Clinical Infectious Diseases

MAJOR ARTICLE

I IDSA

Infectious Diseases Society of America hiv medicine association

Phage Therapy for Limb-threatening Prosthetic Knee
Klebsiella pneumoniae Infection: Case Report and In Vitro
Characterization of Anti-biofilm Activity

Edison J. Cano,"? Katherine M. Caflisch,”* Paul L. Bollyky,* Jonas D. Van Belleghem,* Robin Patel,"** Joseph Fackler,® Michael J. Brownstein,’
Bri’Anna Horne,’ Biswaijit Biswas,” Matthew Henry,”® Francisco Malagon,” David G. Lewallen,’ and Gina A. Suh'

'Division of Infectious Diseases, Mayo Clinic, Rochester, Minnesota, USA, ZInfectious Diseases Research Laboratory, Mayo Clinic, Rochester, Minnesota, USA, *Department of Molecular
Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, Minnesota, USA, “Division of Infectious Diseases and Geographic Medicine, Department of Medicine, Stanford University
School of Medicine, Stanford, California, USA, ®Division of Clinical Microbiology, Mayo Clinic, Rochester, Minnesota, USA, ®Adaptive Phage Therapeutics, Gaithersburg, Maryland, USA, “Genomics
and Bioinformatics Department, Biological Defense Research Directorate, Naval Medical Research Center-Frederick, Fort Detrick, Maryland, USA, *Geneva Foundation, Tacoma, Washington, USA,
and *Department of Orthopedic Surgery, Mayo Clinic, Rochester, Minnesota, USA

Background. Prosthetic joint infection (PJI) is a potentially limb-threatening complication of total knee arthroplasty. Phage therapy
is a promising strategy to manage such infections including those involving antibiotic-resistant microbes, and to target microbial biofilms.
Experience with phage therapy for infections associated with retained hardware is limited. A 62-year-old diabetic man with a history of
right total knee arthroplasty 11 years prior who had suffered multiple episodes of prosthetic knee infection despite numerous surgeries and
prolonged courses of antibiotics, with progressive clinical worsening and development of severe allergies to antibiotics, had been offered
limb amputation for persistent right prosthetic knee infection due to Kiebsiella pneumoniae complex. Intravenous phage therapy was ini-
tiated as a limb-salvaging intervention.

Methods. The patient received 40 intravenous doses of a single phage (KpJH46®2) targeting his bacterial isolate, alongside con-
tinued minocycline (which he had been receiving when he developed increasing pain, swelling, and erythema prior to initiation of
phage therapy). Serial cytokine and biomarker measurements were performed before, during, and after treatment. The in vitro anti-
biofilm activity of KpJH46®2, minocycline and the combination thereof was evaluated against a preformed biofilm of the patient’s
isolate and determined by safranin staining.

Results. Phage therapy resulted in resolution of local symptoms and signs of infection and recovery of function. The patient
did not experience treatment-related adverse effects and remained asymptomatic 34 weeks after completing treatment while still re-
ceiving minocycline. A trend in biofilm biomass reduction was noted 22 hours after exposure to KpJH46D2 (P = .063). The addition
of phage was associated with a satisfactory outcome in this case of intractable biofilm-associated prosthetic knee infection. Pending
further studies to assess its efficacy and safety, phage therapy holds promise for treatment of device-associated infections.
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Total knee arthroplasty (TKA) is a life-enhancing option for de-
generative joint disease, with 700 000 primary TKAs performed in
2014 in the United States alone [1]. Prosthetic joint infection (PJI)
is a complication of TKA associated with substantial morbidity and
healthcare expense [2]; the estimated incidence ranges from 2.05 to
2.18% per procedure. The cost to treat PJI in the United States was
estimated to be $1.6 billion/year in 2017 [3] and is likely to be higher
today. Taking into consideration current surgical site infection rates
and the aging population, surgical site infections related to total
joint arthroplasty are projected to increase [4].
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Biofilms are surface-associated, structured communities of
bacteria encased in extracellular polymeric matrix that confers
distinct survival benefits to bacteria against host defenses and
antimicrobial agents [5]. Bone and joint infections, particularly
those that involve prosthetic materials, represent prototypic
biofilm-associated infections that pose treatment challenges
with conventional antibiotics [6].

Phage therapy has reemerged as a potential alternative to
antibiotics for the treatment of complex infections, including
bone and joint infections, in the Western world [7-9]. Phages
demonstrate in vitro activity against clinically-relevant bacteria,
including antibiotic-resistant strains; their clinical utility may
be especially impactful in settings where antibiotics fail [10].

Promising results of phage activity have been reported against
bacterial biofilms including those formed by Pseudomonas
aeruginosa [11], Enterococcus faecalis [12], and Staphylococcus
aureus in animal models [13]. In this regard, phage therapy
may be useful in the setting of biofilm-associated infections in
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humans. There are a limited number of reported human cases
describing phage therapy for bone and joint [14] and device-
associated [15, 16] infections; results published to date, how-
ever, have been promising. Few significant adverse events have
been reported to be associated with phage therapy to date
[17]. A recent case report describes transient phage-associated
transaminitis [18]. Here we present the successful treatment
of a chronic PJI using intravenous phage therapy in a man
who had failed multiple surgical interventions and prolonged
therapy with conventional antibiotics. We describe the clinical
and therapeutic features of the case and highlight challenges
and opportunities of phage therapy for PJI.

CASE PRESENTATION

A 62 year-old male with a history of obesity, diabetes mel-
litus, and bilateral knee osteoarthritis underwent primary
TKA in 2008, complicated shortly after by right TKA PJI
due to Staphylococcus epidermidis. He failed an attempt at
debridement, irrigation, antibiotics, and implant retention
(DAIR) and required a 2-stage exchange in 2009. This course
was complicated by Stevens-Johnson syndrome with van-
comycin and suicidal thoughts with rifampin. In 2013, he
suffered from a Streptococcus pyogenes right TKA PJI, ini-
tially treated with arthrotomy and synovectomy, followed
by a 1-stage exchange in 2014. This was followed by a right
methicillin-susceptible Staphylococcus aureus (MSSA) TKA
PJI for which he underwent 2-stage exchange in 2015 after
which he was placed on oral cefadroxil. He then developed
progressive pain, swelling, and loosening of the tibial com-
ponent and underwent a revision in July 2018. Intraoperative
cultures were negative.

In November 2018, he developed a large fluid collec-
tion and dehiscence at the surgical site and underwent in-
cision and drainage (I&D) and polyethylene liner exchange
on 20 December 2018 with intraoperative cultures positive
for Enterococcus faecalis (susceptible to penicillin, vanco-
mycin, minocycline, and linezolid). He was started on oral

penicillin VK. However, because of continued drainage, he
had another debridement on 10 January 2019; intraoperative
cultures were again positive for E. faecalis. He had persis-
tent serosanguinous drainage and underwent repeat I&D on
28 January 2019 and replacement of the distal femoral mod-
ular component. Intraoperative cultures were again positive
for E. faecalis and also in 1 specimen yielded Staphylococcus
devriesei/haemolyticus (susceptible to vancomycin, doxycy-
cline, and minocycline, and resistant to oxacillin); doxycy-
cline was added to penicillin VK.

On 24 February 2019, he developed pruritis and eosinophilia
attributed to penicillin and was started on daptomycin but de-
veloped eosinophilia and was then transitioned to oral linezolid;
doxycycline was discontinued. He was admitted on 25 February
2019 for continued drainage and underwent I&D. Intraoperative
cultures grew Klebsiella pneumoniae complex (susceptible to
ampicillin-sulbactam, ceftriaxone, ciprofloxacin, meropenem,
trimethoprim-sulfamethoxazole, and minocycline.) There
was no growth of E. faecalis or S. devriesei/haemolyticus, and
linezolid was discontinued. He was discharged on meropenem
(due to allergies) for coverage of K. pneumoniae complex. After
8 weeks of meropenem, he was transitioned to oral minocycline
for life-long suppression. The rationale for the minocycline was
that he had not had a history of allergy to tetracyclines. An ad-
ditional benefit was to provide coverage for all three of the re-
cently cultured bacteria.

Unfortunately, 4 weeks after starting oral minocycline, he
developed increasing pain, swelling, and erythema. Because he
was not a candidate for further revision surgery, amputation
was recommended. As a result of the size of his prosthesis, the
level of the amputation was projected to be high, with hip disar-
ticulation a possibility (Figure 1).

At this time, the decision was made to attempt phage therapy
to salvage his leg by targeting the most recent organism cultured
from his knee, K. pneumoniae complex. Neither E. faecalis nor
S. devriesei/haemolyticus had grown from these intraoperative
cultures. Although K. pneumoniae complex was presumed to
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Summary of the patient’s clinical course, timeline of surgical interventions, intraoperative cultures, antibiotics administered, and adverse events.
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be the major driver of the recurrence, this could not be con-
firmed because of patient refusal of arthrocentesis due to a
history of multiple painful and unsuccessful attempts. Because
residual E. faecalis and S. devriesei/haemolyticus was not proven
eradicated, chronic suppressive minocycline was continued in
the hope thatthe patient’s infection could be controlled with
combination therapy and amputation avoided. Another reason
to continue minocycline was that we did not feel comfortable
discontinuing standard of care, especially with the patient tol-
erating it, in the setting of an experimental therapy.

Expanded access was granted by the Food and Drug
Administration (FDA) (eIND number 19122) and Mayo Clinic
Institutional Review Board (IRB 19-003978). Consent for
Emergency Use Authorization was obtained and filed, and the

treatment protocol reviewed by IRB. Upon review, the full IRB
committee affirmed that the institutional procedure for emergency
use reporting was followed and deemed the emergency use accept-
able in accordance with 21CFR56.102(d) and 21CFR56.104(c).
Diverse and well-characterized phages found in the

PhageBankTM

collection were screened against the patient’s
K. pneumoniae complex (KpJH46), as described in the
Supplementary Material. None of the PhageBank™ phages
tested lysed KpJH46 for extended periods of time; therefore,
we proceeded to perform de novo isolation of phages specific
to KpJH46. Four environmentally isolated phages were able
to repetitively hold growth of the bacteria as measured by
the Host Range Quick Test (HRQT) assay (Figure 2A), but

only 2, phages @2 and ®4, produced clear plaques of good
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Figure 2. Characterization of de novo isolated bacteriophages against KpJH46. A, 24-hour growth analysis of Klebsiella pneumoniae complex (4 x 10° bacterial cells, strain
KpJH4) in the presence of several phages, Phi1 to Phi4, at an MOl of 1 using the OmniLog system. B, Plague of phage 2 against KpJH4 using the double agar layer technique.

C, Electron microscopy of phage KpJH462. Abbreviation: MOI, multiplicity of infection.
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size (Figure 2B). No synergism was observed by combining
phages; thus amplification and production of ®2 (KpJH46d2)
was pursued for treatment.

Purified and GMP-grade preparation of KpJH46®2 was
obtained from Adaptive Phage Therapeutics (APT) in
Gaithersburg, MD. The endotoxin content of this prepara-
tion was 22 EU/mL, which met the endotoxin requirements
set by the FDA (<5 EU/mL/kg). For additional information
on phage isolation, production and purification, please see
the Supplementary Material.

The patient received daily infusions of 6.3 X 10"’ phages in 50 mL
of normal saline intravenously in the Mayo Clinic Clinical Research
and Trials Unit (CRTU) each weekday for a total of 40 doses.
Infusions were given over 30 minutes with peripheral intravenous
access established daily. Weekly complete blood count (CBC) with
differential count, complete metabolic panel (CMP), erythro-
cyte sedimentation rate (ESR), and C-reactive protein (CRP) were
obtained over time. Additionally, serum cytokines were measured
weekly before, during, and at the end of phage therapy, as described
in the Supplementary Material.

The patient was maintained on 100 mg oral minocycline twice
daily over the course of phage therapy. The patient reported
minor and intermittent pruritus of the right lower extremity
about 2 weeks into the course of therapy but experienced no
apparent adverse events from the infusions.

Over the course of phage therapy, the patient experienced im-
provement in erythema, swelling, pain, range of motion, and func-
tion of the right lower extremity (Figure 3). Erythema improved

rapidly after 2 doses. Pain levels were 8-9 on a scale of 1-10
(1 = minimal, 10 = severe) prior to phage therapy, decreasing over
time; he reported no pain at the end of therapy. After undergoing
phage therapy, he described being able to drive his tractor, sit com-
fortably in a restaurant, and perform his daily routine to an extent
that had not been possible prior to phage therapy. He was followed
for 34 weeks after completion of therapy without incident and with
apparent resolution of symptoms.

In conjunction with the healthcare team, the patient and his
family decided to continue suppressive minocycline because of
the success that had been realized with the combination of ther-
apies and the unknown risk that might jeopardize the patient’s
hard-won return to function and resolution of pain.

Inflammatory markers (ESR and CRP) and proinflammatory
cytokines, including interleukin 6 (IL-6), interferon-gamma (IFN-
y), and transforming growth factor-alpha (TGF-a) decreased over
the treatment course while TNF-a levels rose slightly (Figure 4).
Additional cytokines were measured over time, the results of which
are shown in the Supplementary Material. Anti-phage antibodies
were measured, as described in the Supplementary Material, with
no appreciable change over time, suggesting that immunity to the
phages was not mounted over the course of phage therapy.

DETERMINATION OF IN VITRO ANTI-BIOFILM
ACTIVITY

The individual and combined activity of the phage and
minocycline was determined against in vitro KpJH biofilms.

Figure 3.
therapy.

Phage therapy resulted in reduced erythema and swelling. Images are shown of the patient's lower extremities (A) before and (B) after completion of phage
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Figure 4.

Fold-change in inflammatory cytokines and biomarkers over the course of and 20 weeks beyond completion of phage therapy. Weekly serum samples collected

prior to phage administration (baseline) and during phage therapy were assessed for serum inflammatory markers and cytokines. Additional cytokine data are shown in Figure
S1. Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IFN, interferon; IL, interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor.

The patient’s isolate was passaged twice from Microbank™

vials (Pro-Lab Diagnostics, Round Rock, Texas, USA) stored
at —80°C onto BBL™ Trypticase™ Soy Agar with 5% Sheep
Blood (TSA II) (Becton, Dickinson) and incubated at 37°C
in room air overnight. A mid-log phase culture was grown
from 3-5 colonies suspended in tryptic soy broth at 37°C
room air with shaking (120 rpm) and diluted in cation-
adjusted Mueller-Hinton broth (CAMHB) to a concentration
of 1.5 x 10* CFU/mL. One hundred fifty microliters of bac-
terial suspension were added to wells of a Falcon® 96-well,
flat-bottom, nontissue culture treated plate (Corning Life
Sciences) and incubated for 24 hours at 37°C room air with
shaking (120 rpm). Wells were evacuated and rinsed once
with sterile 1X phosphate-buffered saline (PBS). Six wells
each were treated with 200 pL of phage KpJH46®2 at a con-
centration of 1.26 x 10’ PFU/mL, minocycline (10 pg/mL),
phage plus minocycline (per the above specified concentra-
tions), or CAMHB (controls) for 22 hours at 37°C room air
with shaking (80 rpm). Wells were again evacuated, rinsed
once with PBS, dried overnight at room temperature, stained
with 0.1% safranin, evacuated, rinsed, dried, and resuspended
in 30% glacial acetic acid, at which point the optical density
(OD,,.) was determined [19]. OD

492 492
groups were compared using Kruskall-Wallis test. Analysis

values of the treatment

was conducted using R software (R Core Team, 2014), and
figures were produced using the package ggplot2 (Wickham,
2009) and Microsoft Excel (2010).

RESULTS

Median OD,,, values for the untreated, phage-only, minocycline-
only and combination-treated wells were 0.260 (95% CI .143-
.540), 0.098 (95% CI .048-.319), 0.116 (95% CI .069-.215), and

0.163 (95% CI .104-.188), respectively (P =.063) (Figure 5)
indicating trend in biofilm biomass reduction. There was a trend
toward lower median OD,, values in treated versus untreated
wells; however, this difference was not statistically significant.

DISCUSSION

Chronic PJI is among the most difficult infections to clear with
available antibiotics. Although there are growing numbers of case
reports describing phage therapy in the setting of soft tissue in-
fections, reports of phage application to musculoskeletal infec-
tions with retained medical devices are limited. Here we describe
a single patient treated with monophage therapy for hardware-
associated K. pneumoniae complex infection with a retained
TKA, with resolution of local signs and symptoms of infection,
reduction of pain and inflammation, increased range of motion,
and recovery of function despite retention of hardware. He re-
mained asymptomatic 34 weeks after completing treatment and
experienced no adverse effects. Our experience affirms 3 re-
ports of phage therapy in treatment of PJI with DAIR. Causative
agents in these cases were S. aureus [20] and multidrug-resistant
P aeruginosa [16]. In those studies, phages were administered
with surgical intervention along with intravenous antibiotics.
Together, these data suggest that phage therapy may hold promise
for treatment of device-associated infections.

Our case is notable for several reasons. First, phage therapy
was administered intravenously and not intraoperatively, as was
the case in the prior DAIR cases. This suggests a potential av-
enue to treat infected hardware with phage therapy that circum-
vents surgery, implantation of a delivery device, and hardware
removal. Another advantage of intravenous therapy is that the
patient can receive infusions at an outpatient infusion center (or
conceivably at home).
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Second, in our study, as in a recent publication (PMID 32397354),
asingle phage was used in conjunction with an oral antibiotic. Our re-
sult suggests that it may be possible to treat hardware infections with
conventional antibiotics plus a single phage. Although it remains to
be defined whether a phage cocktail or monophage therapy is more
efficacious, a monophage approach is attractive given the labor-in-
tensive nature of identifying, developing and purifying even a single
phage species for personalized therapy. A streamlined approach like
that taken here may make the availability of phage therapy more fea-
sible than using cocktails.

The ideal duration of intravenous phage therapy for PJI re-
mains unclear. We observed that CRP normalized on the last
day of therapy, suggesting long courses to be potentially neces-
sary. However, a case series was recently published describing
4 cases of chronic osteomyelitis successfully treated with
7-10 days of locally applied phage cocktails [9]. Although the
management differed from that of our patient in that these pa-
tients underwent hardware removal, it is possible that a shorter
duration of therapy would have been sufficient for our patient.
Clinical trials will be essential to determine the optimal dura-
tion of phage therapy for particular clinical indications.

This case is also notable as we monitored the patient’s inflam-
matory response before, during, and at the end of phage therapy
noticing normalization of ESR and CRP at the end of therapy
and decreasing values of other inflammatory cytokines over the
treatment course. In particular, we observed a decrease in IL-6,
IFN-y, and TGF-a, markers often used in concert to evaluate
PJI in clinical settings [21, 22]. TNF-a was slightly increased
after phage therapy, although the clinical relevance of this ob-
servation is unclear. A total of 76 cytokines and chemokines
were measured (Figure S1); most are as yet understudied and/
or poorly understood due to the complex nature of interactions
within the immune system. More studies prospectively exam-
ining these cytokines during treatment of bone and joint in-
fections with or without phage therapy might be helpful to
determine the clinical relevance of such markers.

Interestingly, there appeared to be continued reduction
in ESR and CRP through the last measurement, suggesting a
benefit even 57 days (40 doses) after the start of therapy. After
the end of therapy, there was a continued downward trend of
CRP and stability of ESR. Twenty weeks after completion of
phage therapy, ESR (6 mm/1 h; normal < 22 mm/1 h) and CRP
(5.7 mg/L; normal < 8.0 mg/L) remained normal (Figure 4).

We observed phage-specific antibodies in our patients serum
prior to initiation of phage therapy, and these remained stable over
time. This echoes observations made by investigators in Poland [23]
where phage-specific antibodies were found in healthy volunteers
not treated with phage. The presence of phage-specific antibodies
has been largely hypothesized to result from exposure to environ-
mental or normal microbiome-associated phages. The same inves-
tigators also showed that the induction of phage-specific antibodies
was highly variable in their cohort [24] and that the presence of
antibodies did not preclude clinical success [25]. Several studies,
including those performed by the group in Poland, use the K rate
of phage inactivation in their methods [26] to predict phage neu-
tralization by different concentrations of patient sera containing
phage-specific antibody. This functional assay was not performed
in our case, and the degree of phage inactivation is unknown at the
titers observed of phage-specific antibodies in this patient’s serum.
The role of measuring phage-specific antibodies in clinical cases re-
mains to be determined.

It is notable that phage therapy succeeded in this instance de-
spite the likely presence of hardware-associated K. pneumoniae
biofilm [27]. A trend toward reduced biomass was noted in all
treatment groups in the in vitro studies. More experiments are
needed to determine the antibiofilm activity of phage. However,
our successful single outcome in conjunction with emerging
clinical data suggest that phage therapy may be a promising
emerging alternative or adjunct to conventional antibiotics in
biofilm-associated infections [28].

Our case also outlines some of the challenges of phage
therapy, including the as yet unestablished optimal routes of
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administration, dosing, and duration of therapy. Also unclear
is the role of antibiotics and whether phage therapy may be
an alternative to antibiotics or simply an adjunct. Finally, we
did not feel it was ethical to withdraw the chronic suppressive
minocycline because of the possibility that this was contrib-
uting to the patients success and have thus not demonstrated
eradication of infection. Nonetheless, our case demonstrates
a clear clinical turnaround brought about by the addition of
phage therapy, resulting in a tangible and life-altering benefit
for our patient.

CONCLUSIONS

This case illustrates how novel antibiofilm therapies might
potentially reshape the way we treat infections in the era of
increasing medical device use. Although more studies are
needed and there are reasons for vigilance, reports such as this
one suggest that phage therapy may be safe, effective, and well
tolerated. More research on the subject will enhance our under-
standing of the value of phage therapy in clinical practice.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
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 corresponding author.
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