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ABSTRACT
Bacteriophages (phages) are emerging as a viable adjunct to antibiotics for the treatment of multidrug-resistant (MDR) bacterial
infections. While intravenous phage therapy has proven successful in many cases, clinical outcomes remain uncertain due to a
limited understanding of host response to phages. In this study, we conducted a comprehensive examination of the interaction
between clinical-grade phages used to treat MDR Escherichia coli and Klebsiella pneumoniae infections, and human peripheral
blood immune cells. Using whole transcriptome as well as proteomic approaches, we identified a strong inflammatory response
to E. coli phage vB_EcoM-JIPh_Ec70 (herein, JIPh_Ec70) that was absent upon exposure to K. pneumoniae phage JIPh_Kp127.
We confirmed that JIPh_Ec70’s DNA recognition by the STING pathway was principally responsible for the activation of NF-kB
and the subsequent inflammatory response. We further show that monocytes and neutrophils play a dominant role in phage
uptake, primarily through complement-mediated phagocytosis. Significant differences in complement-mediated phagocytosis of
JIPh_Kp127 and JIPh_Ec70 were observed, suggesting that reduced recognition, phagocytosis, and immunogenicity all contribute
to the significantly decreased response to JIPh_Kp127. Our findings contribute to the progress of our understanding of the innate
immune response to therapeutic phages and offer potential insights into how to improve the safety and effectiveness of phage
therapy.
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1 Introduction

Bacteriophages (phages), viruses that exclusively infect bacteria,
are rapidly emerging as a novel therapeutic adjunct to antibiotics
for treating multidrug-resistant (MDR) bacterial infections, the
cause of more than 1.2 million deaths a year [1]. Thus far,
phage therapy has only received approval for compassionate
use, typically in conjunction with ongoing antibiotic treatment
[2–6]. Nevertheless, promising indications have been reported
against severalMDR bacterial infections [4, 5, 7]. The intravenous
injection of low-endotoxin phage preparations has become the
preferred and most effective administration method for phage
therapy, as only a small proportion of orally administered phages
reach circulation [8, 9]. Effective therapeutic concentrations of
109–1011 plaque-forming units (pfu) introduced intravenously
have raised concerns regarding the potential immune recognition
of phage particles and the underlying safety of phage therapy
[10].

A diverse body of work has examined the immune response
to phages, in clinical cases, animal experiments, and in vitro
[4, 5, 7, 11–14]. In humans, up to 99% of therapeutic phages
administered intravenously disappear from circulation within
an hour, suggesting an extremely efficient method of phage
sequestration in vivo [7]. Mouse studies have shown that the
highest concentration of intravenously administered phages can
be found in the liver and spleen 24 h after injection, suggesting
that resident macrophages and endothelial cells at these sites
are primarily responsible for phage clearance [15–17]. While
phage-targeting antibodies have been detected in the weeks
following phage treatments, consistent with the development
of adaptive immunity [18, 19], reports on the innate immune
responses to different phage species are inconsistent [11–13,
20]. In vitro, treatment with the myovirus T4 Escherichia coli
phage does not generate inflammatory or antiviral responses
in human peripheral blood mononuclear cells (PBMCs) [11],
but Staphylococcus aureus and Pseudomonas aeruginosa tailed
phages regardless of morphology, produce potent pro- and anti-
inflammatory responses [12]. P. aeruginosa filamentous phages
and E. coli phage cocktails have also been shown to stimulate
interferon (IFN) responses in murine models [13, 20]. Together,
these studies indicate that phages are recognized and elicit an
immune response but cannot establish whether these differences
in the immune response can be attributed to differences in phage
preparation, inherent phage immunogenicity (genomic material,
immunogenic proteins), or host-specificmemory responses based
on previous exposure.

Here, we investigated the phage-specific innate immune response
of peripheral blood circulating immune cells using purified
endotoxin-depleted phages fromdifferent families targetingMDR
E. coli and Klebsiella pneumoniae strains. To our knowledge, this
is the first study using suitable controls for bacterial immunogen
contamination. We identified a phage-specific proinflammatory
response driven primarily by STING recognition of phage DNA.
We also confirmed that monocytes and neutrophils are the
main drivers of phage clearance via phagocytosis, aided by
complement factor opsonization. These findings represent a
significant step toward developing safer, more effective phage
therapy.

2 Results

2.1 Phage-Specific Innate Response to JIPh_Ec70
and JIPh_Kp127

To assess phage-specific peripheral immune responses, two
phages were chosen: vB_EcoM-JIPh_Ec70 (SRA PRJNA764821;
herein, JIPh_Ec70; Herelleviridae; myovirus) and JIPh_Kp127
(GenBank MN434096; Demerecviridae; syphovirus), targeting E.
coli and K. pneumoniae clinical isolates, respectively. Following
purification, the concentration of both phages ranged from 1010–
1012 pfu, and endotoxin concentration was <0.5 EU/107 pfu/mL
(Table S1).

To investigate the immune response to JIPh_Ec70 and
JIPh_Kp127, 5 × 107 pfu of these phages were applied to
either 5 × 105 PBMCs or CD14+ monocytes isolated from healthy
individuals for 24 h (n = 3/treatment) (Figure 1A). To confirm
that phage preparations did not contain immunogenic bacterial
components, we prepared filtered controls using a 100 kDa
Amicon filter. This control did not contain viable phage particles
but preserved immunogenic bacterial components if present.
Poly-A mRNA sequencing was performed and sequenced short
reads were aligned to the Ensembl build 98 reference genome
(GRCh38) resulting in 16,070 genes with detectable reads. Paired
gene expression comparisons were performed between media-
only control, phage-filtered controls, and phage treatments to
define differentially expressed genes (DEGs; Table S2).

Prior to assessing the transcriptional response to phages, we
confirmed that our preparations themselves did not contain any
immunogenic bacterial components by comparing filtered-phage
controls and media-only controls (Table S2). There was no sig-
nificant difference in gene expression between these treatments,
suggesting that our phage purification method removed bacterial
contaminants and that any change in gene expression following
phage treatment was indeed phage-specific.

PBMC treatment with JIPh_Ec70 for 24 h resulted in 923 and 2778
DEGs in PBMCs and monocytes, respectively, while there was no
significant transcriptional dysregulation following JIPh_Kp127
treatment (Figure 1B, Table S2). Included in the upregulated
genes stimulated by JIPh_Ec70 (528 in PBMC and 1272 in mono-
cytes) were pro-inflammatory cytokines such as IL1B, IL36G,
IL17F, IL6 as well as wound healing-related cytokines such as
IL22, IL24 (Full list in Supporting Information File S1). Amajority
of DEGs in PBMCs treated with JIPh_Ec70 were also identified
in monocytes (Figure 1C), suggesting a significant contribution
of the innate immune cells to the overall response against the
phage.Multiple interferon-stimulated genes (e.g.,OAS3,CXCL10)
increased following JIPh_Kp127 treatment, but not significantly
(FDR > 0.05) (Figure 1B). Interestingly, some inflammatory
cytokine genes (e.g., IL6, IL36G) induced by JIPh_Ec70 were
suppressed in cells treated with JIPh_Kp127 (log2(FC) < −2, FDR
> 0.05) (Figure 1B).

Pathway-enrichment analysis of JIPh_Ec70 upregulated genes
revealed numerous innate immune response pathways that could
be largely categorized into interferon response, inflammatory
response, and recognition of pathogen-associated molecular
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FIGURE 1 Unique peripheral blood immune cell responses to phages JIPh_Ec70 and JIPh_Kp127. (A) Diagram outlining PBMC and monocyte
phage treatments and controls prior to RNA sequencing. Filtered phage controls contained no viable phage but bacterial contaminants, if any, were
able to pass through 100 kDa filters. (B) Volcano plot of RNA sequencing data showing upregulated DEGs (red), downregulated DEGs (blue), and
nondifferentially expressed genes (black) in PBMCs and monocytes treated with either JIPh_Ec70 or JIPh_Kp127 (n = 3). (C) Overlapping upregulated
DEGs in PBMCs and monocytes treated with JIPh_Ec70. (D) Enriched pathway analysis of upregulated DEGs in PBMCs and monocytes treated with
JIPh_Ec70. (E) Relative expression of the pathway-enriched DEGs across all samples treated with either phages or controls. (F) Relative expression of
selective proinflammatory cytokine genes (IL1B, IL6), anti-inflammatory cytokine gene (IL10), and interferon response-related genes (IFNA2, IFNG,
OAS3, and CXCL10) in PBMCs and monocytes from eight donors treated with either JIPh_Ec70 or JIPh_Kp127. Paired-t test, *p < 0.05, **p < 0.01. (G)
Concentration of secreted proinflammatory cytokines (IL-1β and IL-6) and interferon-stimulate cytokine (CXCL10) in PBMC and monocytes treated
with either JIPh_Ec70, JIPh_Kp127 or controls (n = 8). Friedman test, *p < 0.05, ***p < 0.005. For (F, G), data presented with mean ± standard error of
the mean (SEM). Ec70 = JIPh_Ec70, Kp127 = JIPh_Kp127. DEG, differentially expressed gene; FDR, false discovery rate; LogFC, log fold change; PBMC,
peripheral blood mononuclear cell.
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patterns (Figure 1D). Relative expression of upregulated genes
belonging to these pathways in all samples indicated the highest
expression in the cells treated with JIPh_Ec70 compared with
JIPh_Kp127 and control groups (Figure 1E).

To confirm transcriptional profiling by RNA-Seq, qPCR and
ELISA were employed to measure the pro/anti-inflammatory
(IL1B, IL6, IL10) and interferon response (IFNA2, IFNG, OAS3,
and CXCL10) (Figure 1F). These data agreed with RNA-Seq
results, demonstrating an increase in IL1B and IL6 transcript
expression (Figure 1F) and protein secretion (Figure 1G) in
both PBMCs and monocytes treated with JIPh_Ec70. Conversely,
there were no significant differences in the expression of the
anti-inflammatory gene (IL10) and interferon-related genes in
immune cells treated with JIPh_Ec70 in comparison to those
treated with JIPh_Kp127 or any of the control groups.

2.2 JIPh_Ec70 DNA Activates Inflammatory
Signaling via Activation of STING

To identify the mechanism by which JIPh_Ec70 stimulates the
inflammatory cascade, we next investigated a subset of pattern
recognition receptors (PRRs) that have been shown to recog-
nize the immunogenic components of viruses, including tailed
phages: TLR2 [21] and TLR4 [22] recognition of human viral
capsid proteins, and TLR9 [20] and STING [14] recognition
of phage DNA. PBMCs and monocytes were incubated with
validated PRR inhibitors (Table S3, Figure S1) before JIPh_Ec70
phage treatment, and IL1B and IL6 levels were measured by
qPCR and ELISA (Figure 2A,B). OAS3 and CXCL10 were also
detected by qPCR and ELISA, respectively, as markers of the
interferon response. Both TLR4 and STING inhibitors abolished
the expression of IL1B and IL6 in PBMCs while the STING
inhibitor alone was sufficient to inhibit IL1B and IL6 expression.
STING inhibition also resulted in a small but significant increase
in OAS3.

We next tested the inflammatory signaling cascades induced
by JIPh_Ec70 upon recognition by STING or TLR4, which rely
on NF-κB and IRF3 to initiate inflammatory and interferon-
based responses, respectively. JIPh_Ec70 phage treatment for 2 h
stimulated the phosphorylation of NF-κB p65 but not of IRF3 in
both PBMCs and monocytes (Figure 2C). Inhibition of STING,
and to a lesser extent TLR4, reduced the phosphorylation of NF-
κB p65 in both PBMCs and monocytes (Figure 2C), suggesting
that JIPh_Ec70-mediated STING activation drives NF-κB phos-
phorylation and subsequent inflammatory cytokine expression in
peripheral blood.

To differentiate between inflammatory responses to phage pro-
teins versus phage DNA, we separated phage DNA from its capsid
casing and incubated 5 × 105 PBMCs with 5 × 107 whole phages,
or empty capsid shells/phage DNA extracted from 5 × 107 phages
for 24 h (Figure 3A). The expression of inflammatory cytokines
IL1B, IL6, and OAS3/CXCL10 were examined using qPCR and
ELISA. JIPh_Ec70DNA stimulated a similar upregulation of IL1B
and IL6 as intact JIPh_Ec70 phage, whereas the empty capsid did
not enact a response (Figure 3B). DNAse treatment of JiPh_Ec70
DNA reduced IL6 and IL1B expression to near baseline levels
(Figure S2), indicating that DNA was indeed the inflammatory

stimulus. As expected, neither the JIPh_Kp127 phage nor its
individual components (empty capsid and core DNA) stimulated
IL1B or IL6. No stimulation of interferon-based pathways, as
measured by OAS3/CXCL10, was observed.

2.3 Differences in Phage Engulfment by
Peripheral Blood Mononuclear Cells in Vitro

To track phage internalization, phages were fluorescently labeled
with SYBR-green, a dye that does not affect phage structure or
viability [23]. To ensure that the fluorescent signals obtained
were not due to the carryover of fluorescent dye, filtered-
SYBR controls were prepared with SYBR-green labeling in the
absence of phage substrate, followed by extensive washing. As
an additional negative control, PBMCs were incubated with
phages at 4◦C to inhibit virus internalization (Figure 4A) [24].
After 1,2 and 4 h, engulfment was measured by flow cytometry
among broad leukocyte populations: B cells (CD19+), monocytes
(CD14+), T cells (CD3+), natural killer (NK) cells (CD3-CD56+),
NKT cells (CD3+CD56+) and conventional dendritic cells (DCs,
CD14-CD11c+) (Figure 4B). Flow cytometry gating of phage-
positive cells was performed using the filtered SYBR control as
a negative cutoff to account for SYBR carryover (Figure S3).
All cell types were capable of internalizing phages over the
course of 4 h, as measured by SYBR green median fluorescence
intensity (SYBR-MFI), with significantly different capacities and
rates of engulfment (Figure 4C). Importantly, only monocytes
and DCs showed a significant increase in SYBR-green intensity
over the time course, with increased SYBR MFI and percentage
of phage engulfing cells (Figure 4D). These findings suggest that
monocytes and DCs actively engulfed phages throughout 4 h in
contrast to lymphocyte populations where phage fluorescence
remained constant and low.

To compare the number of internalized phages in monocytes
versus total PBMCs, we incubated 107 pfu/mL JIPh_Ec70with 105
monocytes or PBMCs for 2 and 24 h. Phage genomes and viable
intracellular phages were quantified by qPCR and double agar
plaque assays, respectively. As expected, monocytes exhibited
a greater capacity to engulf phages compared with PBMCs at
both time points (Figure 4E). Quantification of phage genomes
identified up to a log-fold increase in phage DNA compared
with viable phage among both populations, indicating that
internalized phages lost infectivity following engulfment.

2.4 Complement Factors Mediate Bacteriophage
Phagocytosis by Monocytes and Neutrophils

As neutrophils are absent from PBMC preparations, we next
investigated phage uptake by neutrophils; polymorphonuclear
phagocytes that outnumbermonocytes in blood by approximately
10:1. Equal numbers of>95% pure neutrophils or monocytes were
incubated with SYBR-labelled phages or filtered SYBR-green
controls for 4 h. Comparedwithmonocytes, neutrophils exhibited
lower phage engulfment and a slower rate of uptake (Figure 5A).
After 4 h, approximately 60% ofmonocytes compared with 30% of
neutrophils were phage positive. Phage uptake was considerably
higher in pure monocytes compared with monocytes in PBMCs
(16%, Figure 4D), likely owing to increased contact and recog-
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FIGURE 2 Interrogation of the JIPh_Ec70-specific inflammatory response. (A) Expression of IL1B, IL6, andOAS3 in PBMCs andmonocytes treated
with JIPh_Ec70 phages with/without pretreatment with PPRs inhibitors, measured by qPCR (n= 8). (B) The concentration of IL-1β, Il-6, and CXCL10 in
cell media after treatment with JIPh_Ec70 phages with/without pretreatment with PPRs inhibitors measure by ELISA (n= 6). (C) Western blot showing
NF-kβ p65 and IRF3 and their phosphorylated forms in PBMCs andmonocytes treatedwith JIPh_Ec70 phageswith/without pretreatmentwith TLR4 and
STING inhibitor. Data presented with mean ± SEM, Friedman test, *p < 0.05, **p < 0.01 ***p < 0.005. Inh, inhibitor; kDa, kilodalton; PBMC, peripheral
blood mononuclear cell.
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FIGURE 3 JIPh_Ec70 DNA stimulates an inflammatory response. (A) EM images of intact phages and empty capsids (scale bar 50 nm). (E)
Expression of IL-1B, IL6, and OAS3 in PBMCs treated with intact JIPh_Ec70 or JIPh_Kp127 phages, corresponding empty capsids, and phage DNA
(n = 6). (B) Relative PBMC gene expression of IL1B, IL6, and OAS3, and concentration of IL-1β, Il-6, and CXCL10 in cell media after treatment with
intact phages, empty phage capsid, and phage DNA (n = 6–8). Data presented with mean ± SEM, Friedman test, *p < 0.05, **p < 0.01 ***p < 0.005. NC,
negative control.
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FIGURE 4 Phage internalization by peripheral blood mononuclear cells is dominated by monocytes. (A) Diagram of PBMC phage internalization
assay outlining phage labeling treatment and filtered SYBR control. (B) Gating strategies used to identify broad PBMC populations. (C) Median
fluorescent intensity of SYBR of PBMC populations, representing phage engulfment over a 4 h time-course (n = 8). (D) Δ SYBR-MFI (cell-specific
phage treated MFI—filtered SYBR MFI) and percentage of phage-SYBR positive cells in different cell types of PBMCs (n = 8). (E) Titer of internalized
JIPh_Ec70 and a number of the internalized phage genomes in PBMCs versus monocytes (n = 7). (C, D) data presented with mean ± SEM, Friedman
test, (E) data presented with mean ± SEM, paired t-test, *p < 0.05, **p < 0.01 ***p < 0.001. DC, dendritic cell; MFI, median fluorescent intensity; pfu,
plaque-forming unit; PBMC, peripheral blood mononuclear cell.

nition of phage particles in pure cultures. Fluorescent imaging
confirmed the internalization of SYBR-labelled JIPh_Ec70 in
bothmonocytes and neutrophils (Figure 5B), demonstratingwhat
appears to be vacuolar aggregates of fluorescent particles in both
cell types.

To identify the mechanisms of phage engulfment, we used
inhibitors of dynamin-dependent clathrin and caveolae-mediated

internalization pathways (Dynasore) [25], as well as inhibitors of
macropinocytosis (EIPA) [26] and phagocytosis (Cytochalasin D)
[27, 28]. Confirmation of pathway inhibition and cell viability was
performed using fluorescence-tagged control cargos specific to
each pathway (Figure S4). Inhibition of phagocytosis alone signif-
icantly reduced phage engulfment bymonocytes and neutrophils,
asmeasured by SYBR-MFI and the proportion of phage-engulfing
cells (Figure 5C).
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FIGURE 5 Phage internalization pathways inmonocytes and neutrophils. (A) SYBR-labeled JIPh_Ec70 internalization in isolated neutrophils and
monocytes (n= 7). (B) Fluorescent images of internalized SYBR-labelled JIPh_Ec70 phages (green) in livemonocytes (DIC image in grey) andneutrophils
(nuclear counterstained with Hoechst). (C) SYBR-labeled JIPh_Ec70 internalization in monocytes (n = 6) and neutrophils (n = 5) following inhibition
of engulfment pathways specific to phagocytosis, macropinocytosis, or dynamin-dependent endocytosis. (D) SYBR-labeled JIPh_Ec70 internalization
in monocytes (n = 7) and neutrophils (n = 5) cultured in media supplemented with either heated serum to inactivate complement, pretreated with FcR
block to inhibit antibody opsonization, or both. (E) Titer and relative genome content frommonocyte internalized JIPh_Ec70 phages following inhibition
of phagocytosis or complement. (F) Electron micrographs of monocytes treated with SYBR-labeled JIPh_Ec70 phages, demonstrating phage aggregates
(red arrow) within an endosomal compartment (red square). (A, B) Data presented with mean ± SEM, paired t-test, and in (C–E), data presented with
mean ± SEM, RM one-way ANOVA test, *p < 0.05, **p < 0.01 ***p < 0.001, ****p < 0.0001. FcR, Fc receptor; MFI, median fluorescent intensity; PFU,
plaque-forming unit.
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To investigate two well-characterized opsonins, antibodies, and
complement factors, JIPh_Ec70 was incubated with media con-
taining pooled serum from eight donors for 30 min and then
added to monocyte and neutrophil cultures. To inactivate com-
plement, serum was heat-treated [29], whereas Fc blocking
reagent was used to inhibit antibody-mediated opsonization
[30]. Inactivating complement factors alone significantly reduced
SYBR intensity and phage-positive cells in both monocytes and
neutrophils (Figure 5D), while Fc receptor (FcR) block only
modestly reduced phage uptake by neutrophils (p > 0.05).

To further assess complement opsonized phagocytosis as a
mechanism of phage engulfment, we quantified intracellular
phage DNA and infective phage at 2 and 24 h post-JIPh_Ec70
treatment (Figure 5E). As expected, we observed a significant
reduction in internalized viable phages and phage genomes in
monocytes treated with either cytochalasin D or heated serum
at 2 h. After 24 h, both treatments stimulated a significant
reduction in intracellular phage, in contrast to intracellular phage
genomes that were unaffected by either treatment. Electron
microscopy of monocytes incubated with phages for 2 h indicated
the presence of large endosomes enclosing phage aggregates,
suggesting that complement-mediated aggregation can facilitate
monocyte phagocytosis (Figure 5F).

2.5 Increased Monocyte Engulfment of
JIPh_Ec70 versus JIPh_Kp127 Is Not Dependent on
Complement

We next compared JIPh_Ec70 and JIPh_Kp127 monocyte inter-
nalization using equivalent amounts of SYBR-labelled JIPh_Ec70
and JIPh_Kp127. JIPh_Ec70 phages were internalized faster and
to a greater degree compared to JIPh_Kp127 phages (Figure 6A).

To determine whether complement factor C3, a critical opsonin
that stimulates pathogen recognition and engulfment, plays a
significantly crucial role in phage phagocytosis, we inhibited
C3 using compstatin [31, 32]. Monocytes were treated with
SYBR-labelled JIPh_Ec70 or JIPh_Kp127 in media containing
pooled human serum, alone or in combination with comp-
statin, or media containing heat-inactivated serum for 4 h
(Figure 6B). Intracellular phagewas quantified by flow cytometry,
plaque-forming assay (viable phage), and qPCR (phage DNA).
While compstatin treatment marginally reduced phage uptake
as measured by flow cytometry, it increased viable intracellular
phage (pfu), suggesting that C3 may be involved in intracellular
phage degradation. Heat-inactivated serum significantly reduced
JIPh_Ec70 uptake, with a modest reduction in JIPh_Kp127 as
well.

C3 was next measured alongside fluorescent phage by flow
cytometry to determine its role in phage binding, and uptake,
as well as the effects of compstatin and heated serum on
phage-C3 binding. As expected, both JIPh_Ec70 and JIPh_Kp127-
containing cells possessed significantly higher C3 positivity,
suggesting that C3 binds phage (Figure 6C). There was, however,
no significant difference in C3 binding between phages. Con-
firming their inhibition of complement activity, both compstatin
and heat-inactivated serum reduced C3 uptake, particularly in
phage-positive monocytes. Internalization of C3 bound phage

was confirmed by immunofluorescent imaging, demonstrating
co-localization of SYBR-labelled phages with C3 in cells treated
with normal serum only; a co-localization absent following the
addition of compstatin (Figure 6D).

3 Discussion

In this study,we examined phages JIPh_Ec70 and JIPh_Kp127 tar-
geting the clinically relevant pathogensE. coli andK. pneumoniae,
ranking 1st and 3rd in global deaths attributed to antibiotic-
resistant bacteria, respectively [33], placing them at the top of the
list of serious pathogenic threats [34, 35]. As traditional antibiotics
become less reliable against these highly MDR bacteria [36],
phage therapy is seen as a viable, potentially life-saving, adjunct
in the treatment of refractory infections [37, 38]. Nonetheless,
clinical success is still unpredictable due to a poor understanding
of phage-bacteria interactions and their impact on the human
immune system leading to limited applications in critical care
[39, 40]. We used phages belonging to different morphological
groups (Herelleviridae myovirus and Demerecviridae syphovirus)
to assess the peripheral immune response with a focus on phage
recognition, uptake, and response. Phage concentrations used
as part of this study are consistent with effective phage doses
used clinically that range from 109 to 1011 [10]. This dosage
would represent approximately 105–107 circulating pfu/ml in
the average individual with 5000 mL of blood. Using carefully
designed controls to ensure that bacterial immunogens did not
contaminate phage-specific responses, we have demonstrated
that these different phages elicit potent but different inflam-
matory responses based on recognition of phage DNA. Using
the immunogenic JIPh_Ec70 myovirus, we demonstrated that
monocytes and neutrophils are likely the primary mediators
of phage clearance in blood; a process that is facilitated by
complement-assisted phagocytosis. These findings have broad
implications regarding phage-type selection for therapeutic use,
suggesting perhaps that phages should be assessed for their
immunogenicity as well as their capability to evade clearance by
host phagocytes prior to clinical use.

Our study revealed major differences in the inflammatory
response to the two different phages, shedding light on the
inconsistent findings regarding phage immunogenicity in prior
research [7, 11–13, 20, 40]. To our knowledge, our study is the first
to include necessary phage filtrate controls to ensure that the
carryover of bacterial immunogens from the phage preparation
is not responsible for initiating immune responses. While
LPS is measured in most studies, other bacterial immunogens
that can contaminate phage preparations such as flagellin,
peptidoglycan, or bacterial genomic material are generally not
accounted for. Though this aspect renders comparison of our
findings with those of other studies difficult, consistent with the
inflammatory response to JIPh_Ec70, S. aureus and P. aeruginosa
phages have been shown to elicit inflammatory (IL1B, IL6)
as well anti-inflammatory gene expression profiles in human
PBMCs [12]. We observed a far greater inflammatory response
to JIPh_Ec70 characterized by significantly stronger induction of
inflammatory genes (IL1B, IL6, IFNG, ∼6-7 Log2FC) as compared
with anti-inflammatory genes (IL1RN, SOCS3, IL10, ∼2 Log2FC)
(Supporting Information File S1). Moreover, we identified high
expression of wound-healing cytokines such as IL22 and IL24,
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FIGURE 6 The Role of Complement in JIPh_Ec70 and JIPh_Kp127 Internalisation. (A) Comparison of SYBR-labelled JIPh_Ec70 and JIPh_Kp127
monocyte internalization over a 4 h time-course (n= 6). (B) Ec70 and Kp127 phage internalization following inhibition of complement using compstatin
(C3 inhibitor) or heat inactivation. Intracellular phage was measured by flow cytometry (SYBR labeling), plaque-forming units (viable phage), and
qPCR (intracellular genomes) (n = 8). (C) C3 internalization was quantified by flow cytometry in phage+ and phage-monocytes following complement
inactivation using compstatin and heat inactivation (n = 7). (D) Immunofluorescent imaging of monocytes treated with SYBR-labelled phages (green)
± C3 inhibitor compstatin. Internalized C3 was labelled in red and cell nucleus in blue. Detected phages and C3 marked with a white arrow, scale
bar = 2 µm. Data presented with mean ± SEM, a paired t-test, (E, F) RM two-way ANOVA test, *p < 0.05, **p < 0.01 ***p < 0.001, ****p < 0.0001. C3,
complement factor 3; MFI, median fluorescent intensity; PFU, plaque-forming unit.

supporting the initiation of inflammatory resolution following
acute inflammation triggered by the JIPh_Ec70 phage. In line
with the IFN response to JIPH_Ec70 identified in this study,
other phages have also been shown to stimulate IFN-γ-driven
mucosal inflammation in a murine colitis model and IFN-β
antiviral responses in a murine chronic wound model [13, 20].
Gogokhia et al. demonstrated that phage DNA was responsible
for IFN-γ induction through recognition by TLR9 in resident
DCs, in contrast to our identification of STING-based recognition
of JIPh_Ec70 DNA, which induced the NF-kB signaling pathway
rather than the interferon-induced IRF3 pathway. Consistent
with our findings, oral phage administration in chickens has been
shown to activate “incomplete” cGAS-STING pathway signaling,
halting prior to phosphorylation of NF-κB or IRF-3; an interesting
finding hypothesized to be caused by a lack of RNApolymerase III
binding to phageDNAand thus no production of double-stranded
RNA (dsRNA) necessary for signal propagation [14]. Importantly,
TLR9 is abundantly expressed in DCs but not in monocytes [41],
while STING is broadly expressed in all immune and nonimmune
cell types. As the STING pathway recognizes cytosolic DNA,
additional work is needed to understand how JIPh_EC70 DNA
enters the cell, and subsequently, the cytosol. Naked DNA is
readily taken up into endosomes by myeloid cells [42] and
can be facilitated by antimicrobial peptides [43]; however,

the mechanism of DNA internalization remains unclear.
Intriguingly, bacterial ligands in phagosomes can be transported
to the cytosol to activate cytosolic PRRs such as NOD2 [44],
providing a possible mechanism for JIPh_Ec70 DNA activation
of STING.Notably, wemeasured no inflammatory response to the
JIPh_Ec70 capsid, consistent with previous works on T4 capsid
proteins [11].

Interestingly, both TLR4 and STING inhibitors could inde-
pendently prevent the inflammatory response to Ec70 phage.
Having confirmed that these inhibitors do not interfere with
one another’s pathway activation (Figure S5), these data suggest
that activation of both PRRs is necessary to initiate a response.
As viral glycoproteins and histones have both been shown to
activate TLR4 [45, 46], it is possible that TLR4 can mediate phage
recognition and endocytosis to enable STING activation by phage
DNA. As STING and TLR4 ligands also demonstrate synergism
[47], the combined signal may also be necessary to stimulate an
inflammatory response.

Phages have been proposed to enter eukaryotic cells, including
immune cells, through macropinocytosis [48, 49], transcytosis
[50], and phagocytosis [51]. Importantly, while phagocytosis has
often been assumed as a mechanism of phage endocytosis, to our
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knowledge it has not yet been validated experimentally. Using
inhibitors of endocytic pathways, phagocytosis was identified as
the primary mechanism of JIPh_Ec70 phage internalization in
human immune cells, emphasizing the critical role of comple-
ment factors such as opsonins. Importantly, the phagocytosis
inhibitor Cytochalasin D has been shown to interfere with actin
filament dynamics independent of phagocytosis which may have
contributed to the inhibition of phage uptake we observed [52].
While inhibition of phagocytosis and complement opsonization
was pronounced in the short term (Figure 5C–E), 24 h quan-
tification of intracellular JIPh_Ec70 genomes demonstrated no
difference from untreated controls (Figure 5E). These data sug-
gest that phage internalization may occur bimodally: short-term
receptor-mediated phagocytosis with the help of complement
opsonization, for example [53], and long-term endocytosis via
another nonspecific mechanism such as micropinocytosis [50].
Stronger and faster engulfment of JIPh_Ec70 was observed as
compared with JIPh_Kp127; however, there was no difference
in complement-mediated phagocytosis, suggesting that an alter-
native mechanism is stimulating JIPh_Ec70 recognition and/or
uptake.

Examination of phage genomes indicated that JIPh_Ec70 (SRA
PRJNA764821) but not JIPh_Kp127 (GenBank MN434096) con-
tained a sequence with high similarity to the T4 phage highly
antigenic outer capsid protein Hoc (Supporting Information File
S2). Hoc has been shown to elicit potent antibody responses
and subsequent complement binding in vivo that can inactivate
T4 phage infectivity [54], suggesting that a JIPh_Ec70 Hoc-
like protein may facilitate phage opsonization to increase phage
uptake. Conversely, T4 phages engineered to express Hoc-fusion
proteins are more quickly inactivated by complement and rapidly
disappear from circulation [55]. These data suggest that Hoc
may indeed be protective against opsonization; however, it is
unclear whether the described fusion proteins increased phage
immunogenicity, inhibited potential Hoc functions, or both. In
summary, the role of complement, phage-specific antibodies,
and their potential interactions with Hoc or other immunogenic
capsid antigens remains largely uncertain. Nonetheless, other
studies using T4 capsid proteins demonstrated no induction of
inflammatory cytokine secretion by Hoc [11], suggesting that it
is not sufficient to drive an inflammatory response, in agreement
with our findings.

Importantly, we could not confirm the role of antibody opsoniza-
tion, measuring a minor but significant effect of FcR blockade
in neutrophils. Nonetheless, the role of neutrophils in phage
clearance remains unclear, as highlighted by a recent mouse
study demonstrating little effect of neutropenia on phage clear-
ance [56]. Importantly, serum samples used in this study were
obtained from individuals who worked closely with JPh_Ec70,
though no specific detection of JPh_Ec70-specific antibodies was
performed.

Recent studies have also suggested that the extent of phage
internalization in various human cell lines depends on phage
size, with smaller phages being preferred [48]. JIPh_Kp127 phage
has a similar head size to JIPh_Ec70, but its tail is twice as
long (Table S1), providing a potential mechanism for steric
hindrance of phage engulfment, particularly in the context of
complement-mediated aggregation.

Some critical limitations to this study should be noted for future
research. Filtration was used to generate controls with no phage,
but these may have contained other potential contaminants
generated during phage production such as bacterial cell residues
(e.g., peptidoglycan, host DNA) that may remain bound to the
phage particles and therefore not eliminated during filtering as
expected. Differences in phage immunogenicity measured in our
study could be a consequence of excess host material bound
to JIPh_Ec70 phage but not to JIPh_Kp127. How likely it is
for this to occur remains uncertain. Moreover, in vitro phage
treatment excludes numerous factors present in the blood, includ-
ing serum, platelets, and erythrocytes, that could improve or
hinder phage recognition and uptake in vivo and alter cell-phage
concentrations and ratios.

In summary, our study demonstrates that JIPh_Ec70 and
JIPh_Kp127 phage isolates are phagocytosed in different quan-
tities and elicit unique immune responses. These data support
previous works [53] indicating that phage immunogenicity is
likely a critical factor affecting phage half-life in circulation
and subsequent antibacterial efficacy, warranting the recom-
mendation to incorporate phage immunogenicity analysis as a
part of the existing pipelines for phage discovery and clinical
application. This will undoubtedly enhance our understanding
of the immune response to phages and aid in developing more
effective phage-based therapies.

4 Methods

4.1 Phage Production and Purification

Phage and bacterial hosts (listed in Table S1) were
selected from our existing collections [57, 58]. Phages
vB_EcoM-JIPh_Ec70 (SRA PRJNA764821; herein, JIPh_Ec70;
Herelleviridae;myovirus) and JIPh_Kp127 (GenBankMN434096;
Demerecviridae; syphovirus), targeting E. coli and K.
pneumoniae, respectively (Table S1). Phages were amplified
using their original isolation hosts E. coli JIE3454 (clinical
isolate) and K. pneumoniae ATCC 13883. Phages were amplified
in Lysogeny Broth (LB) at 37◦C, 110 rpm shaking for 3 h by co-
incubation with host strains, followed by centrifugation (4700 g,
30 min) and filtering (0.22 µm filter). Bacterial DNA and RNA
were degraded by adding 1 U/ml DNase I and 10 µg/ml RNase
and incubating 37◦C for 1 h. Phage filtrates were concentrated
by PEG precipitation as described before [57]. Endotoxins were
removed by cesium chloride (CsCl) gradient ultracentrifugation
at 110,000g for 2 h at 4◦C and CsCl was consequently removed by
dialysis [59]. The resulting purified phages were then transferred
to endotoxin-free tubes and stored at 4◦C. Phage titers (as
plaque forming units per milliliter, pfu/mL) were measured
using the double agar overlay method after every step of phage
amplification and purification, as before [57, 60].

Endotoxin concentration wasmeasured using the Pierce Limulus
amoebocyte lysate (LAL) Chromogenic Endotoxin Quantitation
Kit (Thermofisher, 88282) following the company’s instructions.
All steps of endotoxin quantitation were carried out in a safety
cabinet and endotoxin-free water was used throughout the proce-
dure. A standard curve was prepared using stock endotoxin and
endotoxin-free water.
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4.2 Phage DNA and Empty Phage Capsid
Preparation

Genomic DNA of JIPh_Ec70 and JIPh_Kp127 was extracted
using the Qiagen DNeasy Blood and Tissue Kits. Proteinase K
(20 mg/mL) was added to 1011 pfu of purified phage in SM buffer
(200 mM NaCl2, 10 mM MgSO4, 50 mM Tris-HCl, pH 7.5) and
incubated for 1.5 h at 56◦C to digest phage capsid proteins [61].
Phage DNA was purified following the manufacturer’s standard
protocol.

Empty capsids of JIPh_Ec70 and JIPh_Kp127 were generated
using approximately 108 pfu of phage in 40 µL of SM buffer,
incubated with 16 mM EDTA at 60, 70, 75, or 80◦C for 1 h (Figure
S6) [62]. Following heat treatment, 16 mM CaCl2 was added to
saturate EDTA for 10 min before treatment with DNase I (10
U/mL). Phage DNA and capsid derived from 5 × 107 phages were
applied to PBMCs in SM buffer.

4.3 Peripheral Blood Immune Cell Isolation

Peripheral blood was collected from healthy donors in EDTA-
collection tubes. Project ethics (HREC Reference Number: (4192)
AU RED HREC /15 WMEAD/11) were approved by Western
SydneyLocalHealthDistrictHumanResearchEthicsCommittee,
NSW, Australia. Formal written consent was obtained from all
participants. PBMCs were separated by Ficoll-Paque gradient
centrifugation at 400 g at room temperature for 30min. Peripheral
blood mononuclear cells (PBMCs) were collected and washed
twice with cold DPBS up to 50 mL total volume by centrifuging at
400g, 4◦C for 10 min.

4.4 CD14+ Monocyte Isolation

CD14+ monocytes were isolated from PBMCs using CD14
Microbeads (Miltenyi). PBMCs were resuspended in selection
buffer (0.5% FBS and 2 mM EDTA in DPBS) and 20 µL of CD14
Microbeads were added for every 107 PBMCs and incubated for 15
min at 4◦C. Cells were then washed with 5 mL of selection buffer
by centrifuging at 400g for 10 min. Cells were resuspended in
500 µL of selection buffer andmagnetic separationwas performed
using the autoMACS Pro Separator (Miltenyi). After separation,
CD14+ monocytes were washed with 1 mL of cold DBPS, and
purity was assessed (Figure S7).

4.5 Neutrophil Isolation

Neutrophils were isolated from peripheral blood using the Easy-
Sep Direct Human Neutrophil Isolation Kit. Briefly, 100 µL of
RapidSpheres and 100 µL of IsolationCocktail were added to 2mL
blood in a 5mL round-bottom tube. Themixturewas gentlymixed
followed by an incubation at room temperature for 5 min. Next,
2 mL of isolation buffer (DBPS with 1 mM EDTA) was added
and mixed by gently pipetting. The tube was then placed in a
magnet EasySep (STEMCELLTechnology, #18000) for 5min. The
enriched cell suspension was poured into a new 5 mL round-
bottom tube in one continuous motion. 100 µL of RapidSpheres
were added to the cell suspension, gently mixed, incubated for

another 5 min then placed in the magnet for 5 min. The enriched
cells were again transferred to a new tube by one continuous
inverting motion. The new tube was then placed in the magnet
for 5 min and the final enriched neutrophils were inverted to a
new tube in onemotion. Neutrophils werewashedwith 2mL cold
DBPS by centrifuging at 400g for 5 min at 4◦C followed by purity
assessment (Figure S8).

4.6 Preparation and Administration of Phages
and Controls

Phage-free controls were prepared by adding phage preparations
into culture media (RPMI plus 10% FBS) and filtering through a
100 kDa cut-off Amicon filtration unit by centrifuging at 4000g
for 5min. A controlmediumwas also prepared by filtering culture
media through a 100 kDa cut-off Amicon filtration unit. PBMCs
or monocytes (5 × 105 cells) in Falcon round bottom polystyrene
tubes were treated with either 5 × 107 pfu of phages in 200 µL
of filtered media, 200 µL of phage-filtered control, or 200 µL
of media control and incubated for 24 h. Cells were pelleted
by centrifugation (400g, 4◦C, 5 min) and the supernatant was
carefully transferred to a new 1.5 tube and frozen at −80◦C for
ELISA-based measurements. Cells were washed with 500 µL of
cold DBPS and proceeded to RNA extraction.

4.7 Inhibition of Phage Pattern Recognition
Receptors

PBMCs or monocytes (5 × 105 cells) were pretreated with either
50 mM C29 (TLR2 inhibitor), 10 mM TAK-242 (TLR4 inhibitor),
1 g/mL ODN NH-18 (TLR9 inhibitor), or 1 µM of H-151 (STING
inhibitor) for 15 min in 100 µL serum-free media prior to the
addition of 100 µL of phages or phage-filter controls in 100
RPMI plus 20% FBS. Cells were incubated for 24 h followed by
a collection of media and cells for ELISA and RNA extraction,
respectively.

4.8 RNA Extraction and Quantitative PCR

Total RNA was extracted from cells using FavorPrep Tissue Total
RNA Mini Kit according to the manufacturers’ specifications.
RNA concentration was measured using NanoDrop 2000/2000c
spectrophotometer (Thermo Scientific). Reverse transcription
was performed in 10 µL reaction volumes containing 120 ng
sample RNA, 0.5 µl dNTPs (Bioline, # BIO-39044), 0.5 µL ran-
dom primers (Meridian Bioscience, #BIO-38028), 0.5 µL reverse
transcriptase (Promega, M170B) and 2 µL of 5X buffer (Promega,
#M531A) in 1 h at 37◦C. Resulting cDNA was diluted 1:10 prior
to PCR amplification. Quantitative polymerase chain reaction
(qPCR) was carried out using the CFX384 Touch Real-Time
PCR System (Bio-Rad) using 5 µL of iTaq Universal SYBR green
supermix (Bio-Rad, #1725120), 0.5 µL of primers of target genes
and 4.5 µL of cDNA. 18S was chosen as the reference gene. PCR
cycling was set as follows: 1 activation cycle at 95◦C for 2 min, 40
cycles of denaturing at 95◦C for 5 s, and annealing/extension at
60◦C for 10 s followed by melting curve analysis. Primer sets are
listed in Table S4. qPCR data were analyzed using CFX Manager

12 of 16 European Journal of Immunology, 2025



software (Bio-Rad) and Microsoft Excel. Sample relative gene
expression was calculated using the ΔCt method.

4.9 RNA-Sequencing

RNA integrity was assessed by electrophoresis on the Agilent
TapeStation by the Genomics facility at the Westmead Institute
forMedical Research. cDNA library preparation of poly A-mRNA
was conducted by theGenomics facility,WestmeadResearchHub
using the Illumina Stranded mRNA Prep, Ligation kit with IDT
for Illumina RNAUD Indexes Set A following themanufacturer’s
protocol (Illumina Stranded mRNA Prep Ligation Reference
Guide, Illumina). Short-read sequencing was performed by the
Australian Genome Research Facility. The RNA-sequencing data
was processed by the Bioinformatics Facility,Westmead Research
Hub. Data integrity and read quality were confirmed before
mapping the reads onto the human genome reference (GRCh38)
of Ensembl build 98 and counting against gene annotations.DEGs
were identified based on criteria of count permillion reads (CPM)
greater than 1, a change in expression≥2, and an adjusted p-value
(FDR) less than 0.05.

Pathway enrichment analysis was conducted using the
ConsensusPathDB-human database (http://cpdb.molgen.mpg.
de/) [63]. Upregulated DEGs were subject to overrepresentation
analysis using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and REACTOME pathway reference databases, gene
ontology level 4 and 5 categories with a p-value cut-off of 0.01.

4.10 ELISA

IL-1β, IL-6, and CXCL10 R&D DuoSet ELISAs were performed
according to manufacturer protocols. Duplicate sample and
standard absorbance were measured at 450 nm and subtracted
to the background absorbance at 540 nm on the SpectraMax iD5
plate reader. Concentrations of target proteins were calculated
from 7-point standard curves.

4.11 Flow Cytometry-Based Analysis of Phage
Internalization

Phages were labeled with SYBR Gold Nucleic Acid Gel Stain
(Invitrogen) at 2.5X concentrate for 30 min at 37◦C according
to established methods [48, 50]. Phages and a SYBR control
were washed 15 times through Amicon Ultra-15 100 kDa cut-off
centrifugal filter units (Merk) with 10mL of DBPS by centrifuging
at 4000 RPM for 1 min.

PBMCs, CD14+ monocytes, or neutrophils (5 × 105 cells) in
culture media (RPMI plus 10% FBS) were incubated with 107
pfu SYBR-labelled phages or an equivalent volume of filtered-
SYBR or DBPS for 1, 2, or 4 h. Cells were washed with 2 mL
cold DBPSs by centrifuging at 400g for 5 min. To assess via-
bility, cells were stained with FVS700 (PBMCs and monocytes)
or Zombie Aqua dye (neutrophils) at 1:2000 dilution in cold
DPBS for 10 min. Cells were washed with 1 mL of FACS
buffer (1% FBS in DBPS) before labeling for 20 min with the
following antibody cocktails: (1) PBMCs: anti-CD3_BUV395,

anti-CD56_BUV737, anti-CD19_APCCy7, anti-CD14_BV711, anti-
CD11c_PE-CF594, (2) monocytes: anti-CD14_BV421, and (3)
neutrophils: anti-CD66b-AF700. Cells were washed with 2 mL
flow buffer and analyzed on a BD Fortessa X-20 flow cytometer.
Flow cytometry antibodies are listed in Table S5.

To investigate phage endocytosis pathways, monocytes or neu-
trophils were preincubated with either 2 µMCytochalasin, 2.5 µM
EIPA (5-[N-ethyl-N-isopropyl]-Amiloride) and 10 µM Dynasore
[28, 64] for 15 min in serum-free media. Cells were then treated
with phages in culture media as described earlier. To investigate
opsonic factors, the cells were incubated in culture media sup-
plement with either heated serum or full serum plus Fc receptor
(FcR) blocking reagent (1%) before SYBR-labeled phages or
controls were added. To investigate the role of complement factor
3 (C3) in phage internalization, monocytes were preincubated
with 50 µM compstatin (MedchemExpress, # HY-P1036) for 15
min in media with serum before treating with phages. Cells were
then incubated for 2 h before proceeding to antibody labeling and
flow cytometry as previously described.

4.12 Quantification of Intracellular Phage
Genomes and Plaque Forming Units

PBMCs or monocytes (5 × 105 cells) were incubated with 5 × 107
phages for up to 24 h. Cells were collected by centrifuging at
400g for 5 min and washed three times with cold DBPS and
resuspended in 100 µL cold DBPS. The cells were lysed by
performing 3 freezing-thaw cycles coupled with vortexing [65].
Phage lysate was used for quantification of internalized phage
genomes by qPCR (primer sets listed in Table S2). A 10-dilution
series of phage genome standards were created using purified
phages based on phage titer, thus representing “infective genome
equivalents”. For plaque forming unit (pfu) quantification, 50 µL
phage lysate was added to 400 µL of bacterial LB culture at 0.4 OD
and incubated for 10 min before mixing with 4 mL of 0.35% soft
LB agar and overlaying on a 1.5% LB agar dish. Agar dishes were
incubated for 24 h at 37◦C and the number of phage plaques was
counted.

4.13 Western Blotting

Cells were washed in cold DBPS and lysed with 100 µL RIPA
buffer supplemented with protease and phosphatase inhibitors
cocktail (Sigma, PPC101). Cells were freeze-thawed once, fol-
lowed by 1 min of vortexing to enhance cell lysis. Cell lysates
were centrifuged at 12,500 rpm at 4◦C for 15 min to remove cell
debris. Protein concentrations were measured using the Bradford
DC protein assay (Bio-Rad). Total protein (20 µg) was loaded on
12 % poly-acrylamide gel run at 90 V for 1.5 h and transferred to
PVDF 0.45 µm membrane (Millipore) at 35 V overnight at 4◦C.
Membranes were incubated with primary antibodies targeting
p-IRF3 (Ser396) (Cell Signalling, 4947), p-NF-κB p65 (Ser536)
(Cell Signalling, 3033) overnight at 4◦C, followed by and HRP-
conjugated secondary antibodies for 2 h. Proteins were visualized
using the SuperSignal Western Blot Substrate Bundle, Pico PLUS
+ trial-size Femto (Thermofisher, A43840), and the ChemiDoc
imaging system (Bio-Rad). Antibodies were stripped using 0.2 M
NaOH for 15 min and re-incubated with antibodies targeting
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IRF-3 (Cell Signalling, 4302), NF-κB p65 (Cell Signalling, 8242),
and beta Actin (Abcam, ab8227) overnight followed by secondary
antibody incubation and detection as previously described. Full
Western blots are supplied in Figure S9.

4.14 Immunofluorescent Microscopy

To assess phage internalization, 5 × 105 monocytes treated with
SYBR-tagged JIPh_Ec70 phages for 2 h were transferred to 35mm
MatTek gridded petri dishes (Mattek, # P35G-1.5-14-CGRD-D)
precoated with Poly-D-lysine (Sigma Aldrich, P6407) to ensure
adherence. Culture supernatant was aspirated, and cells were
fixed with cold 4% paraformaldehyde (Sigma Aldrich, # 158127)
for 10 min and permeabilized with 0.3 % Triton X-100 (Sigma
Aldric, #X100) for 10 min at room temperature. Cells were
incubatedwith 1:500 dilution of goat anti-C3Abs (ThermoFisher,
# PA1-29715) for 1 h, and complement factor C3was detected using
1 µg/mL rabbit anti-goat AF 546 (Thermo Fisher, #A-21085) for 30
min. Cell nuclei were stained with a 1:2000 dilution of Hoechst
3342 (Thermo Fisher, #H3570) in 10 min. Cells were visualized
using the confocal microscope Leica TCS SP5 at 37◦C and 5% CO2.
The resulting images were processed using Fiji-ImageJ.

4.15 Transelectron Microscopy

Adhered monocytes from immunofluorescent imaging assay
were washed with warm DPBS and fixed with 2.5% glutaralde-
hyde (ProScitech, C16537), washed with 0.1 M cacodylate buffer
(ProSciTech, EMS11650) 3 times (10 min each) then fixed with
2% osmium tetroxide (ProSciTech, C011) for 1 h. After washing 3
times with water, samples were dehydrated in 50%, 70%, 95%, and
100% ethanol for 15 min each. Cells were infiltrated with 50% soft
T-Butyl Perbenzoate (TAAB) resin (Emgrid Australia, E030) for 1
h at room temperature then 100% TAAB soft resin 3 times (10min
each). The sampleswere embedded and cured in TAABhard resin
(Emgrid Australia, E028) at 70◦C. The resin block containing
target cells (identified using live-cell fluorescent imaging) was
sectioned at 50 nm thickness with ultramicrotome Leica UC6.
The cells were visualized with the JEOL 1400 transmission
electron microscope.

4.16 Statistical Analysis and Data Presentation

qPCR and ELISA data are presented as individual data points,
mean, and standard error of the mean (SEM). Paired t-tests
were used to compare the mean between the treatment and
control groups. Friedman tests were used to compare differences
among different treatments and controls. Statistical analysis and
graph construction were performed in GraphPad Prism and are
described in graphs and graph legends with replicate number (n),
mean ± SEM, and p values (*p < 0.05, **p < 0.01, ***p < 0.005,
****p < 0.0001). p < 0.05 was considered statistically significant.
The pathway gene set covering percentage and adjusted p-values
for the matched pathways were extracted and visualized using
GraphPad Prism 9. Volcano plots and heatmaps of the DEGs
were also constructed in GraphPad Prism 9, and an enrich-
ment Venn diagram was created using BioVenn (http://www.
biovenn.nl/index.php). Microscopic images were processed on

Fiji-ImageJ. Sketching diagrams and multiple-graph figures were
created using BioRender (https://app.biorender.com/). Multiple
graphs/images figure was created and exported from Adobe
Illustration 2022.

Author Contributions

Huu Thanh Le, Carola Venturini, Alicia Fajardo Lubian, Golo Ahlenstiel,
and Scott A. Read contributed to the study concept and design. Carola
Venturini, Alicia Fajardo Lubian, Bethany Bowring, and Jonathan Iredell
provided essential bacteriophage isolates. Huu Thanh Le, Carola Ven-
turini, Golo Ahlenstiel, and Scott A. Read participated in the acquisition,
analysis, and interpretation of the data. Huu Thanh Le, Carola Venturini,
and Scott A. Read drafted the manuscript. All authors critically revised
the manuscript. Jonathan Iredell, Jacob George, and Golo Ahlenstiel
provided funding and infrastructure support.

Acknowledgments

We would like to acknowledge the Pathogen Genomics Group at West-
mead Hospital for phage genome sequencing, the Australian Genome
Research Facility for RNA sequencing, and the Research Facilities at the
Westmead Institute and the Westmead Precinct hub for bioinformation,
flow cytometry, and cell imaging services. In particular, we would like
to acknowledge Brian Gloss for RNA-seq analysis, Suat Dervish and
Edwin Lau for their expertise in flow cytometry, Hong Yu and Hui Zhang
for fluorescent microscopy expertise, and Emma Kettle for performing
electron microscopy. This project was supported by the Ainsworth
Bequest to the School of Medicine of Western Sydney University and
the Robert W. Storr Bequest to the Sydney Medical Foundation of the
University of Sydney.

Open access publishing facilitated by Western Sydney University, as part
of the Wiley - Western Sydney University agreement via the Council of
Australian University Librarians.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Peer Review

The peer reviewhistory for this article is available at https://publons.com/
publon/10.1002/eji.202451543

References

1. C. Brives and J. Pourraz, “Phage Therapy as a Potential Solution
in the Fight Against AMR: Obstacles and Possible Futures,” Palgrave
Communications 6, no. 1 (2020 05): 100.

2. S. McCallin, J. C. Sacher, J. Zheng, et al., “Current State of Compassion-
ate Phage Therapy,” Viruses. 11, no. 4 (2019 Apr): 343.

3. O. Patey, S. McCallin, H. Mazure, et al., “Clinical Indications and Com-
passionate Use of Phage Therapy: Personal Experience and Literature
ReviewWith a Focus on Osteoarticular Infections,” Viruses. 11, no. 1 (2018
Dec): 18.

4. S. Aslam, E. Lampley, D. Wooten, et al., “Lessons Learned From the
First 10 Consecutive Cases of Intravenous Bacteriophage Therapy to Treat
Multidrug-Resistant Bacterial Infections at a Single Center in the United
States,” Open Forum Infectious Diseases 7, no. 9 (2020): ofaa389.

14 of 16 European Journal of Immunology, 2025

http://www.biovenn.nl/index.php
https://app.biorender.com/
https://publons.com/publon/10.1002/eji.202451543


5. R. M. Dedrick, B. E. Smith, M. Cristinziano, et al., “Phage Therapy of
Mycobacterium Infections: Compassionate Use of Phages in 20 Patients
With Drug-Resistant Mycobacterial Disease,” Clinical Infectious Diseases
76, no. 1 (2022): 103–112.

6. S. I. Green, J. R. Clark, H. H. Santos, et al., “A Retrospective,
Observational Study of 12 Cases of Expanded Access Customized Phage
Therapy: Production, Characteristics, and Clinical Outcomes,” Clinical
Infectious Diseases 77, no. 8 (2023): 1079–1091.

7. A. Petrovic Fabijan, R. C. Y. Lin, J. Ho, et al., “Safety of Bacteriophage
Therapy in Severe Staphylococcus aureus Infection,” Nature Microbiology
5, no. 3 ( 2020 03): 465–472.

8. E. M. Ryan, S. P. Gorman, R. F. Donnelly, et al., “Recent Advances
in Bacteriophage Therapy: How Delivery Routes, Formulation, Concen-
tration and Timing Influence the Success of Phage Therapy,” Journal of
Pharmacy and Pharmacology 63, no. 10 (2011): 1253–1264.

9. Z. Kaźmierczak, J. Majewska, M. Milczarek, et al., “Circulation of
Fluorescently Labelled Phage in a Murine Model,” Viruses. 13, no. 2 (2021
Feb): 297.

10. A. Górski, J. Borysowski, and R. Międzybrodzki, “Phage Therapy:
Towards a Successful Clinical Trial,”Antibiotics (Basel, Switzerland) 9, no.
11 (2020 Nov): 827.

11. P. Miernikiewicz, K. Dąbrowska, A. Piotrowicz, et al., “T4 Phage
and Its Head Surface Proteins Do Not Stimulate Inflammatory Mediator
Production,” PLoS ONE 8, no. 8 (2013): e71036.

12. J. D. Van Belleghem, F. Clement, M. Merabishvili, et al., “Pro- and
Anti-Inflammatory Responses of Peripheral Blood Mononuclear Cells
Induced by Staphylococcus aureus and Pseudomonas aeruginosa Phages,”
Scientific Reports 7, no. 1 (2017 Aug): 8004.

13. J. M. Sweere, J. D. Van Belleghem, H. Ishak, et al., “Bacteriophage
TriggerAntiviral Immunity andPreventClearance of Bacterial Infection,”
Science 363, no. 6434 (2019 Mar): eaat9691.

14. M. Podlacha, L. Gaffke, L. Grabowski, et al., “Bacteriophage DNA
Induces an Interrupted Immune Response During Phage Therapy in a
Chicken Model,” Nature Communications 15, no. 1 (2024 Mar): 2274.

15. W. J. Nungester and R. M. Watrous, “Accumulation of Bacteriophage
in Spleen and Liver Following Its Intravenous Inoculation,” Proceedings
of the Society for Experimental Biology and Medicine 31, no. 8 (1934 05):
901–905.

16. M. D. Rouse, J. Stanbro, J. A. Roman, et al., “Impact of Frequent
Administration of Bacteriophage on Therapeutic Efficacy in an A. bau-
manniiMouse Wound Infection Model [Original Research],” Frontiers in
Microbiology 11 (2020-March): 414.

17. J. Sanchez Romano, J. Simon-Santamaria, P. McCourt, et al., “Liver
Sinusoidal Cells Eliminate Blood-Borne Phage K1F,” mSphere. 9, no. 3
(2024 Mar): e0070223.

18. R. M. Dedrick, K. G. Freeman, J. A. Nguyen, et al., “Potent Antibody-
Mediated Neutralization Limits Bacteriophage Treatment of a Pulmonary
Mycobacterium abscessus Infection,” Nature Medicine 27, no. 8 (2021 08):
1357–1361.

19. J. D. Berkson, C. E. Wate, G. B. Allen, et al., “Phage-Specific Immu-
nity Impairs Efficacy of Bacteriophage Targeting Vancomycin Resistant
Enterococcus in aMurineModel,”Nature Communications 15, no. 1 (2024
Apr): 2993.

20. L. Gogokhia, K. Buhrke, R. Bell, et al., “Expansion of Bacteriophages
Is Linked to Aggravated Intestinal Inflammation and Colitis,” Cell Host &
Microbe 25, no. 2 (2019 Feb): 285–299.e8.

21. Y. T. Lin, Y. P. Chen, C. H. Fang, et al., “Capsid Proteins of Foot-and-
Mouth Disease Virus Interact With TLR2 and CD14 to Induce Cytokine
Production,” Immunology Letters 223 (2020 Jul): 10–16.

22. C. Cheneau, K. Eichholz, T. H. Tran, et al., “Lactoferrin Retargets
Human Adenoviruses to TLR4 to Induce an Abortive NLRP3-Associated
Pyroptotic Response in Human Phagocytes,” Frontiers in Immunol 12
(2021): 685218.

23. E. A.Dlusskaya, A.M.Atrazhev, andN. J. Ashbolt, “ColloidChemistry
Pitfall for Flow Cytometric Enumeration of Viruses in Water,” Water
Research X 2 (2019 01): 100025.

24. T. A. Lehti, M. I. Pajunen, M. S. Skog, et al., “Internalization of
a Polysialic Acid-Binding Escherichia coli Bacteriophage Into Eukary-
otic Neuroblastoma Cells,” Nature Communications 8, no. 1 (2017 12):
1915.

25. E. Macia, M. Ehrlich, R. Massol, et al., “Dynasore, a Cell-Permeable
Inhibitor of Dynamin,” Developmental Cell 10, no. 6 (2006): 839–850.

26. M. Koivusalo, C. Welch, H. Hayashi, et al., “Amiloride inhibits
macropinocytosis by lowering submembranous pH and preventing Rac1
and Cdc42 signaling,” The Journal of Cell Biology 188, no. 4 (2010 Feb):
547–563.

27. S. Brenner and K. EJTJobc, “Substoichiometric Concentrations of
Cytochalasin D Inhibit Actin Polymerization. Additional Evidence for an
F-Actin Treadmill,” The Journal of Biological Chemistry 254, no. 20 (1979):
9982–9985.

28. H. P. Lin, B. Singla, P. Ghoshal, et al., “Identification of Novel
Macropinocytosis Inhibitors Using a Rational Screen of Food and Drug
Administration-Approved Drugs,” British Journal of Pharmacology 175,
no. 18 (2018 Sep): 3640–3655.

29. A. K. Zaiss, M. J. Cotter, L. R. White, et al., “Complement Is an
Essential Component of the Immune Response to Adeno-Associated
Virus Vectors,” Virology Journal 82, no. 6 (2008): 2727–2740.

30. U. P. Cronin, L. Girardeaux, E. O’Meara, et al., “Protein A-Mediated
Binding of Staphylococcusspp. to Antibodies in Flow Cytometric Assays
and Reduction of This Binding by Using Fc Receptor Blocking Reagent,”
Applied and Environmental Microbiology 86, no. 17 (2020): e01435–
20.

31. A. Sahu, B. K. Kay, and J. D. Lambris, “Inhibition of Human
Complement by a C3-Binding Peptide Isolated From a Phage-Displayed
Random Peptide Library,” The Journal of Immunology 157, no. 2 (1996):
884–891.

32. C. Gavin, S. Meinke, N. Heldring, et al., “The Complement System
Is Essential for the Phagocytosis of Mesenchymal Stromal Cells by
Monocytes,” Frontiers in Immunology 10 (2019): 2249.

33. Antimicrobial Resistance C. Global Burden of Bacterial
Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet
(2022 Feb);399(10325):629–655.

34. WHO. Prioritization of pathogens to guide discovery, research and
development of new antibiotics for drug-resistant bacterial infections,
including tuberculosis. (2017).

35. E. Tacconelli, E. Carrara, A. Savoldi, et al., “Discovery, Research, and
Development of New Antibiotics: The WHO Priority List of Antibiotic-
Resistant Bacteria and Tuberculosis,” The Lancet Infectious Diseases 18,
no. 3 (2018 Mar): 318–327.

36. I. Frost, H. Sati, P. Garcia-Vello, et al., “The Role of Bacterial Vaccines
in the Fight Against Antimicrobial Resistance: An Analysis of the
Preclinical and Clinical Development Pipeline,”The LancetMicrobe 4, no.
2 (2023 Feb): e113–e125.

37. A. Eskenazi, C. Lood, J.Wubbolts, et al., “Combination of Pre-Adapted
Bacteriophage Therapy andAntibiotics for Treatment of Fracture-Related
Infection due to Pandrug-Resistant Klebsiella pneumoniae,” Nature Com-
munications 13, no. 1 ( 2022 01): 302.

38. B. C. Sanchez, E. R. Heckmann, S. I. Green, et al., “Development
of Phage Cocktails to Treat E. coli Catheter-Associated Urinary Tract
Infection and Associated Biofilms [Original Research],” Frontiers in
Microbiology 13 (2022-May): 796132.

39. C. Venturini, A. Petrovic Fabijan, A. Fajardo Lubian, et al., “Biological
Foundations of Successful Bacteriophage Therapy,” EMBO Molecular
Medicine 14, no. 7 (2022 Jul): e12435.

40. A. Khatami, R. C. Y. Lin, A. Petrovic-Fabijan, et al., “Bacterial Lysis,
Autophagy and Innate Immune Responses During Adjunctive Phage

15 of 16



Therapy in a Child,” EMBO Molecular Medicine 13, no. 9 (2021 Sep):
e13936.

41. Atlas HP.

42. D. M. Klinman, F. Takeshita, I. Gursel, et al., “CpG DNA: Recognition
by and Activation of Monocytes,” Microbes and Infection 4, no. 9 (2002
Jul): 897–901.

43. S. Nishihara and K. Kawasaki, “Enhanced cellular uptake of
CpG DNA by Alpha-Helical Antimicrobial Peptide Kn2-7: Effects on
Macrophage Responsiveness to CpG DNA,” Biochemical Biophysical
Research Communication 530, no. 1 (2020 Sep): 100–106.

44. A. A. Herskovits, V. Auerbuch, and D. A. Portnoy, “Bacterial Ligands
Generated in a Phagosome are Targets of the Cytosolic Innate Immune
System,” Plos Pathogens 3, no. 3 (2007 Mar): e51.

45. E. A. Halajian, E. V. LeBlanc, K. Gee, et al., “Activation of TLR4
by Viral Glycoproteins: A Double-Edged Sword? [Review],” Frontiers in
Microbiology (2022 September);13:1007081.

46. J. Xu, X. Zhang, M. Monestier, et al., “Extracellular Histones are
Mediators of Death Through TLR2 and TLR4 in Mouse Fatal Liver
Injury,” Journal of Immunology 187, no. 5 (2011 Sep): 2626–2631.

47. E. F. Higgs and T. F. Gajewski, “Synergistic Innate Immune Activa-
tion and Anti-Tumor Immunity Through Combined STING and TLR4
Stimulation,” BioRxiv (2024 Apr).

48. M. C. Bichet, W. H. Chin, W. Richards, et al., “Bacteriophage Uptake
by Mammalian Cell Layers Represents a Potential Sink that May Impact
Phage Therapy,” Iscience 24, no. 4 (2021): 102287.

49. P.Miernikiewicz andK.Dąbrowska, “Endocytosis of Bacteriophages,”
Current Opinion in Virology 52 (2022 02): 229–235.

50. S. Nguyen, K. Baker, B. S. Padman, et al., “Bacteriophage Transcytosis
Provides aMechanismToCross Epithelial Cell Layers,”MBio 8, no. 6 (2017
Nov): e01874–17.

51. C. Moller-Olsen, S. F. S. Ho, R. D. Shukla, et al., “Engineered K1F
Bacteriophages Kill Intracellular K1 inHumanEpithelial Cells,” Scientific
Reports-Uk 8, no. 1 (2018 Dec): 17559.

52. K. Shoji, K. Ohashi, K. Sampei, et al., “Cytochalasin D Acts as an
Inhibitor of the Actin-Cofilin Interaction,” Biochemical and Biophysical
Research Communication 424, no. 1 (2012 Jul): 52–57.

53. K. Hodyra-Stefaniak, P. Miernikiewicz, J. Drapala, et al., “Mammalian
Host-Versus-Phage Immune Response Determines Phage Fate,” Scientific
Reports-Uk 5 (2015 Oct): 14802.

54. K. Dabrowska, P. Miernikiewicz, A. Piotrowicz, et al., “Immunogenic-
ity Studies of Proteins Forming the T4 Phage Head Surface,” Journal of
Virology 88, no. 21 (2014 Nov): 12551–12557.

55. K. Hodyra-Stefaniak, K. Lahutta, J. Majewska, et al., “Bacteriophages
Engineered to Display Foreign Peptides May Become Short-Circulating
Phages,”Microbial Biotechnology 12, no. 4 (2019 Jul): 730–741.

56. A. Echterhof, T. Dharmaraj, A. Khosravi, et al., “The Contribution of
Neutrophils to Bacteriophage Clearance And Pharmacokinetics In Vivo,”
JCI Insight 9, no. 20 (2024 Oct): e181309.

57. C. Venturini, N. L. Ben Zakour, B. Bowring, et al., “Fine Capsule
Variation Affects Bacteriophage Susceptibility in Klebsiella pneumoniae
ST258,” FASEB Journal 34, no. 8 (2020): 10801–10817.

58. H. T. Le, A. F. Lubian, B. Bowring, et al., “Using a Human Colonoid-
Derived Monolayer to Study Bacteriophage Translocation,” Gut Microbes
16, no. 1 (2024 Jan): 2331520.

59. P. Boulanger, “Purification of Bacteriophages and SDS-PAGEAnalysis
of Phage Structural Proteins from Ghost Particles,”Methods in Molecular
Biology (Clifton, NJ) 502 (2009): 227–238.

60. A. M. Kropinski, A. Mazzocco, T. E. Waddell, et al., “Enumeration
of Bacteriophages by Double Agar Overlay Plaque Assay,” Methods in
Molecular Biology (Clifton, NJ) 501 (2009): 69–76.

61. D. J. Pickard, “Preparation of Bacteriophage Lysates and Pure DNA,”
Methods in Molecular Biology (Clifton, NJ) 502 (2009): 3–9.

62. S. Tzlil, J. T. Kindt, W.M. Gelbart, et al., “Forces and Pressures in DNA
Packaging and Release From Viral Capsids,” Biophysical Journal 84, no. 3
(2003 03): 1616–1627.

63. R. Herwig, C. Hardt, M. Lienhard, et al., “Analyzing and Interpreting
Genome Data at the Network Level With ConsensusPathDB,” Nature
Protocols 11, no. 10 (2016 10): 1889–1907.

64. E. S. Barrias, L. C. Reignault, W. De Souza, et al., “Dynasore, a
Dynamin Inhibitor, Inhibits Trypanosoma cruzi entry into Peritoneal
Macrophages,” PLoS ONE 5, no. 1 (2010 Jan): e7764.

65. O. A. Mandrup, S. Lykkemark, and P. Kristensen, “Targeting of Phage
Particles Towards Endothelial Cells by Antibodies Selected Through a
Multi-Parameter Selection Strategy,” Scientific Reports 7, no. 1 (2017 02):
42230.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

16 of 16 European Journal of Immunology, 2025


	Differences in Phage Recognition and Immunogenicity Contribute to Divergent Human Immune Responses to Escherichia coli and Klebsiella pneumoniae Phages
	1 | Introduction
	2 | Results
	2.1 | Phage-Specific Innate Response to JIPh_Ec70 and JIPh_Kp127
	2.2 | JIPh_Ec70 DNA Activates Inflammatory Signaling via Activation of STING
	2.3 | Differences in Phage Engulfment by Peripheral Blood Mononuclear Cells in Vitro
	2.4 | Complement Factors Mediate Bacteriophage Phagocytosis by Monocytes and Neutrophils
	2.5 | Increased Monocyte Engulfment of JIPh_Ec70 versus JIPh_Kp127 Is Not Dependent on Complement

	3 | Discussion
	4 | Methods
	4.1 | Phage Production and Purification
	4.2 | Phage DNA and Empty Phage Capsid Preparation
	4.3 | Peripheral Blood Immune Cell Isolation
	4.4 | CD14+ Monocyte Isolation
	4.5 | Neutrophil Isolation
	4.6 | Preparation and Administration of Phages and Controls
	4.7 | Inhibition of Phage Pattern Recognition Receptors
	4.8 | RNA Extraction and Quantitative PCR
	4.9 | RNA-Sequencing
	4.10 | ELISA
	4.11 | Flow Cytometry-Based Analysis of Phage Internalization
	4.12 | Quantification of Intracellular Phage Genomes and Plaque Forming Units
	4.13 | Western Blotting
	4.14 | Immunofluorescent Microscopy
	4.15 | Transelectron Microscopy
	4.16 | Statistical Analysis and Data Presentation

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	Peer Review

	References
	Supporting Information


