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Abstract

Sepsis-induced multiple organ dysfunction syndrome (MODS) is a major cause of morbidity and 

mortality in critically ill patients and remains impervious to most therapeutic interventions. We 

utilized a clinically relevant murine model of systemic inflammatory response syndrome (SIRS) 

during early MODS induced by ventilator-associated pneumonia to systematically delineate 

pathways dysregulated in lung, liver, and kidney. We focused on processes commonly activated 

across at-risk organs and constructed a SIRS-associated network based on connectivity among the 

gene members of these functionally coherent pathways. Our analyses led to the identification of 

several putative drivers of early MODS whose expression was regulated by epidermal growth 

factor receptor. Our unbiased, integrative method is a promising approach to unravel mechanisms 

in system-wide disorders afflicting multiple compartments such as sepsis-induced MODS, and 

identify putative therapeutic targets.
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INTRODUCTION

Sepsis—a systemic inflammatory response syndrome (SIRS) caused by an infection—is 

categorized as severe when complicated by the presence of multi-organ dysfunction (1). 

Severe sepsis represents a major health burden worldwide, and in the United States alone, 

there are an estimated 750,000 cases resulting in 215,000 deaths annually with a cost of 

approximately $17 billion (2). Significant research has been devoted to understanding the 

pathobiology of sepsis and multiple organ dysfunction syndrome (MODS). To date, the 

majority of efforts have focused on the hyper-inflammatory state based on circulating 

markers seen in sepsis; however, clinical trials targeting this pro-inflammatory state through 
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either non-specific inflammatory suppression with corticosteroids or through targeted 

disruption of pro-inflammatory signaling pathways have been uniformly unsuccessful (3, 4). 

Because MODS is also associated with widespread microvascular thrombosis, several 

clinical trials have evaluated disruption of coagulation pathways; however, none of the 

tested interventions resulted in a significantly improved outcome (5, 6). Although recent 

pre-clinical studies have suggested a possible therapeutic benefit with mesenchymal stromal 

(stem) cell therapy (7, 8), the mechanisms, long-term sequelae, and benefits in human 

disease have yet to be determined. In summary, sepsis-induced MODS remains a significant 

clinical problem for which no effective pharmacologic strategies other than antimicrobial 

therapy have been identified.

To better understand the pathogenic mechanisms of multiple-organ dysfunction in sepsis, we 

previously developed a murine model of MODS by combining Staphylococcus aureus 

pneumonia with mechanical ventilation (MV+SA) that resulted in extra-pulmonary organ 

injury, i.e., renal and hepatic dysfunction, in the absence of disseminated S. aureus infection 

(9). Within 6 hours of exposure to MV+SA, mice develop profound SIRS with significant 

elevation in plasma levels of IL-6, KC and MIP-2. An analogous clinical syndrome, 

ventilator-associated pneumonia (VAP), is an important cause of MODS in critically ill 

patients with an incidence of 2-16 episodes per 1000 ventilator-days and an attributable 

mortality of 3-17% (10). The most commonly identified pathogen in VAP is S. aureus, 

occurring in an estimated 28% of cases (11). Therefore, our murine model of VAP-induced 

MODS captures many of this complex clinical syndrome’s salient features.

The present study was designed to test our hypothesis that MODS is preceded by the early 

activation of a common core of functionally coherent pathways across injured organs, and 

that these pathways are regulated by a limited set of genes whose identification may lead to 

novel therapeutic targets. Experimental SIRS was induced in mice subjected to a 

combination of S. aureus pneumonia and mechanical ventilation, and the transcriptional 

responses of lung, liver, and kidney were interrogated before the onset of overt organ failure. 

We have previously shown that a longer duration of this animal model leads to significant 

dysfunction in these key organs (9). Using pathway enrichment and network analysis, we 

mapped organ-spanning biologic modules activated in SIRS and identified putative critical 

control sites in this systemic syndrome.

MATERIALS AND METHODS

Animal experiments

The Office of Animal Welfare at the University of Washington approved all experiments. S. 

aureus (SA) was prepared and mice were inoculated and mechanically ventilated as 

previously described (9). Briefly, for each experiment, a frozen aliquot of methicillin-

sensitive S. aureus originally isolated from a bacteremic patient was thawed and cultured on 

a sheep blood agar plate. The following morning, a single colony was selected and cultured 

overnight at 37°C in tryptic soy broth. The following morning, the bacteria were washed 

twice with saline and then resuspended in 2 mL of filtered, distilled water. Serial log 

dilutions were made and turbidity measured by OD540. Using a standard curve generated 
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previously with OD540 versus bacterial concentration determined by quantitative culture, a 

working solution of ~2 × 108 ± 10% was prepared with filtered, distilled water.

For each experiment, mice were anesthetized with 5% isoflurane and suspended by the front 

teeth at a 60° angle. The tongue was extruded with forceps and 50 μL of S. aureus (~107 

cfu) was deposited in the oropharynx. Mice in the non-ventilated, SA only group (n = 5) 

were returned to their cages, monitored for recovery from anesthesia and then allowed free 

access to food and water. Mice in the combined mechanical ventilation and S. aureus 

pneumonia (MV+SA, n = 5) group were place on a nose cone with 5% isoflurane and 

intubated via tracheostomy with a 20 gauge blunt metal catheter. Intubated mice were 

connected to a MiniVent rodent ventilator (Harvard Biosciences, Hollison, MA) and 

mechanically ventilated with a tidal volume of 10 mL/kg, a respiratory rate of 150 breaths 

per minute, FiO2 of 0.21, and no end-expiratory pressure. Anesthesia was maintained with 

isoflurane (1-1.5%). Neuromuscular blockade was induced with pancuronium (0.02 mg in 

0.2 mL s.q.). A second dose of pancuronium (0.01 mg in 0.1 mL) was given after 2 hours. 

Control mice (n = 5) were maintained in their cages and given an equivalent volume of PBS 

subcutaneously at times 0 and 2 hours. After 6 hours, mice were deeply anesthetized with 

5% isoflurane and euthanized by cardiac puncture and exsanguination. Lungs, kidneys, and 

livers were immediately recovered for subsequent RNA isolation and analysis.

RNA isolation

For each organ, total RNA was obtained using RNeasy Mini Kit (Qiagen, Valencia, CA) 

according to the manufacturer’s protocol. For microarray experiments, integrity of purified 

total RNA samples was assessed qualitatively using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA).

Microarray experiments

Total RNA from each sample was hybridized to a Mouse Genome 430 2.0 microarray 

(Affymetrix, Inc., Santa Clara, CA) that measures expression levels of over 34,000 well-

characterized mouse genes. Gene expression levels from probe intensities were estimated 

using the robust multiarray analysis (RMA) method with quantile normalization and 

background adjustment (12). Three samples (n = 2 control livers, n = 1 control lung) did not 

meet strict hybridization QC criteria and were not subsequently analyzed. To assess organ- 

and experimental-specific contributions to variability in global gene expression, 

multidimensional scaling using correspondence analysis was applied across all lung, liver 

and kidney samples during MV+SA and control conditions (13). For this analysis, the RMA 

normalization procedure was applied to all samples. However, we observed that organ-

specific gene expression dominated the overall transcriptional profiles. Therefore, we 

implemented RMA separately for each organ (liver, lung, kidney) for subsequent analyses. 

Detailed microarray experiment description, meeting Minimum Information About a 

Microarray Experiment (MIAME) criteria, is available at Gene Expression Omnibus 

(GSE60088).
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Differential gene expression

Organ-specific differential gene expression (MV+SA vs. control), was determined using a 

Bayesian implementation of the parametric t-test (14) coupled with false discovery rate 

(FDR) analysis based on Benjamini-Hochberg (15) adjustment of P-values. An adjusted P-

value < 0.01 was used to identify significant differential gene expression.

Gene set enrichment analysis (GSEA)

For each organ, control and MV+SA global expression profiles were imported into GSEA 

program and analyzed using gene set permutation analysis of 1320 curated pathways as 

compiled by domain experts from KEGG (http://www.genome.jp/kegg), BioCarta (http://

www.biocarta.com), and Pathway Interaction Database (http://pid.nci.nih.gov) among others 

(16). We used a false discovery rate threshold < 5% to identify significantly enriched 

pathways and performed leading edge analysis to identify the pathway-associated genes 

driving the transcriptional response to MV+SA. We grouped enriched pathways based on 

their leading gene membership profiles using hierarchical clustering to identify biologic 

modules defined as larger aggregations of overlapping processes.

Network analysis

Leading edge genes mapping to distinct modules representing select group of functionally 

coherent pathways that were differentially activated across all three organs were linked 

together based on published gene product interaction databases (17, 18). To increase 

confidence in the biological relevance of gene-gene connections, we limited the type of 

interaction to experimentally verified direct relationships (e.g., physical binding between 

two gene products).

Quantitative PCR analysis (qPCR)

To validate differential expression of select candidate genes, independent experiments on 12 

mice (n = 6 MV+SA, n = 6 Control) were performed and lungs, kidneys, and livers 

harvested. RNA was extracted from flash frozen tissue fragments using Trizol reagent as per 

the manufacturer’s protocol. RNA quantity and purity was assessed, using a Nanodrop 1000 

spectrophotometer (Thermo Scientific, Wilmington, DE). To synthesize cDNA, 400 ng of 

Trizol-extracted total RNA was reverse transcribed with 200 units MMLV reverse 

transcriptase (Invitrogen, Carlsbad, CA) and random hexamer primers in 20 μl reactions. All 

PCR reactions were run in quadruplicates. PCR calibration curves were generated for each 

primer pair from a dilution series of total mouse genomic DNA. The PCR primer efficiency 

curve was fit to cycle threshold (Ct) versus Log [genomic DNA concentration] using an R-

squared best fit. mRNA level of a given gene in each sample was normalized to β-actin 

transcript.

Evaluation of exogenous EGF on gene expression during early MODS

Mouse epithelial growth factor (EGF) isolated was obtained as a lyophilized solid from 

Harlan Laboratories. A stock solution of 1 mg/mL in sterile 0.9% saline was prepared and 

stored in aliquots at −2°C. For each experiment, one aliquot was thawed and diluted to 0.1 

mg/mL with sterile 0.9% saline. Twelve C57BL/6 mice were randomized to receive either 
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0.1mg/kg of EGF (n = 6) or an equivalent volume (1 mL/kg) of sterile 0.9% saline 

intraperitoneally (n = 6). Thirty minutes after receiving either EGF or saline control, all mice 

were subjected to S. aureus lung infection and mechanical ventilation as described above. At 

the conclusion of mechanical ventilation, mice were killed and organs collected for RNA 

isolation and analysis.

RESULTS

Organ-specific gene expression profiles dominate the transcriptional landscape at 
baseline and after injury

To compare the effects of exposure and organ type on gene expression variability, we 

performed multidimensional scaling using correspondence analysis on all available samples 

(n = 27). For this analysis, gene expression values were normalized across all samples. As 

shown in Figure 1, the most important determinant of sample segregation was organ type 

(lung, liver, kidney), followed by exposure (MV+SA vs. control). As expected, biologic 

replicates clustered closely together. Based on this observation, we opted to study each 

organ separately by comparing organ-specific responses to MV+SA. This approach avoided 

the substantial adjustments forced by normalizing gene expression values across 

heterogeneously responsive organs.

MV+SA induces significant transcriptional perturbations in multiple organs

Six hours of exposure to MV+SA caused profound changes in gene expression across all 

three organs: 4618 unique genes in lung, 1139 unique genes in kidney, and 524 unique genes 

in liver were differentially expressed during the development of SIRS (adjusted P-value < 

0.01) (Supplementary Figure S1). Whereas the robust transcriptional changes observed in 

the lung was anticipated, we found that combining mechanical ventilation with S. aureus 

pneumonia caused a synergistic increase in the number of differentially expressed genes in 

extra-pulmonary organs (Supplementary Figure S2).

SIRS is characterized by the enrichment of common and divergent pathways across 
organs

To identify pathways affected by our experimental model of SIRS, we applied GSEA to 

transcriptional profiles of lung, liver and kidney. We limited the selection of pathways to 

those derived from expertly-curated domains (n = 1320) and imposed a strict FDR < 5% to 

denote significant enrichment. Furthermore, we focused our attention on genes whose 

expression differences drove the enrichment score of a given gene set, an approach known 

as leading edge analysis (16). As summarized in Figure 2, our results revealed several 

distinct enrichment patterns across organs in response to MV+SA. Most gene sets were 

comprised of up-regulated genes during SIRS (red boxes, Figure 2), with lung having the 

largest number of enriched gene sets (n = 223). Many pathways were enriched selectively in 

each organ, highlighting the diverse, organ-specific molecular responses induced by 

systemic inflammation (complete list is available in Supplementary Table S1). Importantly 

however, we also identified a number of shared pathways in all three organs. This finding 

implies that SIRS activates a common core of processes across organs and provided an 
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opportunity to discover putative effectors of the system-wide response to multi-organ 

dysfunction.

Integration of GSEA and network analysis identifies co-regulated pathways and candidate 
targets in SIRS

The SIRS-induced gene sets common to lung, liver and kidney included approximately 450 

leading edge genes (Figure 3). We clustered these pathways based on their gene membership 

profile to identify larger, functionally related biologic “modules”. We found that the 

pathways segregated into several distinct modules. The largest grouping included the 

“signaling in immune system” gene set and a number of associated pathways including 

innate immunity, Toll receptor cascade, TNF signaling, MAP kinase pathway, and NF-κB/

Rela signaling (SIRS-associated Module 1, Figure 3). We confirmed differential up-

regulation of several key members of these pathways (Tlr2, Tlr4, Tnfa) across organs during 

MV+SA using qPCR in an independent set of animal experiments (Figure 4). Given the size 

and functional profile of Module 1’s gene sets, it is likely a dominant player in multi-organ 

response during SIRS.

However, since the role of many processes in this immuno-inflammatory module has been 

extensively studied in sepsis, we focused our attention on another distinct module, as 

highlighted in Figure 3 (SIRS-associated Module 2), that was comprised of interleukins, 

epidermal growth factor (EGF), platelet-derived growth factor, thrombopoietin, and Jak-

STAT signaling pathways. To elucidate the relationship among members of Module 2, we 

exploited experimentally verified gene product interaction databases (17, 18) and 

constructed a relational network populated by leading edge genes (Figure 3, Supplementary 

Table S2). This network was built from 113 nodes (genes) and 713 edges (direct 

interactions) and was characterized by several densely connected hubs, including epidermal 

growth factor receptor (EGFR), signal transducer and activator of transcription 3 (STAT3), 

jun proto-oncogene (JUNB), and interleukin-6 (IL6). We noted that IL6 and JUNB were 

members of both Module 1 and Module 2 suggesting some intermodular overlap between 

nodes. Differential upregulation of these four representative genes in lung, liver and kidney 

during SIRS was confirmed with qPCR in an independent set of animal experiments (Figure 

4).

In our computationally derived SIRS-associated Module 2, the most highly connected node 

was EGFR, suggesting that the EGF pathway may represent a key regulator of pan-organ 

transcriptional responses in early MODS (Figure 3). If the EGF-EFGR axis is a key 

regulator of the initial system-wide response to organ dysfunction, we postulated that its 

influence should span across other activated modules, in particular, Module 1.

Exogenous murine EGF suppresses key immuno-inflammatory genes in SIRS

We investigated the organ-specific transcriptional effects of targeting the EGF-EGFR axis 

by treating mice during MV+SA with murine EGF (mEGF) and assessing the expression of 

several key up-regulated members of the immuno-inflammatory MODS-associated Module 

1. We found that mEGF significantly down-regulated the expression of Tlr2, Tlr4 and Tnfa 

in lung and kidney during MV+SA (Figure 5). To comprehensively map the relationship 

Gharib et al. Page 6

Shock. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the EFG-EFGR axis and Module 1, we applied network analysis between EGFR 

(the Module 2 hub) and the 337 nodes of Module 1. EGFR directly interacted with many 

members of this module including Tlr2, Tlr4, and Tnfa (Figure 6). This finding implies that 

the EGF-EGFR pathway modulates a large repertoire of SIRS-associated genes and 

pathways across at-risk organs.

DISCUSSION

SIRS is the key initial host response preceding multiple organ dysfunction—a syndrome that 

is a leading cause of death among critically ill patients and without effective pharmacologic 

therapy. We postulated that since MODS afflicts multiple sites, shared molecular 

mechanisms across injured organs during SIRS are likely to be critical drivers of this 

system-wide syndrome and represent logical targets for therapy. Using a clinically relevant 

animal model of early MODS, we mapped activated pathways within and across lung, liver 

and kidney, and identified functionally cohesive biological modules and networks common 

to these at-risk compartments.

The utility of murine models for mimicking human systemic inflammatory disorders such as 

sepsis has recently been questioned in a widely referenced publication (19). However, that 

study was based on weak correlations observed between gene expression profiles of 

circulating leukocytes in acute inflammatory human diseases versus their corresponding 

mouse models, and did not compare organ-specific responses. Furthermore, some of the 

statistical approaches used in that paper have been recently criticized (20). The failure of 

pharmacologic therapies in severe sepsis may reflect the fact that most target candidates 

have been selected from circulating markers instead of at-risk compartments. Our study 

demonstrates that SIRS elicits distinct end organ transcriptional signatures (Figures 1 and 2), 

implying that site-specific targeting may be crucial for improving outcomes in systemic 

inflammatory states. For example, the single most effective intervention to reduce mortality 

in critically ill patients with acute respiratory distress syndrome is lung protective ventilation 

(21). However, tailored therapy for multiple compartments in systemic disorders such as 

MODS is challenging and impractical—a limitation that motivated us to search for common 

pathways activated across at-risk organs. Early targeting of key control sites within these 

shared pathways may lead to beneficial systemic effects by simultaneously reducing injury 

in multiple organs.

Exploiting an unbiased bioinformatics approach, we identified several SIRS-associated 

biologic modules. The largest module was comprised of many well-recognized pathways 

involved in the immune response to sepsis such as Toll-like receptors, TNF pathway, and 

NF-κB signaling cascade. We chose to also investigate another module that included the 

EGF signaling axis because the role of this pathway in MODS is less understood. We found 

that the topology of its corresponding network was centered on EGFR, a densely connected 

hub that in turn interacted with several other nodes including JUNB, STAT3, and IL6 

(Figure 3). There is increasing evidence that the functional integrity of biologic networks is 

critically dependent on such richly interacting nodes (22-24). Intriguingly, targeting Module 

2’s EGF-EGFR using exogenous murine EGF lead to the down-regulation of several key 

genes in pathways mapping to the larger Module 1 including Tlr2, Tlr4, and Tnfa. This 
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intermodular relationship was systematically highlighted by network analysis that revealed 

widespread interaction between EGFR (a Module 2 hub) and many members of multiple 

SIRS-associated pathways in Module 1 (Figure 6).

Although a growing body of evidence supports an important role for epidermal growth 

factor receptor signaling in mediating liver (25), kidney (26) and lung-specific (27, 28) 

injury, there is a paucity of reports on its contribution to the development of MODS in 

critical illness. Coopersmith et al studied the role of systemic administration of EGF in 

improving gut integrity using murine models of sepsis and demonstrated reduced gut injury 

and mortality in treated animals (29, 30). The widespread availability and clinical use of 

EGFR inhibitors as anti-neoplastic therapies provides future opportunities to explore the 

functional role of this SIRS-associated network hub in severe sepsis through direct 

pharmacologic targeting. Interestingly, inhibition of the EGF-EGFR axis using anti-EGFR 

monoclonal antibodies is associated with increased risk of severe infections in cancer 

patients (31), further implicating this pathway as a key regulator of host response to sepsis. 

Furthermore, several other network nodes identified from our analysis are druggable sites, 

further supporting the utility of our approach in systematically identifying new therapeutic 

targets in MODS (please see Supplementary Table S2).

Our study has a number of limitations. We relied on transcriptional profiling, but differential 

gene expression does not necessarily correlate with changes in protein abundance. Future 

studies integrating proteomic and metabolomic measurements with gene expression 

signatures in at-risk organs will provide deeper insights into the complex mechanisms 

leading to MODS. Our mouse model of early MODS, while clinically relevant, has 

significant differences with other widely used models such as cecal ligation and puncture 

(CLP). Importantly, our animal model was based continuous mechanical ventilation, which 

is common in critically ill patients but precluded long-term exposure. We interrogated global 

gene expression at a single early time point and therefore did not capture dynamic changes 

in gene expression (32). A comprehensive investigation across multiple time points and 

various animal models of SIRS and MODS will allow more generalizable conclusions. 

However, the focus of this work was elucidation of transcriptional programs preceding the 

onset of overt organ dysfunction, and our approach using an early 6-hour time point 

identified many differentially expressed genes and pathways. We depended on curated 

pathway resources and gene product interaction databases to create MODS-associated 

networks—but these knowledgebases are incomplete and subject to change. Furthermore, to 

minimize false positive associations, we limited network relationships to experimentally 

validated direct gene product interactions and therefore did not capture potentially important 

indirect influences across genes. Finally, an important limitation of our study is its reliance 

on a murine model of early MODS. Clearly, future studies are needed to assess whether our 

findings are biologically relevant in sepsis-induced organ dysfunction in humans.

In summary, we developed a framework to systematically map commonly activated 

pathways and networks across compartments during SIRS and early onset of experimental 

MODS. Our results identified Egfr as a putative universal integrator of end organ responses 

in this syndrome, and a promising target for influencing its adverse consequences. Future 
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studies will be needed to unravel the role of these computationally derived candidates in 

multiple organ dysfunction of critical illness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Correspondence analysis of multi-organ transcriptional profiles in experimental SIRS. This 

analysis segregated samples (n = 27) based on gene expression variability due to sample 

replication, experimental exposure (MV+SA, Control), and organ type (lung, liver, kidney). 

Each orthogonal axis captured a fraction of total expression variability. Note that the 

samples separated primarily based on organ type followed by exposure condition; as 

expected, the least contributor to gene expression variability was sample replication.
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Figure 2. 
Organ-specific gene set enrichment profiles in SIRS. Transcriptional responses of lung, 

liver, and kidney to MV+SA were analyzed using GSEA, leading to identification of 

common and divergent pathways. Representative gene sets are labeled and the complete list 

is provided in Supplementary Table S1. A common core of pathways enriched across organs 

was identified and selected for subsequent analysis (please see Figure 3).
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Figure 3. 
Graphical representation of organ-spanning, SIRS-associated genes, pathways, biologic 

modules and networks. The expression profile of approximately 450 leading edge genes 

driving SIRS is depicted as a heatmap and demonstrates upregulation of most genes across 

organs during exposure to MV+SA. Commonly enriched gene sets (see Figure 2) were 

clustered together into larger modules based on the membership profile of their 

corresponding leading edge genes. The largest cluster of pathways mapped to well-

recognized immuno-inflammatory processes involved in sepsis including Toll receptor 

signaling, innate immunity, Tnf signaling, and the NF-κB cascade (Module 1). Another 

distinct module comprised of interleukin, EGF, PDGF, and Jak-STAT signaling pathways 

was identified and the relationships among its components mapped using network analysis 

(Module 2, complete list of nodes provided in Supplementary Table S2). The topology of 

this SIRS-associated network was characterized by several densely connected nodes, most 

prominently, EGFR, but also STAT3, JUNB, and IL6. As the most densely interacting node, 

EGFR represented a hub of connectivity across the network (magenta lines).
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Figure 4. 
Quantitative PCR confirmation of microarray results. Using an independent set of control (n 

= 6) and MV+SA (n = 6) experiments, we validated the differential upregulation of several 

key genes in Modules 1 and 2 including Tnfa, Tlr2, Tlr4, Il6, Junb, Stat3, and Egfr in 

multiple organs during SIRS. Note that Il6 and Junb were members of both Modules. Data 

represent mean relative expression ± SEM. P-values for differences between means were 

calculated using two-tailed Student’s t-test.
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Figure 5. 
Transcriptional effects of exogenous murine EGF (mEGF) on selected Module 1 nodes 

during SIRS. mEGF administered to mice exposed to MV+SA significantly down-regulated 

several key immuno-inflammatory genes (Tnfa, Tlr2, Tlr4), implying that targeting the 

EGF-EGFR axis in Module 2 influences the transcriptional response of Module 1. Data 

represent mean relative expression ± SEM. P-values for differences between means were 

calculated using two-tailed Student’s t-test. *P ≤ 0.05.
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Figure 6. 
Interconnectivity of EGFR (a Module 2 hub) with Module 1 genes. Harnessing gene product 

interaction databases we developed a relational network for Module 1 nodes and their 

interactions with EGFR. The diffuse connectivity between EGFR and members of the 

network implies that robust intermodular influences are mediated through the EGF-EGFR 

axis in SIRS and precede development of MODS.
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