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Phage therapy is emerging as a promising alternative to antibiotics for treating
various infections. However, there have been no prior studies on using bacter-
iophages for peritonitis in patients undergoing peritoneal dialysis. This report
presents the successful treatment of refractory peritonitis in a 71-year-old male
peritoneal dialysis patient using bacteriophages combined with antibiotics. The
patient has a history of refractory and repeat peritonitis caused by Staphylo-
coccus haemolyticus, which was resolved through simultaneous catheter repla-
cement (SCR). Subsequently, the patient experiences another episode of
refractory peritonitis due to Klebsiella pneumoniae. Although this strain is found
to be susceptible to amikacin and imipenem, a 14-day course of treatment with
these antibiotics in the abdominal cavity fails to resolve the peritonitis. Com-
bined with antibiotic therapy, the patient is successfully treated with intraper-
itoneal phage therapy targeting his bacterial isolate. We monitor the longitudinal
progression of phage loads, phage-neutralizing antibodies, interleukin-6 levels,
and lipopolysaccharide concentrations in the dialysate effluent during the bac-
teriophage therapy. The combination of a phage cocktail and imipenem (IPM)
demonstrates a greater effect in killing bacteria than either treatment alone,
which indicates that a synergistic effect exists between the phage cocktail and
IPM. Intraperitoneal IPM is discontinued after a 3-week course of treatment. At
the same time, oral fluconazole is given to prevent fungal infections. The patient
is discharged without any antibiotics. After this round of treatment, the patient
remains healthy during the one-month follow-up. Our study suggests that per-
sonalized phage therapy combined with sensitive antibiotics can play a sig-
nificant role in managing refractory peritonitis in patients undergoing peritoneal
dialysis, showing promise for future applications.

Bacteriophages, or phages, are viruses that specially infect bacteria, of treatment failure in patients undergoing peritoneal dialysis (PD).
leading to bacterial death through a process called lytic replication.  Over the past few decades, the incidence of PD-related peritonitis has
The therapeutic potential of lytic phages is being increasingly explored  significantly decreased, largely due to improvements in connection
for treating difficult-to-manage infections'. Peritonitis is a major cause  techniques and protocols for decolonizing Staphylococcus. These
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advancements have primarily reduced the rate of Gram-positive peri-
tonitis, resulting in an increased proportion of Gram-negative perito-
nitis. It has been reported that the incidence rate and proportion of
Gram-negative bacterial peritonitis have increased gradually in recent
decades, and the relapse and recurrence rate for Gram-negative bac-
terial peritonitis was higher than that for other pathogens, with severe
clinical manifestations and poor prognosis’. Retrospective studies
have indicated that Gram-negative peritonitis has higher risks of
catheter loss and mortality when compared with Gram-positive
episodes®”’. Among these bacteria involved, Klebsiella pneumoniae
has been identified as the second most common Gram-negative
pathogen responsible for monomicrobial PD-related peritonitis. This
pathogen can lead to serious complications, including increased
morbidity, a higher risk of PD catheter removal, and a greater mortality
rate in PD-related peritonitis®.

Relapsing or repeat peritonitis caused by coagulase-negative
Staphylococcus might indicate that the PD catheter is colonized with
biofilm and catheter removal should be considered. If the PD effluent
becomes clear with antibiotic therapy, many patients might benefit
from the simultaneous re-insertion of a new catheter during the same
procedure, provided they are on antibiotic coverage. This approach
could help avoid the need for temporary hemodialysis’. However, the
practice of simultaneous catheter replacement (SCR) remains con-
troversial in cases of refractory peritonitis in PD patients. Current
evidence suggests that refractory peritonitis may be caused by bac-
terial adherence along the intraperitoneal portion of the catheter.
There has been a reported case where refractory peritonitis caused by
Pseudomonas aeruginosa was successfully treated with SCR after a
partial response to antibiotics'™.

Local production of interleukin-6 (IL-6) serves as a marker of
ongoing intraperitoneal inflammation in patients undergoing PD"2,
The concentrations of IL-6 in drained PD fluid (PDF) are significantly
higher than in plasma under stable conditions. Moreover, levels of IL-6
in the dialysate increase shortly before the onset of, during peritonitis,
and several months after clinically successful treatment for peritonitis,
suggesting its local production and reflecting an intraperitoneal
inflammatory state™. Lipopolysaccharide (LPS), also known as
endotoxin, is a key component of the outer membrane of Gram-
negative bacteria. It plays an essential role in maintaining cell wall
integrity, acting as a barrier against harmful compounds and potential
antibiotics in the environment'. LPS is released from the outer mem-
brane during bacterial cell death or cell division and growth”. It has
been reported that increased effluent LPS level was a prompt marker of
Gram-negative peritonitis in PD patients'® . It is necessary to measure
the levels of both IL-6 and LPS in dialysate effluent during and after
phage administration.

In this study, we reported the innovative use of personalized
bacteriophage therapy in combination with antibiotics for treating
refractory peritonitis caused by Klebsiella pneumoniae in a patient
undergoing peritoneal dialysis.

Results

Patient history

A 71-year-old male patient with end-stage renal disease due to mem-
branous nephropathy began continuous ambulatory peritoneal dia-
lysis (CAPD) in November 2015. The patient had a history of
hypertension. Additionally, the patient experienced renal anemia,
which was treated with erythropoietin. However, as the peritonitis
progressed, the patient’s anemia worsened, leading to an increase in
the dosing of erythropoietin. The patient also had secondary hyper-
parathyroidism, which was managed with cinacalcet. The parathyroid
hormone level of this patient remained stable during that period. His
medical history was significant for three episodes of peritonitis. In
October 2023, the first case of peritonitis was reported, and the culture
results were negative. In February 2024, a second episode of

peritonitis occurred, which was identified as Staphylococcus epi-
dermidis. By May 2024, a third episode of peritonitis took place,
involving Staphylococcus haemolyticus. All three episodes of peritoni-
tis were successfully treated with effective antibiotics. The patient
received CAPD, which included four exchanges: three with 1.5% glu-
cose and one overnight with 7.5% icodextrin, totaling a volume of 8 L.
In early July 2024, the patient experienced another episode of perito-
nitis with cloudy peritoneal fluid and mild abdominal pain. Cultures
from the PDF identified Staphylococcus haemolyticus, confirming a
case of repeat peritonitis. Due to concerns about biofilm formation, an
SCR was performed on July 17, 2024, once the PD effluent became
clear. After the SCR, low-dose abdominal dialysis treatment began the
next day while the patient remained in a supine position. We also
continued administering intraperitoneal vancomycin for further
treatment (Fig. 1).

Refractory peritonitis caused by Klebsiella pneumoniae

The patient developed diarrhea three days after the SCR, and the PD
effluent became cloudy again. We performed another bacterial
culture of the effluent and adjusted the anti-infection regimen to
include the systemic administration of tigecycline (50 mg qi2h),
combined with oral fluconazole (100 mg daily) and intraperitoneal
teicoplanin (15mg/kg per 5 days). On July 26, 2024, Klebsiella
pneumoniae was identified in the PD effluent culture, with no
growth of Staphylococcus haemolyticus. The antibiotic sensitivity of
the patient’s isolate of Klebsiella pneumoniae was presented in
Table 1, which did not change over all the cultures obtained. Based
on the antibiogram, the antibiotic therapy was switched to intra-
peritoneal amikacin (200 mg daily) and imipenem (500 mg daily),
along with oral fluconazole (100 mg daily) to reduce the risk of
fungal peritonitis. After 14 days of standard treatment, the PD fluid
remained cloudy, and the white blood cell (WBC) counts in the PD
effluent fluctuated from 1370 cells/pL to 11885 cells/pL. On August 1,
2024, Klebsiella pneumoniae was still present in the PD effluent
culture. We considered this episode of peritonitis caused by Kleb-
siella pneumoniae as refractory, and according to the International
Society for Peritoneal Dialysis (ISPD) guidelines, catheter removal
should be considered. Due to the significant difficulty of attending
the hemodialysis center, the patient was reluctant to switch from
peritoneal dialysis to hemodialysis. In this case of refractory peri-
tonitis, phage therapy might be a potential treatment option. Due to
the ototoxicity linked with amikacin, it was discontinued after
12 days of treatment. The antibiotic regimen was adjusted to
intraperitoneal imipenem, combined with oral fluconazole only on
August 7, 2024. Despite the prolonged use of sensitive antibiotics,
the patient experienced a slow but steady improvement, with a
minimum WBC count in the effluent of 528 cells/pL (Fig. 1).

Intraperitoneal administration of bacteriophage

The treatment regimen consisted of a combination of antibiotics and
included a 3-day phage therapy using the cocktail I (including phages
OCP-p-KP-23240 and ®CP-p-KP-21067) from August 13 to August 15,
2024, as described in the methods. Although the WBC counts in the PD
effluent fluctuated, reaching up to 6296 cells/pL during the first round
of phage therapy, Klebsiella pneumoniae strains were not detected
twice after the completion of the phage therapy. On August 18, 2024,
the WBC counts in the PD effluent sharply decreased to 26 cells/pL.
The dynamic changes of plasma C-reactive protein (CRP) levels are
shown in Fig. 1. By the end of the phage therapy, the plasma CRP level
had dropped to a near-normal level. Intraperitoneal IPM and oral flu-
conazole were discontinued after a 3-week treatment course. While
using the bacteriophage, this patient did not have any adverse events.
The patient was discharged without any medicine on August 21, 2024
(Fig. 1). During the long-term follow-up, there was no relapse of Kleb-
siella pneumoniae peritonitis.
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Fig. 1| Follow-up of the patient during peritonitis treatment. (A) Bacteriologic
cultures ( dialysis effluent cultures: The dialysis effluent culture identified Sta-
phylococcus haemolyticus on July 17, 2024. Subsequent cultures on July 26 and
August 1, 2024, identified Klebsiella pneumoniae; Culture returned negative results
on August 16 and August 18, 2024.| PD catheter tip culture identified Staphylo-
coccus haemolyticus on July 18,2024.). (B) Antibiotic regimens used: the patient was
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treated with vancomycin, tigecycline, teicoplanin, fluconazole, amikacin, and imi-
penem. (C) Bacteriophage treatment: Intraperitoneal bacteriophages were admi-
nistered from August 13 to August 15, 2024. The cocktail of phage included ®CP-p-
KP-23240 and ®CP-p-KP-21067. (D) the WBC counts in PD effluent and serum CRP
levels were monitored. WSCR: simultaneous catheter replacement.

Biological characteristics of bacteriophages

The biological characteristics of ®CP-p-KP-23240 and ®CP-p-KP-21067
used in the therapy case need to be defined. Therefore, the genomes of
OCP-p-KP-23240 and ®CP-p-KP-21067 were extracted and sequenced.
The result showed their genome sizes were 39766 bp and 38762 bp,
respectively, indicating that they both belonged to the Podoviridae.
Both genomes were circular double-stranded DNA and did not contain
any endogenous genes, which indicated they were lytic phages.
Besides, the multiplicity of infection (MOI) of ®CP-p-KP-23240 and
OCP-p-KP-21067 were respectively detected. The results showed they
were correspondingly 105 and 10 (Fig. 2A and Fig. 2B), which indi-
cated that both of them had extremely high lysis efficiency for the
target bacteria. The one-step growth curve was determined at the MOI
of 0.1, which was widely used and recognized. The results showed that
OCP-p-KP-23240 and ®CP-p-KP-21067 had a short latent period
(0 min) and burst period (25 mins and 30 mins) (Fig. 2C and Fig. 2D),
which was very beneficial to clinical therapeutics.

Synergistic effect for bacteriophages and antibiotics on clinical
strains

The sensitivity test and the synergistic effect for bacteriophages and
antibiotics were detected by the kill curve test. The result indicated
that the bacteria of the patient could be killed by ®CP-p-KP-23240
within 4 hours, followed by the production of phage resistance. By
contrast, ®CP-p-KP-21067 could not inhibit the growth of bacteria.
However, the cocktail could make the resistant time extend to
24 hours or even longer (Fig. 3A), which indicated the phage-resistant
mutants could be effectively cleared out by the ®CP-p-KP-21067.
Furthermore, the bacteria were sensitive to the 0.25 and 0.5 pg/mL
IPM, but not 0.125 pg/mL (Fig. 3B), which was in accordance with the
antibiotic sensitivity test results (Table 1). Moreover, the effect of
killing bacteria by combining the utilization of phage cocktail and IPM
was superior to the phage cocktail and 0.5 pg/mL IPM, as well as the

others (Fig. 3C), which indicated that the synergistic killing effect
existed between the phage cocktail and IPM.

Changes in dialysate IL-6 and LPS levels during phage therapy
Before the bacteriophage treatment began, dialysate IL-6 levels were
maintained at a relatively high level, ranging from 22022.05 pg/mL to
42457.05pg/mL. The levels of IL-6 in the PD effluent rose to
62659.55 pg/mL on August 14, 2024, the second day of phage therapy.
The intraperitoneal IL-6 levels gradually declined after that, aligning
with the changes in WBC counts in the dialysate effluent. After August
18, 2024, the IL-6 levels in the PD effluent remained relatively low
(Fig. 4).

The levels of LPS in the PD effluent were monitored during the
phage therapy. On August 3, 2024, a high concentration of LPS in the
dialysate was recorded at 0.523 EU/mL before the initiation of phage
therapy. Over the following days, the LPS levels gradually decreased,
reaching a low of 0.007 EU/mL by August 7, 2024. During the phage
treatment, there was a slight increase in the dialysate LPS levels,
peaking at 0.123 EU/mL on August 16, 2024. This was followed by
another decline, with levels dropping to 0.005 EU/mL by August 18,
2024. After this date, LPS in the PD effluent was no longer detectable
(Fig. 4).

Neutralizing antibodies of phages in dialysate effluent before
and after phage treatment

Phage treatment might fail due to the rapid production of neutralizing
antibodies against phages by the host in response to the treatment. We
collected dialysate effluent pre-phage day 7 and post-phage days1, 3, 5,
and 15, and tested it for neutralizing antibodies binding to both pha-
ges, with and without heating. Our findings indicated that complement
inactivation in the dialysate effluent was not sufficient to impact phage
activity. The analysis of dialysate effluent before and after treatment
revealed no increase in dialysate-mediated neutralization of both ®CP-
p-KP-21067 and ®CP-p-KP-23240 infections, suggesting that
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Table 1| Antibiotic sensitivity of the patient’s Klebsiella
pneumoniae isolate

Antibiotic MIC ug/ml Interpretation
Amoxicillin-clavulanate <8/4 Susceptible
Amikacin <8 Susceptible
Aztreonam >32 Resistant
Ceftazidime 16 Resistant
Ciprofloxacin >4 Resistant
Colistin <1 Susceptible
Ceftriaxone >32 Resistant
Cefuroxime >16 Resistant
Cefazolin >16 Resistant
Cefepime >16 Resistant
Cefoxitin >16 Resistant
Gentamicin <2 Susceptible
Imipenem <0.25 Susceptible
Levofloxacin >8 Resistant
Minocycline 16 Resistant
Tobramycin <2 Susceptible
Ampicillin-sulbactam >16/8 Resistant
Cefoperazone-sulbactam >32/8 Resistant
Trimethoprim- >4/76 Resistant
sulfamethoxazole

Tetracycline >8 Resistant
Piperacillin-tazobactam 16/4 Intermediate
Tigecycline 1 Susceptible
Ceftazidime-avibactam a Susceptible
Chloramphenicol 16 Intermediate
Meropenem 0.5 Susceptible
Fosfomycin <16 Susceptible

a: The Kirby-Bauer method determined that the inhibitory zone diameter of Ceftazidime-
avibactam against Klebsiella pneumoniae was 23 mm, indicating susceptibility. MIC: Minimum
inhibitory concentration.

insufficient neutralizing antibodies were produced to affect phage
activity (Fig. 5).

Determination of phage titre in dialysate effluent

We collected dialysate effluent pre-phage day 7 and post-phage days 1,
3,5,and 15, and tested it for the presence of phage in dialysate effluent,
both with and without heating. Our findings revealed that the phage
load decreased by -10,000-fold within one day after treatment and
could not be detected after 48 h for both ®CP-p-KP-21067 and ®CP-p-
KP-23240 (Fig. 6). After the treatment, the patient was discharged with
improved symptoms of infection. One month later, the patient was
readmitted to the hospital for further evaluation and remained in good
health.

Review of published literature

After conducting extensive literature research, a total of 14 patients
have received phage therapy for infections caused by Klebsiella
pneumoniae. Out of these, 13 cases were successfully treated or
showed clinical improvement, while 1 case did not respond to the
treatment. The infection sites among these 14 patients included: 7
urinary tract infections, 2 post-fracture infections, 2 pulmonary
infections, 2 post-joint replacement infections, and 1 case of purulent
meningitis. Eleven patients received phage therapy in combination
with antibiotics, while 3 patients received phage therapy alone.
Throughout the phage therapy process for all 14 patients, no notable
side effects were observed (Table 2).

Discussion

Phage therapy is a promising method for treating bacterial infections®.
To our knowledge, this was the first report on the successful use of
phage therapy for refractory peritonitis in PD patients. The patient in
our study was suffering from refractory peritonitis caused by Klebsiella
pneumoniae. Long-term antibiotic treatment significantly affected his
quality of life and compromised the structural integrity of the perito-
neal membrane. However, the patient was strongly opposed to the
transition to hemodialysis. Given these circumstances, we proposed
phage therapy as a compassionate use option while continuing
standard-of-care antibiotics during the treatment, as previously
reported?. In this instance, we applied a bacteriophage cocktail for the
first time to treat refractory peritonitis induced by Klebsiella pneu-
moniae in a PD patient.

Phage therapy represents a promising strategy for treating
infections caused by multidrug-resistant (MDR) bacteria®>. Before
administration, the first crucial step is to select the phage (or phages)
efficiently targeting the bacteria to treat. Despite the significant bio-
diversity of phages, not all of them have the potential to be imple-
mented in clinics, and they must be thoroughly characterized prior to
their use?. In addition, the success of phage therapy might be limited
by the development of phage resistance by bacteria”, much akin to the
resistance developed toward antibiotics®®. However, it can be pre-
vented or delayed by different approaches. A common method is the
combination of phages in a cocktail, allowing them to further reduce
the bacterial burden and to increase the host range”. Indeed, this
strategy has been widely employed as ready-to-use products for pre-
vention or therapeutics®. In this context, we employed a phage
cocktail therapy with a secondary phage to help reduce the risk of
developing phage-resistant bacteria.

Another approach is combining phages with antibiotics, since it
has been shown that phage-resistant mechanisms could re-sensitize
bacteria to antibiotics, known as phage-antibiotic synergy (PAS effect).
The relationship between the use of phage therapy and conventional
antibiotics is complex and not completely understood. Under various
conditions, in vitro studies of combined use of phage and antibiotics
have identified additive, synergistic, antagonistic, or no effects”.
Enhanced susceptibility to antibiotics by phage may occur via mod-
ification of cell wall permeability and anti-biofilm mechanisms®**~2, In a
recent study associated with phage treatment of Mycobacterium
abscessus in advanced lung disease, it was confirmed that phage
treatment did not promote antibiotic resistance®. Reports indicate
that when Klebsiella pneumoniae is sensitive to certain antibiotics that
do not cause complications, it is highly beneficial to combine this
antibiotic with a phage cocktail’*. This combined approach helps
minimize the chances of regrowth of phage-resistant mutants. We
presented a case report of a PD patient with refractory peritonitis
caused by Klebsiella pneumoniae, successfully treated with a combi-
nation of an intraperitoneal bacteriophage cocktail and sensitive
antibiotics. During the phage therapy, no adverse events were repor-
ted, and the patient was discharged one week after completing anti-
biotic treatment. At the one-month follow-up, no signs of peritonitis
recurrence were observed.

A major concern with phage therapy is the eventual immune
response against phages®. In some phage treatments, an immune
response has been observed, whereas other studies have failed to
demonstrate this, possibly due to the assumption that phages do not
elicit a generalized immune response®®**. Nevertheless, it was found
that synergy between bacteriophages and the immune system may be
essential for the resolution of infections®™. Indeed, given the natural
interaction between humans and phages®*°, the relevance of immune
response evaluation has often been overlooked, and the assessment of
anti-phage antibody production following phage therapy has not been
systematically examined. During the prolonged course of antibiotic
and phage treatments, the emergence of neutralizing antibodies
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21067. Results are presented as mean values of biological replicates (n=3) with
error bars representing the standard deviations of the means. Source data are
provided as a Source Data file.

against phages poses a potential concern. It has been reported that the
lack of anti-phage neutralizing antibodies was associated with the
successful treatment of a patient with disseminated drug-resistant
Mpycobacterium abscessus*. Conversely, the rapid development of
these antibodies was associated with treatment failure in a pulmonary
Mycobacterium abscessus infection’’. In our case, the phage cocktail
was used in the peritoneal cavity, so we detected the neutralizing
antibodies of the phage cocktail in the peritoneal cavity. The results
showed that there were insufficient neutralizing antibodies produced
in the peritoneal cavity to affect phage activity.

In previous overview of the first 100 consecutive real-world cases
of personalized bacteriophage therapy treatment, it has been shown
that when used in the treatment of 114 difficult-to-treat infections of
various types and etiology, in combination with antibiotics 69.3% of
cases, these preparations led to clinical improvements in 77.2% and
eradication of the targeted bacteria in 61.3% of cases; seven non-
serious suspected adverse drug reactions were reported”. In line with
previous studies, a total of 14 patients who received phage therapy for
refractory infections caused by Klebsiella pneumoniae were included in
this study through an extensive literature review. Of the cases, 13 were
successfully treated or showed clinical improvements, while only 1
case did not respond to treatment. 11 patients received phage therapy
combined with antibiotics, and only 3 patients received phage therapy
alone. The results indicated that phage therapy could be effective in

treating refractory infections caused by Klebsiella pneumoniae,
regardless of antibiotic use. The literature review identified several
infection sites, including the urinary tract, post-fracture areas, lungs,
locations following joint replacements, and one case of purulent
meningitis. In this case report, we evaluated a PD patient who suffered
from refractory peritonitis caused by Klebsiella pneumoniae and was
successfully treated using a combination of an intraperitoneal bac-
teriophage cocktail along with sensitive antibiotics. This treatment
represents the first application of bacteriophages in the management
of refractory peritonitis. In a mouse model of severe septic peritonitis,
a single injection of a bacteriophage cocktail completely reversed the
trend of 100% mortality caused by Vancomycin-Resistant Enterococcus
faecalis, leaving the microbiome unaffected®. This finding suggests
that further research is necessary for patients experiencing refractory
peritonitis related to peritoneal dialysis.

In Gram-negative sepsis, LPS is the primary trigger of the con-
dition. It initiates a complex series of reactions that activate various
cell types, including macrophages, neutrophils, endothelial cells, and
resident tissue cells. Additionally, LPS stimulates fluid-phase plasma
systems, such as the complement system and coagulation
pathways**. Multiple studies have shown that the presence of LPS in
dialysate effluent is indicative of Gram-negative bacteria causing PD-
related peritonitis’®*>*®, In our case report, we noted a high level of
LPS in the dialysate, which gradually decreased before we started
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phage treatment. After completing the phage treatment, we
observed a slight increase in LPS levels in the dialysate the day after
treatment ended. However, this level subsequently declined and
ultimately fell to an undetectable range. The temporary rise in LPS
levels within the abdominal cavity might be associated with the
phage infection and the subsequent lysis of Klebsiella pneumoniae.

Local production of IL-6 serves as a marker for ongoing intraper-
itoneal inflammation in patients undergoing peritoneal dialysis™*".
PD patients with elevated IL-6 levels are at an increased risk of
experiencing subsequent episodes of peritonitis during long-term
follow-up™. In this case report, the levels of IL-6 in the dialysate were
relatively high before bacteriophage treatment and peaked on the
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Fig. 5 | Detection of phage-neutralizing antibodies in dialysate effluent before
and after phage treatment. (1) The complement in PD effluent was inactivated at
56 °C for 30 min, which was not sufficient to affect phage activity. (2) No detectable
levels of phage-neutralizing antibodies were produced intraperitoneally following
phage administration, or the levels were too low to significantly impact phage
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activity. Panel A displays the results for strain ®CP-p-KP-21067, while Panel

B presents the results for strain ®CP-p-KP-23240. Results are presented as mean
values of biological replicates (n=3) with error bars representing the standard
deviations of the means. Source data are provided as a Source Data file.

second day of treatment. The elevated levels of IL-6 might be asso-
ciated with a temporary increase in LPS levels caused by the lysis of
Klebsiella pneumoniae. After this peak, IL-6 levels gradually
decreased, which aligned with changes in the WBC counts found in
the dialysate effluent. Whereas, it has been reported that Lysis-
deficient (LyD) phage therapy improved survival in murine perito-
nitis, which decreased LPS levels as well as cytokine release at the
local site of infection*®. This may minimize systemic cytokine
responses and limit inflammation in bacterial sepsis. It warrants
further investigation, particularly regarding refractory peritonitis.

The use of SCR in cases of mechanical complications of PD is well-
established"’, but its application for resolving peritonitis remains
debated. Current evidence suggests that refractory peritonitis is often
associated with bacterial adherence to the silicone catheter or the
formation of biofilm along the tunnel or intraperitoneal section of the
catheter®. This case report demonstrated the successful use of SCR as
a treatment for refractory and repeat Staphylococcus haemolyticus
peritonitis. The culture results from the tip of the removed catheter
confirmed the presence of Staphylococcus haemolyticus, supporting
our suspicion that biofilm formation by this bacterium on the inner
surface of the catheter was responsible for the recurrent/repeat
peritonitis.

Our study has several limitations. First, this study is a case report,
and further research involving a larger sample size is necessary to
confirm the value of phage therapy in treating refractory peritonitis.
Second, while we conducted multiple bacterial culture tests on the
peritoneal dialysis fluid during the treatment process, we did not
perform metagenomic next-generation sequencing (mNGS). mNGS
has been shown to improve the identification of pathogens in infec-
tious diseases. Reports indicate that the pathogen detection rate of
mNGS in the dialysis effluent of patients with peritonitis is significantly
higher than that of traditional culture methods®. By continuously
monitoring the WBC counts in the peritoneal dialysis effluent and
correlating them with the dialysate culture results, we can effectively
evaluate the therapeutic outcome of peritonitis. Finally, conducting a
biofilm assay for Staphylococcus haemolyticus would have strength-
ened our findings by demonstrating the isolate’s biofilm-producing
capability during the SCR process.

Our study demonstrated the safety and effectiveness of using
personalized intraperitoneal bacteriophage treatment combined with
antibiotics for refractory peritonitis caused by Klebsiella pneumoniae.
Although our findings were based on a single observation, they clearly
showed the successful application of phage therapy for refractory
peritonitis related to PD. Additionally, the study also supported the use

Nature Communications | (2026)17:2468


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69154-0

Residual amount of CP-p-KP-21067

A 8-
5 74 —— Inactived
£ —=— Actived
5 6+
'
o 5
S
T 47
[
£ 3
)
g 2+
<
o1
0 T T T T T T
~ <t © o (=] (=]
) = g = q o
< « o ® o e
N < < < < <
(=] ~N N ~N N ~N
~N (=] o o o o
o~ ~N o~ ~N ~N
B Residual amount of CP-p-KP-23240
8_
74 —— Inactived
—=— Actived

Phage titer (Ig, PFU/mL)
T

2024/8/7 -4
2024/8/14
2024/8/16 -
2024/8/18
2024/8/20
2024/9/20

Fig. 6 | Detection of phage residual titers in dialysate effluent before and after
phage treatment. Phage residues were identified in dialysate effluent following
administration. On day 2, the concentrations exceeded 10° PFU/mL and reached
over 10* PFU/mL by day 4. Panel A presents the results for strain ®CP-p-KP-21067,
while Panel B shows the results for strain ®CP-p-KP-23240. The complement in
dialysate effluent was either inactivated at 56 °C for 30 min or left untreated.

of specifically tailored phage therapies. We eagerly anticipate further
clinical trials exploring the use of bacteriophages for PD-related peri-
tonitis, especially in cases of refractory peritonitis.

Method

Klebsiella pneumoniae clinical isolates and antibiotic suscept-
ibility assay (AST)

Before phage therapy, a clinical strain of Klebsiella pneumoniae was
isolated from the patient’s peritonitis dialysate on July 26, 2024. The
strain was cultured on MacConkey Agar plates and subsequently iden-
tified using mass spectrometry with Bruker MALDI (Matrix-assisted
laser desorption/ionization) Biotyper Rapid Microbial Identification
System (Bruker Daltonik GmbH). It was also cultured in Luria-Bertani
medium at 37 °C>*%, To assess antibiotic sensitivity, the agar disk dif-
fusion method was employed under the Clinical and Laboratory Stan-
dards Institute (CLSI) standard. The bacterial load was measured using
Semi-Quantitative Clinical Cultures as previously described*. In brief,
the culture plate was divided into four quadrants, and the peritonitis
dialysate was streaked from the first quadrant to the last using an
inoculation loop. After a 24-h incubation period, the number of quad-
rants exhibiting bacterial growth was evaluated. A result of ‘0" was
recorded if no growth of Klebsiella pneumoniae was observed on the
plate; ‘1" was noted if growth occurred only in the first quadrant; 2’ was
reported if growth was observed in both the first and second quadrants.

Susceptibility testing of phage in the library by the phage

spot test

Phages against the patient’s Klebsiella pneumoniae isolate, which was
cultured on July 26, 2024, were screened from the Bacteriophage
Library (CreatiPhage Biotechnology Co., Ltd, Shanghai, China.) using
the method of spot test and the double agar overlay method®. The
susceptibility of target bacteria to phages was measured by the effi-
ciency of plating (EOP) assay as previously described. Briefly, the
bacteria were added to the 10 mL 0.5% LB medium. After mixing, the
mixture was poured onto the 15 cm plate containing 1.5% LB medium,
followed by waiting to solidify. 2 uL of each Klebsiella pneumoniae
phage (a total of 250 different phages) was dropped onto the bacterial
lawn, followed by waiting to dry. Finally, the plate was cultured at 37 °C
overnight. The appearance of clear plaques means that the phages
were sensitive to the bacteria. The experiment was performed three
times. For the first round of phage therapy, two Klebsiella pneumoniae
phages, ®CP-p-KP-23240 and ®CP-p-KP-21067, were selected to form
the cocktail I. The titer of phage ®CP-p-KP-23240 against the patho-
genic bacteria from the patient was found to be 5 x 108 PFU/mL. Phage
OCP-p-KP-21067 served as a second-line anti-tolerance phage but did
not exhibit a lytic effect on the pathogenic bacteria”, and its titer
against the expanded host was measured at 1 x 10% PFU/mL.

Genome sequencing and bioinformatics analysis of phages

The genomes of ®CP-p-KP-23240 and ®CP-p-KP-21067 were extracted
using a viral genome extraction kit (QIAamp MinElute Viral Spin Kit,
Qiagen, Hilden, Germany) following the instructions. The genomes
were sequenced at Sangon Biotech, Shanghai, using the IlluminaHiSeq
2500 platform and assembled using SPAdes 3.15.5. Their genome
sequences have been deposited in the GenBank in the National Center
for Biotechnology Information (NCBI, Genbank NO. PX120905 and
PX120903) (https://www.ncbi.nlm.nih.gov/).

Multiplicity of infection and one-step growth curve of phages
The host bacteria, Klebsiella pneumoniae, were cultured to the loga-
rithmic growth phase (OD600 nm = 0.6) and adjusted to ~1x10® CFU/
mL. Different amounts of ®CP-p-KP-23240 were then added according
to the multiplicity of infection (MOI) ratios of 1, 0.1, 0.01, 0.001,
0.0001, 0.00001, and 0.000001. For ®CP-p-KP-21067, the MOI ratios
used were 10, 1, 0.1, 0.01, 0.001, 0.0001, 0.00001, and 0.000001. The
mixtures were cultured for 8 h at 37 °C while shaking at 180 rpm. After
incubation, the cultures were centrifuged at 8000 x g for 5 min at 4 °C
and subsequently filtered. Phage titers were detected using the
double-layer plate method. This experiment was conducted in tripli-
cate. For further analysis, phages (at an MOI of 0.1) were added to
0.1 mL of Klebsiella pneumoniae culture (1x10® CFU/mL) during the
logarithmic growth phase and incubated for 5 min at 37 °C. The mix-
ture was then centrifuged at 10,000 x g for 5 min at 4 °C. The pellet was
resuspended in 10.0 mL of fresh LB liquid medium and incubated at
37 °C with shaking at 180 rpm. Samples of 200 uL were taken every
5 min during the first 30 min, and then every 10 min until reaching a
total of 60 min, ultimately extending the time to 90 min. Two samples
were collected at each time point. One sample was immediately fil-
tered through a 0.22 um filter and diluted for phage titer detection
using the double-layer plate method. The other sample was treated
with 1% (v/v) chloroform for 30 min at room temperature to determine
the titer*. This experiment was also repeated in triplicate.

Sensitivity test and synergistic effect for bacteriophages and
antibiotics

The sensitivity of the bacteria in the patient to the bacteriophages and
antibiotics was detected by the kill curve test, as well as the synergistic
effect of bacteriophages and antibiotics. Briefly, 190 pL of LB medium
was added to one well of a 96-well plate, which was followed by adding
10 pL of the bacterial culture in the logarithmic growth phase. After
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mixing, 1 pL of bacteriophages or a specific concentration of imipenem
(IPM, final concentration of 0.125, 0.25, or 0.5 pg/mL) was added to it.
The well that only added the bacteria was the negative control. After all
the above, the 96-well plate was placed in the BioTek 800 TS (Amer-
ica). The parameters were set as a total of 24 h of testing time at 37 °C,
containing a 20-min interval as the reading period, which was per-
formed at OD600 nm. The experiment was performed three times.

Bacteriophage propagation and administration

The preparation of the phage agent followed established protocols®.
Phages were cultured on their original host, resulting in lysates with
titers exceeding 1 x 10° PFU/mL. These lysates were then purified using
a CIM® Anion Exchange Column QA (BIA Separations, Slovenia)
according to the manufacturer’s instructions. The concentrate was
dialyzed against a 0.9% sodium chloride physiological solution three
times, with each dialysis lasting a minimum of three hours. Finally, the
phage-containing solution was sterilized through a 0.22 pm filter, ali-
quoted, and packaged at the Good Manufacturing Practice (GMP)
facility of Zhongshan Hospital of Fudan University, Shanghai, China.
The phage cocktail I used (®CP-p-KP-23240 and ®CP-p-KP-21067) was
diluted in saline to a total volume of 10 mL, achieving concentrations
of 5 x10® PFU/mL for ®CP-p-KP-23240 and 1x 10® PFU/mL for ®CP-p-
KP-21067.This cocktail was diluted in peritoneal dialysate to a final
volume of 1L, achieving a concentration of 10° PFU/mL for each phage,
which was administered through the PD catheter. The phage solution
was retained in the intraperitoneal cavity for four hours and then
drained out. The phage cocktail was injected twice a day for 3 con-
secutive days and two doses were administered successively. Simul-
taneously, the external exit of the PD catheter was moistened with a
sterile gauze soaked in the phage solution for at least 20 min.

Phage neutralization assays

As previously described®, each PDF sample was diluted 1:10 in phage
buffer, which consisted of 10 mM Tris-HCI (pH 7.5), 10 mM MgS04, and
68 mM NaCl. The diluted samples were then incubated with either
OCP-p-KP-23240 or ®CP-p-KP-21067 at room temperature for 24 h.
After incubation, 10-fold serial dilutions were performed, with 3 pL of
each dilution placed onto top agar, followed by incubation at 37 °C for
24 h. Additionally, some PDF samples were inactivated by heating at
56 °C for 30 min to deactivate the complement. Each sample was tes-
ted in triplicate on each bacterial strain and the mean value and stan-
dard deviation were determined for each dialysate sample.

Determination of phage titre in dialysate effluent

Peritoneal dialysis effluent was collected from patients before and
after phage treatment to determine the phage titre. The peritoneal
dialysis fluid was then centrifuged at 8000 x g for 2 min. The phage
titre was measured using the EOP, as described previously*°. A volume
of 5 ul from serial 10-fold dilutions of the phage was spotted on double-
layer agar plates, onto which the host bacteria, Klebsiella pneumoniae,
had been spread in the upper soft agar. The number of plaques was
counted after overnight incubation. Additionally, some peritoneal
dialysis fluid samples were inactivated by heating at 56°C for
30 minutes to deactivate the complement.

Determination of interleukin-6 levels in dialysate effluent

The concentration of IL-6 in the overnight drained PDF was measured
using an enzyme-linked immunosorbent assay (ELISA). All samples
were analyzed simultaneously and in duplicate to minimize both intra-
and inter-assay variations. The IL-6 concentration was determined
using the Quantikine ® kit from R&D Systems Inc. (Minneapolis, MN,
USA). The detectable range specified by the manufacturer was from 3.1
to 300 pg/mL. For samples that exceeded the detection level, we
diluted them appropriately before conducting the test. The IL-6 value
was reported as the mean of the parallel readings for each specimen.

WBC counts in PD effluent and serum CRP levels were monitored,
respectively.

Determination of lipopolysaccharide levels in dialysate effluent
A commercial photometric Limulus Amebocyte Lysate (LAL) assay kit
(Charles River Laboratories International, Inc., Guangdong, China) was
utilized to measure LPS levels in the overnight drained PDF. The
detectable range specified by the manufacturer was 0.005-2.500 EU/
mL, with an upper normal limit for plasma samples set at 0.053 EU/mL.
Effluent specimens were stored in pyrogen-free tubes and processed
within four hours. According to the manufacturer’s instructions, one
serving of the LAL assay was dissolved in 250 mL of reagent water. One
hundred microliters of each effluent were diluted tenfold and then
subsequently heated in a 75°C thermostat for ten minutes. After
cooling to room temperature, 50 mL of specimen diluent was com-
bined with 100 mL of the LAL solution in a reaction tube. Each speci-
men analysis included parallel measurements in two individual tubes,
as well as two duplicate tubes containing 100 mL of reagent water as
the negative controls, and two duplicate tubes containing 100 mL of
quality control solution as the positive controls. All the tubes were
incubated at 37 °C for 75 min and readings were taken using the LKM
series Kinetic Tube reader (Lab Kinetics Ltd, UK). The LPS value was
reported as the mean of the parallel readings for each specimen.

Literature search

To summarize the application of phage therapy in related infections
caused by Klebsiella pneumoniae, we searched the PubMed database
for related articles from 1985 to 2024. An electronic search was per-
formed using the keywords “Klebsiella pneumoniae” and “phage” or
“bacteriophage”.

Ethics approval statement

This study protocol was reviewed and approved by the Ethics Com-
mittee of Zhongshan Hospital, approval number [B2024-041R], and
the participant gave written informed consent, according to CARE
guidelines and in compliance with the Declaration of Helsinki Ethical
Principles. Consent to publish clinical information potentially identi-
fying individuals was also obtained.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The genome sequences of phages ®CP-p-KP-23240 and ®CP-p-KP-
21067 have been deposited in GenBank at the National Center for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/), under
accession codes PX120905 and PX120903, respectively. The authors
declare that all other data supporting the findings of this study are
available within the article. Source data are provided with this paper.
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