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  IFNs are small single-chain glycoproteins that can be 
divided into three major classes, type I IFN (IFN-α, β, ω), 
type II IFN (IFN-γ) and type III IFN (IFN-λ, IL28/29). 
Types I and III are produced primarily by innate immune 
cells such as dendritic cells (DCs), macrophages and epi-
thelial cells and aid in preventing viral replication and 
activating downstream adaptive immune responses. The 
IFNs secreted early in response to viral infections affect 
the functions of other innate and adaptive immune cells 
by enhancing their activation and anti-microbial activity, 
and therefore are critical for clearing infections  [2] . Age-
associated impaired IFN secretion thus may play a critical 
role in the increased susceptibility of the elderly to viral 
infections. This review focuses primarily on innate IFNs, 
types I and III, secreted by DCs.

  Aging, Plasmacytoid Dendritic Cells and Type I 

Interferon Secretion 

 Amongst the innate immune cells, plasmacytoid den-
dritic cells (PDCs) are the most rapid and abundant IFN 
producers  [3] . This is because of constitutive expression 
of IFN-regulatory factor-7 (IRF7), a transcription factor 
responsible for IFN production  [4] . Because of the readily 
available machinery, PDCs can also produce up to 100-
fold more IFNs compared to other cells. In addition, PDCs 
express the unique intracellular Toll-like receptors (TLRs), 
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 Abstract 

 Initial secretion of interferons by innate immune cells such 
as dendritic cells is crucial for protection against infections 
as well as for alerting and activating the downstream im-
mune responses. The secretion of innate interferons, both 
type I and type III, by dendritic cells is severely impaired in 
aged subjects. This review focuses on the mechanisms re-
sponsible for the reduced interferon secretion by dendritic 
cells and the role this plays in the increased susceptibility of 
the elderly to infections, particularly of the respiratory mu-
cosa.  Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 The immune system undergoes significant changes 
with advancing age. Increased susceptibility to infections 
particularly to viral infections such as influenza, respira-
tory syncytial virus, West Nile virus and herpes zoster 
virus is the cause of significant morbidity and mortality 
in the elderly  [1] . Production of innate interferons (IFNs) 
constitutes the most rapid and dominant innate immune 
response to counter viral infections.
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TLR7 and TLR9 which are important in sensing viruses. 
TLR7 can sense single-stranded RNA (ssRNA) viruses 
such as influenza while TLR9 can sense unmethylated 
DNA sequences from pathogens. Signaling through these 
TLRs in PDCs leads to prompt secretion of IFNs which is 
crucial for activation of other innate immune cells and 
priming of downstream adaptive immune responses. 

  As PDCs play a crucial role in fighting viral infections, 
numerous studies have compared the functions of PDCs 
between the aged and young donors. The results are vari-
able particularly with regards to PDC numbers in the el-
derly. Studies by Shodell and Siegal  [5] , Perez et al.  [6] , 
Jing et al.  [7]  and Canaday et al.  [8]  report a decline in 
PDC numbers in healthy elderly individuals. Jing et al.  [7]  
found the numbers to be further compromised in the frail 
elderly population. In contrast, our own studies  [9, 10]  
along with those of Della Bella et al.  [11]  did not observe 
any significant difference in PDC percentage in blood be-
tween healthy aged and young subjects. The may be a 
consequence of differences in the aged population. PDC 
numbers are also stable in mice and do not seem to change 
substantially with advancing age. 

  In contrast, the response of PDCs to viruses, particu-
larly IFN production, is significantly impaired with age. 
Almost all studies report a significant decline in type I IFN 
production in response to various infections. Early studies 
by Shodell and Siegal  [5]  observed impaired type I IFN 
secretion from PBMCs from aged subjects compared to 
young after activation with ultraviolet-inactivated herpes 
simplex virus. They attributed it to reduced PDC num-
bers. Jing et al.  [7]  also observed reduced IFN-α secretion 
from purified aged PDCs after activation with influenza 
virus and TLR9 ligand, ODN2006. They also attributed 
the impaired IFN secretion to declining PDC numbers. In 
addition, the authors reported reduced expression of 
TLR7 and TLR9 in PDC which would further account for 
the reduced production of IFN. Studies by Canaday et al. 
 [8]  also documented significant decline in IFN production 
by PDCs from aged subjects in response to multiple strains 
of influenza virus. They also attributed it to reduced PDC 
numbers in aged subjects as no defects in TLR expression, 
uptake of influenza virus and viability of PDCs was ob-
served in these studies. However, in contrast to Jing et al. 
 [7] , Canaday et al.  [8]  did not observe a reduction in IFN 
secretion from aged PDCs in response to ODN and the 
TLR7 ligand Gardiquimod. It could be because of the dif-
ference in methodology between the two studies. Canaday 
et al.  [8]  determined IFN secretion in whole PBMCs and 
observed that depletion of PDCs resulted in abrogation of 
IFN secretion. Impaired type I IFN production in re-

sponse to TLR7/8 ligand R848, Gardiquimod and ODN 
was also observed by Panda et al.  [12]  in a large cohort of 
aged and young subjects. PDC numbers and TLR9 expres-
sion were comparable to young in their cohort but PDC-
TLR7 expression was decreased. This suggests that re-
duced IFN secretion in aged is a consequence of both tran-
scriptional and post transcriptional mechanism such as 
age-associated modifications in signaling mechanism re-
sponsible for IFN production. This was confirmed by our 
own observations  [10] . We reported impaired type I IFN 
secretion from purified aged PDCs after stimulation with 
ODN and influenza virus. Secretion of all other pro-in-
flammatory cytokines was comparable to young indicat-
ing that the initial interaction of the ligand with the recep-
tor was not impaired. This conclusion was further sup-
ported by comparable PDC numbers and TLR7 and TLR9 
expression in aged and young PDCs. This suggested that 
the defect lay in the signaling pathway involved in the pro-
duction of IFN-α such as mTOR and IRF7. Both these 
pathways play a critical role in production of IFN by 
PDCs. The interaction of TLR7/9 with MyD88 in PDCs 
elicits the formation of multifactor signaling transduction 
complex that contains the kinases IRAK1 and IRAK4, the 
ubiquitin ligase TRAF6, and IRF7. IRF7 is phosphorylated 
by IRAK1-IRAK4 and then translocates to the nucleus, 
where it initiates the transcription of genes encoding type 
I IFNs. A recent study  [13]  demonstrated that activation 
of TLR7/9 on PDCs phosphorylates mTOR which leads to 
activation of p70S6K. This enhances the interaction of 
TLR with MyD88 and consequently promotes the phos-
phorylation of IRF7. Our investigations into the signaling 
mechanisms indicated that phosphorylation of IRF-7 was 
significantly impaired in aged PDCs. Defective IRF7 acti-
vation in PDCs has also been reported in aged mouse 
PDCs  [14] . There is no report regarding the status of 
mTOR signaling in aged PDCs though it would not be 
surprising to find that this pathway is also affected in aged 
PDCs as mTOR signaling pathway is one of the pathways 
which is significantly affected by advancing age. It would 
be interesting to determine the status of IFN secretion by 
PDCs in aged mice treated with rapamycin, an inhibitor 
of mTOR signaling pathway. A recent study  [15]  reports 
similar deficiency in IFN production from aged PDCs in 
response to West Nile virus. 

  Almost all studies comparing the difference in PDC 
IFN secretion are cross-sectional; however, a very recent 
report by Uno et al.  [16]  utilizes a longitudinal cohort of 
Japanese healthy subjects where the IFN-α secretion in 
response to Sendai virus was determined twice a year in 
total PBMCs for 24 years. They observed that though the 
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IFN-α secretion declined around age 55, it reverted back 
to normal levels around age 65. In subjects with other co-
morbidities such as diabetes, cancer the decline in IFN 
was irreversible. They therefore concluded that decline in 
the IFN production is more a function of the onset of dis-
ease rather than aging.

  Though all aging studies concur on the impaired pro-
duction of type I IFN by PDCs, the mechanisms respon-
sible seem to be variable. These discrepancies could be 
due to differences in sample population as well as size of 
sample. In general, studies with healthy aged populations 
such as those living independently and free of comorbid-
ities such as diabetes, etc. report fewer changes. Another 
reason could be differences in sample processing. PDCs 
are relatively rare cells and sufficient numbers of cells 
have to be acquired during flow cytometry to achieve sta-
tistically reliable data. Analysis using percentage of PDC 
versus absolute numbers may also result in differences. 
The problem could also be a consequence of various TLR 
antibody clones used as the specificity may vary. Thus, it 
seems that certain standard guidelines need to be estab-
lished regarding sample processing and acquisition to al-
low comparison between different aging studies.

  Myeloid Dendritic Cell Type I Interferon Secretion 

 In addition to PDCs, the myeloid dendritic cells 
(MDCs) subset is also capable of producing IFNs in re-
sponse to viral infection. Though the magnitude of IFN 
secreted is significantly lower than PDC nevertheless, 
unlike PDCs, MDCs retain the ability to express IFNs for 
a long period of time after infection  [2] . Viruses includ-
ing influenza virus induce type I IFN secretion via mul-
tiple receptors in MDCs. Both TLR3 and TLR8 are known 
to be activated by influenza. TLR3 induces type I IFN via 
Toll-like IL-1 receptor-related adaptor protein inducing 
IFN (TRIF), which activates both IRF3 and NF-κB. TLR-
8 on the other hand signals via MyD88 adaptor protein 
and induces IFN secretion via IRF3. Besides TLRs, influ-
enza also activates the cytosolic retinoic acid-inducible 
gene-I (RIG-I) encoded helicases to induce IFN via the 
IPS-1/MAV5 signaling pathway. An additional cytoplas-
mic RNA sensor, the RNA-activated protein kinase re-
ceptor, also binds dsRNA as well as structured ssRNAs 
that then mediate autophosphorylation and activation of 
the protein kinase receptor. Our previous studies had 
demonstrated that IRF3 phosphorylation and NF-κB ac-
tivation in response to self DNA is enhanced in aged 
MDCs  [17] . Cytosolic sensors for self DNA are different 

from that utilized by viruses. It may be that IRF3 phos-
phorylation downstream of TLR3/8 is impaired with age. 
Studies by Panda et al.  [12]  have reported decreased ex-
pression and response of both these receptors in MDCs 
from aged. They observed decreased secretion of TNF-α, 
IL-12p40 and IL-6 in response to TLR3 and TLR8 ligand. 
IFN secretion by MDCs was not determined in this study. 

  We investigated the capacity of aged MDCs to produce 
type I IFN in response to influenza virus  [18] . This is be-
cause MDCs are comparatively more abundant than 
PDCs and IFN production by them may compensate for 
the reduced IFN by PDCs. Similar to PDCs, MDCs from 
aged individuals were also impaired in their capacity to 
produce type I IFN while the ability to produce other in-
flammatory cytokines was not affected. A similar reduc-
tion in the capacity of MDCs from older donors to pro-
duce IFN-α in response to West Nile virus has also been 
reported  [15] . This is in contrast to self DNA where we 
observed an increased secretion of type I IFN by aged 
MDCs. The production of IFN secretion to self and for-
eign antigens seems to be differentially regulated in the 
aged. It will be interesting to investigate whether en-
hancement of one leads to deterioration of the other.

  Recently, there has been an increased appreciation for 
the role of chromatin remodeling in gene regulation. Ag-
ing is associated with dramatic changes in chromatin 
structure; therefore, we investigated whether the impaired 
IFN secretion by aged DCs could be explained by age-as-
sociated changes in chromatin remodeling  [18] . The as-
sociation of IFN promoters to activator and repressor his-
tones in MDCs was investigated using chromatin immu-
noprecipitation (ChIP). Increased association of the IFN 
promoter to repressor histone, H3K9, was observed in un-
activated aged MDCs compared to unactivated young 
DCs. This led to the decreased association of the IFN pro-
moters to activator histone, H3K4, after stimulation with 
influenza resulting in decreased IFN production. In con-
trast to IFN promoters, the binding of TNF promoter to 
both H3K4 and H3K9 histones was comparable in aged 
and young MDCs both before and after activation with 
influenza resulting in comparable levels of TNF produc-
tion. In the case of West Nile virus, the authors observed 
a decreased expression of IRF1, suggesting a defective pos-
itive-feedback regulation of type I IFN expression  [15] .

  Collectively, these findings suggest that the produc-
tion of IFNs by DCs is significantly affected with age. 
Mechanism of impairment seem to be at all levels ranging 
from reduced DC numbers to reduced expression of re-
ceptors to impaired downstream signaling and also at the 
level of transcriptional regulation.
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  Implications Type I Interferon and Immune 

Response 

 Type I IFNs orchestrate numerous biological and cel-
lular processes and are essential elements during host an-
tiviral defense ( fig. 1 )  [2, 19] . Humans with impaired type 
I IFN production and signaling display increased suscep-
tibility to viral infections. Mice deficient in type I IFN are 
also unable to control a wide range of viral infections. 
Triggering of IFN production by viruses leads to the tran-
scription of hundreds of IFN-stimulated genes. The prod-
ucts of these IFN-stimulated genes exert numerous anti-
viral effector functions, many of which are still not fully 
understood. IFNs modulate distinct aspects of both in-
nate and adaptive immunity. In addition to directly inter-
fering with viral replication, type I IFN act on antigen-
presenting cells such as DCs and macrophages to amplify 
antigen presentation to specific T cells through the up-
regulation of MHC and costimulatory molecules. Fur-
thermore, IFNs also promote DC generation from mono-
cytes and stimulate DC maturation.

  IFNs exert multiple direct and indirect effects on the 
adaptive immune system that impact almost every cell type 
and function  [19] . Type I IFNs enhance the cytotoxicity of 
NK cells which play an important role in the early phase of 
immune response against viral, bacterial, and other micro-
bial pathogens. NK cells constitute the aged population’s 
major antiviral defense mechanism. It has been reported 
that low NK cytotoxic activity in the aged correlates with 

a history of severe infections or death due to infection. De-
creased NK cell cytotoxic activity also is related to aged 
subjects’ susceptibility to common infectious disease. Re-
duced IFN secretion by DCs may therefore be responsible 
for the poor priming of NK cells in the elderly.

  Similar to NK cells, IFNs also enhance the cytotoxic 
activity of CD8 T cells. Several studies have demonstrated 
that type I IFNs play an essential role in effector CD8 T-
cell differentiation and function. Murali-Krishna and col-
leagues  [20]  observed that CD8 T cells lacking the type I 
IFN receptor were profoundly impaired in their ability to 
expand and differentiate into effector CTLs, demonstrat-
ing that type I IFNs provide a nonredundant costimula-
tory signal in vivo. In addition, type I IFN enhances IFN-γ 
secretion from both CD8 and CD4 T cells. Reduced type 
I IFN secretion in aging may therefore be a key culprit in 
the reduced response of the aged to viral infections. The 
antigen-specific cytotoxic T lymphocyte (CTL) response 
against pathogens is markedly reduced in an aged im-
mune system. Studies from various groups have demon-
strated that influenza virus-specific CTL activity was sig-
nificantly diminished among elderly subjects when com-
pared with young subjects. The aged population’s CTL 
response against influenza vaccination is also reduced and 
short-lived. Therefore, diminished CTL activity in aged 
subjects may be responsible for poor protection against 
influenza infection, leading to prolonged and more severe 
infection. DCs constitute the first line of defense against 
bacterial and viral infections and play in critical role in 
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  Fig. 1.  Effect of IFN on immune and other 
cells. Viruses such as influenza activate 
PDCs and MDCs to induce secretion of 
type I and type III IFN which activate and 
prime antiviral responses in various cells. 
In aged subjects, reduced secretion of types 
I and III IFN (red arrow) results in genera-
tion of inefficient innate and adaptive im-
mune responses that are ineffective in 
fighting infections. 
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generation of memory T cell responses. The initial weak 
priming of T cells by DCs from aged populations may lead 
to generation of weak or ineffective memory response.

  In addition to CD8 T cells, type I IFNs also impact CD4 
T cell functions. Type I IFN produced in response to vi-
ruses is reported to suppress CD4 T cell responses via in-
duction of IL-10 producing T regulatory cells. Indole-
amine 2,3-dioxygenase (IDO) is an important enzyme in 
the tryptophan catabolism pathway and plays a key role 
in triggering T-regulatory cells  [21] . Several studies docu-
ment the reciprocal relationship between IDO expression 
and type I IFN production  [22–24] . IDO increases the ac-
cumulation of kynurenine pathway metabolites, which 
suppress type I IFNs production and enhance viral repli-
cation  [25] . Increased IDO activity in plasma has been 
observed in aged subjects as compared to young individ-
uals  [26]  and has been linked to chronic inflammation, 
neuropsychiatric disorders and metabolic syndrome. In-
creased IDO expression may suppress T cell responsive-
ness and lead to age-associated immunodeficiency  [27] .

  Besides T cells, type I IFN can also enhance antibody 
response to soluble antigens and promote immunoglobu-
lin class switch and immunological memory as well as 
induce the differentiation of B cells in plasmablasts and 
subsequently into plasma cells. Aging is associated with 
reduced antibody response to all vaccines, including 
those for influenza, encephalitis, pneumococcal pneumo-
nia, and tetanus. The cause of this decline in antibody 
responses remains an open question. The reduced IFN-α 
secretion of DCs in response to pathogens may be one of 
the causes of poor antibody responses. Efficient induction 
of cytotoxic T cell responses as well as B cell antibody re-
sponses is essential for providing effective immunity 
against viruses. Reduced IFN secretion by aged DCs may 
therefore lead to a reduction in adaptive immune T and 
B cell responses and increased susceptibility to infections.

  Type III IFNs 

 In addition to type I IFNs, PDCs and MDCs also se-
crete type III IFNs. Type III IFNs are IFN-λ1, IFN-λ2 and 
IFN-λ3, also known as IL-29, IL-28A, and IL-28B, respec-
tively. They signal through an IFN-λ receptor complex 
composed of a unique IFN-λR1 chain and a shared IL-
10R2 chain that is also the second subunit of the IL-10, 
IL-22, and IL-26 receptor complexes  [28] . Type III IFN, 
have been reported to possess antiviral activities and 
share common features with the type I IFNs  [29] . Studies 
of the molecular events leading to IFNλ production sug-

gest a common mechanism with type I IFNs. Binding of 
IFNs to their corresponding cellular receptor complexes 
also induces similar signaling events activating a very 
similar set of antiviral genes. Consequently, type III and 
type I IFNs are both able to induce an antiviral state in 
cells. However, whereas type I IFN receptors are ex-
pressed in most cell types, IFN-λR1 demonstrates a more 
restricted pattern of expression, limiting the response of 
type III IFNs to primarily epithelium-like tissues. In ad-
dition to differential action, there are also indications that 
IFN-λ signaling may be resistant to feedback mechanisms 
targeting IFN-α, allowing it to be a more effective antivi-
ral due to enhanced production and prolonged action in 
the mucosal compartments that are exposed to the out-
side. Therefore, although both type I and type III IFNs 
share similar expression pattern and biological activities, 
they may play distinct roles in the establishment of mul-
tifaceted antiviral response. Experiments in vivo demon-
strate that type III IFNs are important mediators of anti-
viral response in mucosal/epithelial tissues. It has been 
reported that type III IFN contributes greatly in defense 
against pathogens that infects respiratory tract such as 
influenza A virus, influenza B virus, and respiratory syn-
cytial virus. Furthermore, IFN-λ production was inverse-
ly correlated with the clinical severity of allergic asthma 
and airway inflammation. Koltsida et al.  [30]  reported 
that overexpression of recombinant or adenovirally ex-
pressed IL-28A in mice suppressed allergic airway dis-
ease. Their investigations demonstrated that type III IFN 
suppressed Th2 and Th17 responses and induced IFN-γ.

  As all of these infections are highly prevalent in the el-
derly, we investigated the production of type III IFN by 
PDCs and MDCs as these cells are the primary producers 
of type III IFN. Similar to type I IFN, both PDC and MDC 
from aged subjects were severely impaired in their capacity 
to produce type III IFN in response to influenza virus  [10, 
17] . The magnitude of impairment was higher than that 
observed for type I IFN, suggesting that type III IFN defi-
ciency may have a critical role to play in the increased sus-
ceptibility of aged to respiratory infections. Since mecha-
nisms of induction of both type I and III IFNs are analo-
gous, reduced IRF7 phosphorylation may be responsible 
for the decline in type III IFN production by aged PDCs. 
Akin to type I IFN, the promoter for type III IFN also dis-
played increased binding to repressor histone, H3K9me3 
in aged MDCs which led to decreased association of the 
promoter to activator histone,  H3K4me3 after activation 
with influenza resulting in impaired type III IFN secretion.

  In summary, these data suggest that the elderly display 
a significant deficiency in both type I IFN and type III IFN 
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