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We have conducted longitudinal studies focused on the expression profiles of signaling pathways and gene networks in chil-
dren with septic shock. Genome-level expression profiles were gyenerated from whole blood-derived RNA of children with septic
shock (n = 30) corresponding to day one and day three of septic shock, respectively. Based on sequential statistical and ex-
pression filters, day one and day three of septic shock were characterized by differential regulation of 2,142 and 2,504 gene
probes, respectively, relafive to controls (n = 15). Venn analysis demonstrated 239 unique ygenes in the day one dataset, 598
unique genes in the day three dataset, and 1,906 yenes common to both datasets. Functional analyses demonstrated fime-
dependent, differential regulation of genes involved in multiple signaling pathways and gene networks primarily related to im-
munity and inflammation. Notably, multiple and distinct gene networks involving T cell- and MHC antigen-related biology were
persistently downregulated on both day one and day three. Further analyses demonstrated large scale, persistent downregula-
tion of yenes corresponding to functional annotations related to zinc homeostasis. These data represent the largest reported co-
hort of patients with septic shock subjected to longitudinal genome-level expression profiling. The data further advance our ye-
nome-level understanding of pediatric septic shock and support novel hypotheses.
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INTRODUCTION

Septic shock affects a large number of
children in the United States and world-
wide (1-3). The morbidity and mortality
associated with pediatric septic shock
remain unacceptably high and current
therapy is relatively limited to preven-
tion (i.e. vaccines), antibiotics, and pedi-
atric intensive care unit (PICU)-based
physiological support (3,4). We have sug-
gested that one powerful approach to
more comprehensively understand the
inherent biological complexity of pedi-
atric septic shock involves translational
research at the genomic level (5,6). The
feasibility of a genomic approach to in-

crease our understanding of septic shock
pathobiology is indicated by a series of
recent studies (7-12), including our own
initial report (6). Furthermore, a compre-
hensive, unbiased examination of gene
transcripts at the level of the whole ge-
nome may identify novel biological
mechanisms and therapeutic targets.

In a previous study, we generated an
unprecedented, genome-level expression
profile dataset of pediatric septic shock
specifically focused on a single time
point, within the first 24 h of presenta-
tion to the PICU (6). The previous
dataset demonstrated the feasibility of
conducting genome-centered, transla-
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tional research in critically ill children. In
addition, we demonstrated that biologi-
cally meaningful microarray data can be
generated and analyzed using a readily
accessible clinical sample, whole blood-
derived RNA.

In the current study, we sought to
broaden our initial approximation of the
genomic response of children with septic
shock. We have generated and analyzed
additional microarray data representing
two distinct time points during the initial
72 h of presentation to the PICU with sep-
tic shock. We have focused our analyses
on coordinately regulated genes corre-
sponding to signaling pathways and gene
networks. Our overall goal for these stud-
ies is to define the longitudinal, genome-
level expression profiles that occur in
pediatric septic shock as a means of fur-
ther advancing our understanding of this
condition at the translational level.
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METHODS

Patients

The study protocol was approved by
the individual Institutional Review
Boards of each participating institution.
Children < ten years of age admitted to
the PICU and meeting criteria for septic
shock were eligible for the study. Septic
shock was defined using pediatric-spe-
cific criteria (13). Control patients were
recruited from the participating institu-
tions using the following exclusion crite-
ria: a recent febrile illness (within two
weeks), recent use of anti-inflammatory
medications (within two weeks), or any
history of chronic or acute disease associ-
ated with inflammation.

Sample and Data Collection

After informed consent, blood samples
for RNA isolation were obtained within
24 h of admission to the PICU, heretofore
called “day one” of septic shock. An ad-
ditional sample was obtained for RNA
isolation 48 hours after obtaining the day
one sample (“day three” of septic shock).
Severity of illness at study entry was cal-
culated using the PRISM III score (14),
and organ failure was defined using pe-
diatric-specific criteria (13,15,16). Clinical
and laboratory data were collected daily
while in the PICU. All study patients
were followed for 28 days to determine
survival. Clinical, laboratory, and biolog-
ical data were entered and stored using a
locally developed, web-based database.

RNA Extraction and Microarray
Hybridization

The data and protocols described in
this manuscript are deposited in the
NCBI Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/
geo/, GEO Series accession number
GSE8121).

Total RNA was isolated from whole
blood samples using the PaxGene Blood
RNA System (PreAnalytiX, Qiagen/Bec-
ton Dickinson, Valencia, CA, USA) ac-
cording to the manufacturer’s specifica-
tions. Microarray hybridization was
performed by the Affymetrix Gene Chip

Core facility at Cincinnati Children’s
Hospital Research Foundation as previ-
ously described (Human Genome U133
Plus 2.0 GeneChip, Affymetrix, Santa
Clara, CA, USA) (17).

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 (RMA) normalization using
GeneSpring GX 7.3 software (Agilent
Technologies, Palo Alto, CA, USA) (18).
All signal intensity-based data were used
after RMA normalization, which specifi-
cally suppresses all but significant varia-
tion among lower intensity probe sets (18).
All chips were then normalized to the re-
spective median values of controls.

Differences in mRNA abundance be-
tween patient samples were determined
using GeneSpring GX 7.3 (Agilent Tech-
nologies). All statistical analyses used
corrections for multiple comparisons. A
list of genes differentially regulated on
day one of septic shock was generated
using sequential statistical and expres-
sion filters as follows. We first conducted
a two-group ANOVA (Benjamini-
Hochberg false discovery rate of five per-
cent) using controls and the day one
samples from patients with septic shock
as the comparison groups, and all gene
probes within the microarray (54,681
gene probes). The list of genes passing
this statistical filter was then subjected to
an expression filter that selected only the
genes having = two-fold expression dif-
ference between the median values of
controls and patients with septic shock
on day one, respectively. Identical se-
quential and expression filters were used
to generate a list of genes differentially
regulated on day three of septic shock,
using controls and day three septic shock
samples as the comparison groups.

Two-dimensional cluster maps were
constructed using GeneSpring GX 7.3
(Agilent Technologies). Gene trees are
represented in the vertical dimension
and condition trees are represented in

the horizontal dimension. Gene trees and
condition trees are both based on the
Distance similarity algorithm. The color-
ing conventions for all maps are as fol-
lows: red intensity correlates with in-
creased gene expression, blue intensity
correlates with decreased gene expres-
sion, and yellow intensity correlates with
no change in gene expression relative to
the median of controls.

Gene lists of differentially expressed
genes were primarily analyzed using the
Ingenuity Pathways Analysis application
(IPA, Ingenuity Systems, Redwood City,
CA, USA) that provides a tool for discov-
ery of signaling pathways and gene net-
works within the uploaded gene lists (7).
Additional analyses for derivation of
functional gene annotations were per-
formed by uploading specific gene ex-
pression lists to two distinct web-based
applications that allow public access to
relational databases of functional gene
annotations: D.A.V.I.D. (Database for
Annotation, Visualization and Integrated
Discovery) (19) and the PANTHER Clas-
sification System (Protein Analysis
Through Evolutionary Relationships)
(20-22). These applications use specific
approaches to estimate significance
based on non-redundant representations
of the microarray chip and to convert the
uploaded gene lists to gene lists contain-
ing a single value per gene.

Derivation of Gene Networks

The IPA algorithm for generating gene
networks is as follows. The IPA applica-
tion maps each gene identifier to its cor-
responding gene object in the IPA
Knowledge Base. These focus genes are
then overlaid onto a global molecular
network developed from information
contained in the Knowledge Base. Net-
works of these focus genes are then algo-
rithmically generated based on their con-
nectivity. Each individual IPA network
has a maximum of 35 focus genes and is
assigned a significance score (based on
P value) representing the likelihood that
the focus genes within the network are
found therein by random chance. A high
number of focus genes within a dataset
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Table 1. Clinical and Demographic Data for All Subjects

Controls Septic Shock
Number of individual subjects 15 30
Mean ayge (years) + S.D. 3.1+3.5 3.8+3.5
Mean PRISM Score + S.D. n/a 179+ 8.4
Number with co-morbidity’ n/a 14 (47 percent)
Mean number of organ failures + $.D.2 n/a 2.8+ 1.1
Gender (Male/Female) 8/7 18/12
Race (number) A.A./Black (6) A.A./Black (10)

Asian (4) Asian (1)

Caucasian (5)

Unreported (2)
Caucasian (17)

'Primary co-morbid conditions (number of patients): cerebral palsy/developmental delay
(6); congenital heart disease (5); ylycoygen storage disease type 1A (1); neuroblastoma

(1); aplastic anemia (1).

2Maximum number of oryan failures within the first seven days of PICU admission.

leads to a higher network score (equal to
the negative exponent of the respective
P value such that a score of three corre-
sponds to a P value of 10E-3) (7).

RESULTS

General Subject Data

The current cohort of 30 patients with
septic shock and 15 controls were in-
cluded in a previous publication involv-
ing 42 total patients and focused exclu-
sively on day one of septic shock (6).
The current cohort represents a subset of
those 42 patients having complete mi-
croarray data on both day one and day
three of septic shock. Summary demo-
graphic, clinical, and microbiologic data
for the study subjects are provided in
Tables 1 and 2. Analysis was performed
on 75 individual microarray chips repre-
senting 15 controls and 30 patients with
septic shock (separate day one and day
three samples for each patient with sep-
tic shock). The controls were comparable
to the patients with septic shock with re-
gard to age, race, and gender. Among the
patients with septic shock there were 20
having positive identification of an in-
fecting organism (67 percent) and five
deaths (17 percent mortality). Overall,
the patients with septic shock were het-
erogeneous with respect to age, illness
severity, gender, race, infectious organ-
isms, and primary sites of infection.
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Differential Gene Expression on Day
One of Pediatric Septic Shock

To begin testing the hypothesis that
the genome-level expression profile of
pediatric septic shock has a longitudinal
component, we generated a list of differ-
entially regulated genes on day one of
septic shock using the filtering strategy
outlined in the Methods section. The ini-
tial statistical filter yielded a list of 21,146
gene probes that were differentially regu-
lated between day one patients with sep-
tic shock and controls. The subsequent
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expression filter yielded a final list of
2,145 gene probes that were differentially
regulated between day one patients with
septic shock and controls.

These 2,145 genes were subjected
to two-dimensional cluster analysis
(Figure 1A). All patients with septic
shock clustered together within the
right two-third portion of the map in a
homogenous manner, thus indicating
relatively cohesive gene regulation on
day one of pediatric septic shock de-
spite clinical heterogeneity. The ho-
mogenous clustering was dependent on
a group of genes in the upper portion
of the map having decreased expres-
sion (1,283 genes) and a group of genes
in the lower portion of the map having
increased expression (862 genes). Based
on the clustering pattern, these gene
expression profiles did not appear to be
dependent on the class of infecting or-
ganism. For example, patients having a
viral etiology (indicated by asterisks,
bottom of Figure 1A) were distributed
throughout the map in a heterogeneous
manner. Similar observations regarding
clustering patterns were made for pa-
tients having gram positive, gram neg-
ative bacterial infections, or no docu-
mented infection (not shown).

Table 2. Microbiology Data for Patients with Septic Shock'

Organism (number)

Primary source of positive culture (number)

Candida albicans (1)
Cytomegyalovirus (1)
Enterococcus faecalis (1)
Escherichia coli (1)
Streptococcus pyogenes (2)
Streptococcus agalactiae (1)
Herpes simplex | (1)

Influenza B (2)

Klebsiella pneumoniae (1)
Neisseria meningitidis (2)
Ricketssia ricketsii (1)
Staphylococcus aureus (2)
Staphylococcus epidermidis (1)
Streptococcus viridans (2)
Varicella (1)

Blood (15)
Lung (3)
Urine (1)
Retropharynygeal abscess (1)

'Data are derived from biological samples obtained upon presentation to the pediatric

infensive care unit (day one).
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Figure 1. A. Two dimensional gene cluster map representing 2,145 genes differentially
regulated between day one patients with septic shock and control patients (see text for
filtering strateyy). Individual patients are oriented horizontally and individual genes are
oriented vertically. The color-coded bar at the bottom of the map represents controls in
gray and the patients with septic shock in black. Asterisks indicate patients having a viral
etioloygy. B. Two dimensional gene cluster map representing 2,504 genes differentially
regulated between day three patients with septic shock and control patients (see text for
filtering strategy). The same conventions apply for Figure 1B as for that of Figure 1A.

Differential Gene Expression on Day
Three of Pediatric Septic Shock

To compare the genome-level expres-
sion profiles of day one and day three,
we next generated a list of differentially
regulated genes on day three. We used

the identical, sequential statistical, and
expression filters as that described above
for the day one analysis, except that we
used controls and day three samples
from patients with septic shock as the
comparison groups. The initial statistical

filter yielded a list of 22,403 gene probes
that were differentially regulated be-
tween day three patients with septic
shock and controls. The subsequent ex-
pression filter yielded a final list of
2,504 gene probes that were differentially
regulated between day three patients
with septic shock and controls.

These 2,504 genes then were subjected
to two-dimensional cluster analysis
(Figure 1B). All patients with septic
shock, except one, clustered together
within the right two-third portion of the
map in a homogenous manner. Similar
to the day one map, these data indicate
relatively cohesive gene regulation on
day three of pediatric septic shock.
Again, the homogenous clustering was
dependent on a group of genes in the
upper portion of the map having de-
creased expression (1,432 genes) and a
group of genes in the lower portion of
the map having increased expression
(1,072 genes), but independent of the in-
fecting organism class or absence of
documented infection.

Comparison of Day One and Day
Three Datasets

The 2,145 genes differentially regu-
lated on day one of septic shock and the
2,504 genes differentially regulated on
day three of septic shock were compared
by Venn analysis (not shown). This anal-
ysis demonstrated that there were 239
unique genes in the day one dataset, 598
unique genes in the day three dataset,
and 1,906 genes common to both the day
one and day three datasets. These data
demonstrate that while a large number
of genes are differentially regulated com-
pared with controls, the majority of these
genes are consistently up- or downregu-
lated over the initial three days of septic
shock. Conversely, smaller sets of genes
are uniquely regulated either early (day
one) or later (day three) during septic
shock. Thus, over the initial three-day
course of pediatric septic shock, the lon-
gitudinal genome-level expression pro-
file has a temporal expression compo-
nent and a relatively constant expression
component.
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Figure 2. Comparison analysis of the signaling pathways corresponding to the 862 yenes
upreyulated on day one and the 1,072 genes upreygulated on day three of pediatric septic
shock. The analysis is derived from the Ingenuity Pathways Analysis application (see text for
details). The y-axis represents the -loy (significance). For illustrative purposes, the x-axis crosses
the y-axis at the 1.3 threshold of significance (i.e. -log (P value = 0.05) = 1.3). Significance is
directly proportional to the number of genes within the data set that corresponds to the
respective canonical signaling pathway, and inversely proportional to the number of genes

in the entire data set uploaded to the Ingenuity Pathways Analysis application.

Signaling Pathway Analysis Focused
on Upregulated Genes

To derive biological meaning from the
datasets representing increased gene ex-
pression on day one and day three of pe-
diatric septic shock, we conducted a
comparison analysis using the IPA appli-
cation (7). We individually uploaded the
862 genes upregulated on day one and
the 1,072 genes upregulated on day three
to the IPA application, and focused the
comparative analytical output on upreg-
ulation of genes associated with signal-
ing pathways.

As shown in Figure 2, this analysis
demonstrated that the two datasets con-
tained genes relevant to 12 distinct sig-
naling pathways (individual gene lists
for each pathway are provided in the
supplementary data). Five of the 12 sig-
naling pathways had a similar level of
increased gene expression on day one
and day three (interleukin-6 signaling,
Toll-like receptor signaling, complement
and coagulation, p38 MAP kinase signal-
ing, and NF-kB signaling), as defined by
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having respective significance values
within one log-fold range. Three of the
12 signaling pathways had a higher level
of increased gene expression on day
three, compared with day one (inter-
leukin-10 signaling, granulocyte
macrophage colony stimulating factor
signaling, and B cell receptor signaling),
as defined by having a respective signifi-
cance value difference > one log-fold.
Four of the 12 signaling pathways did
not have significant upregulation on day
one, but were significantly upregulated
on day three (PPAR signaling, insulin
receptor signaling, IGF-1 signaling, and
integrin signaling), as defined by having
a respective significance value > 1.3 (i.e. -
log (P value = 0.05) = 1.3). These data in-
dicate that in pediatric septic shock, the
longitudinal pattern of increased gene
expression relevant to signaling path-
ways is heterogeneous, with some path-
ways being equally upregulated on day
one and day three, some pathways hav-
ing a higher degree of upregulation on
day three relative to day one, and some

Antigen Presentation ODay 3
mDay 1
NK Cell Signaling
T Cell Receptor
Signaling
0 1 2 4 5 6 7 8

-log(significance)

Figure 3. Comparison analysis of the signaling pathways corresponding fo the 1,072 genes
downregulated on day one and the 1,432 genes downregulated on day three of pediatric
septic shock. The analysis is derived from the Ingenuity Pathways Analysis application (see fext
for details). The y-axis represents the -loy (significance). For illustrative purposes, the x-aixis
crosses the y-axis at the 1.3 threshold of significance (.e. -log (P value = 0.05) = 1.3). Significance
is directly proportional to the number of yenes within the data set that corresponds to the
respective canonical signaling pathway, and inversely proportional to the number of genes in
the entire data set uploaded to the Ingenuity Pathways Analysis application.
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Table 3A. Gene Networks Upregulated Uniquely on Day One

Network and

Central Node' Ingenuity Annotations?

Panther Classifications®

e Pathway (P value)

e Bioloyical Process (P value)
e Molecular Function (P value)

D.A.V.1.D. Functional Annotation?
e Cateyory

e Term

e Pvalue

Network 1 MAPK14 e Inflamnmatory disease

o Infectious disease

e Cell-cell signaliny

e Immune response

e Cellular movement

e Hematoloyic system
development

e Cell-cell signalinyg

e Tissue morpholoyy

e Cellular movement

Network 2 STAT3

Network 3 LYN

o Oxidative stress response (3.3E-8)

o Immunity and defense (1.3E-12)

e Protein kinase (5.3E-5)

¢ Inflasmmation mediated by chemokine
and cytokine signaling (2.2E-7)

e Immunity and defense (2.6E-13)

o Cytokine receptor (1.8E-9)

e PDGF sigynaling pathway (1.9E-7)

o Immunity and defense (1.4E-13)

¢ Signaling molecule (8.0E-6)

e GOTERM_BP_ALL

e Response to pest, pathoygen or parasite
o 1.9E-14

e SP_PIR_KEYWORDS

e Signal

e 6.6E-10

e GOTERM_BP_ALL
® Response to woundiny
o 1.1E-7

"Central node” is a generic term to describe a given network. The term corresponds to the gyene node in a given network having a high
deyree of connectivity to other nodes in the network. The term is not infended as an indication of network function. MAPK14, mitogen-
activated protein kinase 14 (a.k.a. p38 MAP kinasea); STAT3, signal transducer and activator of franscription 3; LYN, p53/p56 lyn kinase.
2Based on Ingenuity Pathways Analysis annotations for a given network.
3Based on Panther Classification System. The most significant pathway, biological process, or molecular function (based on P value) in the
Panther Classification System is provided for a gyiven network.
“Based on the D.A.V.1.D. Functional Annotation Tool. The default parameters in D.A.V.1.D. were used to yenerate the most significant
functional annotation (based on P value) for a given network.

pathways having exclusive upregulation
on day three.

Signaling Pathway Analysis Focused
on Downregulated Genes

To derive biological meaning from
the gene lists representing decreased
gene expression on day one and day
three of pediatric septic shock, we again
conducted an analysis using the IPA ap-
plication in an identical manner to that
described above, except that we individ-
ually uploaded the 1,283 genes downreg-
ulated on day one and the 1,432 genes
downregulated on day three to the IPA
application. As shown in Figure 3, this
analysis demonstrated that both gene
lists contained genes relevant to three
distinct signaling pathways (individual
gene lists for each pathway are provided
in the supplementary data). Two of the
three signaling pathways had a similar
degree of downregulation on day one
and day three (T cell receptor signaling
and NK cell signaling), as defined by
having respective significance values
within one log-fold range. In contrast,
the signaling pathway involving antigen
presentation was downregulated to a
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greater degree on day one, compared
with day three, as defined by having a
respective significance value difference >
one log fold. These data indicate that the
downregulated genes on day one and
day three of pediatric septic shock con-
form to a more limited number of signal-
ing pathways relative to that of the re-
spective upregulated genes. Notably,
however, the limited number of signaling
pathways associated with the downregu-
lated genes correspond to T cell function
and antigen presentation.

Gene Network Analysis Focused on
Upregulated Genes

To gain further insight regarding the
biological meaning of genes upregulated
on day one and day three, we focused
the subsequent analysis on the presence
of gene networks (see Methods section)
(7). The datasets containing the 862 up-
regulated day one genes and the 1,072
upregulated day three genes were indi-
vidually uploaded to the IPA application.
The network analysis focused on upreg-
ulated genes yielded eight highly signifi-
cant gene networks associated with ei-
ther the day one or day three datasets

(Tables 3A and 3B). In each case, the
maximum 35 focus genes that comprised
each of the networks were present in the
respective upregulated datasets such that
all eight upregulated networks had sig-
nificance scores = 47. Three unique gene
networks were identified within the day
one upregulated dataset (Table 3A) and
five unique gene networks were identi-
fied within the day three upregulated
dataset (Table 3B).

The functional annotations assigned to
each upregulated network by the IPA ap-
plication are provided in Tables 3A and 3B.
Because these functional annotations are
relatively generic, we attempted to de-
rive more detailed biological meaning
from these eight upregulated networks
by uploading the individual network
gene lists to the D.A.VI.D. database (19)
and the PANTHER classification system
(20-22). As shown in Tables 3A and 3B,
the D.A.VI.D.-based analysis of these
networks also yielded relatively generic
functional annotations. In contrast, the
PANTHER-based analysis yielded more
specific signaling pathways, molecular
functions, and biological processes
within each of the upregulated networks.
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Table 3B. Gene Networks Upregulated Uniquely on Day Three
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Network and
Central Node(s)'

Ingenuity Annotations?

Panther Classifications®

e Pathway (P value)

e Bioloyical Process (P value)
e Molecular Function (P value)

D.A.V.1.D. Functional Annotation®
o Cateyory

e Term

e Pvalue

Network 1 FOS and ILTA

e [Immune response
e Connective tissue disorders

o Inflammation mediated by
chemokine and cytokine

o GOTERM_BP_ALL
e Defense response

o Inflammatory disease

e Immunity and defense

e Cellular movement

e Hematoloyic system
Development

e Immune response

e Inflammatory disease

e Hematoloyic system
development

e Immune response

Network 2 MAPK1

Network 3 SP1

Network 4 STAT3 and STATS

Network 5 NFKBTA e Cell death

e Cancer

e Hematoloyic disease

e Cellular movement

e Cell morpholoyy

e Cellular function and
mainfenance

signaling (6.0E-5)

o Toll receptor signalinyg
pathway (4.0E-10)

o Proteolysis (2.9E-12)

e Serine protease (3.6E-9)

e Plasminoyen activating
cascade (3.3E-4)

e Immunity and defense (3.2E-8)
o Complement component

(3.8E-5)
o PDGF signaling pathway
(1.4E-10)

kinase (2.6E-09)

o Insulin/IGF pathway-protein
kinase B signaling pathway

Q.7E-7)

o Apoptosis (2.5E-8)

* Membrane traffic protein
(1.3E-3)

e Cytokine receptor (1.5E-09)

o Signal transduction (1.2E-16)
o Non-recepftor fyrosine protfein

o 7.7E-11

e SP_PIR_KEYWORDS
e Signal
e 1.3E-9

o SP_PIR_KEYWORDS
e Direct protfein sequencing
° 2.7E-9

e SP_PIR_KEYWORDS
e Phosphorylation
e 2.2E-14

o GOTERM_MF_ALL
e Protfein binding
o 1.4E-9

'See Table 3A. FOS, c-fos; IL1A, interleukin Ta; MAPK1, mitogen activated protein kinase one (a.k.a. ERK2); SP1, Sp1 transcription factor;
STAT3, signal fransducer and activator of transcription 3; STATEB, signal fransducer and activator of transcription factor 5B; NFKB1A, nuclear
factor of k light polypeptide gene enhancer in B-cells o (a.k.a. [kBa).

23430 Table 3A.

A representative upregulated gene net-
work identified within the day three
dataset is provided in Figure 4. This gene
network is centered on Sp1 transcription
factor (SP1) and the genes within the net-
work correspond to the plasminogen-ac-
tivating cascade, immunity and defense,
and the complement system (PANTHER-
based classifications, Table 3B). Figures
of the other upregulated networks listed
in Tables 3A and 3B, a network legend,
and the corresponding gene lists are pro-
vided in the supplementary data. Collec-
tively, these data demonstrate that a rela-
tively large proportion of the genes
upregulated on day one and day three of
pediatric septic shock are functionally
connected in the form of biologically rel-
evant gene networks. In addition, the up-
regulated networks have a temporal ex-
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pression pattern in that there are unique
networks corresponding to the day one
and day three data sets, respectively.

Gene Network Analysis Focused on
Downregulated Genes

In this analysis we focused on gene
networks associated with downregulated
genes. The analysis was conducted in an
identical manner to that described above,
except that we individually uploaded
the datasets corresponding to the 1,283
downregulated day one genes and the
1,432 downregulated day three genes to
the IPA application. The network analy-
sis focused on downregulated genes
yielded six gene networks associated with
either the day one or day three datasets
(Tables 4A and 4B). All six downregu-
lated networks had significance scores =

44 and within each network the maxi-
mum 35 focus genes were present in the
respective datasets that were used to
generate the networks. Three unique
gene networks were identified within the
day one downregulated dataset (Table 4A)
and three unique gene networks were
identified within the day three downreg-
ulated dataset (Table 4B).

The functional annotations assigned to
each downregulated network by the IPA
application are provided in Tables 4A and
4B. Similar to that of the upregulated gene
networks, these functional annotations
are relatively generic. Accordingly, we
again uploaded the individual network
gene lists to both the D.A.V.I.D. database
and the PANTHER classification system.
As shown in Tables 4A and 4B, both the
D.A.VID.- and PANTHER- based analy-

I SHANLEY ET AL. | 501



LONGITUDINAL GENE EXPRESSION IN SEPTIC SHOCK

CEACAME

CEACAM1 (includes EG:63J)p 0.

4

PHC2 1NGER
HSPA1E
SLEAT
BAGALTS" '\
sp1
aTen: |
REPSUH®

LMOZA AL (ncludes EG6556)*

MAML3 Gncludes EG:55534)

HPSE*
CTSD

IGF2R"

EZO00-2006 Inaenuity Systems, Inc. All riahts resern ed

DICERL
ALOXS:
aloxsarp
4
1
RARA
C10B
CEBPD*
ACSLL>
> €oc
THED $0D2+
1
‘MMP8
| ]
PKM2 ":‘""'9
y curL1
TIMP2*
LRPAP1
MGPREPL

Figure 4. Representative gene network within the 1,072 genes upregulated on day
three of pediatric septic shock. The network is approximately centered on a yene
node corresponding to Sp1 transcription factor (SP1). The yenes within the network
correspond functionally to the plasminogen activating cascade, immunity and
defense, and complement component (based on the Panther Classification System).
See text for network derivation. A network legend and the entire gene list contributing
to the network are provided in the supplementary data.

ses yielded functional annotations related
to T cell- and antigen presentation
(MHC)-related biological processes. In ad-
dition, the day three-specific network ap-
proximately centered on IL8 (CXCLS8) and
GATA was notable for a B cell-related
functional annotation (Table 4B).

A representative gene network identified
within the day one dataset is provided in
Figure 5. This gene network contains eight
individual gene nodes corresponding to
human leukocyte antigens (HLA), and the
genes within the network correspond
functionally to T cell activation, MHC II-
mediated immunity, and MHC antigens.
Figures of the other networks listed in
Table 4A and 4B, and the corresponding
gene lists are provided in the supplemen-
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tary data. Collectively, these data demon-
strate that a relatively large proportion of
the genes downregulated on day one and
day three of pediatric septic shock are func-
tionally connected by their uniform identifi-
cation within networks of biologically re-
lated genes. In addition, the longitudinal
expression patterns of these networks indi-
cate large scale and persistent downregula-
tion of genes directly involved in lympho-
cyte- and MHC-related biological processes.

Absolute Lymphocyte Counts and
Differential Gene Expression

As shown in Table 5, the study pa-
tients had mean or median absolute lym-
phocyte counts at the lower range of nor-
mal on both day one and day three (23).

This observation raises the possibility
that the data shown in Tables 4A and 4B,
indicating large scale downregulation of
genes involved in T cell function, are an
artifact of relative lymphopenia, perhaps
related to apoptosis, rather than a reflec-
tion of a genuine change in gene expres-
sion. To test this possibility, we grouped
the patients with septic shock based on
absolute lymphocyte count quartiles, and
conducted two-dimensional cluster
analyses focused on genes that were
downregulated on either day one or day
three. As shown in Figure 6, patients
within each of the four quartiles clus-
tered in a heterogeneous manner (Dis-
tance similarity measurement) through-
out the map representing the day one
downregulated genes. This heteroge-
neous pattern persisted when we applied
either a Pearson Correlation or a Stan-
dard Correlation as the similarity mea-
surement for the condition tree (data not
shown). Similar observations were made
with regard to the genes downregulated
on day three (data not shown). Collec-
tively, these data indicate that our obser-
vations regarding downregulation of
genes relevant to T cell function are not
likely to be artifacts of relative lym-
phopenia as there was no correlation be-
tween absolute lymphocyte counts and
gene downregulation.

Persistence of Zinc-Related Functional
Annotations

We previously reported that day one
of pediatric septic shock is characterized
by large scale downregulation of genes
having functional annotations related to
zinc homeostasis (6). Here we conducted
an analysis to determine if gene ontolo-
gies related to zinc homeostasis are per-
sistently downregulated during the ini-
tial three days of pediatric septic shock.
The analysis was conducted by upload-
ing the individual lists of genes down-
regulated on day one and day three to
the D.A.VI.D. database. As shown in
Table 6, day one was characterized by
large scale downregulation of genes cor-
responding to zinc and metal functional
annotations as previously reported (6),
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Table 4A. Gene Networks Downregulated Uniquely on Day One

Panther Classifications® D.A.V.l.D. Functional Annotation?
e Pathway (P value) e Cateyory
Network and e Bioloyical Process (P value) e Term
Central Node' Ingenuity Annotations? e Molecular Function (P value) e Pvalue
Network 1 BCL2° e Hematoloyic system development o T cell activation (2.2E-12) e SP_PIR_KEYWORDS
e Immune system development o T cell mediated immunity o Tcell
e Lymphatic system development (7.4E-14) o 1.4E-16

o Immunogylobulin receptor
family member (1.9E-10)

Network 2 HLA® o RNA posttranscriptional modification e T cell activation (4.0E-7) o KEGG_PATHWAY
o Cell-cell signaling o MHCII-mediated immunity e Anfigen processing and presentation
e Immune response (6.9E-19) e 2.2E-12

e MHC antigen (2.0E-15)
Network 3 TCF3 o Hematoloyic system development e Wnt signaling pathway (1.2E-2) e GOTERM_BP_ALL

e Immune system development o MRNA transcription regulation e Reyulation of cellular process
o Lymphatic system development (3.2E-8) e 3.9E-9
o Other transcription factor
(1.1E-5)

'See Table 3A. BCL2, B-cell CLL/lymphoma 2; HLA, major histocompatibility complex; TCF3, transcription factor 3.

234366 Table 3A.

There is also a downregulated network on day three (see Table 4B) having BCL2 as the central node. Six of the 35 focus yenes (17
percent) are different between the day one and the day three BCL2-related networks.

°This network contains multiple HLA gyenes (HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB, HLA-DQA1, HLA-DQB1, HLA-DRA, and HLA-DRB1).
There is also a downreyulated network on day three that contains all of these HLA yenes except for HLA-DMA and HLA-DRA. Overall, 13
of the 35 focus yenes (37 percent) are different between the day one and the day three HLA-related networks.

Table 4B. Gene networks Downregulated Uniquely on Day Three

Network and Ingenuity Annotations? Panther Classifications® D.A.V...D. Functional Annotation’
Central Node(s)' e Pathway (P value) o Cateyory

¢ Bioloyical Process (P value) e Term

e Molecular Function (Pvalue) e Pvalue

Network 1 BCL2° e Hematoloyic system development e T cell activation (1.7E-10) o SP_PIR_KEYWORDS
o Immune system development o T cell mediated immunity o Tcell
o Lymphatic system development (56.3E-14) e 1.8E-16

o Immunogylobulin receptor
family member (8.3E-9)

Network 2 IL8 e Hematoloyic system development e B cell activation (6.3E-6) o GOTERM_BP_ALL
and GATA3 e Immune system development e Granulocyte-mediated e Defense response
o Lymphatic system development immunity (9.8E-5) o 1.7E-7

e Guanyl-nucleotide exchanye
factor (9.2E-4)

Network 3 HLA® o RNA posttranscriptional o T cell activation (4.5E-4) o KEGG_PATHWAY
modiification o MHCII-mediated immunity o Antigen processing and presentation
o Cell-cell signaling (4.0E-14) e 1.4E-13
e Immune response o MHC antfigen (4.5E-11)

'See Table 3A. BCL2, B-cell CLL/lymphoma 2; IL8, interleukin 8; GATA3, GATA binding protein 3; HLA, major histocompatibility complex.
2343ee Table 3A.

5See table 4A

See table 4A
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Figure 5. Representative gene network within the 1,283 genes downregulated on day one
of pediatric septic shock. The gene network contains eight individual gene nodes
corresponding to the major histocompatibility complex. The genes within the network
correspond functionally o T cell activation, MHCII-mediated immunity, and MHC antigen
(based on the Panther Classification System). See text for network derivation. A network
legend and the entire gene list contributing to the network are provided in the

supplementary data.

and this pattern of downregulation per-
sisted into day three. In fact, downregu-
lation of gene ontologies related to zinc
and metal homeostasis appears to be an
even more robust feature on day three of
pediatric septic shock as demonstrated
by the respective day one and day three
P values.

All supplementary materials are avail-
able online at molmed.org

DISCUSSION

These data represent the most compre-
hensive analysis of longitudinal gene ex-
pression in pediatric septic shock to date.
As relatively descriptive data, they are
subject to interpretation. Below we pro-

vide our pathophysiology-based inter-
pretation of the expression data, being
cognizant of alternative interpretations.

The genome-level expression profile
during the initial three days of pediatric
septic shock is complex and heteroge-
neous. Between four and five percent of
the genes encompassing the entire array
were differentially expressed (upregu-
lated or downregulated) on either day
one or day three, respectively, compared
with controls. Among the differentially
expressed genes, 11 percent of the day
one differentially expressed genes were
unique to day one, and 24 percent of the
day three differentially expressed genes
were unique to day three. Thus, the ge-
nome-level expression profile during the
initial three days of pediatric septic
shock is characterized by a predominant
constant component and a relatively
smaller temporal component. The genes
contributing to the smaller temporal
component, however, appear to be bio-
logically significant in that they con-
tribute to differential expression of sig-
naling pathways and gene networks
known to be associated with inflamma-
tory disease states.

The day one and day three datasets
contain multiple genes contributing to
signaling pathways. Many of the path-
ways identified within these data sets
have been linked previously by the ex-
perimental literature to septic shock
pathobiology (3,24,25). While the demon-
stration of some of these pathways does
not necessarily represent novel concepts,
their presence in the datasets greatly
strengthens both the validity and rele-
vance of the overall dataset. For exam-
ple, we were intrigued to find that day

Table 5. Absolute Leukocyte Numbers (x 10° per mm?®) for Patients with Septic Shock.

Mean + SEM Median 25" percentile  75™ percentile

Neutrophils

Dayl 102+£20 6.7 2.6 15.3

Day 3 105+ 1.1 8.6 7.0 13.8
Lymphocytes'

Day 1 2.7+0.6 1.7 1.1 3.0

Day 3 24+05 1.8 1.0 3.0
Monocytes

Day 1 09+0.2 0.4 0.2 1.2

Day 3 0.7 +0.1 0.6 0.3 1.0

'Normal ranges for absolute lymphocyte counts (x 10° per mm®) by aye (reference 23):
12 months (4.0 - 10.5); four years (2.0 - 8.0); ten years (1.5 - 6.5).
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three (but not day one) of pediatric septic
shock is characterized by upregulation of
genes that participate in insulin-like
growth factor (IGF)-, insulin receptor-,
and PPAR-signaling. These data indicate
an important role for insulin-related biol-
ogy/metabolism in pediatric septic
shock, and are made all the more intrigu-
ing by the recent advancements, by Van
den Berghe and colleagues, regarding the
use of intensive insulin therapy in criti-
cally ill adult surgical patients (26).

The primary novelty of the signaling
pathway-related data lies in the temporal
dependence of pathway expression. Sev-
eral of the upregulated signaling path-
ways were consistently upregulated from
day one to day three. More than half of
the upregulated pathways, however,
were expressed in a time-dependent
manner. In fact, some of the signaling
pathways were exclusively expressed on

day three. These data could have impli-
cations for the timing and duration of fu-
ture therapeutic strategies centered on
any one of these pathways.

The importance of timing and dura-
tion of therapy in critically ill patients is
well illustrated in the recent follow-up
study of intensive insulin therapy in crit-
ically ill adult medical patients by Van
den Berghe and colleagues (27). This
study involving 1,200 critically ill adults
demonstrated that intensive insulin ther-
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apy conferred a survival benefit only for
patients having an intensive care unit
length of stay = three days. In contrast,
mortality was greater in patients receiv-
ing intensive insulin therapy and having
an intensive care unit length of stay <
three days. These data indirectly support
our observations regarding time-depen-
dent expression of signaling pathways
related to insulin biology /metabolism.

Using a pathway-based analytical tool
(IPA), the day one and day three datasets
were found to contain multiple genes
corresponding to distinct networks. The
biological importance of these networks
is broadly supported at two levels. First,
all of the networks selected for presenta-
tion had exceptionally high significance
scores based on the IPA algorithm. Sec-
ond, many of the functional annotations
corresponding to the networks are bio-
logically consistent with the signaling
pathways shown in Figures 3 and 4. In-
nate immunity and inflammation are the
predominant themes of the upregulated
gene networks, and these observations
are again consistent with some of the
current paradigms in the septic shock
literature (3,24,25). The network expres-
sion patterns were time-dependent, as
demonstrated by unique gene networks
being expressed on day one and day
three, respectively. Thus, the temporal
nature of network expression and the
implied functionality may also have im-
plications for the timing and duration
of future therapeutic strategies.

The most novel feature derived from
the network-based analysis is the down-
regulation of gene networks related to
T cell immunity and the MHC antigen
presentation pathway. Importantly, this
observation does not appear to be an ar-

Table 6. Functional Annotations related to zinc, downregulated on both day one and day
three. The analysis is based on the default parameters in D.A.V.1.D.

number of genes

P value day

Cateyory Term day one (day three) one (day three)
SP_PIR_KEYWORDS zinc-finger 118 (143) 2.9E-16 (3.0E-22)
SP_PIR_KEYWORDS zinc 135 (159) 3.0E-16 (1.4E-20)
SP_PIR_KEYWORDS metal-binding 147 (176) 1.1E-12 (2.4E-17)
GOTERM_MF_ALL zinc ion bindiny 149 (172) 5.9E-11 (1.1E-12)
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tifact of relative lymphopenia when ana-
lyzed in the context of total lymphocyte
counts. The strength of this observation
is indicated by the multiple gene net-
works having these particular annota-
tions (T cell function and the MHC anti-
gen presentation pathway), and the
ability to consistently derive these func-
tional annotations using two distinct
gene annotation/ontology databases
(i.e. D.A.VI.D., and PANTHER) that are
independent from the IPA database. In
addition, the analyses focused on discov-
ery of signaling pathways also yielded
“T cell receptor signaling” and “antigen
presentation” as being predominant
themes among the group of genes down-
regulated on day one and day three. Col-
lectively, these data indirectly suggest
that pediatric septic shock may have a
strong component of immune dysfunc-
tion secondary to decreased T cell func-
tion and antigen presentation.

Our conceptual framework of septic
shock pathobiology has evolved over the
last decade to include the concepts of im-
mune suppression and “immunoparaly-
sis.” Whereas septic shock has been
viewed traditionally as being a reflection
of hyperinflammation, it is now thought
that septic shock also has a strong, per-
haps predominant, anti-inflammatory
component that can be manifest as func-
tional immune suppression and the rela-
tive inability to effectively clear infection
(24,28,29). Our current observation that
genes corresponding to interleukin-10
signaling, a major anti-inflammatory
pathway (30), are temporally upregu-
lated in this patient cohort, well supports
this anti-inflammatory concept.

Monocyte deactivation related to de-
creased MHC gene mRNA expression
and decreased surface expression of
MHC molecules has been demonstrated
in patients with septic shock (31-34). Re-
garding lymphocyte dysfunction, Hei-
decke and colleagues demonstrated that
adult patients with intraabdominal infec-
tions and septic shock had defective T
cell proliferation and T cell-dependent
cytokine secretion, consistent with an-
ergy/immune suppression (35). Felmet

and colleagues identified prolonged lym-
phopenia and apoptosis-associated de-
pletion of lymphoid organs as indepen-
dent risk factors for the development of
nosocomial infections and multiple
organ failure in critically ill children (36).
Animal studies have documented the re-
quirement of an intact T cell system to
adequately combat a septic challenge
(29,37). More recently, animal-based ex-
periments have demonstrated that exper-
imental septic shock is characterized by
widespread T cell apoptosis and that
preventing T cell apoptosis positively
impacts the outcome of experimental
sepsis (38-45). Importantly, the concept
of T cell apoptosis in human sepsis has
been indirectly corroborated by autopsy
studies (36,46). Thus, while formal
studies of T cell function in pediatric
septic shock remain to be conducted,
our current data support the concept of
immune suppression secondary to T cell
dysfunction at the transcriptome level
and represent a first step toward demon-
strating proof of principle on a clinical
genomics scale.

Our previous report indicated that day
one of pediatric septic shock is character-
ized by a large scale downregulation of
genes that play a direct role in zinc ho-
meostasis or are functionally dependent
on zinc homeostasis (6). We have corrob-
orated this observation and now demon-
strate its persistence well into day three
of pediatric septic shock. In fact, the cur-
rent data suggest that the perturbation of
genes related to zinc homeostasis is even
more profound on day three than on day
one. The functional significance of these
observations remains to be directly
tested and elucidated. However, given
the importance of zinc homeostasis for
T cell function (47-53), coupled with our
observations suggesting large scale
downregulation of T cell-related genes,
the overall data provide the basis for bi-
ologically plausible and testable hy-
potheses surrounding zinc homeostasis
and lymphocyte dysfunction in pediatric
septic shock.

Many of the limitations inherent to the
data in our previous report are applica-

ble to the current data and have been
discussed previously (6), including the
possibility that our observations are con-
founded by differences in the white
blood cell populations. Similar to the
previous report, we have not found any
correlation between our current observa-
tions and differential white blood cell
counts (at the level of neutrophils, mono-
cytes, and total lymphocytes). We are
cognizant, however, that differences in
T cell subset numbers (i.e. CD4 cells,
CD8 cells, etc.) could account for some of
our observations regarding T cell recep-
tor signaling and antigen presentation.
Thus, we again maintain that our obser-
vations are reasonably representative of
genuine genomic responses, rather than
sampling artifact related to whole blood-
derived RNA.

Two interrelated limitations, more spe-
cific to the current data, warrant further
discussion. First, the data are descriptive
and limited to two time points. The data
are, however, unprecedented in scope by
addressing the problem of clinical pedi-
atric septic shock using a translational
approach at the level of the entire ge-
nome. Second, the data require func-
tional validation in the form of directly
testing the hypotheses derived from the
current observations. We are currently in
the process of designing a validation,
follow-up study in which we will for-
mally measure lymphocyte function in a
large cohort of children with septic shock.

These limitations aside, the current
data represent an unprecedented first
approximation of longitudinal, genome-
level responses of pediatric septic shock.
The data demonstrate: 1) the complex
nature of this genomic response; 2) a pre-
dominance of constant, coordinated gene
regulation over the first three days of ill-
ness; 3) a relatively small but biologically
relevant temporal component of coordi-
nated gene regulation; 4) large scale
downregulation of genes corresponding
to T cell function and MHC-mediated
antigen presentation; and 5) persistent
downregulation of a large subset of
genes related to zinc homeostasis. Collec-
tively, the data support novel hypotheses
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that can be tested readily at both the ex-
perimental and translational levels.
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