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Introduction: Systemic acute inflammation accompanies and underlies the
pathobiology of sepsis but is also central to tissue healing. We demonstrated
previously the in vivo feasibility of modulating the key inflammatory mediator
tumor necrosis factor-alpha (TNF-α) through the constitutive production and
systemic administration of soluble TNF-α receptor (sTNFR) via a biohybrid device.

Methods: We have now created multiple, stably transfected human HepG2 cell line
variants expressing themouse NF-κB/sTNFR. In vitro, these cell lines vary with regard
to baseline production of sTNFR, but all have 3̃.5-fold elevations of sTNFR in
response to TNF-α.

Results: Both constitutive and TNF-α-inducible sTNFR constructs, seeded into
multicompartment, capillary-membrane liver bioreactors could reprogram
dynamic networks of systemic inflammation and modulate PaO2, a key
physiological outcome, in both endotoxemic and septic rats.

Discussion: Thus, Control of TNF-αmay drive a new generation of tunable biohybrid
devices for the rational reprogramming of acute inflammation.
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Introduction

Sepsis is a major health problem driven by the host’s inflammatory response to infection
(Seymour et al., 2016), which can be replicated in various experimental paradigms including
bolus or infusion administration of the pathogen-derived molecular pattern (PAMP) molecule
endotoxin, cecal ligation and puncture to generate a polymicrobial infection, or exogenous
administration of live bacteria (Parker andWatkins, 2001). Acute inflammation in the setting of
sepsis and endotoxemia can elicit a set of inter-related immuno-inflammatory, neural,
metabolic, and physiological responses that can lead to severe organ dysfunction and
ultimately death (Namas et al., 2012a; Scheff et al., 2013), though with different time
courses based on the experimental setting given the dynamics of bolus vs. intravenous
infusion of endotoxin vs. the release of pathogen-associated molecular pattern molecules
from dividing bacteria (Parker and Watkins, 2001). This inflammatory process occurs at
multiple scales and involves the activation of signaling pathways that mobilize inflammatory
cells and stimulate the secretion of multiple inflammatory mediators (Namas et al., 2015)
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rippling across multiple organs as well as the systemic circulation
(Zamora et al., 2018; Zamora et al., 2021). The complexity of this
inflammatory response has stymied attempts at therapeutic
modulation, resulting in a dearth of therapeutic options.

Our group and others have tried to address this complexity
through systems and computational biology approaches, and this
work has highlighted the importance of multiple positive feedback
loops that serve to ramp up inflammation (Vodavotz and An, 2013).
We hypothesize that this feed-forward behavior is necessary to
respond to perturbations such as infection or injury; however,
when overly activated or insufficiently damped, these positive
feedback loops can result in harm to the host (as we demonstrated
recently for the case of human blunt trauma) (Abboud et al., 2016).We
seek to modulate inflammation in a rational fashion; thus, our goal is
to attenuate the vicious positive feedback cycle, by allowing the body to
re-equilibrate its inflammatory response through an iterative and
incremental reduction of pro-inflammatory drivers.

Inflammation is driven and regulated by chemokines, cytokines,
free radicals, along with damage-associated molecular pattern
(DAMP) molecules, which are context-dependent regulatory
molecules (Nathan, 2002). A central aspect of the negative
regulation of pro-inflammatory cytokines that exhibit this type of
feed-forward behavior involves the production of cytokine
antagonists. Examples include: 1) the canonical pro-inflammatory
cytokine tumor necrosis factor (TNF-α) and its anti-inflammatory
endogenous inhibitor, soluble TNF-α receptor (sTNFR) (Van Zee
et al., 1992); 2) interleukin-1 (IL-1β) and IL-1 receptor antagonist (IL-
1ra) as well as soluble IL-1 receptor type II (Arend et al., 1994; Symons
et al., 1995), 3) transforming growth factor-β1 (TGF-β1) and TGF-β1
latency-associated peptide (LAP) (Khalil, 1999). The basic concept of
our rational approach to reprogramming inflammation is to create a
biohybrid device that produces negative feedback proportional to the
degree of pro-inflammatory stimulus by invoking the production of
these natural antagonists. More precisely, in response to a given
inflammatory cytokine, the device would produce or release the
neutralizing protein. This would in theory reduce inflammation in
a manner that echoes the natural mechanisms of inflammation
control, and thus may have fewer detrimental side effects. On a
practical level, such interventions could be achieved by a blood-
perfused, extracorporeal, cell-seeded biohybrid device that is
connected via a pump to the venous blood circulation and
operated similarly to established clinical plasma perfusion devices.

One of the earliest recognized drivers of systemic acute
inflammation in endotoxemia and sepsis is TNF-α (Strieter et al.,
1993). However, antagonism of TNF-α using neutralizing antibodies
has failed to show benefit in clinical trials of sepsis, a fact that we have
attributed to the individual-specific combination of beneficial and
detrimental effects of this cytokine (Clermont et al., 2004).
Accordingly, as an initial prototype of a device for self-adaptive
control of systemic acute inflammation, we generated a human
hepatocyte (HepG2) cell line that was stably transfected with the
mouse sTNFR gene driven by the constitutive cytomegalovirus
promoter. In that initial study, we demonstrated that biohybrid
devices seeded with these sTNFR-producing cells could reprogram
the pro-inflammatory response of rats subjected to an infusion of
Gram-negative bacterial endotoxin, as well as reducing organ damage
(Namas et al., 2012b).

The present study extends this prior work, from a system that
delivers sTNFR constitutively to one that is designed to adapt to

individual TNF-α levels. Our results suggest that sTNFR is a central
node in dynamic networks of inflammation in both endotoxemia and
bacterial sepsis in rats; that sTNFR can be produced in vitro in a
manner that is dependent on exogenous TNF-α; and that provision of
sTNFR via a biohybrid device in vivo can reprogram dynamic
networks of inflammation and improve sepsis-related
pathophysiologic parameters.

Materials and methods

Reagents

All restriction endonucleases were purchased from New England
BioLabs (Ipswich, MA). All oligonucleotides were ordered from
Invitrogen (Waltham, MA).

Plasmid constructs

To create a system sensitive to stimulation by TNF-α, we focused
on signaling via the NF-κB enhancer pathway, which is activated by
TNF-α (Van Zee et al., 1992; Siebenlist et al., 1994; Li and Verma,
2002). NF-κB dimers consist of five different gene products, all of
which have a conserved region called the Rel homology region. NF-
κB dimers are held in the inactive state by a family of inhibitors called
I-κB. Receptor signaling leads to activation of a multisubunit I-Bκ
kinase (IKK) complex which phosphorylates I-κB on two key serine
residues. Phosphorylation of I-κB marks it for degradation by the
ubiquitin pathway, so that the NF-κB dimer is liberated to
translocate to the nucleus, bind to DNA, and activate
transcription (Siebenlist et al., 1994; May and Ghosh, 1998; Li
and Verma, 2002).

To generate this molecular system, we utilized lentiviral transfection
methodology. The vector for producing sTNFR in response to TNF-α
(pLenti6-NFkB-sTNFR) was produced by LR reaction from ViraPower™

Promoterless Lentiviral Gateway® technology (Invitrogen). The integrity
of this construct was verified by DNA sequencing. The vector for
producing sTNFR constitutively was constructed in order to provide
for the constitutive production of mouse sTNFR protein as has been
described previously (Namas et al., 2012b).

Cell culture and stable transfection of
HepG2 cells

HepG2 (ATCC, Manassas, VA) cells were cultured in Dulbecco’s
modified Eagle’s medium (Lonza, Walkersville, MD) containing 10%
fetal bovine serum (Invitrogen), 1% Antibiotic-Antimicotic (Gibco,
Waltham, MA), 1% Glutamax™ (Gibco), and 1.5% Hepes (Lonza).
Cell culture was performed in flasks/plates treated with 0.1% Gelatin
(Sigma, St. Louis, MO) in calcium-free PBS for ~45 min.

Stably transfected HepG2 clones were established by transfection
of cells in 6-well plates with serially diluted lentivirus solution. The
virus was packaged using the Lenti-X-HTX packaging system
(Clontech, Mountain View, CA) with the pLenti6-NFkB-sTNFR
vector, according to the manufacturer’s protocol. Ten colonies were
picked manually after 2 weeks of selection in standard media with
supplied 1.5 μg/mL Blasticidin (Gibco).
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Bioreactor culture

The negative control and sTNFR-producing HepG2 variants were
seeded in a scaled-down four-compartment hollow-fiber culture
bioreactor (Gerlach, 2006; Schmelzer et al., 2009; Zeilinger et al.,
2011) (StemCell Systems, Berlin, Germany). In this class of
bioreactors, cells are cultured in the interstitial spaces between the
fibers. Culture medium or blood circulate from the lumens of the
microfiltration fibers to the cell compartment and back to the fiber
lumens, and most proteins produced by the cells seeded in the
bioreactor can freely diffuse out, as the microfiltration fibers have a
cutoff of 0.2 µm. Medium or blood is pumped through the two-
microfiltration fiber bundles in opposing directions (counter-current
flow). This complex flow pattern mimics an arterial and venous flow in
the liver tissue.

The stably transfected HepG2 hepatocytes (10 million cells) were
injected in the cell compartment, allowing the cells to spontaneously
reassemble into tissue-like structures in a 3-D perfused cell
compartment. The bioreactor (total volume = 0.8 mL) was then
integrated into a processor-controlled perfusion device with
electronic pressure, flow, temperature, and pH regulation. The
production of mouse sTNFR was assessed daily in a bioreactor
culture by obtaining medium samples, including after the removal
of the bioreactor for in vivo experiments in either endotoxemia or
sepsis rats (see below). To assess the viability of the seeded HepG2 cells,
and while the bioreactor is connected to the perfusion device, daily
samples were taken from the culture media for the measurement of
pH, lactate dehydrogenase, lactate, albumin, PaO2, PaCO2, HCO3, and
glucose.

Surgical preparation

The study was approved by the University of Pittsburgh
Institutional Animal Care and Use Committee and conforms to the
National Institutes of Health (NIH) guidelines for the care and use of
laboratory animals. Adult male Sprague-Dawley rats (24–28 weeks
old, 430–480 g body weight from Harlan Laboratories, Madison, WI)
were anesthetized with pentobarbital sodium (50 mg/kg
intraperitoneally). Both the femoral artery and the ipsilateral
internal jugular vein (IJV) were isolated by dissection and
cannulated with 0.97-mm polyethylene 50 tubing, for use in the
extracorporeal circuit. All the tubing in the extracorporeal
circulation was flushed with heparinized saline (5 units/mL).

The rats were then cannulated to a bioreactor seeded with either:
1) HepG2 cells that do not produce sTNFR (Clone nine cells)
i.e., negative control bioreactor; 2) HepG2 cells producing mouse
sTNFR constitutively (CMV-driven bioreactor); and 3) HepG2 cells
that produce sTNFR in a TNF-α-dependent manner (Clone three
cells) (see below). The bioreactor was placed over a heating pad during
the treatment period to maintain the bioreactor temperature at 37°C.
Blood flow through the bioreactor was maintained for 6 h by a
peristaltic infusion pump (Instech Laboratories, Inc., Plymouth
Meeting, PA) at a rate of 1.5 mL/min. To monitor the mean
arterial pressure (MAP), the arterial blood (from the previously
cannulated femoral artery) was connected to a blood pressure
analyzer (Blood Pressure Analyzer™ 400; Micro-Med, Inc.,
Louisville, KY). Arterial blood gases, blood electrolytes, hematocrit,
hemoglobin concentration, and glucose were analyzed using i-STAT®

Handheld blood analyzer (Abbott Point of Care Inc., Princeton, NJ).
After 6 h of bioreactor treatment, the extracorporeal circuit was
stopped, and the rats were euthanized by administering an
overdose of pentobarbital sodium followed by cervical dislocation.

The bioreactor was then disconnected from the rat and flushed
with HEPES buffer solution and 1% antibiotic-antimycotic solution to
clear blood from the inlet and outlet portals of the medium
compartments. The bioreactor was then reintegrated to the
perfusion device (see above) for 2–3 days. After 3 days of
maintaining the bioreactor with the perfusion device, another
extracorporeal circuit was established, and the bioreactor was
connected to another rat using the experimental procedures
mentioned below.

Experimental endotoxemia

To induce endotoxemia, 13 μg/kg/h of Gram-negative bacterial
LPS solution (6.5 μg/mL LPS in saline, catalog #L2630; Sigma-Aldrich,
St. Louis, MD) was infused intravenously (i.v.) through the rats’
internal jugular vein at a rate of 1 mL/h via the peristaltic infusion
pump. The i. v. Infusion of LPS was initiated at 0 h (immediately after
establishing the extracorporeal circuit with the bioreactor) and
continued to 4 h of the bioreactor treatment. At 4 h, the LPS
infusion was discontinued while continuing treatment with the
bioreactor for an additional 2 h; thus, the total bioreactor treatment
time was 6 h. Three groups of experimental animals were studied: 1)
control animals (n = 4), i.e., without bioreactor treatment; 2)
bioreactor negative control animals (n = 4), i.e., rats treated with
bioreactor seeded with Clone nine cells; and 3) animals (n = 7) treated
with a CMV-driven bioreactor. All animals were subjected to the same
surgical procedure mentioned above.

Preparation and dose estimation of
E. coli–Impregnated fibrin clot and induction
of peritonitis

To induce peritonitis, an Escherichia coli (E. coli)-impregnated
fibrin clot was formed from a bacterial culture of a single isolated
colony of E. coli bacteria (strain ATCC 25922; American Type Culture
Collection, Manassas, VA). The culture was grown to a specified
optical density using a spectrophotometer (DU 530 UV/VIS; Beckman
Coulter, Brea, CA, United States) equivalent to a concentration of
1.5 × 108 to 2 × 108 colony-forming units. After the addition of
Fibrinogen (1%) and Thrombin (15u), the clot was placed in the
peritoneum via laparotomy, as per our previously published work with
extracorporeal hemoadsorption in rat Gram-negative sepsis (Namas
et al., 2012c). After closing the abdomen, a topical anesthetic was
applied over the surgical wound, and the rats were returned to their
cages and allowed food and water ad libitum. Twenty-four hours later,
the rats were re-anesthetized, cannulated, and treated with either
CMV-driven bioreactor seeded with HepG2 cells that produce sTNFR
constitutively (n = 4) or bioreactor seeded with HepG2 cells that
produce sTNFR in a TNF-α-dependent manner (referred to hereafter
as “Clone three bioreactor”; n = 3), for 6 h, i.e., a total of 30 h of
experimental sepsis. For the control animals, a separate group of rats
(n = 8) were subjected to the same surgical procedure mentioned
above but without treatment.
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Assay of inflammatory mediators and
measurement of physiological and
biochemical parameters

Blood (0.4 mL) was withdrawn from the IJV line at time 0 (before
either starting the LPS i. v. Infusion and 24 h after implantation of
the E. coli–impregnated fibrin clot) and then hourly up to 6 h. Blood
samples were centrifuged, and plasma aliquots were stored at −80°C
for subsequent analysis of inflammatory mediators. Plasma
cytokines/chemokines were measured using Luminex™
technology (Millipore, Billerica, MA). The assays included
granulocyte/macrophage colony-stimulating factor (GM/CSF),
keratinocyte-derived chemokine (GRO/KC, CINC-1, CXCL-1),
interferon (IFN)-γ, interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-5, IL-
6, IL-10, IL-12p70, IL-18, monocyte chemoattractant protein-1
(MCP-1/CCL2), and TNF-α. Plasma NO2

−/NO3
− was measured

by the nitrate reductase method using a commercially available
kit (Cayman Chemical, Ann Arbor, MI). Plasma sTNFR (as well
as sTNFR collected during the bioreactor culture) was assessed using
a kit from R&D Systems (Minneapolis, MN). Arterial blood gases,
blood electrolytes, hematocrit, hemoglobin concentration, and
glucose were analyzed using i-STAT® Handheld blood analyzer
(Abbott Point of Care Inc., Princeton, NJ).

Statistical analysis

All data are expressed as mean ± SEM. Statistical analysis was
performed by One-way analysis of variance (ANOVA) or Two-way
ANOVA, as appropriate, followed by the Tukey post hoc test using
SigmaStat software (Systat Software, San Jose, CA), with p <
0.05 considered significant.

Data-driven modeling

Principal Component Analysis (PCA) was carried out to identify
the subsets of mediators (in the form of orthogonal normalized linear
combinations of the original mediator variables, called principal
components) that are most strongly correlated with the
inflammatory response in each experimental group, and that
thereby might be considered principal characteristics of each
response. We have previously utilized PCA in this fashion in the
setting of mouse trauma/hemorrhage (Mi et al., 2011), human
pediatric acute liver failure (Azhar et al., 2013), and human blunt
trauma (Namas et al., 2016a). PCA is a non-parametric statistical
method of reducing a multidimensional dataset to a few principal
components. These are the components that account for the most
variability in the dataset. The underling hypothesis is that a mediator
that varies extensively during a specific process is important to that
process. This method allows us to identify the mediators that account
for the most change, or variance, in the dataset. The limitation is that
some principal components may lack biological relevance (Janes and
Yaffe, 2006). In the present study, we utilized a variant of PCA in
which data were segmented into defined time intervals (three time
intervals), as we have described recently (Zamora et al., 2018). To
perform this analysis, the raw data from all time points (0–6 h) were
first normalized for each inflammatory mediator (i.e., in a given
inflammatory mediator, a given value from each experimental rat

divided by the Euclidean norm of this experimental rat’s values from
its available time points). In this way, any artifactual effects on
variance due to the different ranges of concentration observed for
different experimental rats and inflammatory mediators were
eliminated. Next, these normalized data were segmented into
defined time intervals and PCA was performed on each segment of
the normalized data. Only components that captured at least 70% of
the total variance in the data were considered. From these leading
principal components, the coefficient (weight) associated with each
mediator was multiplied by the eigenvalue associated with that
principal component. This product represented the contribution of
a given inflammatory mediator to the variance accounted for in that
principal component. The overall score given to each mediator is the
sum of its scores in each component. This gives a measure of a
mediator’s contribution to the overall variance of the system. The
mediators with the largest scores are the ones who contributed most to
the variance of the process being studied. More specifically, the overall
PCA score was calculated in the following way: Pj � ∑

i

ei ·Wi,j , where
i is the index of component and j is the index of inflammatory
mediators. Wi,j is the amount that how much jth mediator
contributes to the ith component. ei is the eigenvalue associated
with the ith component. The calculation was performed by
MATLAB® version 2015b (The MathWorks, Inc., Natick, MA).

Dynamic Bayesian network (DyBN) inference was carried out to
define the most likely single network structure that best characterizes
the dynamic interactions among systemic inflammatory mediators
across all time points, in the process suggesting likely feedback
structures that define central nodes. DyBNs depict the entire time
progression of a given network as a single graph to outline the patterns
and relationships/feedbacks prevalent throughout the entire
experimental course. Given time-series data, DyBN inference
provides a way of inferring causal relationships among variables
(e.g., inflammatory mediators) based on probabilistic measure.
Unlike standard correlative approaches, DyBNs consider the joint
distribution of the entire dataset when making inferences about the
dependencies between variables or nodes in the network. The
networks might also suggest possible feedbacks governing
mechanisms by which progression of the inflammatory response
differs within a given experimental group. The values of each node
are assumed to be distributed according to a chosen model (e.g.,
Gaussian) and the relationships among nodes are defined by the
structure of the directed network and the corresponding
conditional probability distributions of the interacting nodes.
Network structure is inferred by a sampling technique that
iteratively proposes candidate structures and evaluates them based
on how well they fit the observed data using a specified scoring
criterion, until reaching convergence on a network structure with
the highest score. The algorithm uses an inhomogeneous dynamic
changepoint model, with a Bayesian Gaussian with score equivalence
(BGe) scoring criterion. In this analysis, time courses of unprocessed
inflammatory mediator measurements from each rat were used as
input for a DyBN inference algorithm, implemented in Matlab®

essentially as described previously for gene array data (Grzegorczyk
and Husmeier, 2011) and modified by our group for the study of
systemic acute inflammation (Azhar et al., 2013; Emr et al., 2014).
Inflammatory mediators are shown as nodes, and the arrows
connecting them suggest an influence of one mediator on the
one(s) to which it is connected. The arrows do not distinguish
positive from negative influences of one mediator on another.
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Semi-circular arrows suggest either positive or negative feedback of a
given mediator on itself. The thickness of each edge denotes the
relative algorithmic confidence in a given interaction between nodes.

Dynamic network analysis (DyNA) was carried out to define, in a
granular fashion, the dynamic changes of the central inflammatory
network nodes as a function of both time and experimental group. The
mathematical formulation of this method is essentially to calculate the
correlation among variables (inflammatory mediators) by which we
can examine their dependence and visually observe the associations
among the inflammatory mediators. The main difference between
DyNA and DyBN is that DyNA allows for granular temporal
resolution of networks over distinct time intervals, while DyBN
helps suggest feedback structures. Using inflammatory mediator
measurements, networks were created over three consecutive time
intervals (0–2, 2–4, 4–6 h or 0–1, 1–3, 3–6 h, based on the
experimental setting) using Matlab® software, as described
previously (Ziraldo et al., 2013; Namas et al., 2016b). Network
edges/connections, defined as the trajectories of serum
inflammatory mediators that move in parallel (same or opposite
direction), were created if the absolute value of the Pearson
correlation coefficient between any two nodes (inflammatory
mediators) at the same time interval was greater or equal to a
threshold of 0.7. Connections with black color indicate Pearson
correlation coefficient greater or equal to 0.7, whereas the red color
connections indicate Pearson correlation coefficient less than or equal
to -0.7. The network complexity for each time interval was calculated
using the following formula: sum (N1 + N2 + ... + Nn)/(n-1), where N
represents the number of connections for each mediator and n is the
total number of mediators analyzed. The total number of connections
represents the sum of the number of connections across all time
intervals for all experimental rats in a given group.

Results

Stable modification of HepG2 cells to express
sTNFR results in TNF-α-dependent
production of sTNFR in vitro

We have reported previously on the generation of a HepG2 variant
that produces sTNFR constitutively under the control of the CMV
promoter (Namas et al., 2012b). The central goals of the present study
were 1) to compare the effects of constitutively delivered sTNFR to
those of sTNFR produced in response to TNF-α, and 2) to compare the
impact of these two approaches on endotoxemia vs. true Gram-
negative bacterial peritonitis/sepsis. To create variants of
HepG2 that could respond to TNF-α by producing sTNFR, we
utilized a lentiviral delivery system. Based on the Invitrogen
ViraPower™ Promotorless Lentiviral Gateway® system, we created
the vector pLenti6-NFkB-sTNFR as described in the Materials and
Methods. Using this vector, we established 10 stably transfected clones
of HepG2 cells. All of these clones produced mouse sTNFR to various
degrees at baseline, ranging from 0 to 376 pg/mL. Upon stimulation
with mouse TNF-α, these HepG2 clones produced 0–1,200 pg/mL
mouse sTNFR (Supplementary Figure S1). From this group of
HepG2 variants, we chose three with different properties (clones 2,
3, and 9) for further characterization. Clone nine exhibited no
production of sTNFR, either with or without stimulation with
mouse TNF-α. Clones two and three exhibited different degrees of

sTNFR production in response to stimulation, but with similar fold
induction (Supplementary Figure S2).

Dynamic networks and principal drivers of
inflammation in endotoxemia vs. gram-
negative sepsis

A major goal of this study was to test the constitutive (CMV-
driven) sTNFR HepG2 clone, as well as Clones three and nine in
experimental paradigms of endotoxemia and Gram-negative sepsis.
To achieve this goal, it was first necessary to define the dynamic
properties of inflammation in these two experimental paradigms in the
absence of any intervention. We used one-way ANOVA to define
inflammatory mediators that were altered significantly over time in
each experimental paradigm, Time-Interval Principal Component
Analysis (TI-PCA) (Zamora et al., 2018) to define the principal
characteristics/drivers of LPS infusion vs. true Gram-negative
sepsis, and DyNA to define the progression of systemic
inflammatory networks in these two related, but distinct (Parker
and Watkins, 2001), inflammatory challenges. The results of these
studies are summarized in Table 1 and detailed below.

Following stimulus with LPS, the following inflammatory
mediators were altered significantly: TNF-α, IL-6, MCP-1, IL-5, IL-
2, IL-10, IL-1β, IL-18, IFN-γ, and GRO/KC (p < 0.05 by one-way
ANOVA) (Table 1; Supplementary Figure S3). These results are in
agreement with well-known pathways of inflammation in
endotoxemia, including NF-κB (e.g. TNF-α, IL-6), Th1 (IFN-γ),
Th2 (IL-5, IL-10), and the NLRP3 inflammasome (leading to
activation of IL-1β and IL-18).

We next sought to define the principal characteristics/drivers of
LPS-induced inflammation using TI-PCA. In this implementation of
PCA, the data were segmented into defined time intervals and the
overall score given to each mediator is the sum of its scores in each
principal component, depicted as a stacked bar graph. This gives a
measure of a given inflammatory mediator’s contribution to the
overall variance of the system. The mediators with the largest
scores are the ones which contribute most to the variance of the
process being studied. This analysis suggested that the circulating
inflammatory response during the first hour in the control animals
(LPS infusion without treatment) was characterized primarily by
GRO/KC, IFN-γ, IL-1α, TNF-α, and IL-10 (Table 1; Supplementary
Figure S4A). Over the 1–3 h time interval, the inflammatory response
was characterized primarily by TNF-α, MCP-1, IL-18, IL-5, and IL-1β.
Over the 3–6 h interval, IFN-γ, TNF-α, IL-2, IL-6, and GM-CSF were
the primary characteristics of the inflammatory response to LPS
(Table 1; Supplementary Figure S4A). Thus, LPS-induced
inflammation was characterized by two distinct components during
the 0–1 h time frame, decreasing in complexity to one component
from 1 to 3 h, and then returning to two components in the 3–6 h time
frame (Table 1; Supplementary Figure S4A). Also, confirming the
results of one-way ANOVA, PCA suggested a role for activation of
NF-κB (TNF-α, IL-6), Th1 (IFN-γ), Th2 (IL-5), and the
NLRP3 inflammasome (IL-1β and IL-18).

We further examined the dynamics of inflammation induced by
LPS infusion by defining dynamic networks of inflammation (Table 1;
Supplementary Figure S4B). Dynamic Network Analysis (DyNA), a
network inference algorithm that we developed previously (Mi et al.,
2011; Ziraldo et al., 2013; Abboud et al., 2016; Namas et al., 2016b),
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allows us to define the progression over time of correlated (black
edges) or anti-correlated (red edges) inflammatory mediators. This
analysis suggested that an initially high network complexity following
LPS infusion, which decreased in complexity through 6 h.
Furthermore, anti-correlated edges in the 3–6 h time frame
suggested the initiation of resolution of inflammation. Taken
together with the PCA results, this analysis suggests a rapid ramp-
up of inflammation induced by LPS, with a follow-on resolution phase,
in agreement with the known dynamics of inflammation in
endotoxemia (Parker and Watkins, 2001).

We further sought to define potential feedback structures in
dynamic networks of inflammation, and for this purpose we
utilized a Dynamic Bayesian Network (DyBN) inference algorithm
(Grzegorczyk and Husmeier, 2011). In endotoxemic rats, this analysis
suggested that central nodes (i.e., nodes exhibiting self-feedback and
feedback onto other nodes) consisted of the chemokines MCP-1 and
GRO/KC along with the cytokines IL-6 and IL-10 (Table 1;
Supplementary Figure S4C). These central nodes, known to
participate in the inflammatory response to LPS, were upstream of
multiple inflammatory mediators, suggestive of activation of the
NLRP3 inflammasome (IL-1β and IL-18) as well as Th1 (IFN-γ)
and Th2 (IL-4) pathways.

We next compared the response to LPS with that observed in true
Gram-negative sepsis. One-way ANOVA suggested that TNF-α, IL-6,
MCP-1, and GM-CSF changed significantly (p < 0.05) over the duration
of the study (Table 1; Supplementary Figure S5). During the first hour in
the control E. coli fibrin clot peritonitis animals without treatment, TI-
PCA suggested similar principal inflammatory characteristics to those
observed in the control LPS animals: TNF-α, IL-6, GRO/KC, IL-10, and
IFN-γ (Table 1; Supplementary Figure S6A). Subsequently, TI-PCA
suggested that IL-6, TNF-α, MCP-1, and IL-10 were principal
characteristics during the 1–3 h interval. Over the 3–6 h of interval
of experimental sepsis, the principal, characteristic mediators were

TNF-α, IL-6, and MCP-1 (Table 1; Supplementary Figure S6A).
Taken together, these analyses again suggest a role for activation of
NF-κB and NLRP3 pathways in the setting of Gram-negative sepsis.

In contrast to dynamic networks in endotoxemia, the DyNA-
inferred networks after established sepsis were all quite sparse
(Table 1; Supplementary Figure S6B); this likely reflects the fact
that the networks we delineated in endotoxemia were defined
during the ramp-up and initial resolution phases, while our Gram-
negative sepsis model involved an initial period of 18 h of infection.
Based on DyBN, GRO/KC and IL-6 were central nodes in this sepsis
model, largely similar to the inferred networks in endotoxemia
(Table 1; Supplementary Figure S6C). Likewise, downstream
pathways (NLRP3 inflammasome, Th1, Th2) inferred in septic rats
were similar to those in endotoxemic rats, with the addition of the
neutrophil-activating cytokine GM-CSF.

Impact of constitutively delivered sTNFR on
primary inflammatory mediators and dynamic
networks in endotoxemia vs. gram-negative
sepsis

We have demonstrated previously the ability to reprogram the acute
inflammatory responses of endotoxemic rats by cannulating them to
bioreactors containing HepG2 cells stably modified to produce sTNFR
constitutively (Namas et al., 2012b). We also showed that systemic
sTNFR was elevated and several inflammatory mediators were
suppressed relative to cannulation with bioreactors containing the
inactive Clone nine cells (Namas et al., 2012b). To gain further
insight into how these biohybrid devices reprogram inflammation,
we sought to characterize the impact of CMV-driven (constitutive)
sTNFR vs. TNF-α-dependent sTNFR vs. control treatment on dynamic
networks of systemic inflammation in the setting of experimental sepsis.

TABLE 1 Summary of key results inferred from the six experimental conditions. One--way ANOVA was used to define the inflammatory mediators that were altered
significantly over time. Principal component analysis (PCA) was used to define principal characteristics of the systemic inflammatory response in each experimental
condition. Dynamic network analysis (DyNA) was used to visualize the dynamic progression of systemic inflammatory networks in each experimental group. Dynamic
Bayesian network (DyBN) inference was used to suggest the most likely feedback structures that could define central nodes.

Experimental condition Statistically altered
mediators

Principal drivers (PCA) Dynamic networks (DyNA) Central
nodes
(DyBN)

LPS TNF--α, IL--6, MCP--1, IL--5, IL--2,
IL--10, IL--1β, IL--18, IFN--γ,
GRO/KC

GRO/KC, IFN--γ, IL--1α, TNF--α,
IL--10, MCP--1, IL--18, IL--5, IL--1β,
IFN--γ, IL--2, IL--6, GM--CSF

Initially high network complexity
decreasing through 6 h; initiation of
resolution of inflammation in the 3–6 h
time frame

MCP--1,
GRO--KC

Gram--negative sepsis TNF--α, IL--6, MCP--1, GM--CSF TNF--α, IL--6, GRO/KC, IL--10,
IFN--γ, MCP--1

Sparse networks GRO--KC,
IL--6

LPS + Clone 9 bioreactor
(negative control)

TNF--α, IL--6, MCP--1, IL--2, IL--5,
IL--1α, IL--1β, IL--10, IL--18, IFN--γ,
GM--CSF, GRO/KC

TNF--α, IL--18, GRO/KC, sTNFR,
IL--5, IFN--γ, IL--6, GM--CSF, IL--
10, IL--2, GM--CSF

Increasing complexity over the duration of
the experiment

GRO--KC,
MCP--1, IL--6,
sTNFR

LPS + CMV--sTNFR bioreactor
(constitutive)

TNF--α, IL--6, MCP--1, IL--10, IL--
18, IL--1β, IL--2, IL--5, sTNFR,
GRO/KC

IL--10, TNF--α, IL--1α, sTNFR,
GRO/KC, IL--1β, IL--6, IL--18,
MCP--1, IFN--γ, IL--12p70

Increasing complexity over the duration of
the experiment

GRO/KC,
MCP--1,
sTNFR

Gram--negative sepsis + CMV--
sTNFR bioreactor (constitutive)

sTNFR, IL--12p70 IL--18, sTNFR, IL--12p70, MCP--1,
IL--10, IL--6, IL--1α, IL--1β

Sparsely connected networks MCP--1, GRO/
KC, sTNFR

Gram--negative sepsis + Clone
3 bioreactor (adaptive)

IL--2 IL--12p70, IL--18, GRO/KC, IL--5,
IL--1β, IL--6, IL--18, IL--1β, IL--1β,
IL--10

High initial degree of network connectivity,
later high number of negative connections

MCP--1,
GRO/KC
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Notably, sTNFR was measured in these animals in order to be able to
define the inflammatory responses of animals cannulated to sTNFR-
producing bioreactors.

We initially sought to define the impact of a control bioreactor
(seeded with Clone nine cells). One-way ANOVA identified TNF-α,
IL-6, MCP-1, IL-10, IL-1β (as has been reported previously (Namas
et al., 2012b)), IL-2, IL-5, IL-18, IFN-γ, and GRO/KC as being altered
significantly (p < 0.05) in endotoxemic rats treated with the Clone nine
bioreactor (which does not produce sTNFR) (Table 1; Supplementary
Figure S7). Based on TI-PCA, the inflammatory response in this
experimental group was characterized by TNF-α, IL-18, GRO/KC,
sTNFR, and IL-5 during the initial 2 h time interval (Figure 1A). The
principal mediators, however, changed subsequently to include IFN-γ,

IL-6, GM-CSF, IL-10, and TNF-α during the 2–4 h interval and to IL-
10, IFN-γ, IL-5, IL-2, and GM-CSF during the 4–6 h interval
(Figure 1A). These findings suggest the expected interplay between
TNF-α and sTNFR.

Dynamic inflammation networks inferred by DyNA suggested an
increasing complexity over the duration of the experiment (Figure 1B).
Notably, DyNA revealed a highly connected network during the initial
2 h interval which declined thereafter, consisting of sparsely connected
nodes that included sTNFR, IL-18, IL-1α, IL-12p70, and IL-4 by 6 h
(Figure 1B). DyBN inference (Figure 1C) pointed to GRO/KC,MCP-1,
IL-6, and sTNFR as central nodes, with key cytokines including TNF-α
being connected to sTNFR. As expected, this latter finding suggests
that sTNFR is involved in the regulation of TNF-α. Taken together,

FIGURE 1
Impact of the negative control bioreactor seeded with Clone nine HepG2 cells on the inflammatory response in endotoxemic rats. Rats (n = 4) subjected
to LPS infusion for 4 h were cannulated for a further 2 h (total of 6 h experimental time) to bioreactor that does not produce sTNFR. (A) Principal component
analysis (PCA) was carried out over three time intervals (0–2, 2–4, and 4–6 h) using time course data of circulating inflammatory mediators. PCA pointed to a
differential role of inflammatory mediators that characterizes the inflammatory response over the three time intervals. (B) Dynamic network analysis
(DyNA) of circulating inflammatory mediators was performed during three time frames, 0–2, 2–4, and 4–6 h, as described in Materials and Methods.
Inflammatory mediators encircled with a red circle represent mediators (TNF--α, IL--6, MCP--1, IL--2, IL--5, IL--1α, IL--1β, IL--10, IL--18, IFN--γ, GM--CSF,
and GRO/KC) that were statistically significantly altered by One--way ANOVA (p < 0.05) with at least one connection to another mediator. (C) Dynamic
Bayesian Network (DyBN) inference of the inflammatorymediators over the 6 h study period suggested that central nodes consisted of the GRO/KC, MCP--1,
IL--6, and sTNFR. The thickness of each arrow denotes the relative algorithmic confidence in a given interaction between nodes.
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these results suggest an overall similarity to the inflammatory
responses of rats undergoing endotoxemia in the absence of
cannulation to a bioreactor.

We next examined the impact on inflammation of constitutively
delivered sTNFR on the dynamics of systemic inflammation induced
by LPS. One-way ANOVA suggested that TNF-α, IL-6, MCP-1, IL-2,
IL-5, IL-10, IL-18, IL-1β, IFN-γ, GRO/KC, and sTNFR changed
significantly (p < 0.05) over the duration of the study (Table 1;
Supplementary Figure S8). In contrast to the LPS control animals
(Supplementary Figure S4A) and endotoxemic animals cannulated to
negative control bioreactors (Clone 9; Figure 1A), TI-PCA of systemic
inflammatory mediators in endotoxemic rats treated with the CMV-

driven sTNFR bioreactor suggested that the inflammatory response
over the initial 2 h is primarily characterized/driven by IL-10, TNF-α,
IL-1α, sTNFR, and GRO/KC (Figure 2A). Subsequently, and over
2–4 h of treatment, TI-PCA pointed to IL-1β, IL-6, IL-18, MCP-1, and
IL-1α as being the most characteristic of this group. With the
discontinuation of LPS infusion at 4 h and continuation of
treatment for an additional 2 h, PCA revealed that the
inflammatory response was characterized by IL-1α, IL-6, IFN-γ, IL-
1β, and IL-12p70 at 6 h (Figure 2A).

DyNA-inferred inflammatory networks in endotoxemic animals
cannulated to CMV-sTNFR bioreactors increased in complexity over
the 6 h duration of the experiment (Figure 2B), in contrast to the

FIGURE 2
Early role of constitutively delivered sTNFR on the dynamics of systemic inflammation in endotoxemic rats. Rats (n = 7) subjected to LPS infusion for 4 h
were cannulated for a further 2 h (total of 6 h experimental time) to bioreactor producing sTNFR constitutively (CMV--driven). (A) Principal component
analysis (PCA) was carried out over three time intervals (0–2, 2–4, and 4–6 h) using time course data of circulating inflammatory mediators. PCA pointed to a
differential role of inflammatory mediators that characterizes the inflammatory response over the three time intervals. (B) Dynamic network analysis
(DyNA) of circulating inflammatory mediators was performed during three time frames, 0–2, 2–4, and 4–6 h, as described in Materials and Methods.
Inflammatory mediators encircled with a red circle represent mediators (TNF--α, IL--6, MCP--1, IL--2, IL--5, IL--10, IL--18, IL--1β, IFN--γ, GRO/KC, and
sTNFR) that were statistically significantly altered by One--way ANOVA (p < 0.05) with at least one connection to another mediator. (C) Dynamic Bayesian
Network (DyBN) inference of the inflammatory mediators over the 6 h study period suggested that central nodes consisted of the GRO/KC, MCP--1, and
sTNFR. The thickness of each arrow denotes the relative algorithmic confidence in a given interaction between nodes.
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decreasing network complexity seen in endotoxemic rats cannulated
to the negative control (Clone 9) bioreactor (Figure 1B). These
networks consisted of TNF-α, GRO/KC, IL-18, IL-5, IL-12p70, IL-
10, IL-6, IL-1β, andMCP-1. These networks evolved progressively into
much larger, highly connected networks by 6 h (Figure 2B). In this
experimental group, DyBN identified a primary network driven by
three central feedback nodes, GRO/KC, MCP-1, and sTNFR, with the
later having a direct effect on the downstream production of IL-18,
IFN-γ, TNF-α, IL-2, IL-4, IL-12p70, IL-5, IL-10, and IL-1α
(Figure 2C). Overall, these results suggest an early role for sTNFR
in modulating TNF-α, with later responses involving the activation of
the NLRP3 inflammasome.

TNF-α-dependent delivery of sTNFR
reprograms dynamic inflammation networks
in vivo differently from constitutively
delivered sTNFR in rats undergoing gram-
negative sepsis and modulates PaO2, a key
physiologic outcome

A key question we sought to address was whether inflammation
reprogramming that adapted to the degree of inflammation in a given
animal resulted in better outcomes in true sepsis as compared to
constant delivery of an anti-inflammatory molecule. To that end, we
compared the performance of the CMV-sTNFR bioreactor vs. that of the

FIGURE 3
Constitutively delivered sTNFR reprograms systemic inflammation induced by E. coli--impregnated fibrin clot peritonitis (Gram--negative sepsis). Rats
(n = 4) subjected to E. coli fibrin peritonitis for 24 h (time = 0 h) were cannulated for a further 6 h (total of 30 h of experimental sepsis) to bioreactor producing
sTNFR constitutively (CMV--driven). (A) Principal component analysis (PCA) was carried out over three time intervals (0–2, 2–4, and 4–6 h) using time course
data of circulating inflammatory mediators. PCA pointed to a differential role of inflammatory mediators that characterizes the inflammatory response
over the three time intervals. (B) Dynamic network analysis (DyNA) of circulating inflammatory mediators was performed during three time frames, 0–2, 2–4,
and 4–6 h, as described in Materials and Methods. Inflammatory mediators encircled with a red circle represent mediators (sTNFR and IL--12p70) that were
statistically significantly altered by One--way ANOVA (p < 0.05) with at least one connection to another mediator. (C) Dynamic Bayesian Network (DyBN)
inference of the inflammatory mediators over the 6 h study period suggested that central nodes consisted of the MCP--1, GRO/KC, and sTNFR. The thickness
of each arrow denotes the relative algorithmic confidence in a given interaction between nodes.
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TNF-α-dependent bioreactor (seeded with Clone three cells) in our
experimental paradigm of Gram-negative sepsis in rats. One-way
ANOVA identified sTNFR and IL-12p70 in E. coli fibrin clot
peritonitis rats treated with the CMV-driven bioreactor (Table 1;
Supplementary Figure S9), and IL-2 in rats treated with Clone three
bioreactor (Table 1; Supplementary Figure S10), respectively, as being
altered significantly (p < 0.05). Group-time interactions of plasma
inflammatory mediator levels determined by Two-way ANOVA
suggested that IL-5 and IL-18 were statistically significantly elevated

(p = 0.013 and p = 0.006, respectively) in rats treated with Clone three
bioreactor vs. rats treated with the CMV-driven bioreactor (Table 1;
Supplementary Figures S11A, B). Rats treated with Clone three
bioreactor exhibited statistically significantly lower TNF-α levels (p <
0.001) when compared to rats treated with the CMV-driven bioreactor
(Supplementary Figure S11C), as might be expected from the statistically
elevated levels of sTNFR in rats treated with the CMV-driven bioreactor
over the duration of the study when compared to rats treated with Clone
three bioreactor (p < 0.001; Supplementary Figure S11D).

FIGURE. 4
Role of TNF--α--dependent delivery of sTNFR in reprograming systemic inflammation induced by E. coli--impregnated fibrin clot peritonitis (Gram--
negative sepsis). Rats (n = 3) subjected to E. coli fibrin peritonitis for 24 h (time = 0 h) were cannulated for a further 6 h (total of 30 h of experimental sepsis) to
bioreactor producing sTNFR NF--κB--dependent manner (seeded with Clone three cells). (A) Principal component analysis (PCA) was carried out over three
time intervals (0–2, 2–4, and 4–6 h) using time course data of circulating inflammatory mediators. PCA pointed to a differential role of inflammatory
mediators that characterizes the inflammatory response over the three time intervals. (B) Dynamic network analysis (DyNA) of circulating inflammatory
mediators was performed during three time frames, 0–2, 2–4, and 4–6 h, as described inMaterials andMethods. Inflammatorymediators encircled with a red
circle represent mediators (IL--2) that were statistically significantly altered by One--way ANOVA (p < 0.05) with at least one connection to another mediator.
(C) Dynamic Bayesian Network (DyBN) inference of the inflammatory mediators over the 6 h study period suggested that central nodes consisted of the
MCP--1 and GRO/KC. The thickness of each arrow denotes the relative algorithmic confidence in a given interaction between nodes.
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TI-PCA of the data from E. coli fibrin clot peritonitis rats treated
with the CMV-driven bioreactor suggested that IL-18, sTNFR, IL-
12p70, MCP-1, and IL-10 characterize the inflammatory response
over the initial 2 h of treatment (Figure 3A), and this remained
relatively unchanged during the 2–4 h time interval (Figure 3A). By
6 h, i.e., 30 h of experimental sepsis, TI-PCA suggested that the
inflammatory response is primarily driven by IL-6, IL-1α, IL-1β,
IL-18, and IL-10. During this experimental period, DyNA networks
remained largely constant in complexity.

Dynamic Network Analysis of rats subjected to E. coli fibrin clot
peritonitis and cannulated to CMV-driven bioreactors revealed a
sparsely connected network during the initial 2 h consisting of MCP-
1, TNF-α, IL-6, GRO/KC, and IL-10 (Figure 3B). These connections
persisted over time, with the addition of IL-18 and IL-1β to the
network by 4–6 h of bioreactor treatment. Interestingly, two nodes,
namely IL-2 and IL-1α, exhibited a negatively bidirectional
correlation at 6 h (indicated by red edges in Figure 3B). Based on
DyBN, MCP-1, GRO/KC, and sTNFR were retained as the central
feedback nodes in rats with E. coli peritonitis treated with CMV-
driven bioreactor, with IL-1β, IL-18, NO2

−/NO3
−, IL-10, and IL-2

(Figure 3C). These results suggest a key role for sTNFR in
reprogramming inflammation induced in the course of Gram-
negative sepsis. In addition, these data (especially the inferred
role for IL-1β and IL-18) again implicate an early upregulation of
NLRP3 inflammasome.

TI-PCA of the E. coli fibrin clot peritonitis rats treated with Clone
three bioreactor suggested that IL-12p70, IL-18, GRO/KC, IL-5, and
IL-1β were most characteristic during the initial 2 h of treatment
(Figure 4A). As the study progressed in time, TI-PCA pointed to IL-6,
IL-5, IL-18, IL-1β, and GRO/KC during the 2–4 h interval and to IL-6,
IL-5, IL-1β, IL-10, and IL-12p70 during the 4–6 h interval. This
analysis again reinforced the hypothesis for a key role for the
NLRP3 inflammasome.

DyNA inference of rats with E. coli fibrin clot peritonitis treated
with Clone three bioreactor suggested the activation of
inflammatory networks with a high degree of network
connectivity over the initial 2 h, consisting of sTNFR, MCP-1,
TNF-α, IL-1β, IL-6, GRO/KC, IL-10, IL-12p70, IL-2, and NO2

−/
NO3

− (Figure 4B). These network connections persisted over the
2–4 h interval (Figure 4B). During the 4–6 h interval, multiple
negatively correlated connections were observed, notably between
IL-12p70, IL-18, IL-2, IL-10, GRO/KC, IL-6, IL-1β, TNF-α, and
MCP-1 (Figure 4B). DyBN inference suggested a primary network
driven by MCP-1 and GRO/KC, which was inferred to affect the
downstream production of IL-5, IL-1β, IL-12p70, IL-10, IL-18, IL-
2, and sTNFR (Figure 4C).

We finally sought to determine if these differential principal
characteristics and dynamic networks were associated with different
physiological responses. To do so, physiological and biochemical
parameters (see Materials and Methods), were measured hourly
over the 6-h time period in both experimental groups. Eichacker
et al had shown that animals subjected to TNF- α infusion exhibited a
significant decrease in arterial partial pressure of oxygen (PaO2) as a
result of acute pulmonary dysfunction similar to that seen in human
septic shock (Eichacker et al., 1991). In addition, Windsor et al had
shown that PaO2 is reduced in septic swine, and that neutralizing
TNF-α raises PaO2 (Windsor et al., 1993). Notably, PaO2 was elevated
significantly (p < 0.05 by Two-Way ANOVA) in septic rats cannulated
to the Clone three bioreactor compared to the rats cannulated to the

CMV-driven bioreactor and control rats (Figure 5), suggesting a
physiologic benefit of adaptive sTNFR administration over
constitutive sTNFR administration. However, PaO2 was
significantly higher in rats treated with either the Clone three or
CMV-driven bioreactors when compared to the control septic rats
without treatment, suggesting the presence of other factors in addition
to sTNFR that might impact PaO2.

Discussion

Managing acute inflammation remains a key translational
challenge in multiple diseases, since inflammation can be harmful
and yet is also necessary for proper healing and regeneration
(Medzhitov, 2008; Eming et al., 2017). Nowhere is the challenge of
balancing the beneficial and detrimental effects of acute inflammation
more relevant than in the setting of sepsis and critical illness (Namas
et al., 2012a). Gram-negative infection can result in sepsis and
endotoxemia, and can be replicated to various degrees in rodent
models in which TNF-α is a crucial early mediator (Parker and
Watkins, 2001). In prior work, we demonstrated that we could
modify key inflammatory and physiological parameters of
endotoxin-induced systemic acute inflammation through the
constitutive delivery of sTNFR via a biohybrid device (Namas
et al., 2012b). Though that study served as a proof of principle, it
lacked several key elements. This initial biohybrid device could not
produce sTNFR in a manner proportional to circulating levels of TNF-
α; rather, it functioned in an always-on fashion. This was a limitation
since we hypothesize that an optimal treatment would allow sufficient
bioactive TNF-α to be available to drive inflammatory responses that
help kill invading bacteria as well as driving the early tissue healing
responses necessary for recovery from sepsis, while blocking self-
sustaining TNF-α production that would damage tissues. A second

FIGURE 5
Effects of constitutively delivered sTNFR and TNF--α--dependent
delivery bioreactors on arterial partial pressure of oxygen (PaO2) in the
context of fibrin clot peritonitis (Gram--negative sepsis). Rats subjected
to E. coli fibrin peritonitis for 24 h (time = 0 h) were cannulated for a
further 6 h (total of 30 h of experimental sepsis) to bioreactors
producing sTNFR either constitutively (CMV--driven: n = 4) or in a NF--
κB--dependent manner (Clone 3: n = 3). Control animals (Gram--
negative sepsis without treatment: n = 8). PaO2 was measured using the
ISTAT system. p < 0.05 by Two--way ANOVA.
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limitation of our original study was the fact that the device was tested
experimentally in a model of inflammation induced by endotoxin
(LPS), rather than in a true bacterial sepsis model. This is a limitation
since, as mentioned above, TNF-α is needed to drive antibacterial
innate immunemechanisms in the setting of infection as well as tissue-
damaging inflammation but drives only the latter in endotoxemia.
Finally, our initial study lacked a broad characterization of the
dynamic inflammatory milieu in both endotoxemia and bacterial
sepsis models, and the impact thereon of the constitutive and self-
adaptive production of sTNFR.

In the present study, we focused on addressing these issues by
modulating the production of sTNFR in a manner dependent on the
production of TNF-α. To drive TNF-α-dependent activation of
sTNFR, we employed the NF-κB promoter/enhancer element
(Leitman et al., 1991; Lavrovsky et al., 1994). We created a DNA
construct carrying the mouse sTNFR gene under the control of a gene
promoter-enhancer element (consisting of multiple repeats of the
mouse NF-κB TNF-α-responsive enhancer followed by a minimal
thymidine kinase promoter). We created stably transformed variants
of the HepG2 cell line using a lentiviral system, because lentiviruses
could infect both dividing and non-dividing cells (unlike retroviral
systems) (Naldini et al., 1996; Dull et al., 1998). This approach resulted
in a roughly 3-fold stimulation of sTNFR in vitro in response to
exogenous TNF-α. In vivo, this circuit could reprogram the systemic
inflammatory response as assessed both by standard statistical
analyses of altered mediators over time, as well as by PCA and
dynamic network inference.

Our computational analyses point to both similarities and
differences in experimental endotoxemia and sepsis, as well as
differential impact of sTNFR delivered constitutively vs. in a TNF-
α-dependent manner. Our results support numerous prior studies
showing key roles for TNF-α and chemokines such as MCP-1, along
with activation of the NLRP3 inflammasome and subsequent
production of bioactive IL-1β and IL-18 in endotoxemia.
Interestingly, established Gram-negative sepsis is characterized by
the production of TNF-α and MCP-1, but not inflammasome
activation, but this may be a limitation of our study in which did
not, for technical reasons, obtain samples earlier than 18 h after
implantation of a fibrin clot containing E. coli.

Treatment with sTNFR-producing bioreactors reprograms these
dynamic inflammation programs. A key aspect of this reprogramming
appears to lie in the emergence of the NLRP3 inflammasome pathway
following either constitutive or TNF-α-dependent provision of sTNFR
to septic rats. The NLRP3 inflammasome is one of several multi-
protein complexes that play important roles in inflammation
(Thornberry et al., 1992; Kono et al., 2010). Interestingly, either
deficiency or over-activation of the NLRP3 inflammasome is
detrimental in a variety of inflammatory disorders (Becker and
O’Neill, 2007). Importantly, inflammasome activation of part of a
well-established cascade of responses to severe infection (Wiersinga,
2011; Witzenrath et al., 2011). We speculate that this is a protective
effect, given recent studies that pointed to a protective role for
NLRP3 inflammasome activation in the setting of endotoxemia and
burn injury (Osuka et al., 2012), as well as studies showing that
caspase-1–the end-product of inflammasome activation–as well as IL-
1β are diminished in peripheral blood mononuclear cells from sepsis
patients (Giamarellos-Bourboulis et al., 2011).

Interestingly, our results showed lower circulating TNF-α in the
plasma and better improvement in PaO2 in rats treated with the

Clone 3 (TNF-α-dependent) bioreactor relative to the CMV-
regulated (constitutive) bioreactor. These results appear counter-
intuitive from the point of view of total amount of sTNFR produced,
since the CMV-regulated bioreactor led to higher circulating levels
of sTNFR as compared to levels observed in animals treated with the
Clone three bioreactor. Within the context of these results, we
hypothesize that adaptive production of sTNFR is either more
efficient at neutralizing TNF-α or leads to lower production of
TNF-α by some mechanism other than neutralization. Prior studies
of multiple TNF-α antagonists, including the sTNFR drug
etanercept, suggest that in addition to TNF-α inhibition via
binding of sTNFR to soluble TNF-α, another mechanism of
action involves binding of sTNFR to membrane-bound TNF-α
on cells and subsequent suppression of further TNF-α
production (Mitoma et al., 2018). We therefore hypothesize that
the sTNFR produced by Clone three bioreactor is produced in a
manner more like that of physiologic sTNFR production and is thus
present at lower circulating levels, but binds to membrane-bound
TNF-α and prevents further secretion of TNF-α. We further
hypothesize that with the much greater production of sTNFR via
the CMV bioreactor, the majority of sTNFR remains in the
circulation and does not bind to membrane TNF-α. We
speculate that this difference underlies the better physiologic
function in septic rats treated with the Clone three bioreactor as
compared to animals treated with the CMV-regulated device, but
further mechanistic studies are needed to address this issue.

Our study demonstrates the potential utility of synthetic biology
approaches to the control of systemic acute inflammation, via the
combined use of engineered cells and bioreactors. There have been
multiple reports of engineering cells to create specific behaviors in
vivo. For example, Siciliano et al reported on the generation of CHO
cell variants that expressed a circuit designed specifically to create
positive feedback (Siciliano et al., 2011). Kemmer et al described
modifying mice using a synthetic circuit to control of urate
homeostasis (Kemmer et al., 2010). Recently, Xie et al reported on
the generation of minimally engineered of human cells, in which
glucose responsiveness was obtained via a synthetic circuit that
couples glycolysis-mediated calcium entry to an excitation-
transcription system controlling therapeutic transgene expression.
These cells could correct insulin deficiency and abolished persistent
hyperglycemia in type 1 diabetic mice (Xie et al., 2016). To our
knowledge, however, the current study is the first reported example
of an adaptive circuit for the control of systemic acute inflammation
in vivo.

Our study has several limitations. One limitation concerns the
potential for secretion of mediators other than sTNFR by the various
cell lines utilized in this study, which may impact inflammation and/or
physiology. Although Clone nine HepG2 cells did not secrete sTNFR
above the detection limit and hence were used as negative control,
these cells may well secrete other mediators and thus may have
contributed to some degree to the distinct dynamics of the
inflammatory response between the LPS + Clone nine bioreactor
vs. LPS alone and Gram-negative sepsis + Clone 3 vs. Gram-
negative sepsis alone. Other limitations include the assessment of a
limited number of protein-level mediators (vs. extensive
transcriptomic, metabolomic, or other additional analyses that
might yield additional insights into the impact on inflammation of
the various biohybrid constructs), as well as the inclusion of additional
experimental repeats and concomitantly larger datasets may increase
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confidence in the output of the various machine learning analyses
utilized in these studies. Finally, we note that given the complex, in
vivo biological responses to LPS and Gram-negative E. coli, it is
difficult to compare in vitro results from gene-modified
HepG2 cells to in vivo results directly.

Our long-term goal is to create a self-adaptive device for
temporary extracorporeal application modulating the inflammatory
response. If successful, this device would help solve the current need
for a personalized (yet standardized) inflammation-modulating
therapy. The device would be standardized since, for a given
disease, a single bioreactor would be used. This feature should
reduce regulatory hurdles. The treatment would be personalized,
since a given patient’s individual production of cytokines would be
counteracted in a precise fashion and only as required. Furthermore,
our initial studies reported herein demonstrate the feasibility of the
components required to create such a device (capability of engineering
molecular circuits and the use of gene-modified cells to modulate
inflammation in vivo), and, thus, represent a key step toward the
concept of a self-adaptive, biohybrid device for the control of systemic
inflammation. In order to proceed toward clinical use, we will need to
generate GMP-grade HepG2 (or other) cell lines expressing the
human versions of the gene constructs and test them in a device
applied to small animals, large animals (possibly non-human
primates), and studies in humans culminating in Phase III clinical
trials. Regulatory challenges include the fact that such a biohybrid,
adaptive device currently has no known predicates (though predicate
devices using extracorporeal filtration for sepsis do exist (Namas et al.,
2012c; Panagiotou et al., 2013; Girardot et al., 2019)).

Importantly, there must be a rational process by which to tailor the
specific characteristics of such a device. For example, the specific
cytokines to be antagonized and the timing and magnitude of such
manipulation will vary depending on the nature of the inflammatory
disease targeted. It is therefore highly likely that computational
modeling of inflammation will be a necessary part of this rational
inflammation reprogramming approach in the context of personalized
or precision medicine (Mi et al., 2010). The present study is a first step
in that direction, using data-driven modeling of dynamic networks
and principal drivers to suggest possible adjunct targets, such as the
NLRP3 inflammasome, that could be engineered into future variants
of our biohybrid device. Future studies will also require mechanistic
modeling of disease pathways, likely combined with approaches such
as model-based dynamic control (Day et al., 2010), that could be
leveraged to further optimize our approach to dynamic, self-adaptive
regulation of acute inflammation. Finally, we note that the
inflammation-regulating device described herein is only a proof of
concept; future iterations could target multiple inflammatory
pathways and be tuned to other signals, thus targeting diverse
disease processes.
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