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Abstract

Objectives—To directly assess whether or not genome-wide expression profiles derived from
leukocyte subsets are comparable to that of whole blood, as measured by enrichment for genes
corresponding to metabolic and signaling pathways.

Design—~Prospective observational study involving microarray-based bioinformatics based on
RNA individually derived from whole blood, neutrophils, monocytes, and lymphocytes, respectively.

Setting—Three pediatric intensive care units (PICU) in the United States.

Patients—Children < 10 years of age: 5 normal controls and 13 meeting criteria for septic shock
on day 1 of presentation to the PICU.

Interventions—None other than standard care.

Measurements and Main Results—Baseline analyses using whole blood-derived RNA
demonstrated increased expression of genes corresponding to signaling pathways involving innate
immunity, redox balance, and protein ubiquitination, and decreased expression of genes
corresponding to the adaptive immune system. Subsequent analyses using leukocyte-specific RNA
were congruent with the gene expression profiles demonstrated using whole blood-derived RNA, as
measured by enrichment for genes corresponding to metabolic and signaling pathways. Gene network
analysis, derived from a composite gene list involving the individual gene expression profiles of
neutrophils, monocytes, and lymphocytes, respectively, revealed a gene network corresponding to
antigen presentation, cell-mediated immunity, and humoral-mediated immunity. Finally, a sub-
analysis focused on network gene nodes localized to the nuclear compartment revealed functional
annotations related to transcriptional repression and epigenetic regulation.

Conclusions—These data demonstrate that genome-level repression of adaptive immunity gene
programs early in the course of pediatric septic shock remained evident when analyses are conducted
using leukocyte subset-specific RNA.
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INTRODUCTION

METHODS

Patients

We have recently published a series of manuscripts involving genome-wide expression
profiling in pediatric septic shock [1-4]. These translational studies have served to generate
novel hypotheses at the genomic level and to identify disease and illness severity biomarkers
[5,6]. All of these genome-wide expression studies have been based on whole blood derived-
RNA. Because whole blood-derived RNA represents a mixed population of blood cells, a
potentially valid and important criticism of these previous studies is that they are confounded
by the differential white blood cell counts of the individual study subjects.

We have indirectly addressed this important criticism through a series of validation studies
indicating that our previous observations are not merely epiphenomena of differential white
blood cell counts [1,3,4]. Herein, we seek to directly address this issue by conducting genome-
wide expression studies using RNA specifically derived from the 3 major leukocyte
subpopulations: neutrophils, monoyctes, and lymphocytes. Thus, the major objective of this
study is to directly assess whether or not genome-wide expression patterns derived from
leukocyte subsets are comparable to that of whole blood. The primary approach for assessing
comparability will be the coordinated regulation of genes that correspond to established
metabolic and signaling pathways. Correspondence to established metabolic and signaling
pathways will be objectively measured by uploading gene lists to the Ingenuity Pathways
Analysis application as previously described [1,3,7].

The study protocol was approved by the individual Institutional Review Boards of each
participating institution. Children < 10 years of age admitted to the PICU and meeting
published, pediatric-specific criteria for septic shock were eligible [8]. Control patients were
recruited from the ambulatory departments of participating institutions using previously
published inclusion / exclusion criteria [2].

Sample and data collection

After obtaining informed consent from parents or legal guardians, blood samples were obtained
within the first 24 hours of meeting criteria for septic shock. Severity of illness was calculated
using the PRISM 111 score [9]. Organ failure was defined using pediatric-specific criteria [8].
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 manuscript are MIAME compliant are in the process
of being deposited in the NCBI Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/).

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. When using the PAXGene™ system an aliquot of whole blood is immediately
placed into a collection tube containing a proprietary solution that lyses all blood cell
components and stabilizes RNA. The resulting suspension is then subjected to a series of steps
to isolate RNA from the whole blood samples. A separate aliquot of whole blood was used to
isolate leukocyte subsets. Individual leukocytes subsets were first isolated using the Miltenyi
autoMACS Cell Separation platform and MACS Microbeads targeted at specific isolation of
neutrophils, monocytes, and lymphocytes, and according the manufacturer’s specifications
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(Miltenyi Biotec Inc., Auburn, CA). We typically achieve leukocyte subset purity of >96%
using this protocol (data not shown). After leukocyte subset isolation, leukocyte subset total
RNA was isolated using the RNeasy RNA Isolation Kit (Qiagen, Valencia, CA). Microarray
hybridization was performed by the Affymetrix Gene Chip Core facility at Cincinnati
Children’s Hospital Research Foundation as previously described using the GeneChip Human
Gene 1.0 Array (Affymetrix, Santa Clara, CA) [1-4].

Data analysis

RESULTS

Analyses were performed using one patient sample per RNA sample. 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). All signal intensity-based data were used after RMA
normalization, which specifically suppresses all but significant variation among lower intensity
probe sets [10]. All chips representing patient samples and RNA source were then normalized
to the respective median values of controls.

Differences in mMRNA abundance between the septic shock patients and controls, for each type
of RNA, were measured by sequential expression and statistical filters using GeneSpring GX
7.3. The expression filter was applied first and used all gene probes on the array (>30,000).
We selected only the genes having a least 1.5-fold expression difference between the medians
of controls and patients with septic shock, for each RNA type. The genes that passed this initial
expression filter were then subjected to a statistical filter consisting of ANOVA (Wilcoxon)
using the septic shock patients and controls as the comparison groups, and corrections for
multiple comparisons based on a Benjamini-Hochberg false discovery rate of 5% [11].

Gene lists of differentially expressed genes were primarily analyzed using the Ingenuity
Pathways Analysis application (IPA, Ingenuity Systems, Redwood City, CA) that provides a
tool for discovery of signaling pathways and gene networks within the uploaded gene lists as
previously described [1,7]. Adjunct analyses of gene lists were performed using ToppGene, a
distinct, public, relational database of functional gene annotations [12]. These applications are
all based on the established biomedical literature and use specific approaches to estimate
significance (p values) based on non-redundant 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.

Basic demographic data and whole blood-derived gene expression patterns

Table 1 provides general clinical data for each patient in the septic shock cohort (n = 13). There
were no significant differences between the control cohort (n = 5) and the septic shock cohort
with respect to age and gender (data not shown). The other demographic variables for the septic
shock cohort provided in Table 1 are consistent with our previous reports [1-4].

To begin addressing the primary objective of the study, we first derived a list of genes
differentially regulated between controls and septic shock patients using whole blood-derived
RNA. Based on whole blood-derived RNA there were 2,355 differentially regulated genes in
the septic shock patients, relative to controls (1,283 upregulated and 1,072 downregulated).
Neutrophils typically outnumber monocytes and lymphocytes in whole blood and therefore
have the potential to be over-represented in genome-wide expression analyses. To investigate
this possibility, we searched the 2,355 gene list for the presence of “signature probe sets” for
neutrophils, monocytes, and lymphocytes, respectively [13]. In the 2,355 gene list there were
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7 neutrophil signature probe sets, 6 monocyte signature probe sets, and 20 lymphocyte
signature probe sets, thus demonstrating that all major leukocyte subsets are well represented
in the 2,355 gene list.

The 1,283 upregulated gene list and the 1,072 downregulated gene list were individually
uploaded to the IPA application and the analytical output was focused on enrichment for
signaling and metabolic pathways. The IPA application analyzes a given gene list, and based
on the established biomedical literature, objectively determines if the gene list is significantly
enriched for known metabolic and signaling pathways. Significance is based on a p value that
provides an estimate of the probability that a given enrichment is present by chance alone. The
strength of the p value is directly proportional to the number of genes in the list that correspond
to a given pathway, and indirectly proportional to the total number of genes in the entire gene
list.

Table 2A provides the top 10 (based on p values) signaling and metabolic pathways represented
by the 1,283 upregulated genes. These upregulated pathways globally represent processes
related to innate immunity, redox balance, and protein ubiquitination. Table 2B provides the
top 10 (based on p values) signaling and metabolic pathways represented by the 1,072
downregulated genes. These downregulated pathways primarily correspond to the adaptive
immune system. Thus, in this cohort of septic shock patients, the genome-wide expression
pattern based on whole blood-derived RNA is most notable for repression of genes
corresponding to signaling pathways of the adaptive immune system. This observation is
consistent with our previous reports and provides a reference point for our subsequent analyses
focused on leukocyte subset-specific gene expression profiles in the same patient cohort.

list comparisons based on leukocyte subset-specific RNA

In the next set of analyses we conducted genome-wide expression profiling using RNA from
specific leukocyte subsets (neutrophils, monocytes, and lymphocytes, respectively). Figure 1
depicts the number of upregulated genes in patients with septic shock, relative to controls, for
each leukocyte subset. The largest number of upregulated genes was observed in neutrophils,
followed by monocytes and lymphocytes, respectively. Venn analysis demonstrated that for
each leukocyte subset, the majority of upregulated genes (>58%) were unique to a given
leukocyte subset. The largest overlap of commonly upregulated genes was observed between
neutrophils and monocytes.

Figure 2 depicts the number of downregulated genes in patients with septic shock, relative to
controls, for each leukocyte subset. The largest number of downregulated genes was observed
in neutrophils, followed by monocytes and lymphocytes, respectively. Venn analysis
demonstrated that for each leukocyte subset, the majority of downregulated genes (>69%) were
unique to a given subset. The largest overlap of commonly downregulated genes was observed
between neutrophils and monocytes.

These data indicate that the three major leukocyte subsets have relatively unique patterns of
differential gene expression in septic shock patients. The data also indicate that neutrophils
have the greatest degree of differential gene expression, while lymphocytes have the least
degree of differential gene expression.

Pathway analysis for upregulated genes in specific leukocyte subsets

In the next set of analyses we sought to derive more functional information from the leukocyte
subset-specific gene lists described above. Accordingly, individual lists of upregulated genes,
for each leukocyte subset, were uploaded to the IPA application and the analytical output was
focused on enrichment for genes corresponding to signaling and metabolic pathways. Tables
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3A and 3B provide the top five (based on p values) signaling and metabolic pathways
represented by the upregulated genes in neutrophils and monocytes, respectively (pathway
specific genes are listed in the Supplementary Data). The list of genes upregulated in
lymphocytes was not significantly enriched for any signaling or metabolic pathways. Table
3A demonstrates that the list of upregulated neutrophil genes was most enriched for genes
corresponding to the protein ubiquitination pathway. In addition, the upregulated neutrophil
genes were enriched for pathways related to mitochondrial dysfunction and redox balance-
related signaling. Table 2B demonstrates that the list of upregulated monocyte genes was most
enriched for caveolar-mediated endocytosis. In addition, the upregulated monocyte genes were
enriched for the interleukin (IL)-10 and IL-12 signaling pathways.

Collectively, these data demonstrate that the neutrophil and monocyte genes upregulated in
septic shock correspond to distinct signaling pathways relevant to the pathobiology of septic
shock. In addition, the signaling and metabolic pathways provided in Tables 3A and 3B are in
concordance with the data generated using whole-blood-derived RNA. Finally, the data also
suggest that the upregulated lymphocyte genes are not particularly enriched for any specific
signaling or metabolic pathway.

Pathway analysis for downregulated genes

Individual lists of downregulated genes, for each leukocyte subset, were uploaded to the IPA
application and the analytical output was again focused on enrichment for genes corresponding
to signaling and metabolic pathways. Tables 4A — 4C provide the top five (based on p values)
signaling and metabolic pathways represented by the downregulated genes in neutrophils,
monocytes, and lymphocytes, respectively (pathway specific genes are listed in the
Supplementary Data). Table 4A demonstrates that the list of downregulated neutrophil genes
was most enriched for genes corresponding to the antigen presentation pathway and interferon
signaling. Table 4B demonstrates that the list of downregulated monocyte genes was most
enriched for signaling pathways related to the antigen presentation pathway, dendritic cell
maturation, and modulation of T cell activity. Table 4C demonstrates that the list of
downregulated lymphocyte genes was most enriched for pathways relevant to natural killer
cell signaling and T cell function. These data are also in concordance with the whole blood-
derived RNA data, and demonstrate that the neutrophil, monocyte, and lymphocyte genes
downregulated in septic shock correspond to distinct signaling pathways particularly relevant
to the adaptive immune system.

Network analysis

In the previous analyses we examined each leukocyte subset expression pattern in isolation.
Herein, we tested the hypothesis that the individual leukocyte subset expression patterns, when
analyzed in combination, can contribute to coordinately regulated gene networks. To this end
we extracted the genes common to all gene lists represented by the Venn diagrams in Figure
1 and Figure 2 (n = 3,072 genes) and uploaded this entire merged gene list to the IPA
application. The output of this analysis was focused on enrichment for gene networks.

The highest scoring (i.e. most statistically significant) gene network represented in this merged
gene list is shown in Figure 3, with red intensity indicating increased expression and green
intensity indicating decreased expression in patients with septic shock, relative to controls. The
gene network consists of 70 gene nodes and is depicted based on cellular compartment
localization of the individual gene nodes. The network contains IL-8 as a highly connected
gene node in the extracellular compartment and p-catenin (CTNNB1) as a highly connected
gene node in the nuclear compartment. The top functional annotations associated with this
network (based on the IPA algorithm) are antigen presentation, cell-mediated immune
response, and humoral immune response. Among the 70 genes in the network, 36 (51%) were
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derived from neutrophils, 20 (29%) were derived from monocytes, and 4 (6%) were derived
from lymphocytes. Of the remaining 10 genes, 9 genes were common to both neutrophils and
monocytes, and 1 gene was common to both monocytes and lymphocytes. These data
demonstrate that each of the leukocyte subset-specific gene expression profiles contribute to
agene network enriched for functional annotations particularly relevant to the adaptive immune
system.

Network genes in the nuclear compartment

The gene network depicted in Figure 3 demonstrates 21 gene nodes in nuclear compartment,
and the majority of these genes (19 of 21) are upregulated in the septic shock patients relative
to controls. Based on these observations we uploaded the 21 gene nodes in the nuclear
compartment to a functional annotation database independent of IPA (ToppGene) and the
analytical output was focused on enrichment for molecular function annotations. Table 5
provides the top 5 (based on p values) molecular function annotations for the 21 gene nodes
in the nuclear compartment. These molecular function annotations are consistent with
repression of transcriptional activity via epigenetic mechanisms.

DISCUSSION

A major and consistent observation of our previous genome-wide expression studies is that
pediatric septic shock is characterized by early (i.e. within the first 24 hours of admission to
the PICU) repression of genes corresponding to the adaptive immune system [1-4]. Assuming
that that changes in gene expression have the potential to change cell function, this observation
indicates that the pathobiology of pediatric septic shock may involve early dysfunction at the
level of the adaptive immune system and is consistent, at the genomic level, with recent
experimental and translational research paradigms [6,14-21]. A potential confounding factor
in these previous studies, however, is the use of whole blood-derived RNA leading to artificial
repression of lymphocyte- and monocyte-specific genes secondary to reduced numbers of these
leukocyte subsets in the context of septic shock. In other words, it is possible that our previous
observations regarding suppression of adaptive immunity genes merely reflected reduced
numbers of monocytes and lymphocytes, leading to a whole-blood trancriptome dominated by
neutrophil-related gene expression patterns.

Herein we have directly addressed this important issue by conducting genome-wide expression
studies using RNA derived from each of the three respective major leukocyte subsets, and
comparing these data to the expression profiles from whole blood-derived RNA within the
same patient cohort. The genes found to be differentially regulated in leukocyte subsets are
enriched for metabolic and signaling pathways that are comparable to that found from whole-
blood derived RNA. The data involving whole blood-derived RNA contain “signature probe
sets” from all 3 major leukocyte subsets [13], and confirm early repression of genes
corresponding to signaling pathways relevant to the adaptive immune system. More
importantly, the data demonstrate that this gene repression profile remains evident when the
expression studies are conducted using leukocyte subset-specific RNA. Thus, we have directly
addressed one of the remaining major criticisms of our previous studies and can more
confidently state that our previous observations represent valid gene expression profiles in
pediatric septic shock, rather than epiphenomena of the experimental approach. Our data
suggest that whole-blood derived RNA is a valid “tissue” on which to base genomic studies in
patients with septic shock.

It was interesting to note that the gene expression profiles derived from lymphocyte-specific
RNA contained the least number of differentially regulated genes compared to that of
neutrophils and monocytes. This observation is unlikely to be a reflection of lymphopenia
because the RNA amplification and labeling procedures were conducted using the same amount
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of RNA across all leukocyte subsets. Rather, this observation suggests that the lymphocyte
population is relatively, and perhaps inappropriately, quiescent early in the course of pediatric
septic shock. This assertion is well in line with current experimental paradigms of lymphocyte
dysfunction in the context of septic shock [6,14-21].

The gene network data also provide some interesting points for discussion and speculation in
the context of recent literature. First, the top functional annotations associated with this gene
network were directly related to processes involving the adaptive immune system. Since the
network was derived via a merger of gene expression profiles across the three leukocyte
subsets, the data suggest that adaptive immune dysfunction in the context of septic shock is a
complex process involving all blood cell elements. Indeed, Freishtat and colleagues recently
demonstrated that platelet-derived granzyme B plays a role in sepsis-associated lymphocyte
apoptosis [22]. Second, it was interesting to note that IL-8 was one of the most highly connected
gene nodes in the gene network. We recently demonstrated that serum IL-8 protein levels,
measured within the first 24 hours of admission to the PICU, can be used to identify a population
of children with septic shock having a very high likelihood of survival with standard care [5].
Third, CD163 was the most upregulated gene in the network. Although originally described
as an important receptor for clearance of free hemoglobin from the circulation, very recent data
indicate that CD163 also functions as a receptor for intact Gram-negative and Gram-positive
bacteria [23]. Finally, it was interesting to note that the gene nodes localized to the nuclear
compartment of the network corresponded to functional annotations related to transcriptional
repression and chromatin modification, two processes that are directly related to epigenetic
regulation of gene expression. The Kunkel laboratory has recently established the fascinating
paradigm involving maladaptive epigenetic regulation of the immune system in the context of
experimental sepsis [24].

The number of patients and controls in this study is relatively small relative to our previous
studies. However, the primary objective of the current study was to validate our previous
findings by specifically conducting genome-wide expression studies using leukocyte subset-
specific RNA. Microarray data was complete across all patients and controls. Also, given that
each study subject (control or patient) had 4 different types of RNA studies, the current study
involves a total of 72 individual microarray chips.

Another potential limitation is whether or not this small cohort of patients is representative of
the general population of pediatric patients with septic shock. A definitive statement is not
possible, but the proportion of patients with a chronic disease (e.g. developmental delay,
epilepsy, Prader-Willi syndrome) and the severity of illness (based on PRISM score) in the
current cohort are similar to that of the largest interventional trial in pediatric septic shock to
date [25].

In conclusion, we have validated genome-level repression of adaptive immunity gene programs
early in the course of pediatric septic shock. These data further strengthen the evolving
paradigm that human sepsis is not simply a problem of dysregulated innate immune function,
but may also a problem of a dysfunctional adaptive immune system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Neutrophils: 1762 genes Monocytes: 804 genes

Lymphocytes: 32 genes

Figure 1.
Venn analysis comparing the genes differentially upregulated between patients with septic
shock and controls for each leukocyte subset.
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Neutrophils: 643 genes Monocytes: 161 genes

Lymphocytes: 77 genes

Figure 2.
Venn analysis comparing the genes differentially downregulated between patients with septic
shock and controls for each leukocyte subset.
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Figure 3.

Gene network derived from a merged list of genes common to all gene lists represented by the
Venn diagrams in Figure 1 and Figure 2. Red intensity within in a gene node corresponds to
increased expression in the patients with septic shock, relative to controls, and green intensity
within a gene node corresponds to decreased expression in the patients with septic shock,
relative to controls. This network has a score of 28, which is equivalent to a p value of 1.0E-28.
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 the Supplementary Data.
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Table 2

A: Top 10 signaling and metabolic pathways represented by the 1,283 upregulated genes based on whole blood-derived RNA.

PATHWAY P VALUE # OF GENES
Oxidative phosphorylation 8.3E-17 36
Mitochondrial dysfunction 2.7E-10 27
IL-10 signaling 2.5E-7 15
Toll-like receptor signaling 4.0E-6 12
NRF2-mediated oxidative stress response 7.2E-6 24
Ubiquinone biosynthesis 4.5E-5 13
TREML1 signaling 7.9E-5 11
NF-kB signaling 1.9E-4 18
Protein ubiquitination pathway 3.3E-4 20
I1L-6 signaling 6.7E-4 13

Page 14

B: Top 10 signaling and metabolic pathways represented by the 1,072 downregulated genes based on whole blood-derived RNA.

PATHWAY P VALUE # OF GENES
iCOS signaling in T helper cells 7.0E-19 27
Calcium-induced T lymphocyte apoptosis 5.4E-14 18
CD28 signaling in T helper cells 1.4E-13 23
Role of NFAT in regulation of the immune response 4.1E-13 28
T cell receptor signaling 1.8E-12 20
CTLA4 signaling in cytotoxic T lymphocytes 3.8E-8 15
CCRS signaling in macrophages 1.2E-6 12
Cytotoxic T lymphocyte-mediated apoptosis 2.6E-6 8
Allograft rejection signaling 3.7E-6 9
T helper cell differentiation 5.8E-6 9
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Table 3

A: Top signaling and metabolic pathways represented by the 1,762 upregulated genes based on neutrophil-derived RNA

PATHWAY P VALUE # OF GENES
Protein ubiquitination pathway 6.8E-6 32
NRF2-mediated oxidative stress response 5.5E-5 27
Mitochondrial dysfunction 7.1E-5 22
Oxidative phosphorylation 1.4E-4 22
PI3K/Akt signaling 4.8E-3 16

B: Top signaling and metabolic pathways represented by the 804 upregulated genes based on monocyte-derived RNA.
PATHWAY P VALUE # OF GENES
Calveolar-mediated endocytosis 9.6E-7 13
NRF2-mediated oxidative stress response 4.0E-5 18

IL-10 signaling 2.5E-4 9
Leukocyte extravasation signaling 3.3E-3 14

IL-12 signaling in macrophages 4.3E-3 10
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Table 4

A: Top signaling and metabolic pathways represented in the 643 downregulated genes from neutrophil-derived RNA.

PATHWAY P VALUE # OF GENES
Antigen presentation pathway 3.1E-9 10
Interferon signaling 5.4E-5 6
Hepatocyte growth factor signaling 2.5E-4 9
Pattern recognition receptor signaling 5.5E-4 8
Eicosanoid signaling 5.6E-4 7

B: Top signaling and metabolic pathways represented in the 161 downregulated genes from monocyte-derived RNA.

PATHWAY P VALUE # OF GENES
Antigen presentation pathway 4.2E-9 6
Dendritic cell maturation 2.9E-5 6
IL-4 signaling 1.5E-4 4
CTLAA4 signaling in cytotoxic T lymphocytes 3.6E-4 4
Allograft rejection signaling 4.2E-4 3

C: Top signaling and metabolic pathways represented in the 77 downregulated genes from lymphocyte-derived RNA.

PATHWAY P VALUE # OF GENES
NK cell signaling 3.7E-7 6
iCOS signaling in T helper cells 8.0E-6 6
CD28 signaling in T helper cells 1.3E-5 6
Calcium-induced T lymphocyte apoptosis 1.7E-5 5
CTLA4 signaling in cytotoxic T lymphocytes 8.0E-5 5
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Table 5
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Top molecular function annotations for the 21 genes nodes depicted in the nuclear compartment of the gene

network shown in Figure 3.

MOLECULAR FUNCTION ANNOTATION | P VALUE | # OF GENES
Transcription repressor activity <1.0E-6 8
Chromatin binding 2.0E-6 6
Protein deacetylase activity 2.2E-2 2
Histone deacetylase activity 2.2E-2 2
Deacetylase activity 2.9E-2 2
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