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Abstract: The early cellular response to infection has been investigated extensively, generating
valuable information regarding the mediators of acute infection response. Various cytokines have
been highlighted for their critical roles, and the actions of these cytokines are related to intracellular
phosphorylation changes to promote infection resolution. However, the development of chronic
infections has not been thoroughly investigated. While it is known that wound healing processes are
disrupted, the interactions of cytokines and phosphoproteins that contribute to this dysregulation are
not well understood. To investigate these relationships, this study used a network centrality approach
to assess the impact of individual cytokines and phosphoproteins during chronic inflammation and
infection. Tissues were taken from patients undergoing total knee arthroplasty (TKA) and total knee
revision (TKR) procedures across two tissue depths to understand which proteins are contributing
most to the dysregulation observed at the joint. Notably, p-c-Jun, p-CREB, p-BAD, IL-10, IL-12p70,
IL-13, and IFN-γ contributed highly to the network of proteins involved in aseptic inflammation
caused by implants. Similarly, p-PTEN, IL-4, IL-10, IL-13, IFN-γ, and TNF-α appear to be central to
signaling disruptions observed in septic joints. Ultimately, the network centrality approach provided
insight into the altered tissue responses observed in chronic inflammation and infection.
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1. Introduction

Acute responses to inflammation and infection have been well studied in literature, and these
studies have highlighted important roles for many cytokines [1–3] and phosphoproteins [4,5] in early
inflammatory immune processes. The coordinated series of signaling events involves the recruitment
of pro-inflammatory regulators like IL-1α, IL-1β, and IL-6 [6–8] to the site, provoking intracellular
phosphorylation changes of many mitogen-activated protein kinase (MAPK/ERK) mediators [9–11].
This acute inflammatory response to infection is predictable. However, less is known about the
transition that leads to the development of chronic infections [12]. Chronic, persistent infections are
challenging to treat and can present a challenge for clinicians [13]. Periprosthetic joint infection (PJI) is
an infection surrounding a prosthetic knee and represents one example of localized infections that can
transition into a chronic state. Dysregulation of immune mediators has been observed systemically for
PJI [14,15], but the mechanisms that lead to these signaling disruptions have not been investigated [16].
PJI affects approximately 40,000 patients per year in the United States [17], and resolving these chronic
infections is a high priority for clinicians. These patients suffer from chronic inflammation surrounding
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the joint due to presence of implant as well as infection [18,19]. This compound inflammation makes
the tissue-level response difficult to understand using traditional statistical approaches. Further
investigation into the tissue-level disruptions that lead to chronic infection and inflammation may
allow a better understanding of how best to address these conditions.

Network analysis approaches allow for a global evaluation of these complex, tissue-level
disruptions [20]. Traditional statistical methods for evaluating these contributions may be limited,
as they can only evaluate one component individually. Conversely, network analysis approaches
allow for an understanding of the interactions of different components with respect to the entire
signaling network [20]. Currently, pathway analysis software like Ingenuity Pathway Analysis (IPA),
Cytoscape, and iPathway Guide are used to analyze these types of datasets from a network perspective,
and these tools offer an enriched understanding of biological networks. These applications allow users
to construct networks, analyze molecular functions, and identify disease states using experimental and
literature-derived data [21,22].

Beyond literature-based enrichment of data, mathematical modeling, such as network centrality
parameter analysis, can be used to dissect large datasets and understand relationships between the
individual components. Network centrality parameters assign quantitative values to every measured
target (node) to describe how central each target is relative to all other nodes in the network. Some
examples of centrality parameters are degree (number of direct neighbors), diameter (maximum
distance between nodes in the network), and radiality (shortest path between a node and all other
nodes, normalized to network diameter) [23].

A node with a high radiality indicates that node is central to the network, and networks with
mostly high radiality nodes are behaving in an organized manner. Conversely, nodes with low centrality
values have peripheral roles, and networks with many low radiality nodes may be interpreted as an
open cluster of proteins that are connecting to other regulatory molecules [23]. By focusing on the
nodes with low centrality outcomes, it may be possible to understand which peripheral nodes are
contributing to the dysregulation observed in networks of chronic inflammation and infection that
occur in TKR patients, especially those suffering from PJI. Radiality has been used in literature to probe
biological networks and garner information about protein-protein interactions to understand chronic
inflammatory conditions like diabetes [24], cancer [25], and chronic viral infections [26]. Ultimately,
using radiality to evaluate these signaling networks allowed an opportunity to identify new therapeutic
targets to combat these conditions. Evaluating the nodes that are most central and most peripheral in
chronic infections like PJI may yield similar benefits.

In this study, nine cytokines and twenty-one phosphoproteins were measured in tissues
surrounding the knee joint to evaluate differences between native response in primary TKA, chronic
inflammatory response in aseptic TKR, and chronic infection response in septic TKR. Two tissue depths
were evaluated for each group: adjacent tissue layer (ATL), unhealthy tissue that is close to the joint
and requires removal; and radial tissue layer (RTL), healthy tissue that does not need to be removed.
The dataset was examined using IPA and network centrality radiality to allow both qualitative and
quantitative evaluations of cytokine and phosphoprotein contributions. A comparison of radiality
values between primary TKA, aseptic TKR, and septic TKR allowed for a narrowing of the nodes with
particularly distinct responses. These nodes may have important contributions to the disruption of
normal cell signaling events. In the future, a focused analysis of these protein targets may facilitate
the development of new therapeutics to combat persistent inflammation and infection observed in
these patients.

2. Materials and Methods

2.1. Patients

All subjects gave informed consent for inclusion in the study, and the study was conducted in
accordance with the Declaration of Helsinki. Following Institutional Review Board (IRB) approval (IRB
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protocol #1709745853) and patient consent, six patients undergoing primary total knee arthroplasty
(TKA) and eleven patients undergoing total knee revision (TKR) procedures participated in the study
(8 males and 9 females; aged 45–82 years; body max index [BMI] 24.6–43.7; information can be found
in Table 1). Subjects were recruited over a 12-month period. All six primary TKA patients were
undergoing elective surgery for total replacement of the knee joint with a diagnosis of osteoarthritis.
In the TKR group, patients were further characterized into aseptic and septic revision procedures.
Patients with aseptic revisions (N = 5) were undergoing revisions due to failures of the prosthetic joint
but did not show presence of infection. Patients with septic revisions (N = 6) met clinical criteria for a
PJI diagnosis, as defined by the Musculoskeletal Infection Society (MSIS) criteria [27]. All six patients
diagnosed with PJI had positive tissue cultures on the day of surgery: four tested culture positive
for Staphylococcus epidermidis, one for Methicillin-sensitive Staphylococcus aureus (MSSA), and one for
Enterobacter cloacae. All groups of patients received the same pre-operative pain relief and anesthesia,
per standard clinical procedures.

Table 1. Patient Information. Six primary total knee arthroplasty (TKA) and eleven revision total knee
revision (TKR) patients were enrolled in the study, creating a heterogenous cohort of males and females
varying in age (45–82 years) and comorbidities. Primary TKA patients have ID format P#; revision
TKR patients have ID format F#. This table lists general patient information including the pathogen for
which each septic patient tested positive on the day of surgery. Serum C-reactive protein (CRP) values
were obtained pre-operatively in the revision setting. Cultures were obtained from intraoperative
tissue samples.

ID Sex TKA/TKR BMI (kg/m2) Diabetic (Y/N) CRP (mg/L) Culture

P1 F TKA 33.8 N N/A Negative

P2 F TKA 39.8 N N/A Negative

P3 F TKA 39.8 N N/A Negative

P4 M TKA 29.7 Y N/A Negative

P5 M TKA 24.6 N N/A Negative

P6 M TKA 27.2 N N/A Negative

F1 F TKR—Aseptic 28.2 N 4.3 Negative

F2 F TKR—Aseptic 29.8 N 0.2 Negative

F3 F TKR—Aseptic 33.9 N <1 Negative

F4 M TKR—Aseptic 40.4 Y 3.6 Negative

F5 M TKR—Aseptic 26.2 N 2.1 Negative

F6 F TKR—Septic 43.7 N 28.8 S. epidermidis

F7 F TKR—Septic 30.8 Y 161.4 S. epidermidis

F8 F TKR—Septic 41.9 N 21.7 E. cloaecae

F9 M TKR—Septic 36.2 N 33.5 MSSA

F10 M TKR—Septic 33.8 Y 3.8 S. epidermidis

F11 M TKR—Septic 31.9 N 111.9 S. epidermidis

2.2. Collection of Tissue Samples

All TKA and TKR procedures were performed by a single surgeon with standard debridement and
washing protocols. Debridement during TKA and TKR is the removal of unhealthy tissue surrounding
the joint [28]. Tissues were collected at a total of four distinct anatomical locations, shown in Figure 1.
The solid line circle represents location 1: medial femoral condyle (F); the dashed line circle represents
location 2: medial tibial plateau (T); the solid line square represents location 3: lateral gutter (LG);
and the dashed line square represents location 4: posterior capsule (PC). These tissues were collected
at two tissue layers, the adjacent tissue layer (ATL) and radial tissue layer (RTL). The ATL samples
came from the initial debridement; these tissues are removed during surgery to promote better wound
healing. RTL samples were taken from a tissue layer further removed from the joint after the surgeon
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completed debridement. The difference in depth of the RTL tissues and ATL tissues was ~1 cm.
Anatomical locations 1–4 were collected for the ATL layer, and locations 1–3 were collected for the RTL
layer. Location 4 (PC) could not be taken in the RTL layer due to proximity to neurovascular structures.
Therefore, a total of seven tissue samples were taken for each patient.Biology 2020, 9, x FOR PEER REVIEW 4 of 19 
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Figure 1. Map of approximate tissue collection locations, shown with prosthetic implant. Seven tissue
samples were taken for each patient; (1) the solid circle represents the medial femoral condyle (denoted
as F); (2) the dashed circle represents the medial tibial plateau (denoted as T); (3) the solid square
represents the lateral gutter (denoted as LG); (4) the dashed square represents the posterior capsule
(denoted as PC). Locations 1–4 were taken for the ATL layer, and locations 1–3 were taken for the RTL
layer; separation between ATL (unhealthy tissue, closer to joint) and RTL (healthy tissue, further from
joint) was approximately 1 cm, depending on individual patient.

2.3. Sample Preparation

Tissues were collected during TKA and TKR procedures in the operating room and immediately
stored on dry ice. Once all tissues had been collected for an individual patient, they were washed with
1X cold phosphate-buffered saline (PBS) to remove blood and debris. Tissues were grossly dissected
using a scalpel to remove scar tissue, then stored at −80 ◦C. When samples had been collected for all
patients, tissues were thawed on ice and cut into sections approximately 30 mg in size; tissues were
homogenized by sonication in 500 µL cell lysis solution (Bio-Rad, Hercules, CA, USA) containing
20 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA). Protein extraction was
performed using methods adapted from Hulse et al. [29]. Thawed samples were vortexed for 1–3 s and
centrifuged at 5000× g for 5 min at 4 ◦C. The supernatant was collected and tested for total protein
content using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. Absorbance values for total protein content were determined on an
Infinite M1000 multimode plate reader (Tecan, Raleigh, NC, USA).

2.4. Cytokine and Phosphoprotein Measurement

To standardize samples for total protein content, tissue homogenates were individually diluted to
a total protein concentration of 900 µg/mL with cell lysis buffer (Bio-Rad). Cytokine and phosphoprotein
measurements were performed using magnetic bead-based multiplex Inflammation Human ProcartaPlex
panel assays (Invitrogen, Carlsbad, CA, USA) and custom Bio-Plex human phosphoprotein multiplex
kits. Targets were measured using a Bio-Plex 200 suspension array system and Pro II Wash Station
(Bio-Rad), according to the manufacturer’s instructions (Table 2).
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Table 2. Cytokines and Phosphoprotein Targets Measured in Tissue Samples. Citations are noted
in brackets.

Target Relevant Functions in Acute Wound Healing Response

Phosphoprotein (site)

p-CREB (Ser133) Inhibition of CREB via phosphorylation promotes wound closure [30]

p-HSP27 (Ser78) Activation of HSP27 may inhibit stress-induced apoptosis [31]

p-IκBα (Ser32/Ser36) Pro-wound healing, inhibits actions of NF-κB [32]

p-MEK1 (Ser217/Ser221) Essential for migration of epithelial layers [33]

p-S6RP (Ser235/Ser236) Activated during proliferative growth phase [30]

p-Smad2 (Ser465/Ser467) Regulates keratinocyte migration during proliferation [34]

p-Src (Tyr416) Promotes keratinocyte migration in wound healing [32]

p-Syk (Tyr352) Important for cellular migration in wound healing [35]

p-c-Jun (Ser63) Induces apoptosis of immune cells in skin wound healing [33]

p-AKT (Ser473) Phosphorylation of AKT promotes wound closure [30]

p-p53 (Ser15) Activated p53 accelerates cutaneous wound healing by increasing cell
proliferation [36]

p-p38 (Thr180/Tyr182) Activated p38 involved in muscle catabolism [32]

p-p70S6K (Ser380) Growth factor associated with cell proliferation [37]

p-PTEN (Ser380) Pro-apoptotic, inhibits acute wound healing [38]

p-ZAP-70 (Tyr319) Stimulates cell migration during wound healing [35]

p-BAD (Ser136) Phosphorylation of BAD activates pro-apoptotic functions [39]

p-ERK1/2 (Thr202/Tyr204) Important for early proliferative response in wound healing [37]

p-GSK-3α/β (Ser21/Ser9) Controls wound healing and fibrosis progression [30]

p-p90RSK (Ser380) Downstream effector of MEK/ERK pathway in wound healing,
regulator of cell migration [40]

p-VEGFR2 (Tyr1175) Stimulates angiogenic cascade during re-epithelialization [41]

p-NF-κB p65 (Ser536) Linked to muscle atrophy and catabolism [32]

Cytokine

IL-1β Early initiator of infection-driven inflammation [2]

IL-4 Anti-inflammatory cytokine that activates Stat6, suppressing cell
death [42]

IL-6 Initiator of early inflammatory response to implants and infection [2]

IL-1α Early recruitment of immune cells in response to infection [2]

IL-10 Down-regulator of several inflammatory cytokines (i.e., IL-1, IL-6,
IL-12, IFN-γ, TNF-α) [43]

IL-12p70 Pro-inflammatory cytokine involved in adaptive immunity, produced
by activated immune cells [43]

IL-13 Th2-associated cytokine critical in tissue remodeling [44]

IFN-γ Anti-inflammatory cytokine that has been associated with inhibition
of wound healing [43]

TNF-α Early pro-inflammatory mediator of inflammation [2]

2.5. Data Processing and Statistical Analysis

Data were analyzed using Prism 5 (GraphPad, San Diego, CA, USA) and SAS JMP (Cary, NC,
USA). Cytokine standard curves were generated using either a four- (4PL) or five-parameter logistic
(5PL) regression model, depending on the individual protein. Cytokine concentrations are expressed as
picograms of cytokine per milliliter of tissue homogenate (pg/mL). For purposes of network analyses,
these values were normalized to the highest value for each cytokine. For phosphoproteins, relative
phosphoprotein levels were measured via multiplex enzyme-linked immunosorbent assay (ELISA),
and compared to negative control. These values were normalized to the highest value for each
phosphoprotein. Contributions of cytokines and phosphoproteins were analyzed for the ATL and
RTL layers. All four tissues from the ATL layer were averaged together to represent ATL depth.
The three tissues from the RTL layer were averaged together to represent RTL depth. Samples with
fluorescence intensity values below the lower limit of quantitation (LLOQ) or above the upper limit of
quantitation (ULOQ) were omitted from statistical comparisons of cytokines and phosphoproteins.
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Outliers were identified using the 1.5 × interquartile range (IQR) rule and omitted from analysis [45];
these were removed on a case-by-case basis to exclude errant values that may have resulted due to
assay variability. Two-way analysis of variance (ANOVA) with Bonferroni’s post-test was used to
determine significant differences between primary TKA, aseptic TKR, and septic TKR tissue samples
at each tissue depth, ATL and RTL. Data are expressed as the mean ± standard error of the mean
(SEM). To examine any potential confounding factors in this cohort, Pearson correlations were analyzed
between age, sex, and BMI and all 30 measured targets. A Bonferroni’s correction was applied, as
described in [46], and the correlations were analyzed for statistical significance at p < 0.05. Although
there are established correlations in literature between inflammatory mediators and age, sex, and BMI,
there were no statistically significant correlations observed for this study, which indicates that these
parameters were not confounding factors (data not shown).

2.6. Network Evaluation with Ingenuity Pathway Analysis (IPA)

The normalized responses were investigated with QIAGEN’s Ingenuity® Pathway Analysis (IPA®,
QIAGEN, Redwood City, CA, USA). Proposed signaling networks of cytokines and phosphoproteins
were created for all groups (primary TKA, aseptic TKR, septic TKR) at the ATL depth. All networks
consist of nodes from the experimental dataset and literature-derived projected nodes likely to be
involved, identified by Ingenuity Knowledge Base. Up- and down-regulated responses are color coded
using red and green, respectively. Briefly, IPA constructs networks building on “Focus Genes” or
nodes that are highly interconnected [47]. Values from the experimental dataset influence which nodes
are designated as “Focus Genes” and may alter the structure of the networks. IPA also reported top
molecular and cellular functions related to the network, with corresponding scores (negative log10

[p-value of Fisher’s exact test]). The Fisher’s exact test (pvalue-) gives the likelihood of finding the
identified Focus Genes by random chance in the Global Molecular Network used by IPA.

2.7. Network Centrality Parameter Analysis

Euclidean distances between pairs of normalized observations (cytokines and phosphoproteins)
were determined for each group (primary, aseptic, septic) and depth (ATL and RTL). The definition of
Euclidean distance is:

E(υ,ω) =

√√ n∑
i=1

((
normalized responseυi

)
−

(
normalized responseωi

))2
(1)

where υ and ω represent the 2 responses for which the distance between is being calculated, and n
signifies the replicate number. To construct networks of the relative responses of each group, Euclidean
distances for each pair of nodes were used to calculate the node centrality parameter, radiality. Radiality
is defined as:

Crad(υ) =

∑
ωεN(∆G + 1− dist(υ,ω))

n− 1
(2)

where ∆G represents the network (N) diameter (maximal path length of the network), dist(υ,ω) is
the shortest path between a pair of nodes υ and ω, and n is the number of nodes in the network.
To allow for comparisons between networks, radiality values were normalized to the average radiality
for all nodes in the network. Significant radiality values were identified using a threshold value of the
average radiality ± the standard deviation.

3. Results

3.1. Relative Spatial Cytokine Responses

Nine cytokines were measured in this study: IL-1α, IL-1β, IL-4, IL-6, IL-10, IL-12p70, IL-13, IFN-γ,
and TNF-α. The responses of these cytokines are shown in Figure 2. Cytokine levels were normalized



Biology 2020, 9, 167 7 of 20

across groups (primary TKA, aseptic TKR, septic TKR) and debridement depths (ATL, RTL) to the
highest value for each cytokine. Normalizing by this method is important to appropriately weight
cytokines equally for network analysis rather than relying on raw concentrations. This weighting
is performed to understand the contributions of each node to the network, relative to other nodes.
Group-dependent differences were observed, as were spatial differences between debridement depths.
Briefly, the aseptic TKR and septic TKR groups had higher cytokine responses than the primary TKA
group for all cytokines. IL-1α, IL-1β, IL-4, and IL-6 had higher levels in septic TKR than aseptic TKR at
a statistically significant level (p < 0.05). IL-10 was the only cytokine with a lower relative response in
the septic TKR when compared to aseptic TKR at a statistically significant level (p < 0.05). IL-12p70
seemed to show the same trend, but was not significant at p < 0.05. There were also differences between
ATL and RTL in septic TKR tissues. For IL-1α, IL-1β, and IL-4, there were statistically significant
differences between ATL and RTL depths for the septic group (p < 0.05).
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determined by two-way ANOVA with Bonferroni’s post-test to examine group-dependent and 

spatially-dependent differences in cytokine relative response. Differences for the same group (i.e., 
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Figure 2. Relative cytokine levels measured in tissues from primary TKA, aseptic TKR, and septic TKR
at adjacent tissue layer (ATL) and radial tissue layer (RTL) debridement depths. Relative cytokine
responses (normalized to highest cytokine signal) were observed for all three patient groups: primary,
aseptic, and septic at two debridement depths: ATL is closer to the knee joint, and RTL is approximately
1 cm removed from the knee joint. Statistically significant differences (p < 0.05) were determined by
two-way ANOVA with Bonferroni’s post-test to examine group-dependent and spatially-dependent
differences in cytokine relative response. Differences for the same group (i.e., septic) between ATL and
RTL are marked with an asterisk (*). Differences between groups within a tissue layer are denoted with
bars. Responses are shown as the mean ± SEM.

3.2. Relative Spatial Phosphoprotein Responses

To further investigate the impact of the observed cytokines on tissue response, twenty-one
phosphoproteins were measured: p-CREB, p-HSP27, p-IκB-α, p-MEK1, p-S6RP, p-Smad2, p-Src,
p-Syk, p-c-Jun, p-AKT, p-p53, p-p38, p-p70S6K, p-PTEN, p-ZAP-70, p-BAD, p-ERK1/2, p-GSK-3α/β,
p-p90RSK, pVEGFR2, and p-NF-κB (more information can be found in Table 2). The data are spread
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over Figures 3–5. Figure 3 includes phosphoproteins most associated with proliferative wound
healing processes [30,36,37,39]. Phosphoproteins in Figure 4 have roles in cell migration and fibrotic
processes [2,30,32,34,35,40,41]. Finally, Figure 5 includes the phosphoproteins that have pro-apoptotic
roles and have been associated with delayed wound healing through their involvement in muscle
catabolism [33,38–40]. Most phosphoproteins exhibited higher responses in the primary TKA tissues
than in aseptic TKR and septic TKR tissues, for both ATL and RTL depths, and many exhibited
group-dependent differences, especially in ATL depth. Some exceptions to this trend were p-c-Jun
and p-BAD, which had the highest responses in aseptic TKR, then septic TKR, followed by primary
TKA; also, p-PTEN showed the highest response in septic tissues (Figure 5). Specific group-dependent
comparisons are shown in Figures 3–5.
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Figure 3. Relative levels of phosphoproteins associated with the proliferative processes in acute 

wound healing. Relative phosphoprotein responses (normalized to highest signal) were observed for 

all three patient groups: primary, aseptic, and septic at two debridement depths: ATL is closer to the 

knee joint, and RTL is approximately 1 cm removed from the knee joint. Statistically significant 

differences (p < 0.05) were determined by two-way ANOVA with Bonferroni’s post-test to examine 

group-dependent and spatially-dependent differences in protein phosphorylation. Differences for the 

same group (i.e., septic) between ATL and RTL are marked with an asterisk (*). Differences between 

groups within a tissue layer are denoted with bars. Responses are shown as the mean ± SEM. 

Figure 3. Relative levels of phosphoproteins associated with the proliferative processes in acute
wound healing. Relative phosphoprotein responses (normalized to highest signal) were observed for
all three patient groups: primary, aseptic, and septic at two debridement depths: ATL is closer to
the knee joint, and RTL is approximately 1 cm removed from the knee joint. Statistically significant
differences (p < 0.05) were determined by two-way ANOVA with Bonferroni’s post-test to examine
group-dependent and spatially-dependent differences in protein phosphorylation. Differences for the
same group (i.e., septic) between ATL and RTL are marked with an asterisk (*). Differences between
groups within a tissue layer are denoted with bars. Responses are shown as the mean ± SEM.
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Figure 4. Relative phosphoprotein levels associated with cell migration processes in acute wound 
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Figure 4. Relative phosphoprotein levels associated with cell migration processes in acute wound
healing. Relative phosphoprotein responses (normalized to highest signal) were observed for all three
patient groups: primary, aseptic, and septic at two debridement depths: ATL is closer to the knee joint,
and RTL is approximately 1 cm removed from the knee joint. Statistically significant differences (p < 0.05)
were determined by two-way ANOVA with Bonferroni’s post-test to examine group-dependent and
spatially-dependent differences in protein phosphorylation. Differences for the same group (i.e., septic)
between ATL and RTL are marked with an asterisk (*). Differences between groups within a tissue
layer are denoted with bars. Responses are shown as the mean ± SEM.

Tissue depths were also compared for phosphoproteins. Responses in the ATL were higher than
responses in the RTL for most phosphoproteins. However, several proteins showed notably higher
levels in RTL than ATL for at least one of the three tissue groups: p-BAD, p-Src, p-IκB-α, p-HSP27,
p-ERK1/2, and p-VEGFR2 (Figures 3–5). Comparisons of ATL vs. RTL for each group are shown in
Figures 3–5.
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Figure 5. Relative levels of pro-apoptotic and inhibitory wound healing phosphoproteins in acute 

wound healing. Relative phosphoprotein responses (normalized to highest signal) were observed for 

all three patient groups: primary, aseptic, and septic at two debridement depths: ATL is closer to the 
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groups within a tissue layer are denoted with bars. Responses are shown as the mean ± SEM. 
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from the same set of cytokines and phosphoproteins for the ATL layer. The network connectivity 

varied greatly between the three groups (Figure 6). Qualitatively, the primary TKA network showed 

higher connectivity and more experimentally validated up- and down-regulation of targets, as shown 

by the red and green coloring, respectively. Further, the connections between targets, also known as 

“edges,” varied between the three groups. Edges denote connections between nodes; in IPA, direct 

relationships are shown by solid lines, and indirect relationships are shown by dotted lines. The 

primary TKA network showed 139 edges; 23 of these edges were direct, and 116 were indirect. For 

aseptic TKR, 65 total edges were identified: 4 direct, 61 indirect. For septic TKR, 61 total edges are 

shown: 4 direct and 57 indirect. IPA uses the experimental dataset to identify related IPA networks, 

Figure 5. Relative levels of pro-apoptotic and inhibitory wound healing phosphoproteins in acute
wound healing. Relative phosphoprotein responses (normalized to highest signal) were observed for
all three patient groups: primary, aseptic, and septic at two debridement depths: ATL is closer to
the knee joint, and RTL is approximately 1 cm removed from the knee joint. Statistically significant
differences (p < 0.05) were determined by two-way ANOVA with Bonferroni’s post-test to examine
group-dependent and spatially-dependent differences in protein phosphorylation. Differences between
groups within a tissue layer are denoted with bars. Responses are shown as the mean ± SEM.

3.3. IPA-Generated Networks

Networks for the three groups (primary TKA, aseptic TKR, and septic TKR) were constructed
from the same set of cytokines and phosphoproteins for the ATL layer. The network connectivity
varied greatly between the three groups (Figure 6). Qualitatively, the primary TKA network showed
higher connectivity and more experimentally validated up- and down-regulation of targets, as shown
by the red and green coloring, respectively. Further, the connections between targets, also known
as “edges,” varied between the three groups. Edges denote connections between nodes; in IPA,
direct relationships are shown by solid lines, and indirect relationships are shown by dotted lines.
The primary TKA network showed 139 edges; 23 of these edges were direct, and 116 were indirect.
For aseptic TKR, 65 total edges were identified: 4 direct, 61 indirect. For septic TKR, 61 total edges are
shown: 4 direct and 57 indirect. IPA uses the experimental dataset to identify related IPA networks,
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shown in Table 3. A p-score is shown for each IPA network match, and the p-score is calculated based
on the -log10(p-value) for the Fisher’s exact test. A higher IPA p-score indicates a stronger match;
p scores above 21 are generally considered good matches [48].
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Figure 6. Ingenuity Pathway Analysis (IPA)-generated networks for primary TKA, aseptic TKR, and
septic TKR groups based on cytokine and phosphoprotein datasets. Proposed networks used relative
cytokine and phosphoprotein responses in the ATL depth, illustrating the differences in tissue responses
for the three groups. The nodes are illustrated in a “heat map” coloring scheme, with red denoting
up-regulation, green denoting down-regulation, and the intensity of color correlates to the intensity of
relative response. The networks are supplemented with other nodes likely to be involved, as identified
in the Ingenuity Knowledge Base. A solid line represents a direct interaction between two nodes, while
a dotted line denotes an indirect relationship.

Table 3. Top 2 IPA Networks for Primary TKA, Aseptic TKR, and Septic TKR Groups. Network p-scores
are calculated by IPA using the negative log10 (p-value) of Fisher’s exact test. The p-value describes
the probability of finding the cytokines/phosphoproteins randomly in the databases utilized by IPA to
construct the network. Networks with p-scores above the threshold of 21 are bolded.

Primary TKA Aseptic TKR Septic TKR

IPA Network p-Score IPA Network p-Score IPA Network p-Score

Cell-mediated
immune response,

cellular
development,

cellular function
and maintenance

72

Inflammatory
response, cellular

movement, cell death
and survival

16

Cellular movement,
inflammatory

response,
hematological

development and
function

16

Cancer, organismal
injury and

abnormalities, cell
cycle

2

Cell-mediated
immune response,

cellular development,
cellular function and

maintenance

9

Cell death and
survival, organismal

injury and
abnormalities,

cellular development

9

3.4. Normalized Radiality of All 30 Nodes

Based on the ANOVA data and IPA-generated networks, all of these cytokine and phosphoprotein
targets have roles to play in both infection response and wound healing. To further understand
the most important targets, network centrality parameter analysis was performed by analyzing a
network centrality parameter, radiality. Radiality values were determined for each cytokine and
phosphoprotein node and normalized to the average radiality for the network (e.g., primary TKA,
ATL layer). These values are presented in Tables 4 and 5. Changes in significant radiality outcomes
can allow for a better understanding of the “drivers” of each network and deviations from normal
response (Figure 7). Nodes with significant radiality values are bolded; the significance threshold used
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was the average radiality ± standard deviation. Based on previous work [49], we expect significant
radiality outcomes with low radiality values to be the most likely drivers of the dysregulation for
persistent inflammation and infection of aseptic and septic TKR, respectively.

Table 4. Normalized Radiality of Nodes in the ATL Layer. Significant target values for each individual
network are bolded (significance threshold: the average radiality ± standard deviation).

Node ATL Primary TKA ATL Aseptic TKR ATL Septic TKR

p-CREB 0.96 0.77 1.15

p-HSP27 1.13 1.14 1.15

p-IκBα 1.13 1.16 1.10

p-MEK1 1.13 1.08 1.10

p-S6RP 1.13 0.98 1.13

p-Smad2 1.13 1.15 1.14

p-Src 1.13 1.15 1.15

p-Syk 1.13 1.11 0.95

p-c-Jun 1.04 0.77 1.03

p-AKT 1.10 0.99 1.08

p-p53 1.13 1.00 1.06

p-p38 1.13 1.05 1.06

p-p70SK6 1.13 1.15 1.07

p-PTEN 1.09 1.02 0.76

p-ZAP-70 1.13 1.16 1.07

p-BAD 0.96 0.77 1.15

p-ERK1/2 1.13 1.15 1.13

p-GSK-3a/b 1.13 1.16 1.12

p-p90RSK 1.13 0.99 1.04

p-VEGFR2 1.13 0.99 1.11

p-NF-kB 1.13 1.16 1.09

IL-1b 0.62 0.91 0.76

IL-4 0.90 1.01 0.76

IL-6 0.60 0.82 0.76

IL-1a 0.63 1.15 0.76

IL-10 0.73 0.79 1.02

IL-12p70 0.84 0.77 1.06

IL-13 0.84 0.77 0.76

IFN-y 0.85 0.96 0.76

TNF-a 0.85 0.93 0.76
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Table 5. Normalized Radiality of Nodes in the RTL Layer. Significant target values for each individual
network are bolded (significance threshold: the average radiality ± standard deviation).

Node RTL Primary TKA RTL Aseptic TKR RTL Septic TKR

p-CREB 1.12 0.79 1.06

p-HSP27 0.87 1.12 1.03

p-IκBα 1.07 1.13 1.01

p-MEK1 0.99 1.05 1.08

p-S6RP 1.06 0.98 1.02

p-Smad2 1.12 1.11 1.10

p-Src 0.97 1.08 1.04

p-Syk 1.01 0.96 0.94

p-c-Jun 1.11 0.97 0.99

p-AKT 0.80 1.12 1.09

p-p53 0.97 1.07 1.00

p-p38 1.11 1.08 1.06

p-p70SK6 0.80 1.13 1.00

p-PTEN 1.12 1.12 1.05

p-ZAP-70 1.11 0.96 1.07

p-BAD 1.12 0.79 1.06

p-ERK1/2 0.83 1.09 1.11

p-GSK-3a/b 1.12 1.12 1.02

p-p90RSK 1.10 1.00 0.95

p-VEGFR2 1.09 1.13 1.10

p-NF-kB 1.04 1.12 1.04

IL-1b 0.85 0.99 1.08

IL-4 1.04 1.03 1.00

IL-6 0.82 0.89 1.11

IL-1a 0.84 1.09 1.11

IL-10 0.95 0.64 0.70

IL-12p70 0.96 0.92 1.07

IL-13 1.01 0.74 0.59

IFN-y 1.01 0.75 0.73

TNF-a 1.00 1.00 0.80

While several nodes were significant within each of the six networks, respectively, some nodes
showed a group-dependent trend in significance (Tables 4 and 5). There were changes in significance
between the native primary TKA response and aseptic or septic TKR responses. In the primary TKA
networks, IL-1α, IL-1β, IL-6, and IL-10 gave significant low radiality outcomes for the ATL; p-HSP27,
p-AKT, p-ERK1/2, IL-1α, IL-1β, and IL-6 were significant in the RTL. Differences for the aseptic TKR
group include p-CREB, p-c-Jun, p-BAD, IL12p70, and IL-13 in the ATL; p-CREB, p-BAD, IL-10, IL-13,
and IFN-γ for the RTL. Deviations in the septic TKR group include p-PTEN, IL-4, IL-13, IFN-γ, and
TNF-α in the ATL layer and IL-10, IL-13, IFN-γ, and TNF-α in the RTL layer.
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Figure 7. Changes in significant nodes between groups for low radiality outcomes. Nodes with low 

radiality outcomes that differed between primary TKA response and aseptic/septic TKR responses 

are shown (significance threshold: the average radiality ± standard deviation). Boxes indicate 

significance at varying depths. IL-10 is shown in red to highlight its presence in all three groups: 

primary TKA, aseptic TKR, and septic TKR. IL-13 (green) and IFN-γ (blue) are also colored to 

highlight overlap in both aseptic TKR and septic TKR groups. 

  

Figure 7. Changes in significant nodes between groups for low radiality outcomes. Nodes with low
radiality outcomes that differed between primary TKA response and aseptic/septic TKR responses are
shown (significance threshold: the average radiality ± standard deviation). Boxes indicate significance
at varying depths. IL-10 is shown in red to highlight its presence in all three groups: primary TKA,
aseptic TKR, and septic TKR. IL-13 (green) and IFN-γ (blue) are also colored to highlight overlap in
both aseptic TKR and septic TKR groups.

4. Discussion

The cytokine and phosphoprotein targets measured in this study are known to be significant
contributors to inflammatory responses in general [2], but the interconnected relationships of these
targets remain to be elucidated for PJI. Further, many of these targets have not been studied on a tissue
level for chronic inflammation and infection, so much of the dysregulation that occurs in immune
response and wound healing processes remains unknown [12]. Relative cytokine and phosphoprotein
responses were measured to understand the trends in response across three groups of patients: primary
TKA, aseptic TKR, and septic TKR at two tissue depths: ATL and RTL.

Higher relative cytokine levels were observed in either aseptic or septic TKR samples compared
to primary TKA tissues. IL-1α, IL-1β, IL-4, and IL-6 showed infection-specific relative responses,
with higher levels in septic TKR than both aseptic TKR and primary TKA (p < 0.05, Figure 2).
These cytokines have been identified in literature as important early immune response mediators in
PJI [50]. Additionally, there were spatial differences between ATL and RTL layers for IL-1α, IL-1β,
IL-4, and IL-10 (Figure 2). The spatial discrepancies observed in this study suggested that the cytokine
response is more robust in the ATL layer of septic tissues compared to the RTL. The spatial relationships
were unclear for primary TKA and aseptic TKR using ANOVA comparisons (Figure 2).



Biology 2020, 9, 167 15 of 20

Phosphoproteins were also included in this analysis as many hold central roles in early infection
response [4]. The phosphoproteome has not been thoroughly investigated for chronic joint inflammation
and infection in PJI, but the relationships between cytokines and phosphoproteins may reveal important
information considering the central role of these signaling proteins in cell cycle regulation [9], cell
proliferation [36], inflammatory processes [49], and wound healing [30]. Most phosphoproteins
were found in higher levels in primary TKA tissues (Figures 3–5). While the septic TKR gave the
highest response of most cytokines, it often showed the lowest levels of phosphoproteins (Figures 3–5).
While many of the phosphoproteins tested are downstream targets of cytokines [2,32,33,38,40–43],
decreased levels of wound healing-associated phosphoproteins have previously been observed in
other studies [14,15]. Notable exceptions were p-c-Jun and p-BAD, which were highest in aseptic TKR,
and p-PTEN, which was highest in septic TKR (Figure 5). All three of these phosphoproteins have
associated pro-apoptotic functions in acute wound healing [33,38,39], which may be related to their
increased phosphorylation in aseptic and septic TKR tissues, respectively. Phosphoprotein levels also
showed spatial trends between ATL and RTL at a statistically significant level (p < 0.05) for p-IκB-α,
p-GSK-3α/β, p-Smad2, and p-CREB (Figures 3 and 4). All four of these phosphoproteins are related to
cell migration and proliferation, and have important roles for wound healing [30,32,34]. The results of
this study showed higher levels for these phosphoproteins in the ATL of primary TKA, compared to
RTL of primary TKA, which suggests tissues closer to the joint have increased wound healing activity
(Figures 3 and 4).

While traditional ANOVA comparisons gave information about the relative responses of cytokines
and phosphoproteins, chronic inflammation and infection involve a series of deeply interconnected
targets [3,12], which makes it difficult to fully understand the tissue responses when only considering
each target in isolation. The ANOVA data alone do not fully explain which targets may be contributing
most to the disruptions in responses observed in aseptic and septic TKR. IPA analysis was used to
comparatively assess the connectivity between the three groups. IPA has proven to be a useful tool for
visualizing the connectivity of different nodes (i.e., genes, proteins, etc.) involved in networks [51].
Figure 6 illustrates the utility of IPA for comparing different networks qualitatively and depicts
the differences between primary TKA, aseptic TKR, and septic TKR networks for each of the ATL
layers. The primary TKA shows better connectivity between targets than aseptic TKR and septic TKR,
suggesting there may be dysregulation occurring in both aseptic and septic TKR tissues (Figure 6).
Additionally, Table 3 lists the top IPA network hits for each of the three networks. For proteomic
analysis, a p-score above 21 is considered a good match [48]. Only the primary TKA network was able
to make a match above this threshold. Based on the IPA analysis, both aseptic TKR and septic TKR
networks show a lack of connectivity compared to primary TKA, which may prevent a reliable IPA
network match (Table 3).

A network centrality approach was also utilized to quantitatively assess which targets were
close to (high radiality) or distant from (low radiality) the center of each of the networks. Radiality
comparisons may reveal the most likely nodes contributing to the dysregulation observed in the IPA
networks. Based on previous work in a rodent model of trauma [49], we expect that differences in
nodes with low radiality between primary TKA response and aseptic or septic TKR responses may
indicate the most likely causes of disruptions to normal signaling. In this study, low radiality outcomes
were the most likely contributors to cell signaling dysregulation leading to chronic inflammation and
infection. A significance threshold of the average radiality ± standard deviation was used to denote
significant cytokine and phosphoprotein nodes (Tables 4 and 5). Differences existed in significant
nodes across groups and between depths.

The primary TKA group represents the native response, as these tissues are not in contact with
implants or infection that cause persistent inflammation [52,53]. In primary TKA, all significant nodes in
the ATL had low radiality values, and all four were cytokines: IL-1α, IL-1β, IL-6, and IL-10. Within this
network, these cytokines appear to be acting as regulatory molecules. IL-1α, IL-1β, and IL-6 are all
pro-inflammatory cytokines vital for early inflammatory immune response [6,8]. The anti-inflammatory
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IL-10 is central for wound resolution [54]. In the RTL of primary TKA, nodes with significant low
radiality values were p-HSP27, p-AKT, p-ERK1/2, IL-1α, IL-1β, and IL-6 (Tables 4 and 5). This suggests
that there is still a significant contribution of pro-inflammatory cytokines in healthy tissues spatially
removed from the joint. p-HSP27, p-AKT, and p-ERK1/2 have all been linked to early proliferative
wound healing responses in trauma [55] and skin wounds [56]. Their low radiality outcomes suggested
that these three phosphoproteins may be driving the tissue healing response. Additionally, in the RTL
of primary TKA, seven phosphoproteins had significantly high radiality values (Table 4), suggesting
that there is an organized wound healing response in tissues further away from the joint.

The aseptic and septic TKR groups were compared to the primary TKA group to understand
differences in radiality outcomes. In the aseptic ATL, nodes with significant low radiality outcomes
were p-CREB, p-c-Jun, p-BAD, IL-6, IL-10, IL-12p70, and IL-13. Additionally, eight phosphoproteins
and one cytokine had significant high radiality outcomes (Table 3). Overall, in the ATL of aseptic TKR,
there appears to be a balance of regulated and dysregulated healing processes. In combination with
the IPA network results, this suggested that dysregulation may be caused by reduced contributions for
pro-inflammatory IL-1α and IL-1β and an increased role for anti-inflammatory IL-13 between primary
TKA response and aseptic TKR response at the joint (Figure 6). The pro-apoptotic actions of peripheral
p-c-Jun and p-BAD [33,39], and inactivation of CREB [57] in aseptic TKR could also be driving these
disruptions (Figures 6 and 7). In the RTL of aseptic TKR, p-CREB, p-BAD, IL-10, IL-13, and IFN-γ
gave significant low radiality outcomes (Tables 3 and 4). The aseptic RTL tissues showed a shift to all
significant nodes showing low radiality outcomes (Table 4). Compared to the primary RTL, there is a
notable induction of anti-inflammatory cytokines IL-10, IL-13, and IFN-γ. Significance of p-CREB and
p-BAD suggested these activated proteins may be promoting apoptosis [30,39] in presumably healthy
aseptic tissues. Further, the coordinated healing response observed in primary RTL tissues is no longer
present, as there were no significant high radiality outcomes in aseptic RTL (Table 4). Even in the
clinically “healthy” tissues for the aseptic group, there is a large amount of dysregulation present, and
it appears to be primarily driven by these seven targets: p-c-Jun, p-CREB, p-BAD, IL-10, IL-12p70,
IL-13, and IFN-γ.

In septic TKR, nodes with significant low radiality outcomes in the ATL were p-PTEN, IL-1α,
IL-1β, IL-4, IL-6, IL-13, IFN-γ, and TNF-α. Notably, there were no significant high radiality outcomes
(Table 3). While this may somewhat reflect the strong cytokine-dependent response observed in
primary TKA, differences include increased contributions of anti-inflammatory IL-4, IL-13, and IFN-γ,
pro-inflammatory TNF-α, and pro-apoptotic p-PTEN in the septic TKR group. The ATL of septic TKR
showed a notable induction of anti-inflammatory cytokines not observed in the primary TKA. In the
septic RTL layer, IL-10, IL-13, IFN-γ, and TNF-α gave significant low radiality values. There were no
significant outcomes with high radiality values in this network (Table 4). Additionally, there was no
overlap in significant low radiality targets between primary TKA and septic TKR tissues at the RTL
depth. This loss of centrality for wound healing targets in the “healthy” septic TKR tissues reflects a
disruption in normal response.

There were some limitations to the study. A single surgeon collected all tissue samples for the
cohort of patients involved. Treatment of PJI via debridement is a subjective assessment of tissue
viability [28], so the delineation between “healthy” and “unhealthy” tissues may vary between surgeons.
The results for the RTL depths of aseptic and septic TKR highlighted the disruptions still present
in presumably healthy tissues removed from the joint, so a larger cohort of patients from different
surgeons may aid future studies in analyzing these targets. Further, it is difficult to fully disentangle
the inflammation present in native response from chronic inflammation and infection. The primary
TKA group is expected to experience inflammation as a result of the surgery [58], which is why this
study focused on outlining the differences between groups. These differences may not account for all
inflammation occurring in the tissues, but the discrepancies between targets may help identify the
dysregulation observed in aseptic and septic TKR. Differences in tissue composition (including bone,
cartilage, and synovium) may also have played a role in introducing variability between cytokine and
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phosphoprotein levels; this study focused on including the most likely tissues taken from debridement,
regardless of composition. Finally, the IPA analysis was only qualitatively useful in this case due
to experimental constraints. While IPA can be used quantitatively for proteomics [59], the samples
must be normalized to a control group. The primary TKA is not a true control, only a comparative
group. In human subjects, we cannot ethically collect a true tissue control (i.e., healthy individuals
with no inflammation present), which limited our ability to analyze via IPA. However, the qualitative
comparison at the joint still supported the network centrality analysis, and the IPA provided some
confirmation of the roles of the targets involved.

5. Conclusions

The acute intra- and extracellular responses to infection have been studied extensively, and these
studies have provided valuable information for clinicians to develop diagnostics and therapeutics
to combat these infections [50]. However, less is known about the dysregulation that occurs when
inflammation and infections become chronic, which is the case in localized infections like PJI [12].
In this study, we aimed to define the impact of individual cytokines and phosphoproteins on chronic
inflammation and infection in PJI using a network centrality parameter approach. Overall, network
centrality analysis showed the native response in primary TKA tissues was dictated by a balance of
pro- and anti-inflammatory cytokines. Tissues in the ATL were highly influenced by pro-inflammatory
cytokines IL-1α, IL-1β, and IL-6 and anti-inflammatory IL-10. A variety of pro-inflammatory cytokines
and wound healing phosphoproteins were central to the network in the RTL, and this response was
reflective of normal tissue healing processes [8,30,43] (Table 3). Deviations from this response were
observed in both aseptic and septic TKR groups. In aseptic TKR tissues, a shift to increased peripheral
roles for pro-apoptotic and anti-inflammatory targets was prevalent at both ATL and RTL tissue depths.
In the septic ATL layer, pro-apoptotic p-PTEN and anti-inflammatory cytokines IL-4, IL-13, and IFN-γ
showed significant losses of centrality compared to primary TKA. The high contributions of nodes with
seemingly contradictory roles, combined with the loss of overall IPA network connectivity, highlights
the dysregulation near the joint in septic TKR tissues. At the septic RTL depth, anti-inflammatory
cytokines dominated the response, showing a hallmark absence of coordinated phosphoproteins
linked to wound healing. The radiality data as a whole suggested that disrupted signaling pathways
are present for both aseptic and septic TKR, even in presumably “healthy” tissues. Targeting the
proteins with significant radiality outcomes in chronic inflammation and infection may prove useful for
developing more effective therapeutics, and future studies should focus on these proteins to promote
tissue healing and infection resolution in PJI.
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