarbonate.

Following surgery, ceftazidime, colistin, and meropenem treatments were also initi-
ated, but prior to these treatments the P. aeruginosa etiologies (two distinct strains) were
shown in vitro to be resistant to meropenem and one strain was found to be resistant also
to ceftazidime. Gentamicin and clindamycin were also associated with a spacer used to
temporarily replace the prosthesis, but the P. aeruginosa either were or likely were re-
sistant. By contrast, both P. aeruginosa strains were determined to be sensitive to colistin.

P. aeruginosa could not be cultured from drainage fluid following the start of phage
therapy (on days 3, 4, and 5). We wonder, though, whether the high numbers of phages
applied could have interfered with the culturing of P. aeruginosa [30,31], though com-
mendably fluid collection was done prior to daily phage instillation rather than after. Sub-
sequent reimplantation of the prosthesis was successful, with no apparent reoccurrence
of the infection over at least 10 months. Notwithstanding this success, we find it difficult
to rule out a key role for colistin and perhaps also ceftazidime in bringing the infection
under control.

7.20. Duplessis et al., 2018, P. aeruginosa, bacteremia

Duplessis et al. [32] treated a 2-year-old male for a P. aeruginosa infection complicated
with bacteremia or sepsis. A U.S. Naval Medical Research Center-supplied phage cocktail
consisting of two phages was administered intravenously with a dose of 3.5 x 105 PFU,
four times daily. This inititally was limited to a total of 6 doses before being reinitiated 12
days later. Blood cultures became sterile 5 days after the first treatment, reverted to posi-
tive, became sterile again one day after the second treatment, and then again became pos-
itive. Possibly spontaneous blood culture sterility was also seen twice, i.e., as not seem-
ingly associated with immediately previous phage treatment. In addition, the amount of
phages supplied can be described as quite low [9], and likely were insufficient to result in
blood sterility unless phage replication was occurring in situ in association with relatively
high concentrations of bacteria. That possibility, however, was not explored. As ultimately
the infection was not cured, and it is not straightforward to connect phage treatment to
subsequent episodes of blood sterility, it is difficult to conclude that positive effects could
be attributed to phage use, even though as reported the blood sterility was only seen after
phage treatment had originally been initiated.
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7.21. Ferry et al., 2018, P. aeruginosa, joint

Ferry et al. [33] treated a male in his early 60s for an infection (fistula) located in his
sacroiliac joint of his pelvis. Phage treatment, using a four-phage cocktail supplied by
Pherecydes Pharma and generated using good manufacturing practices, was combined
with debridement and use of Ceftolozane-tazobactam. Phages were locally applied to the
infection first as 10 ml of liquid preparation and then with the same delivered within com-
presses infused with 20 ml containing perhaps roughly 5 x 108 PFU/ml. This treatment
was undertaken on every third day for a total of four phage treatments. Colistimethate
was also supplied locally. From p. 2902, “At the time of surgical reconstruction at day 14,
the macroscopic aspect was extremely favourable, and muscle and skin and soft tissue
flap reconstruction was performed. No bacteria grew in the culture, and healing was
rapid.” Unfortunately, the patient died on day 45 for reasons unrelated to the infection. In
terms of the role of phages in the infection’s curing, it is difficult to differentiate their im-
pact from that of the co-administered antibiotics.

7.22. Ferry et al., 2018, P. aeruginosa and S. aureus, prosthetic joint

Ferry et al. [34] treated via compassionate use an 80-year-old female with relapsing
infections of her right-hip prosthetic joint. A six-phage cocktail was provided by Phere-
cydes Pharma (AB-SAOQ1) containing three phages each targeting P. aeruginosa and S. au-
reus, two of which were later found to be active against an S. aureus strain isolated from
the infection. These were injected once into the infected joint, prior to joint closure (a video
of the injection is found in their supplemental materials). At the time, P. aeruginosa could
not be cultured from the infection though methicillin-susceptible S. aureus was still pre-
sent along with E. faecalis and Staphylococcus lugdunensis. Co-treatment with amoxicillin,
clindamycin, and daptomycin were also undertaken, and later ciprofloxacin was added
as well. During an operation subsequent to the start of this treatment, S. aureus could not
be cultured. An absence of clinical signs of infection was noted at 18 months following
phage treatment. As S. aureus can be susceptible to all four of the antibiotics administered,
with the S. aureus strain being targeted sensitive to methicillin, it is difficult to determine
what role if any the phages themselves played in patient recovery from this infection.

7.23. Fish et al., 2018, S. aureus, diabetic toe ulcers

The Fish et al. [35] is a continuations of the Fish et al. [36] study. By contrast to the
2016 study, this 2018 study did involve brief antibiotic treatment. From p. 3 of that publi-
cation: “A week into [phage] treatment, the erythema seemed to be increasing, suggesting
the infection was worsening. At this time, she was also started on levofloxacin 500 mg, to
which the bacteria were sensitive. At day seven, we noted no changes in the amount or
intensity of the erythema or reduction of edema, suggesting that the antibiotic was not
helping, so it was discontinued. No further antibiotics were given.” Thus, it seems likely
that resolution of the infection in this case probably was associated especially with phage
action, but we cannot be truly certain of this due to the introduction of antibiotic treatment
to which the etiology was sensitive.

7.24. LaVergne et al., 2018, A. baumannii, surgical wound

LaVergne et al. [16] treated a 77-year-old male with phages for an A. baumannii infec-
tion that arose following locally following cranial surgery. Antibiotic treatment prior to
phage treatment was not successful and antibiotic treatment appears to have been stopped
one day after phage treatment was started. The phage used was supplied by the Naval
Medical Research Center-Frederick and applied intravenously with a titer of 2 x 107 within
4 ml, 12 times daily for 8 days (350 endotoxin units/ml). This resulted in roughly 10° to 102
PFU/ml observed in the blood, which in principle might be adequate for treating localized
bacterial infections, assuming substantial local amplification of phage numbers [25], but
would not be sufficient as an antibacterial treatment without such amplification [9], as
indeed the authors acknowledge. Following phage treatment, signs of infection neverthe-
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less ceased (p. 3): “...no further signs of infection at the craniotomy site after surgical deb-
ridement, and no purulence...” The authors concluded, however, that there was a “lack
of response to bacteriophage therapy in our patient...” The patient died 1 day after the
cessation of phage therapy.

7.25. Patey et al., 2018, S. aureus, chronic otitis

Patey et al. [37] describe the treatment via compassion use of a patient with chronic
otitis associated with S. aureus. The description is brief (p. 8): “...bacteriophage suspen-
sion, active in vitro against the patient isolate, in combination with pristinamycin. Within
48 hours, the patient noticed a clear improvement: the cessation of purulent flow and pain.
Subsequent consultations confirmed a favorable course: the absence of otorrhea or pain
and disappearance of Staphylococcus. After three months, the ear examination was still
very satisfactory and the treatment was stopped.” Given the co-administration of phages
with pristinamycin, of which no prior use is described, it is however difficult to conclude
that this favorable outcome was a consequence of phage action. A total of 15 chronic cases
that received phage treatment under compassionate use are outlined in a table, but the
authors note that these treatments (p. 11) were always “accompanied by antibiotic ther-

”

apy”.
7.26. Ujmajuridze et al., 2018, various etiologies, urinary tract

Ujmajuridze et al. [38] treated urinary tract infections following prostate resection,
with Enterococcus spp., E. coli, P. aeruginosa, or Streptococcus spp. targeted. An adapted
Pyophage cocktail was used to treat 9 patients, with phages instilled into bladders twice
daily at 20 ml per treatment for 7 days, and with retention for one-half to one hour. It does
not appear that antibiotics were used as co-treatments other than with one patient for
whom cephalosporin treatment was started on day 3 of phage treatment due to develop-
ment of a fever (patient 9). Reductions in CFUs/ml as determined after phage treatment
ranged from none to at least 3 logs, but it is challenging for us to reconcile data presented
in their Table 1 with descriptions made in their text. In addition, given the results of Leit-
ner et al. [5], it is difficult to conclude that the phage treatment, vs. simply instillation of
the phage preparation into the bladder, was always responsible for all treatment success
that was observed. The reductions from 107 to 105 (patient 1) and to 10* (patient 2) CFUs/ml
of E. coli, however, are nonetheless suggestive that at least some phage-mediated treat-
ment success was seen in this study.

7.27 Schooley et al., 2017, A. baumannii prostate infection

The Schooley et al. [15] study is reviewed in detail by Abedon [39]; see section 4 there,
starting on p. 33. Overall, for reasons of equivocal association of the timing of phage treat-
ment with that of symptomatic improvement, along with modification of antibiotic ther-
apy early during phage treatment, as well as temporary discontinuation of phage treat-
ment also early during therapy, it is difficult for us to conclude that treatment success can
with certainty be attributed to phage anti-bacterial infection activity. Also in Abedon [39]
is discussion of some of the pitfalls of using the isolation of phage-resistant bacteria as a
marker of possible substantial phage contribution to treatment efficacy.
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7.28. Kutateladze, 2015, various etiologies, various infection types

Kutateladze [40] is a summary of thousands of patient visits to the Eliava Phage Ther-
apy Center that occurred between 2012 and 2014. The article reports that 95% of treat-
ments resulted in (p. 81) “significant improvement and recovery”. There is insufficient
detail provided, however, to conclude from that article that this improvement was a con-
sequence of phage action, though to the extent that antibiotic co-treatments were not used
then such phage anti-bacterial infection action could very well be the case. This article is
discussed further in Abedon [41].

7.29. Khawaldeh et al., 2011, P. aeruginosa, urinary tract

Khawaldeh et al. [42] compassionate-use treated a 67-year-old female with a six-
phage cocktail for a P. aeruginosa urinary tract infection. Phages were instilled through a
catheter into the bladder twice daily for 10 days (20 ml of ~10” PFU/m], held for 30 min).
Colistin and meropenem treatments were initiated on day 6, with the infection not previ-
ously treated with colistin. Bacterial viable counts were reduced ten-fold on day 1 and P.
aeruginosa DNA was reduced about 100-fold, although DNA reductions were not consist-
ently seen. Bacterial counts ultimately were reduced to zero, but this was only observed
after the addition of antibiotics to the treatment. Overall, the introduction of colistin to the
treatment, as well as the findings of Leitner et al. [5] as discussed above that bladder irri-
gation alone can have beneficial impacts on bacterial loads, together argue against this
study providing convincing evidence of substantial phage-mediated anti-bacterial effi-
cacy. Nevertheless, phages may have been replicating within the bladder before P. aeru-
ginosa densities were reduced. This study is discussed as well by Abedon [39,41].

7.30. Marza et al., 2009, P. aeruginosa, burn wound

Marza et al. [43] describe the treatment of a burn wound that showed no improve-
ment in a P. aeruginosa infection for several months. Phages were applied using 25 mm
sterile filter-paper discs to which 0.2 ml of 103 PFU were added. Phage numbers were
found to increase in situ following their application (suggesting replication by the treat-
ment phages). Bacteria also were eliminated and a subsequent skin graft was successful.
It is unclear from the text to what extent antibiotic may have been used as a co-treatment,
however (p. 645): “Subsequently extensive grafting was successful, but the patient was
receiving intravenous ceftazidime at the time, which might have been responsible for the
improvement.” Thus, it is uncertain whether phages were responsible for the treatment
success.

7.31. Weber-Dgbrowska et al, 2006, Staphylococcus spp., otitis media

Weber-Dabrowska et al. [44] present a case report of treating a 24-year-old female for
otitis media associated with culturable S. epidermidis and S. homis as found in separate
ears. Initial treatment was with the antibiotics, atecortin and dicortineff, as well as the
steroid, elocon. Oral treatment with phage 676/T was then attempted, all without success.
Treatment with two phages specific to Staphylococcus, A3/R as well as 676/T, was then
commenced both orally and topically, at least one-half month after conclusion of the pre-
vious phage treatment, and was continued for 3 weeks. From p. 242, “Although some
improvement in health condition was registered by endoscopic examination, the patient
complained of persisting pain and discomfort.” Symptoms were relieved upon subse-
quent bovine lactoferrin treatment. Though it is probable that antibiotic treatment was
discontinued prior to the start of phage treatment, nevertheless the impact of phage treat-
ment was at best inadequate, suggesting little evidence of phage-mediated efficacy in this
case.

7.32. Markoishvili et al, 2002, various etiologies, wound
Markoishvili et al. [45] report on the use of PhagoBioDerm, an artificial skin impreg-
nated containing Pyophage as well as ciprofloxacin, on 96 patients treated. Over time

courses ranging from 6 days to 15 months it was observed that a total of 70% were found
to have recovered completely and 25% showed improvement. It is unclear, however, that
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the ciprofloxacin alone was not responsible for these results. See, however, the results of
Jikia et al. [46], as discussed in the main article, which also used PhagoBioDerm. Addi-
tional summary of this study is found in Abedon [39,47].

7.33. Weber-Dgbrowska et al., 2001, various etiologies, various infection types

Weber-Dabrowska et al. [48] describe the treatment of bacterial infections of cancer
patients using phages. Phages were obtained from their own collection and were purified
using a number of steps, though not including explicit removal of endotoxin. Infections
were associated with a single etiology (n = 12) or were mixed infections (n = 8). Previous
treatments were with antibiotics but without success. Treatment was either oral or oral in
combination with local treatments. The authors indicate that (p. 131) “Cure of infection
was achieved in all cases”. Assuming that antibiotic treatments were discontinued (this is
not explicitly specified), or based on the lack of previous success using antibiotics, then it
is likely that the supplied phages mediated the resulting efficacy.

7.34.Weber-Dagbrowska et al, 2000, various etiologies, suppurative

Weber-Dabrowska et al. [49] explored the impact of phage therapy on the production
of cytokines, though with efficacy data included as well. Most infections were with Staph-
ylococcus but included also in this article are descriptions of the treatment of Escherichia,
Klebsiella, and Pseudomonas infections. Infections are described as “long-term” and suppu-
rative, etiologies as “drug-resistant”, and patients as having (p. 35) “various histories of
disease and antibiotic therapy”. Phages were delivered orally as well as locally. They
noted (p. 32), “In 44 cases a complete remission of the disease symptoms was achieved,
accompanied by negative bacteriologic tests.” Though we consider it possibly likely that
these positive results were a consequence of phage action, still it is difficult to say from
the information supplied that the results were not instead a consequence of antibiotic
treatments, including hypothetical newly introduced antibiotic treatments.

8. Little or No Efficacy Observed

In this section we provide summaries of clinical phage-therapy studies that we have
categorized in Table 1 as not having a Phage Impact Score (PIS). These are studies for
which it is difficult to conclude that efficacy was observed, though in many cases these
studies were not intended to demonstrate efficacy.

8.1. Dedrick et al., 2021, M. abscessus, lung

Dedrick et al. [50] treated an 81-year-old male intravenously with a phage cocktail,
presumably via expanded access, for an M. abscessus infection which previous antibiotic
treatment had failed to clear. The cocktail consisted of three phages; see Dedrick et al. [51]
(main text) for cocktail details. Treatment was with 10° PFUs applied two times per day
for six months. The patient was treated with numerous antibiotics overlapping with the
phage therapy: azithromycin, bactrim, cefdinir, clofazimine, ethambutol, imipenem, and
omadacycline. During the first month of phage treatment there was a ~1 log drop in spu-
tum bacterial burden, with treatment with clofazimine and imipenem occurring also dur-
ing this month. At least within the sputum, bacterial densities prior to the start of phage
treatment would not be expected to be sufficient to support substantial phage population
growth, e.g., about 250 CFU/ml, and dosages of 10° PFUs would not be expected to reach
those bacteria in sufficient numbers to result in inundation without substantial phage rep-
lication or otherwise substantial concentration in the lungs.

Sputum CFUs were then to rise substantially (multiple logs) starting at 3 months fol-
lowing the initiation of phage treatment. This rise was coincident with discontinuation of
clofazimine treatment, which had been ongoing for ~20 months, though authors suggest
that the patient’s humoral immune response could have prevented further successful
phage impact after that first month. Overall, we feel that evidence is not strong that phage
therapy had a substantial impact on what reductions in bacterial numbers were seen, con-
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sisting of one datum in association with clofazimine treatment that, upon clofazimine dis-
continuation, was associated with substantial increases in target-bacterium numbers. An
argument against that conclusion, however, is that resistance to one of the phages used
was detected starting two months after the start of phage treatment.

8.2. Grubb et al., 2020, E. coli, gastrointestinal tract health trial

Grubb et al. [52] is equivalent to the study by Febvre et al. [53] (above) except that it
was done in association with the probiotic, Bifidobacterium animalis subsp. lactis (23 pla-
cebo, 24 probiotic only, 23 probiotic plus phages). Although differences such as in gastric
function and stool consistency were reported between phage treatments with and without
B. animalis, no impact on E. coli densities is indicated.

8.3. Gilbey et al., 2019, S. aureus, sepsis

Gilbey et al. [54] treated via special access a 65-year-old male with a S. aureus sepsis
that was associated with a prosthetic heart valve-centered endocarditis. A three-phage
cocktail, AB-SA01, was produced using good manufacturing practices and supplied by
AmpliPhi. It contained 10° PFU of each phage per dose, and was delivered intravenously
two times per day for two weeks. Flucloxacillin treatment began 9 days prior to the start
of phage treatment, with the dosage increased 4 days after the start of phage treatment.
Ciprofloxacin treatment began 7 days prior to phage treatment, and rifampicin treatment
began 5 days prior to phage treatment. Noticeable drops in patient temperature, white cell
counts, and C-reactive protein seem to have occurred especially between days 4 and 6
after the start of phage treatment, though with a 1°C drop in body temperature also oc-
curring immediately following phage treatment. The authors note, though (p. 142), that
“Blood cultures were negative at onset of bacteriophage therapy”, as is indicated 3 days
prior to the start of phage therapy. Given that the infection appears to have been cured
prior to the start of phage treatment, it is difficult to associate efficacy effects with phage
delivery.

8.4. Gindin et al., 2019, E. coli, oral safety trial

The study by Gindin et al. [55] is equivalent to that of Febvre et al. [53] (discussed
above) except that it was limited to determination of phage safety.

8.5. McCallin et al., 2018, S. aureus, oral safety trial

McCallin et al. [7] performed a phase I safety study involving 21 females. Each patient
was dosed twice orally with each of placebo, a single anti-Staphylococcus phage, and
Pyophage cocktail (supplied by Eliava Institute), supplied in a randomized order. This
was done on days 1, 8, and 15 with 10 women dosed orally and 11 dosed nasally. No
determinations of impact on targeted bacteria were made.

8.6. Sarker et al., 2017, E. coli, phase I trial

Sarker et al. [56] present a phase I, placebo-controlled randomized trial employing
an oral dose of an anti-E. coli phage cocktail. As this was a safety trial there was no efficacy
component, with no efficacy results noted. See also Sarker et al. [57]

8.7. Sarker et al., 2016, E. coli-associated diarrhea

Sarker et al. [57] treated diarrhea in children positive for pathogenic E. coli. Phages
were supplied orally but no resulting efficacy was observed relative to the placebo control
group. This lack of efficacy may have been due to (i) a lack of phage impact on the E. coli
present, (ii) something in addition to E. coli causing the diarrhea, or (iii) insufficient phage
numbers supplied.

8.8. Lusiak-Szelachowska et al., 2014, various etiologies, various infection types

Lusiak-Szelachowska et al. [58] is primarily an analysis of human serum for neutral-
izing antibodies given phage treatment. Insufficient detail is provided to reach a conclu-
sion about the role of phages in anti-infection efficacy. They do note, however, (p. 303)
that “Our preliminary observations performed in 15 patients with high antiphage activity
of sera suggest that the induction of antiphage activity of patients’ sera during or after
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[phage therapy] does not exclude a good result of [phage therapy].” See Lusiak-Szela-
chowska et al. [10] for extension of this study.

8.9. Rose et al., 2014, P. aeruginosa and S. aureus, burn wound

Rose et al. [59] reported on a small (nine adults) safety rather than efficacy, burn-
wound treatment trial. Bacterial loads were mostly initially quite low and otherwise un-
changed following treatments. The study is briefly discussed in Abedon [47].

8.10. McCallin et al., 2013, various etiologies, oral safety trial

McCallin et al. [60] present a small, oral phage safety trial consisting of ten children
and five adults. They consumed a commercially available phage cocktail, ColiProteus, as
sold by the Russian company, Microgen. No infection treatment was attempted though
fecal microbiota was analyzed for potential modifications, though with no definite con-
clusions.

8.11. Sarker et al., 2012, E. coli, oral safety trial

Sarker et al. [61] present a small, oral phage safety trial using a nine-phage cocktail.
Fifteen healthy adults were treated orally. Fecal microbiota was analyzed with no changes
detected.

8.12. Rhoads et al., 2009, various etiologies, venous leg ulcers

Rhoads et al. [62] in a phase I, randomized, double-blind clinical trial, treated P. ae-
ruginosa- or S. aureus-infected venous leg ulcers using a topically applied 8-phage cocktail
(WPP-201) that was provided by Intralytix. No significant anti-infection effectiveness was
reported, but this was a safety- rather than efficacy-designed study. See Kutter et al. [63]
for detailed discussion. This study is also discussed in Abedon [39,41,47].

8.13. Bruttin and Briissow, 2005, E. coli, oral safety trial

Bruttin and Briissow [64] present a safety trial using oral doses of coliphage T4. There
were no declines in fecal E. coli concentrations.

8.14. Weber-Dagbrowska et al, 2002, various etiologies, various infection types

Weber-Dabrowska et al. [65] looked at the impact of phage therapy on neutrophil
activity, with no efficacy results reported.
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