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Abstract
Objectives—To advance our biological understanding of pediatric septic shock, we measured the
genome-level expression profiles of critically ill children representing the systemic inflammatory
response syndrome (SIRS), sepsis, and septic shock spectrum.

Design—Prospective observational study involving microarray-based bioinformatics.

Setting—Multiple pediatric intensive care units in the United States.

Patients—Children ≤10 years of age: 18 normal controls, 22 meeting criteria for SIRS, 32 meeting
criteria for sepsis, and 67 meeting criteria for septic shock on day 1. The available day 3 samples
included 20 patients still meeting sepsis criteria, 39 patients still meeting septic shock criteria, and
24 patients meeting the exclusive day 3 category, SIRS resolved.

Interventions—None other than standard care.

Measurements and Main Results—Longitudinal analyses were focused on gene expression
relative to control samples and patients having paired day 1 and day 3 samples. The longitudinal
analysis focused on up-regulated genes revealed common patterns of up-regulated gene expression,
primarily corresponding to inflammation and innate immunity, across all patient groups on day 1.
These patterns of up-regulated gene expression persisted on day 3 in patients with septic shock, but
not to the same degree in the other patient classes. The longitudinal analysis focused on down-
regulated genes demonstrated gene repression corresponding to adaptive immunity-specific
signaling pathways and was most prominent in patients with septic shock on days 1 and 3. Gene
network analyses based on direct comparisons across the SIRS, sepsis, and septic shock spectrum,
and all available patients in the database, demonstrated unique repression of gene networks in patients
with septic shock corresponding to major histocompatibility complex antigen presentation. Finally,
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analyses focused on repression of genes corresponding to zinc-related biology demonstrated that this
pattern of gene repression is unique to patients with septic shock.

Conclusions—Although some common patterns of gene expression exist across the pediatric
SIRS, sepsis, and septic shock spectrum, septic shock is particularly characterized by repression of
genes corresponding to adaptive immunity and zinc-related biology. (Crit Care Med 2009; 37:1558–
1566)
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The systemic inflammatory response syndrome (SIRS) is common in critically ill children
(1). SIRS is not a specific disease and recognition of SIRS does not necessarily drive clinical
decision processes (2). SIRS is defined by alterations of three fundamental physiologic
variables and one basic laboratory variable (3). Although the clinical utility of SIRS is debatable
(4,5), at a minimum, the SIRS concept serves to broadly describe the clinical and heterogeneous
systemic inflammatory response of critically ill patients to a variety of insults, including
trauma, surgery, and pancreatitis (2).

When critically ill patients meet criteria for SIRS, in the context of infection, they are said to
have “sepsis.” Critically ill patients with sepsis, who progress to the development of
cardiovascular and other organ failure, are said to have “septic shock” or “severe sepsis.”
Although sepsis and septic shock are also highly heterogeneous clinical syndromes, the
recognition of sepsis and septic shock does drive clinical decision processes and dictates
specific therapeutic strategies (2,6). Thus, in critically ill children, there exists a clinically
relevant, conceptual spectrum of increasing illness severity and specificity ranging from SIRS
to sepsis to septic shock.

In an ongoing translational research program based on genome-wide expression profiling, we
have generated novel observations in children with septic shock (7–9). An important caveat to
our observations surrounds the issue of specificity. That is, all of our previous genome-wide
expression studies have focused exclusively on children with septic shock, while ignoring the
categories of SIRS and sepsis. Thus, an important question to address is: are the genome-wide
expression signatures that we have derived for pediatric septic shock, and the resulting
hypotheses, specific to septic shock, or are they generalizable to other populations of critically
ill children? We recently addressed this question, in part, by formally validating our previous
observations in a separate validation septic shock cohort (10). In the current study, we have
addressed this question by directly comparing the genome-wide expression signatures of
children with SIRS, sepsis, or septic shock.

METHODS
Patients

The study protocol was approved by the individual institutional review boards of each
participating institution. Children ≤10 years of age admitted to the pediatric intensive care units
(PICUs) and meeting published, pediatric-specific criteria for SIRS, sepsis, or septic shock
were eligible (3). All patients were assigned to one of these three classifications at study entry
(day 1), and when appropriate re-classified on day 3 based on the same criteria. An additional
day 3 classification, “SIRS resolved,” was used for patients not meeting criteria for at least
SIRS on day 3. Control patients were recruited from the ambulatory departments of
participating institutions using previously published exclusion criteria (7,8,10).
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Sample and Data Collection
After obtaining informed consent from parents or legal guardians, blood samples were obtained
on day 1 of the study and when possible on day 3 of the study. Day 1 of the study was defined
as within the first 24 hours of meeting criteria for a given study category in any PICU patient,
whether at admission to the PICU or after initial admission to the PICU with a nonstudy-related
classification. Day 3 of the study was defined as 48 hours after drawing day 1 samples,
regardless of the PICU status. Severity of illness was calculated using the Pediatric Risk of
Mortality III Score (11). Organ failure was defined using pediatric-specific criteria (1,12).
Annotated clinical and laboratory data were collected daily while in the PICU using a web-
based database developed locally.

RNA Extraction and Microarray Hybridization
The data and protocols described in this article are Minimum Information About a Microarray
Experiment (MIAME) compliant and can found under the Gene Expression Ommibus
accession number GSE13904 (http://www.ncbi.nlm.nih.gov/geo/). Sub-groups of all the
controls and the patients in the day 1 septic shock category have been previously reported in
subcohort analyses addressing different questions than that addressed in the current study (7,
8,10), but have not been analyzed or reported as one single cohort. None of the patients with
SIRS or sepsis have been previously reported.

Total RNA was isolated from whole blood samples using the PaxGene Blood RNA System
(PreAnalytiX, Qiagen/Becton Dickson, Valencia, CA) according the manufacturer’s
specifications. Microarray hybridization was performed by the Affymetrix Gene Chip Core
facility at Cincinnati Children’s Hospital Research Foundation as previously described using
the Human Genome U133 Plus 2.0 GeneChip (Affymetrix, Santa Clara, CA) (7,8).

Data Analysis
Analyses were performed using one patient sample per chip. Image files were captured using
an Affymetrix GeneChip Scanner 3000. CEL files were subsequently preprocessed using
robust multiple-array average normalization using GeneSpring GX 7.3 software (Agilent
Technologies, Palo Alto, CA) (13). All signal intensity–based data were used after robust
multiple-array average normalization, which specifically suppresses all but significant
variation among lower intensity probe sets. All chips representing patient samples were then
normalized to the respective median values of controls.

Differences in messenger RNA abundance between the individual patient classifications and
controls were measured by sequential statistical and expression filters using GeneSpring GX
7.3. The statistical filter consisted of analysis of variance (Welch Student’s t test) using the
respective patient categories and controls as the comparison groups, and corrections for
multiple comparisons using the Benjamini-Hochberg false discovery rate (10). The false
discovery rate used for patients with SIRS, sepsis, or SIRS resolved was 1%. Because the septic
shock group had a substantially larger number of patients, we adjusted for this discrepancy by
applying a more stringent false discovery rate of 0.1% to this patient group. The expression
filter was applied after the statistical filter and selected only the genes having at least two-fold
expression difference between the medians of the respective patient categories and the controls.

Gene lists of differentially expressed genes were primarily analyzed using the Ingenuity
Pathways Analysis application (Ingenuity Systems, Redwood City, CA) that provides a tool
for the discovery of signaling pathways and gene networks within the uploaded gene lists as
previously described (8,14). Adjunct analyses of gene lists were performed using three distinct,
public, relational databases of functional gene annotations: D.A.V.I.D. (Database for
Annotation, Visualization and Integrated Discovery) (15), the PANTHER classification system
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(protein analysis through evolutionary relationships) (16,17), and ToppGene (18). These
applications are all based on the established biomedical literature and use specific approaches
to estimate significance (p values) based on nonredundant representations of the microarray
chip and to convert the uploaded gene lists to gene lists containing a single value per gene. The
p values provide an estimate of the probability that a given enrichment is present by chance
alone and are derived using corrections for multiple comparisons (see Table footnotes).

RESULTS
Gene Expression Relative to Controls

Longitudinal analyses were conducted using 18 control subjects, and a total of 84 patients
having SIRS, sepsis, or septic shock at study entry (day 1) and having available day 3 data if
still alive. Table 1 provides the number of patients in each category at study entry, and other
demographic and clinical data. As expected, the patients with septic shock had a significantly
higher illness severity (Pediatric Risk of Mortality Scores), higher mortality, and a greater
degree of organ failure, compared with patients with SIRS or sepsis. None of the other variables
provided in Table 1 were significantly different. The median absolute neutrophil, lymphocyte,
and monocyte counts were not significantly different between the respective patient categories
(data not shown), thus, indicating that the patterns of differential gene expression among the
patient groups (provided below) are not simply an artifact of differential white blood cell
counts.

Seventy-five of the 84 patients had a paired day 3 sample available for analysis. The nine
patients not having a paired day 3 sample were those with septic shock who died before the
day 3 sampling time point. These nine patients were included in the longitudinal analysis
because of the clinical importance of this phenotype. The respective day 3 categories for the
84 patients are also shown in the table.

Lists of differentially regulated genes between each of the respective study categories and
controls were generated as described in the Methods section (days 1 and 3), and as summarized
in Table 2 (see Supplemental Digital Content 1, http://links.lww.com/A1100; Supplemental
DigitalContent2, http://links.lww.com/A1101; Supplemental Digital Content 3,
http://links.lww.com/A1102; Supplemental Digital Content 4, http://links.lww.com/A1103 for
complete gene lists). As shown in Figure 1A, Venn analysis demonstrated that 381 genes were
common to all three respective day 1 gene lists. The majority of genes differentially regulated
in the SIRS (90%) and the sepsis categories (92%), respectively, were also differentially
regulated in the septic shock category.

Because there were only five patients meeting SIRS criteria on day 3, the day 3 analysis was
focused on patients with SIRS resolved (n = 22), sepsis (n = 14), and septic shock (n = 34). As
shown in Figure 1B, Venn analysis demonstrated that 147 genes were common to all three
respective day 3 gene lists. Compared with the day 1 data, the day 3 data demonstrate that by
the third day of illness, patients with sepsis had a much smaller number of genes differentially
regulated relative to control subjects. Also, the majority of genes differentially regulated in the
SIRS resolved (88%) and the sepsis categories (99%), respectively, were also differentially
regulated in the septic shock category. Finally, the data demonstrate that only patients in the
septic shock category continued to have a large unique number of differentially regulated genes
on day 3.

The lists of differentially regulated day 1 genes were uploaded to the Ingenuity Pathways
Analysis application (see Methods section), and the analytic output was focused on coordinated
expression or repression of genes corresponding to signaling pathways (data not shown). The
longitudinal analysis focused on up-regulated genes revealed common patterns of up-regulated
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gene expression, primarily corresponding to inflammation and innate immunity, across all
patient groups on day 1. These patterns of up-regulated gene expression persisted on day 3 in
patients with septic shock, but not to the same degree in the other patient classes. The
longitudinal analysis focused on down-regulated genes demonstrated gene repression
corresponding to adaptive immunity-specific signaling pathways and was most prominent in
patients with septic shock on days 1 and 3.

In previous studies, we have made the novel observation that pediatric septic shock is
characterized by large scale and persistent repression of genes having functional annotations
related to zinc and metal binding (7–10). When the down-regulated genes were uploaded to
the D.A.V.I.D. database, the lists from patients with SIRS, sepsis, or SIRS resolved were not
significantly enriched, on days 1 and 3, for any functional annotations related to zinc and heavy
metal binding (data not shown), thus, indicating that our previous observations are specific to
septic shock.

Differential Gene Expression Across Patient Groups—Day 1
The longitudinal analyses described above were based on differential gene expression between
the respective patient categories and controls, and were restricted only to patients having paired
day 1 and day 3 data. Herein, we took an alternative analytic approach by directly comparing
gene expression across the patient groups on days 1 and 3. To increase the statistical power of
these cross-patient group comparisons, we included all patients in the database, thus, removing
the restriction of having paired day 1 and day 3 samples.

For the day 1 analysis, we conducted a three-group analysis of variance (Welch test with a
Benjamini false discovery rate of 5%) using patients with SIRS (n = 22), sepsis (n = 32), and
septic shock (n = 67) as the comparison groups. The starting gene list for this three-group
analysis consisted of the 1995 genes that were found in any of the three gene lists depicted in
Figure 1A. This direct statistical analysis yielded 136 genes that were differentially regulated
between patients with SIRS, sepsis, or septic shock.

We next uploaded these 136 genes to the Ingenuity Pathways Analysis application and focused
the analytic output on the presence of gene networks, with gene nodes being colored based on
the degree of increased (red color intensity) or decreased (green color intensity) expression in
the patients with septic shock relative to patients with SIRS or sepsis. As shown in Figure 2,
these 136 genes corresponded to a network of genes containing multiple repressed genes from
the human leukocyte antigen family. To derive more objective biological meaning from this
gene network, we uploaded the network genes to three, distinct, independent ontology
databases (PANTHER, ToppGene, and D.A.V.I.D., see Methods section) and focused the
analytic output on the most significant (based on p values) functional annotations derived from
each database. As shown in Table 3, this gene network was enriched for functional annotations
related to major histocompatibility complex (MHC) class II–mediated antigen function and T-
cell function. Thus, when differential gene expression is directly compared across the day 1
patient groups, the differentially regulated genes correspond to a gene network related to
repression of antigen processing and T-cell function in patients with septic shock.

Differential Gene Expression Across Patient Groups—Day 3
An identical analysis was conducted using all available day 3 samples for patients with SIRS
resolved (n = 24), sepsis (n = 20), or septic shock (n = 39) and the 2280 genes that were found
in any of the three gene lists depicted in Figure 1B. This analysis yielded 535 genes that were
differentially regulated on day 3 between patients with SIRS resolved, sepsis, or septic shock.
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These 535 genes corresponded to two gene networks depicted in Figures 3 and 4, respectively.
Similar to the day 1 network, the day 3 network shown in Figure 3 contains multiple genes
from the human leukocyte antigen family that were repressed in the patients with septic shock,
relative to the patients with SIRS resolved or sepsis. As shown in Table 4, this day 3 gene
network was also enriched for functional annotations related to MHC class II–mediated antigen
presentation and T-cell function.

The other day 3 network, shown in Figure 4, contains transforming growth factor (TGF)-β1 as
a highly connected node that was up-regulated in the patients with septic shock, relative to
patients with SIRS resolved or sepsis. As shown in Table 5, this day 3 gene network was
enriched for functional annotations corresponding to the TGF-β signaling pathway and
metalloproteinase inhibition.

Thus, when differential gene expression is directly compared across the day 3 patient groups,
the differentially regulated genes correspond to a gene network related to repression of antigen
processing and T-cell function in patients with septic shock, and concomitant increased
expression of a gene network related to TGF-β signaling in the patients with septic shock.

DISCUSSION
Elucidating the biological basis of disease spectrums affords unique opportunities for the
development of more specific therapeutic strategies and novel diagnostic approaches. These
opportunities have been most readily leveraged in the field of cancer (19–25), which, similar
to septic shock, also involves heterogeneous disease processes that exist across spectrums of
disease severity and specificity. We have attempted to elucidate the genome-wide expression
profiles that differentiate the SIRS, sepsis, and septic shock spectrum, with the ultimate goal
of developing novel knowledge regarding the pathobiology of pediatric septic shock.

Our previous reports involving genome-wide expression profiling in critically ill children were
focused exclusively on septic shock relative to normals. These reports demonstrated persistent
repression of genes corresponding to the adaptive immune system and zinc biology in children
with septic shock (7–9), and were subsequently formally validated (10). However, the
specificity of these observations in the broader context of critical illness remained to be
formally tested. Accordingly, the primary objective of the current study was to determine
whether our previous iterations of the genome-wide expression signatures of pediatric septic
shock are specific to septic shock, or are relatively nonspecific epiphenomenon of pediatric
critical illness.

The current data represent the most comprehensive genome-wide analysis across the spectrum
of pediatric SIRS, sepsis, and septic shock to date. The data demonstrate that there are some
common patterns of gene expression and repression across the SIRS, sepsis, and septic shock
spectrum. There also exist, however, patterns of gene expression that are relatively specific to
each of these three clinical syndromes. In particular, we have demonstrated distinctive patterns
of gene expression in septic shock consistent with our previous reports. From the standpoints
of morbidity and mortality, septic shock is the most clinically important patient classification
used in the current study (2,26,27).

The greatest degree of commonality across the SIRS, sepsis, and septic shock spectrum was
demonstrated by the day 1 data. The functional relevance of these overlaps was demonstrated
by the analysis involving the up-regulated day 1 genes and their correspondence to signaling
pathways. The signaling pathways represented by the up-regulated genes in patients with septic
shock were broadly related to innate immunity and inflammation. All of these signaling
pathways were also significantly expressed in the patients with SIRS or sepsis. These data
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confirm, at a genomic level, the longstanding concept that SIRS, sepsis, and septic shock share
common features related to activation of innate immunity and inflammation (2,28,29).

Beyond the above data, the gene expression patterns began to diverge across the various patient
groups and the most notable divergence occurred in the patients with septic shock. For example,
in the patients with septic shock, the up-regulated signaling pathways related to innate
immunity and inflammation persisted on day 3, compared with patients with sepsis or SIRS
resolved. These data would indicate that septic shock is characterized by persistent activation
of the innate immune and inflammatory systems compared with the relatively milder clinical
categories of sepsis and SIRS.

In the context of our previous data, the most biologically important examples of divergence
involved the down-regulated genes. When the down-regulated genes in each clinical category
were interrogated for enrichment of functional annotations related to zinc and heavy metals,
we found this type of enrichment exclusively in the patients with septic shock. As we have
stated in our previous reports, the potential significance of this observation is based on the
important role that normal zinc homeostasis plays in normal functioning of the innate and
adaptive immune systems (30–32).

The analyses involving repression of genes corresponding to signaling pathways also support
the specificity of our previous findings. Similar to our previous reports, patients with septic
shock were characterized by repression of genes corresponding to the adaptive immune system,
and this pattern of repression persisted on day 3 (8,9). These gene repression patterns do not
seem to be an artifact of the white blood cell subpopulation counts as we have previously
reported (8). These data indicate that persistent repression of key adaptive immunity genes and
pathways are a more prominent feature of septic shock, compared with that of SIRS or sepsis.
The network-based analyses, which represent direct statistical comparisons across the patient
groups, further support the concept that alterations of the adaptive immune system are
particularly characteristic of septic shock, but not of SIRS or sepsis.

Other aspects of the current data support a distinctive link between alterations of the adaptive
immune system and septic shock. First, a large number genes corresponding to the interleukin
(IL)-10 signaling pathway were persistently up-regulated in patients with septic shock. IL-10
has pleiotropic effects on the immune/inflammatory system and is generally regarded as an
“anti-inflammatory” cytokine in that it counteracts multiple proinflammatory processes (33).
In the context of the current data, it is notable that IL-10 negatively modulates MHC class II
antigen expression (34) and suppresses T-cell proliferation (35). Second, it is notable that TGF-
β was uniquely up-regulated on day 3 in patients with septic shock and served as a highly
connected node in one of the gene networks corresponding to the day 3 differentially regulated
genes. TGF-β is another pleiotropic cytokine with anti-inflammatory properties (36), and has
been demonstrated to decrease expression of MHC-II molecules and class II major
histocompatibility complex transactivator (37). The latter (class II major histocompatibility
complex transactivator) is one of the down-regulated gene nodes in the day 1 network and is
the major transcription factor that positively regulates the expression of human leukocyte
antigen genes and MHC-II (38,39).

Finally, genes corresponding to the IL-4 signaling pathway were also uniquely and persistently
repressed in patients with septic shock. Activation of the IL-4 signaling pathway involves the
Janus kinase/signal transducer and activator of transcription pathway and the insulin receptor
substrate-1/Pi 3-kinase pathway (40). The most well-know functions of IL-4 include the
differentiation of naïve T helper cells into Th2 cells and immunoglobulin isotype switching
(40). As such, IL-4 is considered to be a key regulator of allergic conditions and immunity
against parasites, and has not been a primary focus of investigation in the context of septic
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shock. Other modulating effects of IL-4 on the adaptive immune system, however, suggest that
it could play a role in the pathobiology of septic shock. These include, increased expression of
MHC-II molecules, increased expression of CD23, prevention of lymphocyte apoptosis, and
modulation of leukocyte adhesion and inflammation (40). Indeed, one study demonstrated
increased susceptibility to staphylococcal enterotoxin B–mediated shock in IL-4 null mice
(41). Thus, the existing literature surrounding IL-4 biology indicates that further investigation
may be warranted regarding the potential role of IL-4 in the pathobiology of septic shock.

This study has two potential limitations. One potential limitation involves the use of whole
blood–derived RNA for generating the microarray data. This is a common criticism of our
work in that the RNA is derived from a mixed population of white blood cells, thus, raising
the possibility that the gene expression patterns we have reported merely reflect differences in
the white blood cell populations. However, several aspects of our published and current work
well demonstrate that biologically meaningful data can be derived using the current approach
based on whole blood–derived RNA, as previously discussed and validated (7,8,10,42).

A second potential limitation of our studies is our use of “day 1” and “day 3” to characterize
the longitudinal gene expression patterns. We are cognizant that the “day 1” and “day 3”
designations not necessarily reflect actual onset of disease, as could be achieved in the artificial
and controlled environment of a research laboratory. Rather, these designations reflect
recognition of disease in the PICU setting. The data reflect “real world” expression patterns in
the context of the PICU, thus, providing clinically relevant data regarding gene expression
patterns in patients with critical illness.

In conclusion, we have generated unprecedented, genome-wide data involving the pediatric
spectrum of SIRS, sepsis, and septic shock. Although some biologically important
commonalities exist across this spectrum, we have demonstrated that persistent repression of
genes corresponding to adaptive immunity is unique to septic shock. These observations are
consistent with emerging paradigms involving the pathobiology of septic shock, which have
shifted from the traditional focus on innate immunity to that of the adaptive immune system
(29,43–46). We have also demonstrated that alterations of zinc-related biological processes
and IL-4 signaling are specific to septic shock, relative to SIRS and sepsis. The direct link(s)
between these two latter observations, the adaptive immune system and septic shock, remain
to be elucidated. However, potential links are biologically plausible and readily testable in the
laboratory and at the bedside.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A, Venn analysis comparing the day 1 genes differentially regulated between the respective
patient categories and the control subjects (see Table 2). B, Venn analysis comparing the day
3 genes differentially regulated between the respective patient categories and the control
subjects (see Table 2). SIRS, systemic inflammatory response syndrome.
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Figure 2.
Gene network derived from the 136 genes differentially regulated on day 1 between patients
with systemic inflammatory response syndrome (SIRS), sepsis, and septic shock (see text for
derivation of the 136 genes and for network derivation). Red intensity within a gene node
corresponds to increased expression in the patients with septic shock, relative to the patients
with SIRS or sepsis, and green intensity within a gene node corresponds to decreased
expression in the patients with septic shock, relative to the patients with SIRS or sepsis. This
network has a score of 54, which is equivalent to a p value of 1.0E–54. The p value provides
an estimate of the probability that the network genes are present in the uploaded gene list by
chance alone. A network legend and a complete list of the network genes are provided in
Supplemental Digital Content 5, http://links.lww.com/A1104. HLA, human leukocyte antigen;
MHC, major histocompatibility complex; IFN, interferon; IL, interleukin; IGHM,
immunoglobulin heavy constant mu; UHRF, ubiquitin-like with PHD and ring finger domains
1; LDLR, low density lipoprotein receptor; AGTRAP, angiotensin II receptor-associated
protein; CCNB, cyclin B2; RETN, resistin; HMMR, hyaluronan-mediated motility receptor
(RHAMM); HDAC, histone deacetylase 9; MAPK, mitogen activated protein kinase; ERK,
extracellular regulated MAP kinase; JNK, jun n-terminal kinase; TRIB, tribbles homolog 1;
MEF, myocyte enhancer factor.
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Figure 3.
The first gene network derived from the 535 genes differentially regulated on day 3 between
patients with systemic inflammatory response syndrome (SIRS) resolved, sepsis, and septic
shock (see text for derivation of the 535 genes and for network derivation). Red intensity within
a gene node corresponds to increased expression in the patients with septic shock, relative to
the patients with SIRS resolved or sepsis, and green intensity within a gene node corresponds
to decreased expression in the patients with septic shock, relative to the patients with SIRS
resolved or sepsis. This network has a score of 36, which is equivalent to a p value of 1.0E–
36. The p value provides an estimate of the probability that the network genes are present in
the uploaded gene list by chance alone. A network legend and a complete list of the network
genes are provided in Supplemental Digital Content 6, http://links.lww.com/A1105. HLA,
human leukocyte antigen; MHC, major histocompatibility complex; IFN, interferon; IL,
interleukin; RFX, regulatory factor X; CST, cystatin F; CARD, caspase recruitment domain
family, member 6; CXCL, chemokine (C-X-C motif) ligand 16; GOS, G0/G1 switch 2;
MYBL, v-myb myeloblastosis viral oncogene homolog; KLRG, killer cell lectin-like receptor
subfamily G, member 1; BTLA, B and T lymphocyte associated; GAB, GRB2-associated
binding protein 2; PLC, phospholipase C gamma; SOCS, suppressor of cytokine signaling 3;
SIRPA, signal-regulatory protein alpha; LLRA, leukocyte immunoglobulin-like receptor,
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subfamily A; FCER, Fc fragment of IgE, high affinity I; FCAR, Fc fragment of IgA; KLRB,
killer cell lectin-like receptor subfamily B, member 1.
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Figure 4.
The second gene network derived from the 535 genes differentially regulated on day 3 between
patients with systemic inflammatory response syndrome (SIRS) resolved, sepsis, and septic
shock (see text for derivation of the 535 genes and for network derivation). Red intensity within
a gene node corresponds to increased expression in the patients with septic shock, relative to
the patients with SIRS resolved or sepsis, and green intensity within a gene node corresponds
to decreased expression in the patients with septic shock, relative to the patients with SIRS
resolved or sepsis. This network has a score of 43, which is equivalent to a p value of 1.0E–
43. The p value provides an estimate of the probability that the network genes are present in
the uploaded gene list by chance alone. A network legend and a complete list of the network
genes are provided in Supplemental Digital Content 7, http://links.lww.com/A1106. TNF,
tumor necrosis factor; MMP, matrix metalloproteinase; IL, interleukin; TGF, transforming
growth factor; TIMP, TIMP metallopeptidase inhibitor; RECK, reversion-inducing-cysteine-
rich protein with kazal motifs; LRG, leucine-rich alpha-2-glycoprotein 1; RUNX, runt-related
transcription factor 2; SMURF, SMAD specific E3 ubiquitin protein ligase 1; FUT,
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fucosyltransferase 7; NOC, nucleolar complex associated 3 homolog; CCR, chemokine (C-C
motif) receptor 6; ITGA, integrin, alpha 7; ALPL, alkaline phosphatase, liver/bone/kidney;
PDLIM, PDZ and LIM domain 7; MBNL, muscleblind-like 2; DAHC, dachshund homolog 1;
WWP, WW domain containing E3 ubiquitin protein ligase 2; FDNC, fibronectin type III
domain containing 3B.
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Table 1
Patient demographics for longitudinal analysis

Controls SIRS Sepsis Septic Shock

Number of patients 18 14 14 56

Median age in years (IQR) 1.4 (0.2–3.8) 3.1 (1.8–7.1) 2.2 (1.2–5.5) 2.3 (0.8–6.1)

Median PRISM score (IQR) n/a 12 (10–17) 10 (5–12) 18 (12–23)a

% Mortality (28 d) n/a 0 7 27b

Median number of organ failure
(IQR)c

n/a 1 (0–1) 1 (0–1.2) 2 (2–3)a

Number of males/females 10/8 8/6 10/4 27/29

Number with documented infection n/a 0 32d 43e

% With comorbidityf n/a 38 37 40

% Immunosuppressedg n/a 33 22 37

Day 3 classification

 SIRS n/a 4 0 1

 SIRS resolved n/a 9 5 8

 Sepsis n/a 1 8 5

 Septic shock n/a 0 1 33

 Death before day 3 n/a 0 0 9

SIRS, systemic inflammatory response syndrome; IQR, interquartile range; PRISM, Pediatric Risk of Mortality Score; ANOVA, analysis of variance;
PICU, pediatric intensive care unit; n/a, not applicable.

a
p < 0.05 vs. SIRS and sepsis (ANOVA Kruskal-Wallis);

b
p < 0.05 vs. SIRS and sepsis (chi-square);

c
refers to the maximum number of organ failures over the initial 7 d in the PICU;

d
Gram-negative bacteria (38%); Gram-positive bacteria (36%); and other (26%);

e
Gram-negative bacteria (22%); Gram-positive bacteria (54%); and other (24%);

f
refers to any comorbidity or chronic condition other than the primary diagnosis leading to PICU admission;

g
refers to the presence of an intrinsic immunodeficiency, or a patient receiving immunosuppressive medications (including steroids).
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Table 2
Number of differentially regulated genes between the respective patient categories
and control subjectsa

SIRSb Sepsis Septic Shock SIRS Resolvedc

Day 1

 Total 836 606 1867 n/a

 Up-regulated (%) 537 (64) 448 (74) 995 (53) n/a

 Down-regulated (%) 299 (36) 158 (26) 872 (47) n/a

Day 3

 Total n/a 160 2172 899

 Up-regulated (%) n/a 150 (94) 1224 (56) 686 (76)

 Down-regulated (%) n/a 10 (6) 948 (44) 213 (24)

SIRS, systemic inflammatory response syndrome.

a
See Methods section for description of gene list derivations;

b
day 3 analysis not conducted because there were only five patients still meeting SIRS criteria on day 3;

c
day 1 analysis not conducted because “SIRS resolved” was an exclusive day 3 category.
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Table 3
Functional annotations corresponding to the differentially expressed gene network shown in Figure 2

Database Functional Annotations (p)

PANTHERa Pathway: T-cell activation (5.1E–15)

Biological process: MHC II-mediated immunity (1.8E–17)

Molecular function: major histocompatibility complex antigen (5.5E–14)

ToppGenea Molecular function: MHC class II receptor activity (<1.0E–6)

Biological process: antigen processing and presentation (<1.0E–6)

Mouse phenotype: abnormal antigen processing via MHC class II (<1.0E–6)

Pathway: antigen processing and presentation (<1.0E–6)

D.A.V.I.D.b GOTERM_BP_ALL: MHC class II receptor activity (1.6E–9)

PANTHER, protein analysis through evolutionary relationships; D.A.V.I.D., Database for Annotation, Visualization and Integrated Discovery; MHC,
major histocompatibility complex.

a
Based on default parameters and Bonferroni correction for multiple comparisons;

b
based on default parameters and Benjamini-Hochberg false discovery rate of 5%.
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Table 4
Functional annotations corresponding to the differentially expressed gene network shown in Figure 3

Database Functional Annotations (p)

PANTHERa Pathway: T-cell activation (4.7E–2)

Biological process: T-cell–mediated immunity (4.5E–9)

Molecular function: major histocompatibility complex antigen (3.0E–7)

ToppGenea Molecular function: MHC class II receptor activity (<1.0E–6)

Biological process: antigen processing via MHC class II (<1.0E–6)

Mouse phenotype: abnormal immune system physiology (1.1E–4)

Pathway: antigen processing and presentation (1.0E–6)

D.A.V.I.D.b GOTERM_MF_ALL: MHC class II receptor activity (4.1E–4)

PANTHER, protein analysis through evolutionary relationships; D.A.V.I.D., Database for Annotation, Visualization and Integrated Discovery; MHC,
major histocompatibility complex.

a
Based on default parameters and Bonferroni correction for multiple comparisons;

b
based on default parameters and Benjamini-Hochberg false discovery rate of 5%.
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Table 5
Functional annotations corresponding to the differentially expressed gene network shown in Figure 4

Database Functional Annotations (p)

PANTHERa Pathway: TGF-β signaling pathway (4.7E–3)

Biological process: developmental processes (6.8E–7)

Molecular function: protease inhibitor (1.2E–6)

ToppGenea Molecular function: metalloendopeptidase inhibitor activity (2.5E–4)

Biological process: tissue remodeling (7.7E–5)

Mouse phenotype: increased WBC count (3.9E–4)

Pathway: inhibition of matrix metalloproteinases (1.0E–6)

D.A.V.I.D.b GOTERM_BP_ALL: organ development (3.8E–5)

PANTHER, protein analysis through evolutionary relationships; D.A.V.I.D., Database for Annotation, Visualization and Integrated Discovery; TGF,
transforming growth factor.

a
Based on default parameters and Bonferroni correction for multiple comparisons;

b
based on default parameters and Benjamini-Hochberg false discovery rate of 5%.
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