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Abstract Increased susceptibility to respiratory infec-
tions such as influenza is the hallmark of advancing
age. The mechanisms underlying the impaired im-
mune response to influenza are not well understood.
In the present study, we have investigated the effect of
advancing age on dendritic cell (DC) function because
they are critical in generating robust antiviral
responses. Our results indicate that monocyte derived
DCs from the aged are impaired in their capacity to
secrete interferon (IFN)-I in response to influenza
virus. Additionally, we observed a severe reduction
in the production of IFN-III, which plays an important
role in defense against viral infections at respiratory
mucosal surfaces. This reduction in IFN-I and IFN-III
were a result of age-associated modifications in the
chromatin structure. Investigations using chromatin
immunoprecipitation with H3K4me3 and H3K9me3
antibodies revealed that there is increased association
of IFN-I and IFN-III promoters with the repressor
histone, H3K9me3 in non-stimulated aged DCs com-
pared to young DCs. This was accompanied by

decreased association of these promoters with activa-
tor histone, H3K4me3 in aged DCs after activation
with influenza. In contrast to interferons, the associa-
tion of TNF-alpha promoter with both these histones
was comparable between aged and young subjects.
Investigations at 48 h suggested that these changes
are not stable and change with time. In summary, our
study demonstrates that myeloid DCs from aged sub-
jects are impaired in their capacity to produce IFNs in
response to influenza virus and that age-associated
altered histone expression patterns are responsible for
the decrease in IFN production.
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Introduction

Respiratory infections such as influenza are the major
cause of age-related morbidity and mortality and ac-
count for nearly 80% of deaths in persons aged 65 years
or older (Falsey and Walsh 2005; Thompson et al.
2003). The infection is often more severe in the elderly
requiring hospitalization. Furthermore, there is a signif-
icant increase in the tendency to develop secondary
complications such as pneumonia and asthma (Griffin
et al. 2002; Yap et al. 2004). Reduced efficacy of vac-
cination against influenza in the elderly further com-
pounds the problem (Goodwin et al. 2006). Recent
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studies suggest that increase in influenza in the last
20 years could be related in part due to an increase in
the aging population. Thus it is important to identify the
age-related alterations in the immune responses that are
responsible for the enhanced susceptibility of the elderly
to influenza infections.

Although most of the studies point to adaptive
immunity as the primary culprit for the defective con-
trol of influenza viral infection during aging, innate
immune responses are the early responders against
viral activity. The rapid production of type I interferon
(IFN-α/β) (Garcia-Sastre and Biron 2006) and recent-
ly discovered IFN-III (IL-28/29) by innate immune
cells such as DCs is required to control the infection
(Ank and Paludan 2009). These IFNs induce antiviral
responses which serve as primary host defense mech-
anisms against infection with influenza. In addition to
anti-viral activity, IFNs modulate both innate and
adaptive immune response. Type I interferons promote
the differentiation of CD4+ naïve T cells to Th1 helper
cells (Farrar et al. 2000; Rogge et al. 1998) and con-
tribute to prolonging the survival of activated T cells
(Marrack et al. 1999; Tough et al. 1996). They en-
hance the cytotoxic activity of CD8+T and NK cells.
The critical role of IFN-α in enhancing antibody pro-
duction and inducing isotype switching in B cells is
very well documented (Braun et al. 2002; Jego et al.
2003; Le Bon et al. 2006). Furthermore, IFN-I also
enhances the cross-presentation and DC maturation by
up-regulating co-stimulatory molecules, Toll like
receptors and pro-inflammatory cytokines (Beignon
et al. 2003; Tough 2004). Recently discovered type
III IFNs — IFN-III (IL28/29) — display type I IFN-
like antiviral activity and induction of typical IFN-
inducible genes except that they provide better protec-
tion against viral infections at respiratory mucosal
surfaces (Ank and Paludan 2009). It has been reported
that IFN-III contributes greatly in defense against
pathogens that infect respiratory tract such as
Influenza A virus, influenza B virus, RSV which in-
terestingly affect predominantly the elderly population
(Jewell et al. 2010; Mordstein et al. 2008, 2010).
Unlike IFN-alpha receptors which are broadly
expressed on most cell types, including leukocytes,
IFN-lambda receptors are largely restricted to cells of
epithelial origin which may explain their effectiveness
against respiratory pathogens.

Plasmacytoid dendritic cells (pDCs) are considered
the primary producers of type I IFNs (Liu 2005). They

produce copious amounts of IFN-I very early in the
infection. We (Sridharan et al. 2010) and others
(Canaday et al. 2010; Jing et al. 2009; Shodell and
Siegal 2002; Stout-Delgado et al. 2008; Qian et al.
2011) have reported decreased production of IFNs by
pDC population in the aged subjects. In addition to
pDC, the myeloid dendritic cells (mDCs) subset is also
capable of producing IFNs in response to viral infec-
tion. Though the magnitude of IFN secreted is signif-
icantly lower than pDC nevertheless, unlike pDCs,
mDCs retain the ability to express interferons for a
long period of time after infection (Garcia-Sastre and
Biron 2006). mDCs are also the primary producers of
IFN-III, which is critical for protection against infec-
tion at respiratory surfaces (Iversen et al. 2010). Since
mDC are comparatively more abundant than pDCs
(Shortman and Liu 2002) IFN production by them
may compensate for the reduced IFN secretion by
pDCs from aged. In this study, we investigated the
response of aged and young monocyte derived DCs
(which are similar to mDCs) to influenza virus with
primary focus on IFN-I and IFN-III secretion. Our
data suggested that mDCs from aged were impaired
in their capacity to secrete IFN-I and IFN-III in re-
sponse to influenza.

Accumulating evidence has demonstrated that
chromatin structure plays a critical role in gene acti-
vation and induction of inflammatory genes.
Chromatin in cellular DNA is composed of the core
histones H2A, H2B, H3 and H4 (Strahl and Allis
2000). Local changes in histone modification play a
major role in epigenetic regulation of gene expression
by affecting chromatin compaction and thereby DNA
accessibility. Euchromatin or open chromatin states
enhance gene expression by facilitating transcription
factor recruitment and Pol II binding to promoter
and transcribed regions (Shilatifard 2006).
Heterochromatin or closed chromatin states on the
other hand cause gene silencing. The gene expres-
sion is differentially modulated by the nature and
the position of modification on histone tail residue.
Acetylation of H3 (H3Ac) (Roh et al. 2006; Wang
et al. 2008), and methylation on H3 on lysine 4, 36
and 79 (H3K4, H3K36, H3K79) are associated with
transcriptional activation (Barski et al. 2007;
Schubeler et al. 2004) whereas methylation of H3
on lysine 9,27 (H3K9, and H3K27) are associated
with transcriptional repression or gene silencing
(Jacobs et al. 2001; Nielsen et al. 2001). Different

1786 AGE (2013) 35:1785–1797



types of methylation mono-, di-, and tri-methyl
groups on histone tails may also affect the chroma-
tin structure. For example di- and tri-methylation of
H3K4 are generally found at genes that are compe-
tent for activation, with H3K4 trimethylation often
linked to active transcription (Shilatifard 2006).

Profound changes in chromatin structure have been
reported with advancing age. There is decreased ge-
nomic stability and altered transcription (Busuttil et al.
2007; Maslov and Vijg 2009). The pattern of histone
expression is also altered with age. For example, a
decrease in yeast lifespan was associated with dramat-
ically reduced histone levels. A similar decrease in
histone expression was also reported in human fibro-
blasts in culture (Dang et al. 2009). A more recent
study reports a significant age-associated decrease in
the expression of H3K9me3 in drosophila (Wood et al.
2010). In contrast, decreased heterochromatin-specific
H3K9me3 due to reduced expression of the recruiting
protein HP1 has been reported in aged humans
(Scaffidi and Misteli 2006). A recent study (Kreiling
et al. 2011) reported an age-associated increase in
heterochromatin marks in several tissues of mice and
primates. There is a scarcity of information regarding
age-associated changes in chromatin organization
changes particularly in human immune cells. Such
information would prove to be extremely beneficial
in identification of key mediators of the aging immune
process.

In the present study, we investigated whether aging
leads to alterations in the response of DCs from aged
subjects to influenza. Furthermore, the role of chro-
matin modifications in the reduced secretion of IFNs
by DCs from aged in response to influenza was also
examined.

Materials and methods

Donors

Blood was collected from healthy aged (65–90 years)
and young (20–35 years) donors. Aged subjects were
of middle-class socioeconomic status, and were living
independently. Cohort description is provided
in Table 1. The Institutional Review Board of the
University of California, Irvine, approved this
study.

Culture and treatment of human monocyte-derived
DCs

DCs were prepared essentially as described (Agrawal
et al. 2007, 2009). Briefly, peripheral blood mononu-
clear cells (PBMCs) were separated by Ficoll–
Hypaque density gradient centrifugation. Monocytes
were purified from the PBMCs by positive selection
with ant i -CD14 microbeads (Stemcel l Sep,
Vancouver, BC). The purity of the isolated CD14+

monocytes was >90 % as determined by flow cytom-
etry. For the induction of DC differentiation, purified
CD14+ monocytes were cultured in a humidified at-
mosphere of 5 % CO2 at 37 °C in RPMI 1640 supple-
mented with10% FBS, 1 mM glutamine, 100 U/ml
penicillin, 100 μg/ml streptomycin, 50 ng/ml human
rGM-CSF (PeproTech, Rocky Hill, NJ), and 10 ng/ml
human rIL-4 (Peprotech). Half of the medium was
replaced every 2 days and DCs (CD14−HLA-
DR+CD11c+ cells) were collected after 6 days. The
purity of the DC was >95 % as determined by the
expression of CD14, CD11c and HLA-DR. DCs were
stimulated with 10 μg/ml formalin-inactivated influ-
enza virus A/PR/8/34-INF (Charles River, North
Franklin, CT) for 48 h. Cytokines, IFN-α, IL-6, tumor
necrosis factor (TNF)-α, IL-10, IL-1β, MCP-1, IL-8, IP-
10, IL-12p40 in the supernatants were measured by Flow
Cytomix (BD Pharmingen, San Diego, CA) as per the
manufacturer’s protocol. IL-29 was measured using spe-
cific ELISA kit (PBL Biomedicals, Piscataway, NJ).

For detection of IFN-A2, IL-29, and TNF-α gene
expression by real-time polymerase chain reaction
(PCR) DCs (5×105) from aged and young subjects were

Table 1 Description of the aged and young cohorts

Young (n022) Aged (n022)

Age (range) 27 (20–35) 77 (65–88)

Gender, female 15 (68 %) 11 (50 %)

Comorbidities

Osteoarthritis 0 9 (41 %)

Hypertension 0 8 (36 %)

Dyslipidemia 0 7 (31 %)

Diabetes 0 0

Medications

Vitamins 0 14 (64 %)

Antioxidants 0 9 (41 %)
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stimulated with influenza for 3 h. RNA was extracted
using Trireagent. After cDNA synthesis real-time PCR
was performed using TNF-α, IFNA2 and IL-29 validat-
ed specific primers (real-time primers, Elkins Park, PA)
using SYBR green as described for chip. Data was
normalized to the GAPDH and is represented as fold
increase over unstimulated DC.

DC phenotype

Influenza stimulated/unstimulated DCs were stained
for surface markers CD40, CD83, CD80, CD86,
HLA-ABC using directly conjugated antibodies
and isotype controls (BD Pharmingen, San Jose,
CA). Gated CD14-CD11c+HLA-DR+DCs were ac-
quired using FACSCalibur (BD PharMingen, San
Diego, CA). Data were analyzed using Flow Jo
(Treestar Inc).

Chromatin immunoprecipitation (ChIP)

For the ChIP assay DCs were stimulated with influen-
za for 3 h. For the experiments in Fig. 4, DCs were
stimulated with influenza for 48 h. ChIP assays were
performed using ChIP express kit from Active Motif
(Carlsbad, CA) according to the manufacturer’s man-
ual with minor modifications. For each experiment
DCs were pooled from three aged and three young
subjects. Influenza stimulated and unstimulated aged
and young DCs (~4×106) were collected in 15 ml
conical tube and centrifuged at 1,000 rpm for 5 min.
Cells were then cross-linked using formaldehyde
(1 %) for 10 min at Room temperature on a rocking
platform. Glycine at a final concentration of 1× were
added to stop the fixation and then the cells were
washed with ice cold PBS. Cell pellet was lysed with
lysis buffer for 30 min at 4°C and then passed through
twenty dounce cycles. To ensure that cell lysis was
complete and nuclei were released from the cells, an
aliquot of the lysate was examined under the phase
contrast microscope. The chromatin was sheared by
enzymatic shearing cocktail (200 U/ml) for 10 min at
37°C, generating DNA fragments in the range of 200–
400 bp. Next, 10 μl was reserved as input DNA
sample and the remaining chromatin was subjected
to immunoprecipitation for overnight at 4°C in rota-
tion. Then, 5 μl of anti tri-methyl-H3K4me3 (Actif
motif, Carlsbad, CA), anti tri-methyl-H3K9me3
(Epigenetk, Farmingdale, NY), and anti-IgG (Actif

motif) ChIP-validated antibodies were used in this
study. Immunoprecipitates were washed and then elut-
ed from the magnetic beads. Protein-DNA cross links
were reverted, along with the input DNA sample at
95°C for 15 min, and then treated with proteinase K
for 1 h at 37°C. The resulting DNAwas purified using
CHIP clean up (Zymospin) and stored at −20°C until
subsequent PCR analysis.

Real-time PCR

PCR analysis was performed in a 10-μl volume con-
taining 3 μl ChIP DNA, 1 μM of each primer, H2O
and 5 ml of SYBR green PCR master mix (Roche
Applied Science). The PCR conditions were as fol-
lows: reactions were pre-incubated at 95°C for 10 min,
amplified at 95°C for 10 s, 59°C for 10 s, 72°C for
15 s using LightCycler® 480 Multiwell Plate 384
system (Roche Applied Science). Data were normal-
ized to the input DNA and is represented as % of
input. Primers used are described in Table 2. Primers
for IL-29 and IFN-A2 promoters were designed by
identifying the probable promoter region from the
sequence to which most transcription factors were
binding (www.cbrc.jp/research/db/TFsearch.html).
TNF-α promoter primers were from El Gazzar et al.
(2009).Non-specific primers for IL-29 and IFN-A2
were designed from an area upstream from the
promoter.

Statistical analysis

Data was analyzed using GraphPad Prism™ 4.00 soft-
ware (Graph Pad Software, San Diego, CA).
Significant differences between groups were deter-
mined by Mann–Whitney test. A p value <0.05 was
considered significant.

Results

The phenotype of aged and young DCs was
comparable after activation with influenza virus

DCs are the major antigen presenting cells of the body
that initiate and regulate the immune response to in-
fection. Aged subjects are impaired in their ability to
clear influenza infection. Here, we investigated the
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ability of DCs from aged subjects to respond to influ-
enza infection.

Subjects are described in Table 1. The control pop-
ulation included 22 individuals in the age range of 20–
35 years with an average age of 27 years. The geriatric
population consisted of 22 individuals in the age range
of 65–88 years with an average age of 77 years. The
younger individuals were healthy and not on
medications.

Briefly, DCs from aged and young subjects were
stimulated with heat killed influenza A virus for 48 h.
As shown in Fig. 1, stimulation with the virus resulted
in substantial activation of both aged and young DCs.

Comparable levels of up-regulation of CD40, CD80,
CD86, CD83, HLADR, HLA-ABC were observed in
aged and young DCs. These data suggest that aged
DCs are not impaired in their capacity to respond to
influenza virus.

DCs from aged individuals are impaired in their ability
to produce IFN-I and IFN- III in response to influenza
virus

In addition to activation markers, cytokines secreted
by DCs are also critical for host defense. As shown in
Fig. 2a and b, both aged and young DCs produced

Table 2 Human primer sequences

Purpose Gene Primer sequence 5′-3′ Genomic Segment PCR product

Promoter IFNA2F +68 AATGGCCTTGACCTTTGCTTTACT Promoter/Exon 1 152
IFNA2R +220 ATGGAGGACAGGGATGGTTTC

Negative control IFNA2F −7137 GCGAATGAGCATCATATGACTG Promoter/Upstream 302
IFNA2R −6835 TCTTCCTGCCTGCCAATGC

Promoter IL29F −167 CTGCCCACACCTGTTCCCTCATCA Promoter/Upstream 232
IL29R +65 GCCAAGCCTAGCACCAAAGTCACC

Negative control IL29F −5249 GAGCTCTGTTCACACATTTCTGG Promoter/Upstream 186
IL29R −5063 ACTCTACTGCTGTCCTGGGGC

Promoter TNF-αFa (−122) TACCGCTTCCTCCAGATGAG Promoter/Upstream 190
TNF-αR (+68) TGCTGGCTGGGTGTGCCAA

a El Gazzar et al. (2009)

Fig. 1 The phenotype of aged and young DCs was comparable
after activation with influenza virus. Bar graphs depict the mean
fluorescence intensity (MFI) of the expression of CD40, CD80,

CD86, HLADR, HLA-ABC, CD83 on aged and young DCs
before and 48 h after stimulation with influenza. Data represent
the mean±SE of six different aged and young subjects
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IFN-I and IFN-III when activated with Influenza.
However, aged DCs produced significantly (p00.02)
reduced quantity of IFN-I when compared to young
DCs (Fig. 2a). Interestingly, IFN-III secretion was
higher than IFN-I but was also impaired (p00.028) in
aged DCs (Fig. 2b). These results were further con-
firmed with real-time PCR. As is evident in Fig. 2c
and d, induction of IFN-A2 and IL-29 in response to
influenza stimulation was significantly impaired
(p<0.05) in aged DCs as compared to young DCs.

The secretion of several other cytokines and che-
mokines was also assayed (Fig. 2e). IL-6, MCP-1,
IL-8, IP-10 and IL-12p40 were secreted at very high
levels by both aged and young DCs. Other cytokines
such as TNF-α, IL-10 and IL-1β were also produced
albeit at a lower level compared to the aforementioned
mediators. Real-time PCR for induction of TNF-α in
response to influenza was also comparable between
aged and young DCs (Fig. S1). The secretion of these
cytokines by DCs was comparable in aged and young
individuals suggesting that expression of influenza
sensing PRRs is not altered with age; instead, the
defect lies only in the induction of interferons, IFN-I
and IFN-III.

In aged subjects, there were several subgroups
based on comorbidities (Table 1). For some of the
subgroups we had enough subjects to do a subgroup
analysis. Osteoarthritis was the most common comor-
bid condition in the aged population studied. IFN-I
and IFN-III levels were comparable between arthritis
positive and negative subjects (p00.33, IFN-I;
p00.14, IFN-III). Aged subjects with hypertension
and dyslipidemia were also not different in their in-
duction of IFN-I and IFN-III (p>0.5). Many of the
aged subjects were also taking vitamins and antioxi-
dants however, we did not observe any difference in
IFN levels between the two groups (p>0.8, p>0.2).
Based on these subgroup analyses, we feel fairly con-
fident that the comparisons between the young control
and aged subject populations are yielding valid results
across a general geriatric group.

Association of IFN-A2 and IL-29 promoter
to H3K4me3 and H3K9me3 is altered in aged DCs
as compared to young DCs

In order to investigate whether epigenetic changes in
aged DCs are responsible for the reduced production
of interferons, ChIP experiments were performed.

Briefly, aged and young DCs were activated with heat
killed influenza virus for 3 h. DNA was precipitated
with anti-H3K4me3 and anti-H3K9me3 antibodies,
followed by real-time PCR amplification with IFN-
A2 and IL-29 promoter specific genes as described
in Materials and methods section.

As shown in Fig. 3a, the association of IL-29 pro-
moter with H3K4me3 after influenza activation in-
crease significantly (p00.015) in aged DCs.
However, a much more robust increase in the associ-
ation of IL-29 promoter with H3K4me3 is observed in
young DCs (p00.0006) compared to aged DC. IFN-
A2 promoter also displayed a similar pattern of asso-
ciation (Fig. 3b) with significant increase (p00.03) in
association with H3K4me3 in aged DCs and a much
more dramatic increase in young DCs (p00.007).
These changes were specific since amplification with
non-specific primers did not exhibit this pattern
(Table 2, Fig. S2). As with interferons, TNF-α pro-
moter also showed significantly increased association
with H3K4me3 (Fig. 3c) in both aged (p00.026) and
young DCs (p00.031) after stimulation with influen-
za. However, in contrast to IFN-A2 and IL-29, the
association of TNF-α promoter with H3K4me3
(Fig. 3c) was comparable between aged and young
DCs. This was in keeping with the ELISA (Fig. 1e)
and PCR (Fig. S1) results for TNF-α which did not
show a difference between the two age groups. The
striking decrease in association of IL-29 and IFN-A2
promoters with H3K4me3 (a histone signature associ-
ated with transcription activation) in aged DCs after
activation demonstrates that chromatin modifications
in aged DCs are also responsible for the impaired
secretion of interferons in the elderly.

Further confirmation of the involvement of chro-
matin modifications was obtained with the results
from ChIP of the DNA with the repressor histone,
H3K9me3 antibodies. The association of IL-29 pro-
moter to H3K9me3 was significantly increased
(p00.026) in aged DC when compared to young
DCs at the basal level, without stimulation (Fig. 3d).
After stimulation with influenza, there was a decrease
in association of IL-29 promoter with H3K9me3 in
aged (p00.16) and young DCs (p00.06), which was
not significant. Association of IFN-A2 promoter to
H3K9me3 was also increased significantly (p00.028)
in aged DCs at the basal level as compared to young
DC. Stimulation with the virus resulted in decrease in
the association of IFN-A2 promoter with H3K9me3 in
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Fig. 2 DCs from aged individuals are impaired in their ability to
produce IFN-I and IFN-III in response to influenza virus. Mono-
cyte derived DCs from aged and young subjects were stimulated
with heat killed influenza (Flu). Cytokine secretion was deter-
mined after 48 h. a Level of type I IFN secretion by aged and
young DCs. b Level of type III IFN secretion by aged and young
DCs. Data represent the mean±SE of 22 different aged and young
subjects. c Gene expression levels of IFN-A2 in influenza

stimulated aged and young DCs over unstimulated aged and
young DCs 3 h after stimulation. d Gene expression levels of IL-
29 in influenza stimulated aged and young DCs over unstimulated
aged and young DCs 3 h after stimulation. Data represent the
mean±SE of eight different aged and young subjects. e Levels of
MCP-1, IL-8, IL-1β, TNF-α, IL-6, IL-10, IL-12p40 and IP-10
secretion by aged and young DCs. Data represent the mean±SE of
22 different aged and young subjects. Black aged, white young
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both aged and young DCs (Fig. 3e) which was not
significant (p>0.05). Here, again, the increased asso-
ciation of interferon promoters was not observed with
non-specific primers (Fig. S2). In contrast to interferon
promoters, the association of TNF-α promoter to
H3K9me3 was comparable at the basal level between
aged and young subjects (Fig. 3f). Stimulation with
influenza resulted in decreased association of TNF-α
promoter with H3K9me3 in both aged and young DCs
(Fig. 3f) with a concomitant increase in association
with H3K4me3 (Fig. 3e) suggesting activation. The
decrease in TNF-α promoter with H3K9me3 was
comparable between aged and young subjects.

These data demonstrate that the association of IL-
29 and IFN-A2 promoters to repressor histone,
H3K9me3 is increased in aged DCs at the basal level
which would prevent transcription of IFN genes.
Decreased association of IFN promoters with the acti-
vator histone, H3K4me3 in aged DCs after activation
with influenza will also impair the production of IFNs.
The activator and repressor histones thus work in
tandem to silence the transcription of IFNs in aged

DCs. These age-related changes in the associations of
the interferon promoters to histones may therefore be
responsible for the decreased secretion of interferons
observed in the aged subjects. The data also suggests
that these changes are specific to interferons as these
changes were not evident in TNF-α.

Association of IFN-A2, IL-29 and TNF-α promoter
to H3K4me3 and H3K9me3 is not stable and alters
over time

Next, we determined whether the histone associated
promoter changes are stable over time. To investigate
this, ChIP was performed as described for Fig. 3 ex-
cept that DCs were stimulated with influenza for 48 h
instead of 3 h. As shown in Fig. 4a, b and c, the
association of H3K4me3 with IL-29, IFN-A2 and
TNF-α promoters is increased after stimulation with
influenza though the increase is not significant (p>
0.05). However, compared to 3 h where there was
decreased association of IL-29 and IFN-A2 promoter
with H3K4me3 in aged DC as compared to young DC,

Fig. 3 Association of IFN-A2 and IL-29 promoter to H3K4me3
and H3K9me3 is altered in aged DCs as compared to young DCs.
Chromatin from influenza stimulated (3 h) aged and young DCs
was precipitated using H3K4me3 and H3K9me3 antibodies. As-
sociation of IFN-A2, IL-29 and TNF-α promoters with these
histones was determined using real-time PCR. Data were normal-
ized to the input DNA and is represented as % of input. a Real-
time PCR analysis of binding of IL-29 promoter to H3K4me3. b

Real-time PCR analysis of binding of IFN-A2 promoter to
H3K4me3. c Real-time PCR analysis of binding of TNF-α pro-
moter to H3K4me3. d Real-time PCR analysis of binding of IL-29
promoter to H3K9me3. e Real-time PCR analysis of binding of
IFN-A2 promoter to H3K9me3. f Real-time PCR analysis of
binding of TNF-α promoter to H3K9me3. Data represent the
mean±SEM of three experiments. Pooled DCs from three aged
and three young subjects were used for each of the experiments
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at 48 h, there is no significant difference between the
two aged groups. TNF-α association with H3K4me3
after influenza association is also no longer signifi-
cantly increased over unstimulated DCs (p>0.05).

Association of all three promoters with H3K9me3
exhibits an even more dramatic alteration at 48 h
compared to 3 h (Fig. 4d–f). There is increased asso-
ciation of all three promoters with H3K9me3 after
stimulation with influenza at 48 h in contrast to 3 h
where the association was decreased. This increased
association is present in both aged and young DCs.
These results suggest that activation of all three genes
is silenced by 48 h due to their increased association
with H3K9me3. Furthermore, the data also suggest
that association of promoters to histones is a dynamic
process which changes with time of stimulation.

Discussion

Increased susceptibility to viral infection in the elderly
is often ascribed to alteration in T cell functions

(Effros 2004; Gupta et al. 2004; Haynes and Maue
2009). Contribution of the innate immune response
that impact anti-viral defense mechanisms in aging,
remain largely unexplored. The first line of defense
after influenza virus infections consists of robust pro-
duction of interferons by innate immune cells (Billiau
2006; Isaacs and Lindenmann 1957). These interfer-
ons have potent anti-viral properties and subsequently
regulate innate and adaptive immunity (Randall and
Goodbourn 2008).

Numerous studies have reported a decrease secre-
tion of IFN-α by aged pDCs, which are the most
potent IFN producing cells (Sridharan et al. 2010;
Stout-Delgado et al. 2008; Diebold et al. 2003; Jing
et al. 2009). Besides pDCs, the mDCs subset of DCs is
also capable of producing robust amount of IFNs in
response to viral infection (Katashiba et al. 2011;
Diebold et al. 2003). In this study, we show that
similar to aged pDCs, monocyte derived DCs (which
are similar to mDCs) from aged subjects are also
impaired in their capacity to secrete IFNs in response
to influenza virus (Fig. 2a–d). The reduced secretion

Fig. 4 Association of IFN-A2, IL-29 and TNF-α promoter to
H3K4me3 and H3K9me3 is not stable and alters with time.
Chromatin from influenza stimulated (48 h) aged and young
DCs was precipitated using H3K4me3 and H3K9me3 antibodies.
Association of IFN-A2, IL-29 and TNF-α promoters with these
histones was determined using real-time PCR. Data were normal-
ized to the input DNA and is represented as % of input. a Real-
time PCR analysis of binding of IL-29 promoter to H3K4me3. b

Real-time PCR analysis of binding of IFN-A2 promoter to
H3K4me3. c Real-time PCR analysis of binding of TNF-α pro-
moter to H3K4me3. d Real-time PCR analysis of binding of IL-29
promoter to H3K9me3. e Real-time PCR analysis of binding of
IFN-A2 promoter to H3K9me3. f Real-time PCR analysis of
binding of TNF-α promoter to H3K9me3. Data represent the
mean±SEM of three experiments. Pooled DCs from three aged
and three young subjects were used for each of the experiments
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of interferons by mDCs adds further to the deficit in
interferon secretion by pDCs.

In addition to IFN-I, aged mDCs were also deficient
in the production of IL-29 (IFN-III). IL-29 is a recently
discovered cytokine that has similar mode of anti-viral
activity as IFN-I (Dumoutier et al. 2004; Meager et al.
2005; Ank et al. 2008; Uze and Monneron 2007).
However, IFN-III seems to have a more specialized role
in epithelial and mucosal antiviral defense (Brand et al.
2005; Okabayashi et al. 2011) since the expression of
IFN-III receptor is restricted to renal and mucosal epi-
thelial surfaces (Iversen et al. 2010; Li et al. 2009;
Sommereyns et al. 2008; Mordstein et al. 2010).
Except for one recent study from our laboratory report-
ing decreased IL-29 secretion by pDCs from aged, there
is a scarcity of information regarding the status of IL-29
production during aging. It is essential to gain this
information as recent reports suggest that IFN-III, but
not IFN-I acts as the first line of host response against
upper respiratory epithelium viral infections
(Okabayashi et al. 2011). It has been shown that IFN-
III has certain unique functions which are different from
that of IFN-Is. For example, IL-29-treated macrophages
were more responsive to IFN-γ, because IL-29 en-
hanced IFN-γ induced IL-12p40 and TNF production
by macrophages on TLR stimulation while, IFN-I sup-
pressed the production of these cytokines (Liu et al.
2011). More recently, a very important role for IFN-III
was reported in protection from allergic airway disease.
IFN-III levels were found to be profoundly down-
regulated in allergic asthma which led to exacerbation
of allergic airway inflammation by augmenting Th2 and
Th17 responses, and IgE levels (Koltsida et al. 2011).
Therefore, profound decline in the production of IFN-III
would not only increase the risk of elderly population to
influenza and other respiratory infections but may also
be responsible for development of asthma in the elderly
as poorly resolve respiratory infections are often the
forerunners of asthma attacks in the population.

Decline in IFN secretion by pDCs in aged subjects
has been demonstrated to be due to defect in signaling
mechanisms that result in impaired phosphorylation of
Interferon Regulatory Factor-7 (IRF-7) (Sridharan et
al. 2010; Stout-Delgado et al. 2008). More recently,
Qian et al. (2011) have reported decreased IFN-I se-
cretion in monocyte derived DCs from older donors in
response to West Nile virus due to decreased induction
of STAT-1, IRF-7 and IRF-1. A growing body of
evidence demonstrates that chromatin modification is

another important mechanism that regulates cytokine
expression (Barth and Imhof 2010; Bartova et al.
2008; Kouzarides 2007; Strahl and Allis 2000).
Many immune related genes such as MCP-1, TNF-α,
IL-12, and IL-4 are regulated by epigenetic changes
characterized by histone metylation and acetylation
(Weinmann et al. 1999; Fields et al. 2002; Barthel
and Goldfeld 2003; Boekhoudt et al. 2003; Goriely
et al. 2003; Wen et al. 2008). Furthermore, TLR-
induced chromatin modification of H3K4me3 and his-
tone acetylation are shown to control the inflammation
by silencing the pro-inflammatory mediators (Foster et
al. 2007). Dynamic epigenetic changes are also shown
to occur also during differentiation of monocytes to
macrophages and DCs (Tserel et al . 2010).
Interestingly, genes related to phagocytic activity have
more active chromatin marks (H3K4me3 and H3Ac)
in monocytes and macrophages where the phagocyto-
sis is more efficient. Whereas genes related to antigen
processing and presentation have more active chroma-
tin marks in macrophages and DCs which are the
primary antigen presenting cells. Thus epigenetic
mechanisms provide a new framework for understand-
ing the complexity of immune regulation.

Studies reporting age related alteration in histone
modifications in immune cells are rare. El Mezayen et
al. (2009) found that up-regulation of IL-23 gene in
aged DCs is associated with increased binding of IL-
23p19 promoter to H3K4me3. Our findings with ChIP
experiments demonstrate that the binding of IFN-A2
and IL-29 promoters to gene-repressor histone,
H3K9me3 is increased in non-activated aged DCs
(Fig. 3d and e). This means that for these promoters
to be activated, H3K9me3 must relax to allow the
dissociation of the promoters and subsequent binding
to activator histones to start transcription of IFN
genes. In the young DCs, on the other hand since there
is no association of the promoters with H3K9me3,
they are free to bind to the activator histones when
required. Our results with H3K4me3 ChIP support this
scenario since there was decreased association of these
promoters with activator histone, H3K4me3 in aged
DCs after activation with influenza which correlates
with decreased secretion of these cytokines by aged
DCs. Young DCs, on the other hand, were fully com-
petent to produce the IFNs.

The association of the promoters with the histones
was dynamic and changed by 48 h when we observed
increased binding of all three promoters to H3K9me3
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indicating a silencing of these genes. This is not sur-
prising since DCs are innate immune cells that, on
activation with influenza, secrete the interferons and
TNF-α. This secretion is fast and occurs early on in
the immune response and by 48 h the DCs have
already migrated to the lymph nodes to prime T cells
in vivo.

In summary, we have shown that aged monocyte
derived DCs are impaired in the secretion of IFN-I and
IFN-III in response to influenza virus. This is due to
age-associated changes in chromatin structure since
we find increased binding of IFN-I and IFN-III pro-
moters to H3K9me3 in aged DCs. This results in
decreased association of IFN-I and IFN-III promoters
with H3K4me3 after activation with influenza result-
ing in reduced production of these cytokines by aged
DCs. A better knowledge of the molecular mecha-
nisms that control cytokine secretion by DCs will
provide deeper understanding of the initiation and
development of the inflammatory processes occurring
in response to infection.
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