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Abstract

Sepsis following surgical injury remains a growing and worrisome problem following both
emergent and elective surgery. Although early resuscitation efforts and prompt antibiotic therapy
have improved outcomes in the first 24—48 hours, late onset sepsis is now the most common cause
of death in modern intensive care units. This time shift may be, in part, a result of prolonged
exposure of the host to the stressors of critical illness which, over time, erode the health promoting
intestinal microbiota and allow for virulent pathogens to predominate. Colonizing pathogens can
then subvert the immune system and contribute to the deterioration of the host response. Here we
posit that novel approaches integrating the molecular, ecological and evolutionary dynamics of the
evolving gut microbiome/pathobiome during critical illness are needed to understand and prevent
the late onset sepsis that develops following prolonged critical illness.
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Sepsis incidence and severity is increasing among surgical patients

Sepsis following surgical injury is a growing problem with persistently high mortality rates
and long-term complications [1,2]. A 2009 report from investigators at Massachusetts
General Hospital analyzing 2,039,776 admissions from the Nationwide Inpatient Sample,
the largest in-patient dataset available in the United States, indicated that severe sepsis has
increased following elective surgery from 0.3% to 0.9% [3]. Although in- hospital mortality
rates declined from 44 to 34% during the 10 year interval, postoperative and post- injury
sepsis continue to impose significant disease burden, costs and high death rates despite
advances in care and newer antibiotics [3,4]. Across virtually all surgical injuries (major
surgical intervention, trauma, burns) the majority of sepsis- related deaths have now shifted
to occur late in the course of hospitalization and have been shown to be associated with
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immune-suppression and multi- drug resistant pathogens [5-9]. We now face a new
challenge in the care of surgical patients, “late onset sepsis” which occurs as a result of more
invasive and aggressive surgical therapies being applied to an ever- aging population
subjected to extreme medical and surgical interventions. Not unexpectedly, the microbes that
are most commonly associated with late onset post-injury sepsis include Staphylococcus
spp., Pseudomonas aeruginosa, Acinetobacter baumannii, Enterococcus faecalis, and
Candida albicans to name a few. In many cases the mere presence of the pathogen itself is an
independent predictor of mortality regardless of its location, density, or genotype [10]. In
this clinical scenario, the pathogenesis of infection- related sepsis is framed as a simple
matter of an exhausted immune system unable to contain a given microbial burden [11]. Yet
microbial burden is often imprecisely characterized and defined primarily by the isolation of
a given pathogen cultured from a site that is considered to be normally sterile (lung, urine,
central line, blood) that contemporaneously correlates with the onset of sepsis and
progressive organ failure [4]. This definition falls short in establishing the causality between
the originally identified pathogen and the progression or resolution of the septic response
[12]. When the organism from the original site of isolation is no longer able to be cultured,
yet the patient’s organ failure continues to progress, current dogma explains this as
“runaway inflammation” — a process no longer driven by the initiating stimulus (i.e. the
pathogen) but now controlled by programmed inflammation [13]. Conversely when organ
failure resolves and the inciting pathogen is cleared from its original site of culture, causality
is invoked. Yet, over the long course of care of a critically ill patient undergoing dialysis,
multiple operations, ventilator support, etc, clear evidence for either scenario is often weak
at best.

More precisely defining the putative pathogen or pathogen community that initiates and
drives late onset sepsis and the attendant organ failure that ensues continues to present a
major challenge. Two isolates of the same microbial species can differ widely in behavior as
they may have acquired new genes over their short life- history [14]. Bacteria can express
highly variable phenotypes depending on how the local environment has shaped their
genotype and thus, “microbial burden” can no longer be simply defined by microbial
abundance or species alone [15-21]. As such the potential threat of microbes present on
mucosal surfaces such as the gut, lung, and wound cannot be understood by their mere
isolation and antibiotic sensitivities [22]. At a given colonization site microbe- microbe
interactions and host- microbe interactions are being constantly shaped by one another, the
net result of which leads to emergent properties in both bacteria and host cell responses
which themselves exert downward causality (Figure 1). If microbial burden were to be
defined by the net output of the interactions between the entire body’s biomass of microbes
(skin, gut, and lung) and the host’s immune response then the sepsis response could be
understood in a more system’s biology manner [23,24]. As microbes respond to host
immunity and as host immunity in turn responds to dynamic microbial phenotype
expression, new states of equilibrium emerge and the sepsis course can be better modeled.
Koch’s postulates no longer suffice in human critical illness and have now been replaced by
the molecular Koch’s postulates to incorporate the dynamic virulence expression in bacteria
that occurs in response to a specific local context [15]. In this review we posit that microbial
burden, defined by number of microbes, their community structure, and the context-
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dependent virulence response that occurs at all points at which they engage the immune and
inflammatory system, has a profound and underappreciated influence on the course and
outcome of surgical injury. This is especially true in the gut, one of the most diverse
microbial environments of the human body [25,26]. Bacteria in this environment are likely
to face social dilemmas more frequently which then impose strong selection pressure on
their growth rates, motility, cooperation by quorum-sensing, and virulence expression [27—
29]. The sheer enormity of the available surface area of the gut, its massive concentration of
immune cells, and its constant exposure to an infinite number of spatially nested host-
pathogen interactions defines the limitless potential for opportunistic pathogens to colonize,
inflame, and cause harm to the host. In most cases this occurs without ever isolating the
offending pathogen or pathogen community, without bacterial translocation or bacteremia,
and without a clear understanding of the mechanisms by which human critical illness and its
treatment shift the virulence trajectory of these pathogens to enhance their fitness and
subvert the immune system [30-32]. Yet advances in metagenomics, metatranscriptomics,
and proteomics have the potential to allow for a more informed interrogation of these events
as they are happening [33]. The current challenge is to be able to harness and interpret the
massive amount of information generated by such a meta- omics analysis. Finally, the fact
that the most important information on host- pathogen interaction is contained within
clinically unavailable spatially nested micro- sites (i.e. ileal crypts, third order bronchi, etc),
presents yet another challenge. The use of serum based or whole expelled mucosal material
(stool, sputum) is done simply as a matter of convenience and their predictive power has
fallen short in a number of studies [4,12]. The future holds great promise that we will be
able to understand how the microbial-host interface within nested colonization sites drives
immune responsiveness.

The disappearing microbiome and its replacement by a pathobiome- role in

late onset sepsis

It is now well established that the mammalian intestine harbors a complex microbial
community (microbiota) that provides numerous health benefits. In fact recent studies have
demonstrated that the normal microbiota are the single most important factor protecting the
intestinal mucosal epithelium from pathogen invasion; even more critical than the overlying
mucus or immune cells [30,34]. Yet paradoxically, within hours of a sudden insult in both
humans and mice, key protective elements of the intestinal microbiota become disrupted
both compositionally and functionally [35,36]. These changes are highly predictive of
sepsis- associated mortality in critically ill patients [37]. We have recently shown by
16SrRNA analysis and culture, that the gut of critically ill septic patients undergoes a nearly
complete ecologic collapse with emergence of ultra-low diversity pathogen communities of
two to four multi-drug resistant healthcare associated pathogens [35]. These pathogens can
express virulence in response to host factors such as inorganic phosphate depletion or the
release of opioids which are known to transduce the virulence circuitry of highly
problematic bacteria such as Pseudomonas aeruginosa [20]. Our laboratory has shown that
limitations of phosphate availability in the intestine results in induction of £ aeruginosa and
other pathogens to express a lethal phenotype by triggering phosphosensory and regulatory
pathways that connect directly to virulence pathways that in turn become activated [38].
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These pathways are widely conserved across pathogens of clinical relevance to sepsis in
surgical patients [39]. Other such environmental cues that trigger pathogen virulence include
endogenous and exogenous opioids which have been shown to be increased in human sepsis
and play an important role in its pathogenesis [40,41]. We were able to demonstrate in our
laboratory that the endogenous k- opioid peptide dynorphin, a host tissue activating cue
released into the gut during injury, triggers virulence expression in £ aeruginosa leading to
its transformation to a lethal phenotype [42]. Interestingly, there appears to be an important
“interference” interplay between incoming host signals such as opioids and how bacterial
phosphosensory systems dampen or amplify the transduction of these signals depending on
the local concentration of phosphate. For example when local phosphate conditions are
abundant, bacteria cancel out or dampen incoming host signals such as opioids. Conversely
when local phosphate conditions are depleted, bacteria amplify the opioid signal [43]. These
findings speak to a high fidelity fine-tuned virulence response of microbes to local
environmental cues whereby when key elemental nutrients such as phosphate are abundant
and bacterial growth is supported, bacteria do not respond to stress signals from their host,
perhaps reasoning that nutrient availability to support growth trumps the need to express
virulence. On the other hand, an environment which lacks phosphate is not likely to be
nutrient rich and not supportive of growth and thus triggering virulence to allow for host
invasion (or even host death if necessary) makes sense. While it may seem counterintuitive
that an intestinal microbe would kill the very host upon which it survival depends, if the host
is no longer hospitable to its commensal lifestyle (i.e parenteral nutrition, dialysis, pressor
use, multiple antibiotics), killing the host and feeding off its carcass makes sense [44].
Alternatively a strategy to kill the host allows the microbe to jump to a new host as other
hosts (animals, flies, worms, ants, etc) feed off the carcass [45].

Bacterial Telesensing- molecular details on the bidirectional chemical

dialogue between pathogen and host

Michael Gilmore at Harvard coined the term “telesensing” to describe how bacteria intercept
host signals as a mechanism to capture changes in host physiologic state and respond
accordingly. Our group was the first to show that intestinal pathogens sense host stress
through the release of soluble compounds such as norepinephrine, interferon gamma,
dynorphin and end-products of ischemia such as adenosine. We elucidated the molecular
pathways by which microbial pathogens dynamically express virulence in response to each
of these host factors. We used the prototype opportunistic pathogen, Pseudomonas
aeruginosa, as a model pathogen in which to carry out detailed molecular experiments to
demonstrate telesensing in response to surgical injury. In the case of interferon gamma (INF-
v), we demonstrated that mice secrete INF-y into the gut lumen during stress, and that 2
aeruginosa, via an outer membrane porin, OprF, binds INF-y and transduces its quorum
sensing signaling system via C4 HSL, a key regulator quorum sensing signaling molecule in
P, aeruginosa [46]. Next we demonstrated in mice that intestinal ischemia-reperfusion injury
(i.e. intestinal I/R) caused the release of an endogenous x-opioid peptide dynorphin into the
intestinal tract [47]. When we introduced £ aeruginosa into the mouse intestine and cause
intestinal I/R, we observed dynorphin to be present within the cytoplasm of intestinal
bacteria. Dynorphin is a quaternary amine so it is able to cross membranes quite readily.
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Reductionist experiments with a synthetic k-opioid and several reported and mutant strains
of P aeruginosa demonstrated that k-opioids diffuse into the cytoplasm of P, aeruginosa,
bind to the multiple virulence factor regulator MvfR and activate a series of virulence genes
that cause P aeruginosato express a hypervirulent phenotype leading to disruption of the
epithelial barrier, sepsis and mortality in mice. Finally we continued with the intestinal I/R
model and performed reductionist experiments to show that in cultured intestinal epithelial
cells (Caco-2) exposed to hypoxia and reoxygenation, they release adenosine as a
cytoprotectant to bind to the AR2 receptor and preserve their barrier function [48,49]. When
cells were co-incubated with 2 aeruginosa, we observed that P. aeruginosa took up the
adenosine, and via adenosine deaminase, converted it to inosine which directly activated the
quorum sensing signaling pathway in 2 aeruginosa leading to enhance virulence against the
epithelial barrier. The intriguing aspect of this observation was that £ geruginosa intercepted
an epithelial protectant, adenosine that not only deprived epithelial cells of their endogenous
mechanism to activate tight junctional proteins and preserve their barrier function, but at the
same time served the P aeruginosato activate its own virulence mechanism. This
evolutionarily contrived process shows the highly sophisticated nature of 2 aeruginosa that
can understand the host environment and subvert it to its own end for tissues invasion and if
needed, for it to kill its host. While it may seem counterintuitive that an intestinal pathogen
would want to Kill its host, this actually occurs in nature all the time. In the case of critical
illness, it could be argued that once a highly virulent pathogen such as P, aeruginosa
perceives that its host cannot survive sufficiently to meet its needs, it has the capacity to kill
its host, feed off its carcass and jump to a new host during co-predation such as when other
animals feed of the dying host. Thus the capacity of opportunistic pathogens to be so finely
tuned to perturberances in host physiology should make us take pause when we impose
prolonged critical illness on our patients depriving the gut microbiota of food, oxygen,
phosphate and other key factors that promote a healthy gut ecosystem. This is a particular
problem when multiple antibiotics are used that cause loss of microbiome diversity and
allow predator-type pathogens to predominate.

Loss of intestinal microbiota diversity during critical illness is a rapid development and its
precise mechanism (besides being due to antibiotic use) remains unknown. Various studies
have now documented the loss of the protective microflora during stress [17,37,50].
However, the mechanism for this phenomenon remains unknown. Lactobacilli and anaerobes
as well as their metabolites such as the cytoprotective short chain fatty acids, decrease by
more than 90% within as little as 6 hours of a major insult, which suggests that it is not
simply due to lack of nutrients but rather a result of some type of global chemosignal that
shifts the microbiota both compositionally and functionally [36]. As a consequence, acute
loss of the colonization resistance of the microbiota results in a greater opportunity for
unrestrained growth of coliforms (i.e. Escherichia coli, Klebsiella pneumoniae), gram-
positive bacteria (i.e. Enterococcus, Staphylococcus aureus), and fungi to bind pathogen
recognition receptors (PRR) and activate the inflammasome [51]. In a teleological sense, this
may represent a normal physiologic response of the host to stimulate and inform the immune
system to activate compensatory host clearance mechanism. Such a compensatory
mechanism may have previously offered a survival advantage to our ancestral hosts when
medical care was absent and exposure to hospital associated pathogens did not exist.
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However today, hospital confinement following injury could be viewed as a “microbial
minefield” in which the threat of colonization by highly pathogenic and resistant microbes is
omnipresent. As such, the gut immune system may respond in a pathoadaptive manner that
can result in non- resolving inflammation and multiple organ failure. To illustrate this, a
recent study has shown that immune activation in response to Sa/monella enterica infection
results in the production of antimicrobial peptides that greatly enhance the competitive
advantage of Sa/monella enterica by allowing it to obtain nutrients at the expense of the
commensal microbiota [52]. The process by which microbes shift their phenotype and
develop competitive strategies to overcome the normal microbiota may result in a
pathoadaptive immune response. How yet-to-be-identified environmental and host
chemosignals drive these emergent phenotypes in the colonizing pathobiome over the course
of critical illness remains a major question to address.

There is now compelling evidence that this type of response need not necessarily be initiated
and driven by a healthcare associated pathogens (HAPS) per se as even symbiotic
(commensal) microbes can be transformed to express a hyper- virulent pro-inflammatory
response and thus behave as pathogens (i.e pathobionts) [29]. Multiple lines of evidence now
suggest that a microbiont (commensal microbe considered part of the normal microflora) is
transformed to a pathobiont in response to host chemosignals released during surgical injury.
For example our laboratory demonstrated that commensal £. coli can be transformed to
express a pathologic phenotype capable of increased adherence to the intestinal epithelium
when they express type 1 fimbriae in response to the host environment of surgical injury
[53]. A more recent report in mice demonstrated that £. coli can be transformed /in vivoto
express a lethal phenotype when it is exposed to both broad spectrum antibiotics and
epithelial injury [54]. In this study, mice fed several oral antibiotics were administered
dextran sodium sulfate to cause colitis. Within a few days, £. coli symbionts became
transformed into multi-drug resistant pathobionts that caused severe lethal gut- derived
sepsis via activation of the Naip5-NlIrc4 inflammasome [55]. Along similar lines, our
laboratory has shown that limitation of inorganic phosphate availability in the gut shifts
intestinal C. albicansto express a lethal phenotype by inducing hyphae formation [21,56].
Thus a more complete understanding of the mechanisms of phase transition from
commensal immune-stimulatory organisms to barrier disrupting lethal pathobionts will
require more in- depth molecular elucidation.

Yet, in contrast to the mouse gut, the human gut during late onset sepsis harbors a
pathobiome consisting of multi-drug resistant healthcare acquired pathogens, beyond
commensal £. coli, whose evolutionary trajectories and virulence mechanisms have been
shaped not only by their unusual life- histories (passage through multiple hosts and
environments), but also more recently by antibiotics, hypoxia, and other environmental cues
unique to the acute and chronic human condition [35,57,58]. Here we assert that if we are to
more completely elucidate and control the mechanism by which microbial burden
overpowers immune clearance mechanism during late sepsis, mouse models must
incorporate the unique virulence strategies of the real human pathogens that are present in
the gut during the care of the critically ill.
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Intriguing human studies from Japan have provided insight into the disappearing
microbiome and its replacement by a pathobiome in patients following a variety of sudden
insults including trauma [36]. Within as little as 6 hours of a sudden insult (i.e. myocardial
infarction, stroke, acute surgical illness, etc.), there is a profound loss of the normal
protective microbiota and their important cytoprotective exoproducts such as short chain
fatty acids. These studies were performed by culturing the stool of patients at the time they
entered the hospital and shortly thereafter. The presence of pathogenic species and a shift to
a more basic fecal pH (presumed to be due to loss of short chain fatty acid secretion)
correlated to the disappearance of /actobacilli, firmicutes, and other anaerobes. In addition to
showing that loss of the protective microbiota and predominance of gamma proteobacteria
developed acutely and over the course of confinement, the investigators importantly
demonstrated that this microbial pattern and fecal pH predicted the development of the
systemic inflammatory response syndrome and mortality [36]. Although much remains to be
understood by these findings, they provide a clear message that our health promoting
microbial partners disappear through the course of injury and may have a profound effect on
the outcome of sepsis. The normal microbiota not only provide colonization resistance
against invading pathogens, but they also inform the immune system in a way that may
attenuate the organ damaging inflammation that occurs during critical illness and its
treatment. The extent to which loss of the microbiota participates in the inflammatory
process during injury remains unknown and will require extensive study. Yet the
promiscuous use of antibiotics through the course of injury with the subsequent repopulation
of the gut by healthcare associated multi-drug resistant pathogens presents a compelling case
that the emerging pathobiome may drive the septic response in a manner which is
counterproductive to homeostasis and recovery [35,59]. Careful attention to developing
technology to understand these mechanisms with high resolution molecular detail will be
necessary to advance our understanding of the protective role of the microbiome in the
catabolic response to injury and the real and present danger that the emerging pathobiome
poses on the immune response and long term outcome of the patient.

Commensal microbes stimulate immunity and suppress inflammation.

Pathogens subvert immunity and activate inflammation

There is a growing body of evidence that the intestinal epithelium and its underlying
immune cells discriminate between commensal organisms (symbionts) and pathogenic
microbes (pathobionts) [60,61]. As mentioned, normal commensal microbiota and their
PAMPs may be highly immunostimulatory during acute stress whereas “accidental”
pathogens, i.e. those that have not co-evolved with their hosts, are more likely to subvert the
immune system and cause inflammation. Several studies have shown this by co-culturing
intestinal epithelial cells (IECs) with dendritic cells (DCs) while inoculating commensal
versus pathogenic bacteria onto the apical surface of the IECs [60,61]. Although such
studies do not account for how local microenvironmental cues present during physiologic
stress (pH, redox, compensatory host tissue factors) might differentially shape the various
microbes to express emergent properties that will change the epithelial- immune output, they
do inform us that indeed there is discrimination between microbial friend or foe [50, 62—64].
Lack of accounting for the full integration of the host microbial interactome has allowed for
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the relative dismissal of the possibility that a gut microbiome transitioning to a gut
pathobiome could be a driving force for the immunosuppression seen along the sepsis
continuum. This notion raises the possibility that the emerging pathobiome itself may be the
cause of the immunosuppression seen during late sepsis (Figure 1). One mechanism among
the many that may be a control point by which gut microbes affect systemic immune
regulation is through the control of Ty17 cells [65]. Circulating Ty17 cells pass through the
intestinal wall and are affected by luminal microbial composition and function. A pro-
inflammatory TH17 immune response could be beneficial in clearing infection or
immunopathogenic if expressed excessively. Ty17 cells are capable of orchestrating an
immune- suppressive or immune- enhancing response and the resulting immune phenotype
may be significantly affected by the emerging pathobiome [66—-68].

Yet current paradigms characterize the progression from injury to severe sepsis as a failing
and exhausted immune system that may be developing independent of the gut pathobiome
[13]. Eventually, the impaired immune system becomes incapable of containing the
threatening microbial burden. Here we posit that a potentially overlooked control point is the
effect of the emerging gut pathobiome to directly subvert the immune clearance mechanisms
via dysregulation of the immune system. This process need not occur via translocation or
bacteremia; pathogenic microbes are fully capable of affecting the immune system at the
very borders of the epithelial surface without the need for invasion.

In favor of this notion are recent studies that have demonstrated that the two most important
variables that determine the infectivity of a microbe are its ability to activate its quorum
sensing system and its ability to subvert the host immune system [69]. Quorum sensing is a
dynamic system of microbial virulence regulation originally described as a mechanism by
which bacteria can sense their population density and respond in a manner which allows
them to coordinate complex assemblage behavior [70-72]. Thus sensing a quorum of
bacteria allows them to understand their population density and determine that amount that
is necessary to overcome the host. Bacteria accomplish this by secreting and taking up
highly diffusible small molecules (quorum sensing (QS) molecules) which are highly
variable and species specific [73]. A given bacterial species may have hundreds of its own
QS molecules to do this, many of which have been shown to have variable effects on
neighboring community microbes as well as host cells [74,75]. Yet our work and the work of
others have demonstrated that bacteria sense more than just a quorum [16-21,37]. For
example we have shown that the QS system can also sense and be activated by host
compensatory molecules such as immune elements, end- products of hypoxia, and both
endogenous and exogenous opioids [18,20]. Accidental pathogens, i.e. those that have not
co-evolved with their hosts, such as carbapenem- resistant Pseuvdomonas aeruginosa,
Acinetobacter baumannii, Klebsiella pneumoniae carbapenemase (KPC) appear to be
especially triggered by these host compensatory signals resulting in the expression of highly
virulent phenotypes [76-78]. Many of the dynamically expressed virulence determinants in
pathogens cause immune subversion. In fact there are many examples where the quorum
sensing signals released into the local environment are those that suppress the immune
response. In this manner microbes can intercommunicate and induce a highly coordinated,
regulated, and measured response [79]. Microbes need to make decisions as they are
attaching, invading, expressing toxins, and subverting and hijacking host proteins [80]. They
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accomplish this through the QS system [81]. This affords microbes, depending on the tissues
and context, to calibrate their strategy, even sometime to retreat, depending on the particulars
of the chemical dialogue [82]. It is important to appreciate the dynamism of microbial
virulence regulation to recognize that virulence expression is not a constitutive property of a
pathogen and as such presents a major challenge to study when modeling events in the
environmentally neutral and ideal conditions that are present /n vitro [83]. One technique
that has been used has been to prepare bacterial lysates in an effort to “freeze” dynamic
virulence expression [84]. This approach is limited by the recognition that all stored and
available virulence factors are potentially present in the lysates and are not actually secreted,
externally expressed (as appendages), or injected (i.e. type Il secretion machinery-
molecular syringe) /n vivo. Nonetheless, some interesting observations have been made.

Mechanistic and therapeutic opportunities to preserve the microbiome and

constrain the pathobiome: toward ecosystem engineering as a strategy for

sepsis prevention

The development and testing of novel hypotheses integrating the molecular, ecological, and
evolutionary dynamics within complex environments such as the gut during surgical injury
hold real promise for accelerating our understanding of the importance of virulence
expression in the sepsis response and its potential as a target for evolutionarily robust anti-
virulence drugs [85,86]. While the role of the intestinal microbiota in health and disease has
received significant attention during the last decade, strategies to preserve their composition
and function have largely failed among critically ill patients. Although the use of single
strain probiotic microorganisms such as Lactobacilli spp. seems to be a rational approach to
replace the function of the disappearing microbiota during surgical injury, its clinical failure
in human trails in critically ill patients should be no surprise given that one species of
bacteria is not likely to supplant the entire spectrum of function of the lost microbiota [87-
89]. Furthermore how these supplemented microbes survive and function within the
critically ill gut has never been fully addressed. There is essentially no information regarding
why catabolic stress causes the disappearance of the microbiota in the first place. Also,
simply providing prebiotic fuels to preserve or “rebloom” the normal microbiota is likely to
be inadequate as these chemically defined compounds’ bioavailability at specific
microniches in the gut remain unknown [90]. First we need to understand the ecological
changes in the gut to understand how we might preserve this highly diverse ecosystem
through the course of injury. Second, as antibiotics use is practically unavoidable when
caring for the critically ill and injured, we need to understand how antibiotics affect the
normal composition and function of the protective microbiota. Finally, we must recognize
that continuously developing agents which eliminate all offending pathogens is not a
sustainable strategy that will remain ahead of the evolutionary curve of our most feared
hospital associated pathogens. We need to constrain their virulence tactics rather than
eliminate them entirely to affect the tipping point at which they are forced to transition to
harm or kill their host [91]. As an example of such a virulence- directed agent, our
laboratory developed a phosphorylated high-molecular-weight polyethylene glycol (Pi-PEG)
molecule, which has the capacity to leverage the strength of normal microbiota to directly
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suppress virulence of the pathobiota by embedding critical resources (phosphate) into the
local biologic exchange market and directly affect the multidimensional molecular dialogue
within the complex gut [43,92]. While it is important that research continues on host- based
immune- mediated mechanisms of sepsis, equally important is research to define the role of
compositional and functional changes in the gut microbiome associated with sepsis. Novel
approaches to prevent sepsis following injury might include efforts to restrain inflammation
using immune directed therapy within the first 24—48 hours while later employing agents
that preserve the gut microbiome as well as constrain the emerging pathobiome in an effort
to prevent late onset sepsis and its effect on overall immune function.

In summary here we posit that sepsis pathogenesis following surgical injury is as much as
function of microbial virulence regulation as it is a function of immune regulation.
Techniques are now available to define the ever- changing gut microbiome/pathobiome
through the course of injury and determine how it influences the immune system [93]. A
more holistic, cognitive, and computational view of the host pathogen interaction will be
necessary to test novel hypotheses and inspire therapeutic approaches that can contain rather
than eliminate gut microbes and the way they sense and respond to an unprecedented array
of host chemosignals to adapt and survive prolonged critical iliness and the extreme medical
intervention that is often necessary to heal a severe injury [94-97]. Such an approach will
require an iterative workflow between computational modeling such as agent based
modeling and evolving knowledge in experimental biology to be able to fully harness and
manage the overwhelming amount of information that is needed to more completely
understand the natural history of, and therapeutic opportunities in post- injury sepsis [98].
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Figure 1. Proposed interactome between the intestinal microbiome ver sus pathobiome and the

immune system

The often unavoidable transition of the normal gut microbiome to a pathobiome during the
course of critical illness has the potential to subvert the immune system when pathogens
activate their virulence and express quorum sensing signaling molecules that lead to
pathoadaptive inflammation. A major hypothesis to test is whether maintaining the intestinal
microbiota through the course of critical illness will more appropriately direct the immune
response toward recovery and accelerate organ recovery.

Pi= phosphate, PRR= pathogen recognition molecule, PAMP= pathogen associated

molecular pattern.
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