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Abstract

A variety of age-related differences in the innate and adaptive immune systems have been
proposed to contribute to the increased susceptibility to infection of human neonates and
older adults. The emergence of RNA sequencing (RNA-seq) provides an opportunity to
obtain an unbiased, comprehensive, and quantitative view of gene expression differences
in defined cell types from different age groups. An examination of ex vivo human monocyte
responses to lipopolysaccharide stimulation or Listeria monocytogenes infection by RNA-
seq revealed extensive similarities between neonates, young adults, and older adults,

with an unexpectedly small number of genes exhibiting statistically significant age-depen-
dent differences. By examining the differentially induced genes in the context of transcrip-
tion factor binding motifs and RNA-seq data sets from mutant mouse strains, a previously
described deficiency in interferon response factor-3 activity could be implicated in most of
the differences between newborns and young adults. Contrary to these observations, older
adults exhibited elevated expression of inflammatory genes at baseline, yet the responses
following stimulation correlated more closely with those observed in younger adults. Nota-
bly, major differences in the expression of constitutively expressed genes were not
observed, suggesting that the age-related differences are driven by environmental influ-
ences rather than cell-autonomous differences in monocyte development.

Introduction

Age-related differences in clinical susceptibility to infection have been extensively documented,
with diminished protective responses and enhanced susceptibility observed in pre-term and
term infants, as well as in older adults when compared to young adults [1-5]. This clinical
observation of an age-dependent risk for infectious morbidity and mortality has led to an
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interest in identifying the underlying mechanisms and deriving strategies to enhance protective
immune responses at the extreme ends of life [1-3].

Differences in innate immune responses are thought to contribute to the overall susceptibil-
ity observed in neonates and older adults [2,6]. Neonates have been reported to produce lower
levels of effector molecules, such as oxygen radicals [2,7]. A number of other proteins have also
been reported at reduced levels in innate immune cells, including reduced expression of IFNo,
CD40, CD80, CD83, and CD86 in neonatal plasmacytoid dendritic cells [5]. Furthermore,
newborns and older adults produce altered levels of cytokines that regulate the development of
adaptive immunity (reviewed in [2]). For example, the heterodimeric, Th1-inducing innate
cytokine, interleukin(IL)-12, is expressed at reduced levels in neonates, due to the reduced
expression of its p35 subunit [8-10]. In contrast, the anti-inflammatory cytokine, IL-10, and
the Th17-inducing cytokines, IL-6 and IL-23, have been observed at elevated levels in neonates
[9,11]. In older adults, a variety of innate effector responses appear to be reduced, including
superoxide generation and the phagocytosis of microorganisms [12,13]. Systemic low-level
inflammation is another common characteristic of older adults that may alter their response to
infection (reviewed in [2]).

The approaches used to identify age-dependent differences that lead to an increased risk to
suffer from infection at the extreme ends of life have been largely balkanized and focused on a
few particular components, the choice of which appears to depend on the expertise of a given
group of investigators. What has been missing is an unbiased yet comprehensive interrogation
of the events that occur in the very young and the very old following recognition of an infec-
tious threat. In addition to our deficiency in knowledge of age-dependent differences in the
immune system, little is known about the molecular mechanisms responsible for these differ-
ences. Reduced activation of transcription factors such as interferon response factor 3 (IRF3),
defects in nucleosome remodeling, and differences in the expression of pattern recognition
receptors and signaling molecules (e.g. MyD88) are among the mechanisms that have been
proposed to be responsible for the diminished innate immune responses observed in neonates
[2,14-16].

Age-dependent differences in hematopoietic stem cells and in the development of hemato-
poietic lineages have also been observed, providing one possible explanation for the immune
response differences [17-19]. According to this scenario, myeloid cell types may be fundamen-
tally different in neonates, adults, and older adults, resulting in different gene expression
responses following stimulation or infection. As an alternative, the myeloid cell populations
may be similar, but age-related differences in the blood or tissue microenvironment may lead
to different responses [20]. The response differences may be lost when cells from different age
groups are cultured under the same conditions, or they may be retained via epigenetic mecha-
nisms or other memory mechanisms [3].

DNA microarrays were previously used to obtain genome-scale insight into age-dependent
differences in gene expression following infectious exposure [15]. More recently, RNA
sequencing (RNA-seq) has emerged as a more quantitative method for examining transcrip-
tomes [21]. The availability of the RNA-seq method provides an opportunity to unravel, with
greater precision, the age-dependent differences in the immune system that increase risk for a
serious outcome following infection. As a first step, the identification of age-related differences
in gene expression following ex vivo infectious exposure of defined cell populations, along with
the identification of differences in constitutive gene expression in these populations, would be
of considerable value.

In this study, RN A-seq was used to compare the gene expression responses to LPS stimula-
tion or Listeria monocytogenes (Lm) infection in cord blood monocytes and in peripheral
blood monocytes from young and older adults. LPS provides an example of a well-defined
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innate immune stimulator; Lm causes suffering and dying in the very old and the very young,
while most young adults rarely even display symptoms if infected [22]. Our data reveal exten-
sive similarities in constitutive gene expression and in the response to stimulation or infection
in monocytes from the three age groups. Furthermore, most of the differences identified
between neonates and young adults could be connected to the previously reported reduction in
IRF3 activity in neonates [15]. In contrast, most differences between young adults and older
adults appeared to result from a low-level inflammatory state (‘inflammaging’) that character-
ized monocytes from older adults. Interestingly, large differences in the expression of constitu-
tively expressed genes, which would be expected if blood monocytes from neonates, adults, and
older adults were fundamentally different, were not identified. This finding supports a hypoth-
esis in which age-related environmental differences are responsible for the inability of neonatal
monocytes to mount a robust IRF3-mediated response.

Materials and Methods
Isolation of cells and stimulation conditions

This study was specifically approved by the Research Ethics Board of the University of British
Columbia (Protocol H13-00347). Informed written consent from all enrolled adult participants
or the next of kin, care givers, or guardians on the behalf of the cord blood participants
involved in our study was obtained for all study participants. Animal research for this study
was specifically approved by the UCLA Chancellor’s Animal Research Committee (Protocol
1999-073-53E).

Samples of cord blood from healthy, full-term elective Caesarean sections without labor and
samples of healthy young adult (ages 19-45) and older adult (aged 65 and older) peripheral
blood were collected directly into sodium heparin-containing vacutainers (BD Biosciences).
Mononuclear cells were isolated by density gradient centrifugation within two hours of blood
collection to avoid alterations of cell properties [11]. Positive selection of monocytes from
mononuclear cells was then carried out using Miltenyi microbeads according to the manufac-
turer’s protocol with some revisions. Briefly, mononuclear cells were incubated with 800 uL
MACS buffer and 200 uL anti-human CD14 microbeads at 4°C. Cells were then washed with
MACS buffer prior to positive selection of monocytes using Miltenyi selection columns. Puri-
fied monocytes from each donor were cultured in RPMI 1640 medium supplemented with
Glutamax (Gibco, Life Technologies) and 10% human AB serum (Gemini Bio Products). The
monocytes were counted and plated onto 96 well plates at a density of 1x10° cells/well. Mono-
cytes were immediately stimulated with LPS (10 ng/ml) (InvivoGen tlrl-eblps) for 0, 1, and 6
hrs, or were infected with Lm at MOI = 5 for 0, 2, and 6 hrs. These time points were selected on
the basis of pilot experiments, which showed that they capture the first and second major
waves of gene activation in response to LPS stimulation and L infection. Wild-type (WT) Lm
strain 10403s was provided by Dr. D. Portnoy (University of California, Berkeley, CA) and
grown as described [23]. For the Lm experiment, uninfected cells (referred to as 0-hr time
point) were collected after culturing without Lm for 2 hrs; in contrast, the unstimulated cells in
the LPS experiment were collected immediately after isolation.

Mouse macrophages were prepared from the bone marrow of 6-week-old C57BL/6, IRF3 ™",
or IFNAR”" mice as described [24,25], and were stimulated with lipid A (100 ng/mL) (Sigma)
after 6 days of differentiation.

RNA isolation, library preparation, and sequencing

Human monocyte RNA was purified using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. Strand-specific libraries were prepared using 120 ng RNA input
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according to the “deoxyuridine triphosphate (dUTP)” method [26]. Mouse macrophage exper-
iments involved analyses of chromatin-associated RNAs, as previously described [25]. A HiSeq
2000 (Illumina) was used for sequencing, with a single end sequencing length of 50 nucleotides.
Sequencing data have been submitted to GEO under accession number GSE60216.

Bioinformatic analyses

All bioinformatic analyses were conducted using the Galaxy platform [27]. Reads were aligned
to the human GRCh37 or mouse mm?9 reference genomes with Tophat [28] using most default
parameters. Alignments were restricted to uniquely mapping reads with two possible mis-
matches permitted. RPKM (reads per kilobase pair per million mapped reads) were calculated
using Seqmonk (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/). Coexpressed
gene classes were evaluated with Cluster3 by applying k-means clustering to mean-centered
log2(RPKM) expression values [29]. Statistically significant gene expression differences were
evaluated using DESeq [30]. Mouse orthologs of human genes were identified using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Pscan was used to detect DNA motifs overrepresented
in each class between nucleotides -450 and +50 relative to the transcription start site [31].

Results
Gene expression cascades induced in monocytes by LPS and Lm

An attractive starting point toward a full understanding of age-related differences in immune
responses is to employ RNA-seq to carefully examine mRNA transcript levels following stimu-
lation or infection of defined cell types. Toward this goal, peripheral blood monocytes were
obtained from healthy young adults and healthy older adults. In addition, neonatal monocytes
were obtained from umbilical cord blood samples; cord blood is known to consist almost exclu-
sively of neonatal cells [32]. Monocytes from three individuals of each age group were stimu-
lated with LPS or infected with Lm. For the LPS experiments, samples were collected 0, 1, and
6 hrs post-stimulation. For the Lm experiments, samples were collected 0, 2, and 6 hrs post-
infection. After mRNA isolation and cDNA library preparation, RNA-seq was performed. The
number of mapped reads ranged from 3.4 x 10° to 1.3 x 10” per sample.

An examination of the data sets from the LPS experiment identified 1147 annotated RefSeq
genes that were induced by at least five-fold at the 1- or 6-hr time point (relative to the unsti-
mulated sample) in at least one sample from any age group, and that exhibited a transcript
level exceeding four RPKM following induction. To examine the relationship between the dif-
ferent time points and age groups in the response to LPS, hierarchical clustering was performed
with these 1147 genes (Fig 1A). This analysis revealed that each of the nine samples from a
given time point was more closely related to the other samples from the same time point than
to any sample from the other two time-points. The most significant difference that showed a
possible relationship to age was that the three unstimulated samples from older adults (OA1.0,
0A2.0, and OA3.0) and one young adult unstimulated sample (A1.0) clustered separately from
the remaining unstimulated samples from young adults and neonates.

Small age-related differences were also observed with the 6-hr time-point data, in that,
with only one exception (neonatal sample N3.6), each age group clustered separately from
the others. In contrast, the nine 1-hr time-point samples correlated closely, with no apparent
age-related differences. The Pearson correlation values (R values) used for the hierarchical clus-
tering are shown in Fig 1B. These results provide initial evidence that the vast majority of LPS-
induced genes are induced similarly in the three age groups.

Examination of the Lm data sets identified 865 annotated RefSeq genes that were induced
by at least five-fold at the 2-hr or 6-hr time point in at least one sample, and that exhibited a
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Fig 1. Hierarchical clustering of LPS-stimulated monocyte transcriptomes from human neonates, adults, and older adults. (A) RNA-seq
experiments were performed with three independent human monocyte samples from cord blood (N), young adult peripheral blood (A), and older adult
peripheral blood (OA) stimulated with LPS for 0, 1, and 6 hrs. Hierarchical clustering was performed with the 1147 genes found to be induced by at least
5-fold at the 1- or 6-hr time point in at least one sample and with an induced RPKM of at least 4 (genes smaller than 200 bp were also excluded from the
analysis). Sample codes correspond to the age abbreviation followed by the sample number (1 through 3 for each age); the time point (0, 1, or 6 hr) is
indicated after the period. Inducible transcriptomes exhibit strong time-dependent clustering, with much less age-dependent clustering. (B) Pearson
correlation values (R) used for the hierarchical clustering in panel A are shown. Each time point from each sample was compared to every other sample and
time point. R values are color-coded from low (green) to high (red). Samples on the X and Y axes are grouped first according to age group, then time point (0,
1, or 6), and then sample number (1-3).

doi:10.1371/journal.pone.0132061.g001
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transcript level exceeding four RPKM following induction. The hierarchical clustering results
and the Pearson correlation values revealed even stronger correlations between age groups at
each time point than were observed with the LPS data (Fig 2). That is, although strong time-
dependent clustering was observed, no consistent age-related differences were observed at any
of the time points.

K-means cluster analysis of LPS- and Lm-induced genes

To extend the analysis of age-related differences in inducible gene expression, k-means cluster-
ing was used to define groups of genes that exhibited similar expression patterns among the
three age groups and three time points. The k-means algorithm considers induction kinetics,
induction magnitudes, and differences among age groups. Fig 3A shows the results obtained
when the 1147 LPS-induced genes (using the average expression values from the three inde-
pendent samples analyzed for each age group and each time point) were assigned to one of ten
distinct clusters. As expected on the basis of the hierarchical clustering, extensive similarities
were apparent in the three age groups in almost all of the clusters. The similarities are also
apparent in line graphs showing the average relative expression levels for all genes in a given
cluster (Fig 3B).

Only one cluster (Cluster I) was identified that showed substantial age-related differences
(Fig 3). Genes in this cluster were generally expressed at a lower level in both unstimulated and
LPS-stimulated monocytes from neonates in comparison to the young adult and older adult
samples. Although the average induction magnitude for genes in this cluster was comparable
among the age groups, the average expression level of these genes was significantly lower in
neonates than in young adults at all three time points.

K-means clustering of the Lm-induced genes also revealed extensive similarities among the
three age groups (Fig 4). Only one cluster (Cluster G) showed slightly reduced average expres-
sion in the neonatal and older adult samples in comparison to the young adult samples.

Analysis of genes exhibiting statistically significant expression
differences

Because the clustering results described above revealed extensive similarities with limited age-
related differences, we envisioned that meaningful insights would require the use of defined
parameters to identify genes that exhibited the greatest differential expression. Toward this
end, we first focused our attention on genes induced to a statistically significant extent
(p<0.01) that also exhibited differential expression between neonates and young adults at a
high level of statistical significance (p<0.01). Only 118 of the 1147 LPS-induced genes met
these criteria.

The 118 genes (gene identities listed in S1 Fig) were separated into groups according to the
time point at which their maximum mRNA level was observed (Fig 5A: 1-hr peak expression
for Groups I and II; 6-hr peak expression for Groups III-VI). The genes were then further
grouped according to their expression level in neonates relative to their expression level in
young adults (Fig 5A, column 7). (For this calculation, the baseline and maximum expression
levels in young adults were defined as 0% and 100%, respectively; the maximum expression
level in neonates was then determined as a percentage relative to that range.) This analysis
revealed 35 genes that exhibited enhanced expression in the neonatal samples (Groups I and
I, lightest shade of purple) and 83 genes that exhibited reduced expression (Groups II, IV,
V, and VI, three darker shades of purple). Group VI contains the 34 genes that exhibited
the greatest difference between neonates and young adults. For these genes, the maximum
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Fig 2. Hierarchical clustering of Lm-infected monocyte transcriptomes from human neonates, adults, and older adults. (A) RNA-seq experiments
were performed with three independent human monocyte samples from cord blood (N), young adult peripheral blood (A), and older adult peripheral blood
(OA) infected with Lm for 0, 2, and 6 hrs. Hierarchical clustering was performed with the 865 genes found to be induced by at least 5-fold at the 2- or 6-hr time
point in at least one sample and with an induced RPKM of at least 4 (genes smaller than 200 bp were also excluded from the analysis). Sample codes
correspond to the age abbreviation followed by the sample number (1 through 3 for each age); the time point (0, 2, or 6 hr) is indicated after the period.
Inducible transcriptomes exhibit strong time-dependent clustering, with much less age-dependent clustering. (B) Pearson correlation values (R) used for the
hierarchical clustering in panel A are shown. Each time point from each sample was compared to every other sample and time point. R values are color-
coded from low (green) to high (red). Samples on the X and Y axes are grouped first according to age group, then time point (0, 2, or 6), and then sample
number (1-3).

doi:10.1371/journal.pone.0132061.9002
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Fig 3. Analysis of LPS-induced genes in monocytes by K-means cluster analysis. (A) The 1147 genes that exceeded 200 bp in length, exhibited an
RPKM of at least 4 in one sample, and were induced by LPS by at least 5-fold in the same sample were divided into 10 clusters by k-means cluster analysis,
which considers similarities in transcript levels for each gene across all 27 samples (3 age groups, 3 samples for each age group, and 3 time points for each
sample). The three independent samples are shown in parallel for each age group. Colors indicate the percentile of the relative expression level (based on
the log-transformed mean-centered RPKM for each gene), as indicated at the bottom. (B) The average relative transcript levels for genes within each cluster
are shown for each age group (neonates, blue diamonds; young adults, red squares; older adults, green triangles).

doi:10.1371/journal.pone.0132061.9003

LPS-induced mRNA level in neonates was less than 20% of the maximum level observed in
young adults.

A parallel analysis with the Lm samples identified 123 genes (listed in S2 Fig) that were
inducible and differentially expressed between neonates and young adults with a high level of
statistical significance (p<0.01 for both induction and differential expression). Grouping of
these genes using the same strategy as above revealed 13 genes that were expressed more highly
in neonates than young adults (Fig 6A, Groups I and V) and 110 genes that were expressed
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Fig 4. Analysis of Lm-induced genes in monocytes by K-means cluster analysis. (A) The 865 genes that exceeded 200 bp in length, exhibited an
RPKM of at least 4 in one sample, and were induced by Lm infection by at least 5-fold in the same sample were divided into 10 clusters by k-means cluster
analysis, which considers similarities in transcript levels for each gene across all 27 samples (3 age groups, 3 samples for each age group, and 3 time points
for each sample). The three independent samples are shown in parallel for each age group. Colors indicate the percentile of the relative expression level
(based on the log-transformed mean-centered RPKM for each gene), as indicated at the bottom. (B) The average relative transcript levels for genes within
each cluster and are shown for each age group (neonates, blue diamonds; young adults, red squares; older adults, green triangles).

doi:10.1371/journal.pone.0132061.9g004

more highly in young adults than neonates (Groups II-IV and VI-VIII). Forty-seven of these
later genes exhibited mRNA levels in neonates that were less than 20% of the young adult levels
(Groups IV and VIII).
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contain an IRF1 transcription factor binding motif between -450 and +50 bps relative to the transcription start site. (B) Enrichment of transcription factor
binding sites determined using the Pscan program is shown for each gene class from panel A. Color intensity is proportional to the negative log(p-value).

doi:10.1371/journal.pone.0132061.9005

A prominent role for IRF3 and Type | IFN signaling in the neonate-adult
differences

To gain insight into the mechanisms responsible for differential gene expression in neonatal
and young adult monocytes, we first examined the requirements for expression of the mouse
orthologs of the differentially expressed genes. This analysis took advantage of a large number
of RNA-seq data sets that have been generated in our laboratory using mouse bone marrow-
derived macrophages stimulated with the Lipid A component of LPS. This collection of data
sets includes kinetic analyses of lipid A-induced gene expression in macrophages from a variety
of mutant mouse strains lacking key signaling molecules or transcription factors thought to be
important for inducible transcription ([25] and unpublished results).
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doi:10.1371/journal.pone.0132061.9g006

By examining the expression requirements for the mouse orthologs of the genes that were
differentially expressed in human neonates and young adults, evidence was obtained that these
genes frequently require the transcription factor IRF3 or Type I IFN receptor signaling. That is,
many of the age-dependent differentially expressed genes were expressed at substantially
reduced levels in Irf3”" and/or Ifnar”’” macrophages stimulated with Lipid A.

To document the extent to which IRF3 and IFNAR signaling might contribute to the differ-
ential expression of LPS-induced genes in neonates and adults, human genes for which mouse
orthologs could clearly be identified (114 of 118 genes; Fig 5A, column 8, dark pink and red)
were first separated from the small number of genes lacking obvious mouse orthologs (Fig 5A,
column 8, lightest pink). Then, the RNA-seq data sets were analyzed to identify genes that were
both expressed (RPKM > 4 when maximally expressed) and induced (>5-fold) in both the
human monocytes and wild-type mouse macrophages. The 38 genes that met these criteria
(Fig 5A, column 8, red) were then evaluated for their dependence on IRF3 and IFNAR in
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mouse bone marrow-derived macrophages stimulated with Lipid A. The results revealed
IRF3-dependence for 14 of the 16 genes in Group VI (Fig 5A, column 9, dark blue if <10% of
the wild-type expression level in Irf3”" macrophages and light blue if 10-33% of the wild-type
level in Irf3”" macrophages). 14 of the 16 genes also exhibited reduced expression in Ifnar—""
macrophages (column 10). IRF3- and/or IFNAR-dependence was also observed for most
Group V genes for which mouse orthologs were both expressed and induced in mouse macro-
phages (Fig 5A).

As an independent strategy, a transcription factor binding site motif analysis was performed
using the Pscan program [31] with the promoter regions of all genes in Groups I through VI.
The goal of this analysis was to identify transcription factors whose binding sites are over-rep-
resented in the promoters of specific clusters of genes. The small number of transcription fac-
tors for which significant enrichment was observed are shown in Fig 5B. Transcription factor
binding motif enrichment generally was not observed for Groups I through V. However, highly
significant enrichment of binding sites for IRF1, IRF2, STAT1, and a STAT2:STAT]1 heterodi-
mer was found at the promoters of Group VI genes (Fig 5B). The IRF1 and IRF2 binding sites
used by the Pscan program are similar to the experimentally defined consensus IRF3 binding
motif [33], which is not assessed by Pscan. Importantly, IRF and STAT motifs were identified
in the promoters of the vast majority of Group VI genes, including most genes whose mouse
orthologs could not be examined for IRF3 and IFNAR dependence due to lack of inducible
expression in both mice and humans (Fig 5A, column 11).

Thus, both the functional analysis and motif analysis strongly support the hypothesis that
reduced activation of IRF3- and IFNAR-dependent genes explains most gene expression differ-
ences between neonatal and adult monocytes. It is noteworthy that a previous study which doc-
umented reduced IRF3 activity in neonatal dendritic cells found that neonatal and adult cells
were similarly responsive to IFNP stimulation, suggesting that the reduced expression of
IFNAR-dependent genes is due to reduced IRF3 activity (resulting in reduced IFNP expression)
rather than a reduction in IFNAR signaling [15].

Consistent with the analysis of the LPS-induced genes, mouse orthologs of the human genes
that exhibited differential expression upon Lm infection were generally found to exhibit IRF3-
and/or IFNAR-dependence (Fig 6A). Furthermore, binding sites for IRF1, IRF2, STAT1, and
the STAT2:STAT1 heterodimer were greatly enriched in the Group VIII genes and to a lesser
extent in Group VII genes (Fig 6A and 6B). Thus, although IRF3 is thought to be activated by
different pathways in LPS-stimulated and Lm-infected cells [34,35], a common reduction in
IRF3 activity is likely to be responsible for the strongest gene expression differences between
neonatal and adult monocytes.

Low-level inflammation in older adults

To evaluate gene expression differences between young adults and older adults, we first used
the strategy described above to identify differentially induced genes. This analysis revealed
smaller differences in transcriptional induction than were observed when comparing the neo-
natal and young adult profiles (data not shown), suggesting that the pathways involved in the
responses to LPS and Lm in monocytes in young adults and older adults are highly similar.
Instead, the largest differences were observed when examining transcript levels for inducible
genes prior to stimulation. Specifically, 189 LPS-induced genes (>5-fold induction magnitude;
induction significance p<0.01; maximum induced transcript level >4 RPKM) exhibited tran-
script levels that were significantly different (p<0.01) in unstimulated cells from young adults
in comparison to older adults (Fig 7A; gene list in S3 Fig). For these 189 genes, Fig 7A, column
7 shows the ratio of the unstimulated transcript level in older adults to that in younger adults
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Fig 7. Elevated expression of a broad range of inflammatory genes prior to stimulation of freshly isolated monocytes from older adults. (A) LPS-
induced genes exhibiting differential basal expression between adults and older adults (n = 189) are grouped according to maximum mRNA level. Columns 7
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doi:10.1371/journal.pone.0132061.g007

(OA0/AO0). In this figure, the genes are grouped on the basis of their time point of maximum
expression, and the genes were then rank-ordered by the ratio of the unstimulated transcript
level. This analysis revealed that a large majority of the differentially expressed genes are
expressed at an elevated level in unstimulated cells from older adults (shown as shades of red,
see vertical color scale at right). In fact, 52% of the differentially expressed genes exhibited
unstimulated transcript levels in older adults that were at least 3-fold higher than in young
adults, whereas only 3% exhibited transcript levels that were at least 3-fold higher in young
adults than in older adults. Similar results were observed in the Lm experiment (data not
shown), but the number of genes showing differential expression was lower, probably because
the unstimulated cells for the Lm experiment were cultured for 2 hrs prior to collection,
whereas the unstimulated cells in the LPS experiment were collected without culturing.

Importantly, although relatively large differences in expression between young adults and
older adults were observed in the unstimulated cells, the magnitudes of the differences were
generally lower after stimulation. This is apparent in Fig 7A, column 8 (max OA/max A),
which shows the ratio between the maximum induced transcript levels in older adults versus
young adults. Because the same color scale is used for columns 7 and 8, it is readily apparent
that the transcript level ratios move toward 1 after stimulation for many genes that are
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differentially expressed prior to stimulation. Fig 7B, which displays average transcript levels for
all genes in Groups I and II, also shows that transcript levels in older adults were elevated to a
greater extent prior to stimulation than after stimulation. It is important to note, however, that
although the differences between young adults and older adults are smaller after stimulation,
many of these inflammatory genes are still expressed slightly higher after stimulation in the
older adult samples than in the young adult samples. This differential expression causes the
older adult 6-hr time point samples to cluster separately from the young adult and neonatal
6-hr samples in Fig 1A, although the separation is smaller that than observed with the unstimu-
lated samples (see Fig 1A). Thus, an inflammatory state is readily apparent in unstimulated
monocytes from older adults. This inflammatory state in unstimulated cells may influence
transcript levels observed after stimulation or infection, but to a limited extent relative to the
differences observed in the basal state.

Discussion

The diminished capacity of human neonates and older adults to mount an immune response
to infectious agents has been well documented [1,2]. However, because of the complexity of the
human immune system and limitations in the experimental approaches that are available for
studying immune responses in humans, insights into the underlying mechanisms have been
difficult to obtain. One starting point toward a mechanistic understanding can be characterized
as reductionist, in which the goal is to first delineate age-related differences intrinsic to defined
immune cell types in an ex vivo setting, with subsequent experiments focusing on how these
intrinsic differences contribute to clinical observations in the far more complex in vivo setting.

In this study, RNA-seq was used to examine the intrinsic response of blood monocytes to
LPS stimulation and Lm infection. The improved dynamic range of the RNA-seq method in
comparison to microarray methods [21] led to the expectation that the results might reveal
extensive differences among the age groups. Given this expectation, the most striking finding is
perhaps the extensive similarity in both constitutive and inducible gene expression. The results
suggest that a single mechanism-variable induction of IRF3 —may be responsible for most and
perhaps all differences between neonatal and young adult monocytes. Another defined mecha-
nism, variable low-level inflammation prior to induction, may explain most of the differences
between young adults and older adults.

Our results strengthen previous evidence that reduced IRF3 activity makes a major contri-
bution to the deficient innate responses of neonates to infectious stimuli [15]. The previous
study was performed with LPS-stimulated dendritic cells differentiated from cord blood or
adult peripheral blood, whereas the current study was performed with freshly isolated mono-
cytes stimulated with LPS or infected with Lm. In the previous study, a large number of IRF3-
and Type 1 IFN-dependent genes were found to be expressed at reduced levels in neonates.
The reduced expression of these genes was attributed to reduced IRF3 activity because the neo-
natal and adult cells responded similarly to direct stimulation with IFNf. Reduced IRF3 activity
would lead to a broad reduction in the expression of IFN-dependent genes because IRF3 is crit-
ical for the initial induction of IFNB transcription in LPS-stimulated cells.

Interestingly, the previous study found that IRF3 translocated to the nucleus similarly in
neonatal and adult cells, and its in vitro DNA-binding activity was similarly induced [15].
However, its ability to bind endogenous target genes was reduced, suggesting that an additional
event-possibly an additional post-translational modification-is needed for binding to target
genes and may be reduced in neonatal cells. Of relevance, a separate study identified a major
defect in IRF7 activation in neonatal plasmacytoid dendritic cells and, in this cell type, a defect
in nuclear translocation of IRF7 was observed in neonates [36]. An additional clue into the
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underlying mechanism is our finding of a similar deficiency in both LPS-stimulated and Lm-
infected cells. LPS and Lm activate IRF3 via different signaling pathways-the TRIF pathway for
LPS and the STING pathway for L [34,35]-suggesting that the reduced IRF3 activity in neo-
natal cells involves a mechanism that influences the activation of IRF3-dependent genes via
both of these pathways.

In addition to elucidating the specific mechanism, it will be important to understand why
this difference exists between neonatal and adult monocytes. The simplest model is that neona-
tal monocytes are fundamentally different from adult monocytes and represent a developmen-
tally distinct monocyte subtype. However, this model predicts that prominent gene expression
differences would be observed prior to stimulation. The differentially expressed genes would
be expected to include cell-surface markers that define different myeloid cell populations and
genes that might help regulate IFN responses. Surprisingly, the expression profiles of the unsti-
mulated monocytes from neonates and adults were remarkably similar (data not shown), with
no large differences suggesting that they represent different myeloid subtypes, and no differ-
ences that would be predictive of the differential induction of IRF3-dependent genes.

One possible explanation for this apparent paradox is that the differences between neonatal
and adult monocytes are due to the differential expression of micro-RNAs or long noncoding
RNAs, which were not examined in this analysis. However, the differential expression or pro-
cessing of non-coding RNAs would be expected to require the differential expression of tran-
scription factors that regulate the non-coding RNA genes, or the differential expression of
processing enzymes; these protein-coding genes would have been included in our analysis. Dif-
ferences in alternative pre-mRNA splicing also were not examined in our analysis. Once again,
differential splicing would be expected to require the differential expression of genes encoding
splicing factors. A more likely possibility is that the pronounced difference in the induction of
IRF3-dependent genes is regulated by genes whose expression levels vary by only a small and
statistically insignificant amount.

Because the RNA-seq profiles failed to provide evidence that the neonatal and adult cells
represent developmentally distinct monocyte subtypes, the neonatal-adult differences may
instead be due to environmental differences that act on the fully differentiated cells to influence
their capacity to induce IRF3 activity. Such a mechanism would need to influence IRF3’s capac-
ity for induction for a prolonged time period, because the IRF3 difference has been observed in
dendritic cells differentiated for several days in vitro [15]. This environmental difference may
lead to small and stable differences in the expression of genes that regulate IRF3 activity. Alter-
natively, the neonatal microenvironment may alter the structure of chromatin at IRF3-depen-
dent genes, resulting in a reduced capacity for IRF3 binding in response to a stimulus.

To summarize, the results of this study will help guide future efforts to understand the
mechanisms responsible for the immune deficiencies observed in neonates and older adults.
The results suggest that the intrinsic properties of blood monocytes are remarkably stable
throughout life and vary to only a limited extent. The reduced capacity of neonatal monocytes
to activate IRF3-dependent genes could play an important role in the deficient response of neo-
nates to many microbial pathogens. Furthermore, the low-level inflammation that is readily
apparent in monocytes from older adults could also influence anti-microbial responses. RNA-
seq studies to quantitatively characterize intrinsic age-related differences in other innate and
adaptive immune cell types should provide additional insights and should ultimately suggest
strategies to enhance immune responses in deficient populations.
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Supporting Information

S1 Fig. LPS-induced genes exhibiting statistically significant differences in transcript levels
in cord blood and young adult monocytes. An expanded version of Fig 5A is shown, which
includes the identities of the LPS-induced genes that are differentially expressed in cord blood
and young adult monocytes. RefSeq IDs and gene names are shown for human genes and their
mouse orthologs.

(TIF)

S2 Fig. Lm-induced genes exhibiting statistically significant differences in transcript levels
in cord blood and young adult monocytes. An expanded version of Fig 6A is shown, which
includes the identities of the Lm-induced genes that are differentially expressed in cord blood
and young adult monocytes. RefSeq IDs and gene names are shown for human genes and their
mouse orthologs.

(TIF)

$3 Fig. LPS-induced genes that exhibit statistically significant differences in basal tran-
script levels in monocytes from young and older adults. An expanded version of Fig 7A is
shown, which includes the identities of LPS-induced genes that are differentially expressed in
unstimulated young and older adult monocytes. Human RefSeq IDs and gene names are
shown.

(TIF)

Acknowledgments

The authors are grateful to the Broad Stem Cell Research Center at UCLA for high-throughput
sequencing. We also thank Stanislas Goriely, Ranjan Sen, and Philip Scumpia for helpful
discussions.

Author Contributions

Conceived and designed the experiments: MML BJT KW TRK STS. Performed the experi-
ments: MML BJT KW AJT. Analyzed the data: MML BJT AJT. Wrote the paper: MML BJT
KW TRK STS.

References

1. Prabhudas M, Adkins B, Gans H, King C, Levy O, Ramilo O, et al. Challenges in infant immunity: impli-
cations for responses to infection and vaccines. Nat Immunol. 2011; 12: 189—194. doi: 10.1038/ni0311-
189 PMID: 21321588

2. Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate immune function by Toll-like receptors: dis-
tinct responses in newborns and the elderly. Immunity. 2012; 37: 771-783. doi: 10.1016/j.immuni.2012.
10.014 PMID: 23159225

3. LevyO, Goriely S, Kollmann TR. Immune response to vaccine adjuvants during the first year of life.
Vaccine. 2013; 31: 2500—2505. doi: 10.1016/j.vaccine.2012.10.016 PMID: 23085363

4. DeWitD, Tonon S, Olislagers V, Goriely S, Boutriaux M, Goldman M, et al. Impaired responses to toll-
like receptor 4 and toll-like receptor 3 ligands in human cord blood. J Autoimmun. 2003; 21:277-281.
PMID: 14599853

5. DeWitD, Olislagers V, Goriely S, Vermeulen F, Wagner H, Goldman M, et al. Blood plasmaytoid den-
dritic cell responses to CpG oligodeoxynucleotides are impaired in human newborns. Blood. 2004; 103:
1030-1032. PMID: 14504106

6. Wilson CB, Kollmann TR. Induction of antigen-specific immunity in human neonates and infants. Nestle
Nutr Workshop Ser Pediatr Program. 2008; 61: 183—195. doi: 10.1159/0000113493 PMID: 18196952

PLOS ONE | DOI:10.1371/journal.pone.0132061 July 6, 2015 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132061.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132061.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132061.s003
http://dx.doi.org/10.1038/ni0311-189
http://dx.doi.org/10.1038/ni0311-189
http://www.ncbi.nlm.nih.gov/pubmed/21321588
http://dx.doi.org/10.1016/j.immuni.2012.10.014
http://dx.doi.org/10.1016/j.immuni.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23159225
http://dx.doi.org/10.1016/j.vaccine.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23085363
http://www.ncbi.nlm.nih.gov/pubmed/14599853
http://www.ncbi.nlm.nih.gov/pubmed/14504106
http://dx.doi.org/10.1159/0000113493
http://www.ncbi.nlm.nih.gov/pubmed/18196952

@’PLOS ‘ ONE

Age-Related Monocyte Gene Expression Differences

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

liodromiti Z, Anastasiadis A, Varras M, Pappa KI, Siristatidis C, Bakoulas V, et al. Monocyte function in
the fetus and the preterm neonate: immaturity combined with functional impairment. Mediators Inflamm.
2013;2013: 753752. doi: 10.1155/2013/753752 PMID: 23690669

Goriely S, Vincart B, Stordeur P, Vekemans J, Willems F, Goldman M, et al. Deficient IL-12(p35) gene
expression by dendritic cells derived from neonatal monocytes. J Immunol. 2001; 166: 2141-2146.
PMID: 11160266

Vanden Eijnden S, Goriely S, De Wit D, Goldman M, Willems F. Preferential production of the IL-12
(p40)/IL-23(p19) heterodimer by dendritic cells from human newborns. Eur J Immunol. 2006; 36: 21—
26. PMID: 16342235

Lavoie PM, Huang Q, Jolette E, Whalen M, Nuyt AM, Audibert F, et al. Profound lack of interleukin (IL)-
12/IL-23p40 in neonates born early in gestation is associated with an increased risk of sepsis. J Infect
Dis. 2010; 202: 1754-1763. doi: 10.1086/657143 PMID: 20977341

Corbett NP, Blimkie D, Ho KC, Cai B, Sutherland DP, Kallos A, et al. Ontogeny of Toll-like receptor
mediated cytokine responses of human blood mononuclear cells. PLoS One. 2010; 5: e15041. doi: 10.
1371/journal.pone.0015041 PMID: 21152080

Fortin CF, McDonald PP, Lesur O, Fulop T Jr. Aging and neutrophils: there is still much to do. Rejuve-
nation Res. 2008; 11: 873-882. doi: 10.1089/rej.2008.0750 PMID: 18847379

Plackett TP, Boehmer ED, Faunce DE, Kovacs EJ. Aging and innate immune cells. J Leukoc Biol.
2004; 76: 291-299. PMID: 15039467

Goriely S, Van Lint C, Dadkhah R, Libin M, De Wit D, Demonte D, et al. A defect in nucleosome remod-
eling prevents IL-12(p35) gene transcription in neonatal dendritic cells. J Exp Med. 2004; 199: 1011—
1016. PMID: 15051764

Aksoy E, Albarani V, Nguyen M., Laes JF, Ruelle JL, De Wit D, et al. Interferon regulatory factor 3-
dependent responses to lipopolysaccharide are selectively blunted in cord blood cells. Blood. 2007;
109: 2887-2893. PMID: 17138826

van Duin D, Mohanty S, Thomas V, Ginter S, Montgomery RR, Fikrig E, et al. Age-associated defect in
human TLR-1/2 function. J Immunol. 2007; 178: 970-975. PMID: 17202359

Mold JE, Venkatasubrahmanyam S, Burt TD, Michaelsson J, Rivera JM, Galkina SA, et al. Fetal and
adult hematopoietic stem cells give rise to distinct T cell lineages in humans. Science. 2010; 330:
1695-1699. doi: 10.1126/science.1196509 PMID: 21164017

Krow-Lucal ER, Kim CC, Burt TD, McCune JM. Distinct functional programming of human fetal and
adult monocytes. Blood. 2014; 123: 1897—1904. doi: 10.1182/blood-2013-11-536094 PMID: 24518760

Krow-Lucal ER, McCune JM. Distinct functional programs in fetal T and myeloid lineages. Front Immu-
nol. 2014; 5: 314. doi: 10.3389/fimmu.2014.00314 PMID: 25071775

Pettengill M, Robson S, Tresenriter M, Millan JL, Usheva A, Bingham T, et al. Soluble ecto-5'-nucleotid-
ase (5’-NT), alkaline phosphatase, and adenosine deaminase (ADA1) activities in neonatal blood favor
elevated elevated extracellular adenosine. J Biol Chem. 2013; 288: 27315-27326. doi: 10.1074/jbc.
M113.484212 PMID: 23897810

Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y. RNA-seq: an assessment of technical repro-
ducibility and comparison with gene expression arrays. Genome Res. 2008; 18: 1509—1517. doi: 10.
1101/gr.079558.108 PMID: 18550803

Kollmann TR, Mailman T, Bortolussi R. Listeriosis. In: Feigin R, Cherry J, Demmler-Harrison G, Kaplan
S, editors. Feigin and Cherry’s Textbook of Pediatric Infectious Diseases. 7th ed. Philadelphia: Else-
vier Saunders; 2013: pp. 1329-1335.

Way SS, Kollmann TR, Hajjar AM, Wilson CB. Cutting edge: protective cell-mediated immunity to Lis-
teria monocytogenes in the absence of myeloid differentiation factor 88. J Immunol. 2003; 171: 533—
537. PMID: 12847214

Ramirez-Carrozzi VR, Braas D, Bhatt DM, Cheng CS, Hong C, Doty KR, et al. A unifying model for the
selective regulation of inducible transcription by CpG islands and nucleosome remodeling. Cell. 2009;
138: 114-128. doi: 10.1016/j.cell.2009.04.020 PMID: 19596239

Bhatt DM, Pandya-Jones A, Tong AJ, Barozzi |, Lissner MM, Natoli G, et al. Transcript dynamics of
proinflammatory genes revealed by sequence analysis of subcellular RNA fractions. Cell. 2012; 150:
279-290. doi: 10.1016/j.cell.2012.05.043 PMID: 22817891

Levin JZ, Yassour M, Adiconis X, Nusbaum C, Thompson DA, Friedman N, et al. Comprehensive com-
parative analysis of strand-specific RNA sequencing methods. Nat Methods. 2010; 7: 709-715. doi: 10.
1038/nmeth.1491 PMID: 20711195

Goecks J, Nekrutenko A, Taylor J, Team G. Galaxy: a comprehensive approach for supporting accessi-
ble, reproducible, and transparent computational research in the life sciences. Genome Biol. 2010; 11:
R86. doi: 10.1186/gb-2010-11-8-r86 PMID: 20738864

PLOS ONE | DOI:10.1371/journal.pone.0132061

July 6,2015 17/18


http://dx.doi.org/10.1155/2013/753752
http://www.ncbi.nlm.nih.gov/pubmed/23690669
http://www.ncbi.nlm.nih.gov/pubmed/11160266
http://www.ncbi.nlm.nih.gov/pubmed/16342235
http://dx.doi.org/10.1086/657143
http://www.ncbi.nlm.nih.gov/pubmed/20977341
http://dx.doi.org/10.1371/journal.pone.0015041
http://dx.doi.org/10.1371/journal.pone.0015041
http://www.ncbi.nlm.nih.gov/pubmed/21152080
http://dx.doi.org/10.1089/rej.2008.0750
http://www.ncbi.nlm.nih.gov/pubmed/18847379
http://www.ncbi.nlm.nih.gov/pubmed/15039467
http://www.ncbi.nlm.nih.gov/pubmed/15051764
http://www.ncbi.nlm.nih.gov/pubmed/17138826
http://www.ncbi.nlm.nih.gov/pubmed/17202359
http://dx.doi.org/10.1126/science.1196509
http://www.ncbi.nlm.nih.gov/pubmed/21164017
http://dx.doi.org/10.1182/blood-2013-11-536094
http://www.ncbi.nlm.nih.gov/pubmed/24518760
http://dx.doi.org/10.3389/fimmu.2014.00314
http://www.ncbi.nlm.nih.gov/pubmed/25071775
http://dx.doi.org/10.1074/jbc.M113.484212
http://dx.doi.org/10.1074/jbc.M113.484212
http://www.ncbi.nlm.nih.gov/pubmed/23897810
http://dx.doi.org/10.1101/gr.079558.108
http://dx.doi.org/10.1101/gr.079558.108
http://www.ncbi.nlm.nih.gov/pubmed/18550803
http://www.ncbi.nlm.nih.gov/pubmed/12847214
http://dx.doi.org/10.1016/j.cell.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19596239
http://dx.doi.org/10.1016/j.cell.2012.05.043
http://www.ncbi.nlm.nih.gov/pubmed/22817891
http://dx.doi.org/10.1038/nmeth.1491
http://dx.doi.org/10.1038/nmeth.1491
http://www.ncbi.nlm.nih.gov/pubmed/20711195
http://dx.doi.org/10.1186/gb-2010-11-8-r86
http://www.ncbi.nlm.nih.gov/pubmed/20738864

@’PLOS ‘ ONE

Age-Related Monocyte Gene Expression Differences

28.

29.

30.

31.

32.

33.

34.

35.

36.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly and
quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differenti-
ation. Nat Biotechnol. 2010; 28: 511-515. doi: 10.1038/nbt.1621 PMID: 20436464

de Hoon MJ, Imoto S, Nolan J, Miyano S. Open source clustering software. Bioinformatics. 2004; 20:
1453-1454. PMID: 14871861

Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010; 11:
R106. doi: 10.1186/gb-2010-11-10-r106 PMID: 20979621

Zambelli F, Pesole G, Pavesi G. Pscan: finding over-represented transcription factor binding site motifs
in sequences from co-regulated or co-expressed genes. Nucleic Acids Res. 2009; 37: W247-52. doi:
10.1093/nar/gkp464 PMID: 19487240

Hall JM, Lingenfelter P, Adams SL, Lasser D, Hansen JA, Bean MA. Detection of maternal cells in
human umbilical cord blood using fluorescence in situ hybridization. Blood. 1995; 86: 2829-2832.
PMID: 7545474

Lin R, Genin P, Mamane Y, Hiscott J. Selective DNA binding and association with the CREB binding
protein coactivator contribute to differential activation of alpha/beta interferon genes by interferon regu-
latory factors 3 and 7. Mol Cell Biol. 2000; 20: 6342—6353. PMID: 10938111

Witte CE, Archer KA, Rae CS, Sauer JD, Woodward JJ, Portnoy DA. Innate immune pathways trig-
gered by Listeria monocytogenes and their role in the induction of cell-mediated immunity. Adv Immu-
nol. 2012; 113: 135—-156. doi: 10.1016/B978-0-12-394590-7.00002-6 PMID: 22244582

Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate immune adaptor proteins
MAVS, STING, and TRIF induced IRF3 activation. Science. 2015; 347: 1217.

Danis B, George TC, Goriely S, Dutta B, Renneson J, Gatto L, et al. Interferon regulatory factor 7-medi-
ated responses are defective in cord blood plasmacytoid dendritic cells. Eur J Immunol. 2008; 38: 507—
517. doi: 10.1002/€ji.200737760 PMID: 18200500

PLOS ONE | DOI:10.1371/journal.pone.0132061

July 6,2015 18/18


http://dx.doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://www.ncbi.nlm.nih.gov/pubmed/14871861
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://dx.doi.org/10.1093/nar/gkp464
http://www.ncbi.nlm.nih.gov/pubmed/19487240
http://www.ncbi.nlm.nih.gov/pubmed/7545474
http://www.ncbi.nlm.nih.gov/pubmed/10938111
http://dx.doi.org/10.1016/B978-0-12-394590-7.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/22244582
http://dx.doi.org/10.1002/eji.200737760
http://www.ncbi.nlm.nih.gov/pubmed/18200500

