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Aging, imbalanced inflammation and viral infection
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Ider people experience enhanced
susceptibility to viral
and subsequent superimposed bacterial

infections

infections. Based on both experimental
and clinical studies, this susceptibility is
thought to be due to declining immune
responses. However, our work indicates
that older people may succumb to viral
infection due to exaggerated immune
responses as aged mice produce higher
serum levels of the inflammatory media-
tor IL-17 than younger mice upon her-
pes viral infection. These age-elevated
IL-17 responses induce a lethal immune
pathology during viral infection. Early
during the course of infection natural
killer T-cells (NKT-cells) are major con-
tributors to the elevated IL-17 response
in aged mice. These responses synergize
with defective viral clearance with aging
noted by impaired IFN-a responses by
plasmacytoid DCs. Our results indicate
that novel anti-inflammatory drugs may
resolve imbalanced inflammation and
improve outcomes in older people infected
with viruses.

Introduction: The Problem of Age
Alterations to Immune Function

Within the next forty years the number
of people older than sixty five years of
age in the world will exceed the number
of young people aged for the first time in
history.! As the number of older people
grows, their health care needs will pose
an ever-increasing burden on our health
care system. Altered immune responses in
the elderly are responsible for many dis-
eases, as well as for increased susceptibil-
ity to infections and cancer. For example,
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influenza viral lung infections are a grow-
ing public health concern in older people
because of their predisposition for com-
munity-acquired pneumonia and their
ability to exacerbate chronic heart and
lung diseases.” These infections not only
induce higher morbidity and mortality
in older than younger people,® but also
appear to be increasing in number, as
exemplified in a study reporting a 20%
increase in hospitalization rates for com-
munity acquired pneumonia from 1988 to
2002 for patients aged 65 to 84 years.*

Efforts to protect older people from
influenza viral infection have only been
partially successful. Currently, the triva-
lent seasonal influenza vaccine reduces
hospital rates for pneumonia by 48-57%
and mortality by 36-54% in community
dwelling older people.* However, these
vaccines fail to provide as high a level of
protection for older people as for younger
people, who typically respond to influenza
viral infection with greater than 90% effi-
cacy.®’ Parallel to the increased suscepti-
bility to microbial infection and cancer in
older people, reduced efficacy of vaccines
are likely caused by age-induced altera-
tions in the immune system. Hence, dis-
cerning how aging modifies the immune
system will be critical for development of
novel therapies and treatment options that
protect older people from microbial infec-
tion and cancer.

Although the current paradigm in the
field indicates that declining immune
responses are the dominant reason for
increased susceptibility to viral infec-
tions and for reduced efficacy of vaccines
with aging,® our recent report challenges
this paradigm as we find that exaggerated
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Figure 1. Proposed pathway of elevated IL-17 responses to viral infection with aging Aging
induces increased RORYT, an IL-17 promoting transcription factor, within NKT-cells, innate immune
lymphocytes. During herpes viral infection, these aged cells produce exaggerated IL-17 levels.
Subsequently, IL-17 induces neutrophil-dependent liver injury, leading to worse outcomes in aged
hosts than young hosts. This production is coupled with lower IFN« levels from plasmacytoid
DCs, impairing viral clearance leading to further NKT-cell activation and more IL-17 production.

inflammatory responses are the principal
reason why aged hosts succumb to viral
infection, whereas young mice survive
viral infection without disease.

Current Paradigm Concerning
How Aging Impacts
Immune Function

Both experimental and clinical studies
have indicated that older people are more
susceptible to microbial infection due to
declining immune responses.” The gen-
eration of a primary immune response
is the result of a carefully orchestrated
interaction of the innate and adaptive
immune systems.'”" The majority of
studies on aging and immune function
have focused on adaptive T cell function,
with several reports showing that aging
impairs T cell IL-2, IFN-vy production,
and Thl immunity,'*'* one of the criti-
cal immune defenses to infection from
intracellular pathogens such as viruses.
Aging also impairs T-cell CD28 signal-
ing"” and immune synapse formation.'®
Furthermore, aging reduces T cell thy-
mic output, leading to reduced numbers
of naive T cells, cells that are essential
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for eradicating infections from new
pathogens. In addition, aging leads to an
accumulation of memory T cells,” which
are critical for prevention of re-infection
and are the basis for vaccination thera-
pies. In addition, aging leads to defective
CD4* and CD8* memory T cell func-
tion.'"" Other components of the adap-
tive immune system, including antibody
formation by B cells, may also be altered
with aging.?®!

Less is known about the role of
aging in innate immunity, which is the
first line of host defense against infec-
tions.?>* Some studies in this area have
found no alteration in the innate sys-
tem with aging'® and one study found
that cytokine responses were elevated
in aged human dendritic cells (DCs).*
Other experimental and clinical reports
have documented that aging impairs the
innate immune system, including inflam-
matory cytokine production by human
DCs.?7% In sum, the field of aging and
immune function is dominated by the
paradigm that aging reduces immune
function, thus providing an explanation
for why older people are more susceptible
to microbial infection.
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Aging and Pro-inflammatory
Cytokines

Several prior reports indicate that aging
is associated with dysregulated cytokine
production in both humans and mice.?-
Although elevated levels of several cyto-
kines, including IL-1, IL-6 and TNFa,
have been associated with aging, the stron-
gest evidence is for IL-6, a cytokine that
has recently been shown to be important
for Th17 CD4* T-cell helper differentia-
tion.*»* However, it is not clear if altered
inflammatory responses with aging are
a result of impaired host defense to viral
infection, and it is unknown whether any
age-induced alteration in the inflamma-
tory responses would impact the outcome
of viral infection with aging.

A Novel Pathway by which
Aging Induces Susceptibility
to Viral Infection

Our recently published study challenges
the paradigm that reduced immunity
with aging is the dominant reason why
aged hosts are susceptible to viral infec-
tions. Our work shows that aged, but
not young, mice succumb to systemic
herpes viral infection due to exagger-
ated inflammation.*® We documented
that aged mice that were infected with
either herpes simplex 2 virus (HSV-2) or
with murine cytomegalovirus (mCMYV)
exhibited a rapid rise in the proinflamma-
tory cytokines, IL-6, IL-17 and TNFa.
These results were coupled to findings
of increased liver injury and necrosis
with neutrophil activation in aged mice
than young counterparts. The increased
inflammation is driven by heightened
interleukin IL-17 responses. IL-17 is an
inflammatory mediator that has been
implicated in a variety of pathological
disorders including rheumatoid arthritis,
multiple sclerosis, inflammatory bowel
disease, psoriasis, and certain fungal
infections. In our study, we found that
treating aged mice with an and-IL-17
drug prevents death due to neutrophil-
dependent liver necrosis whenever aged
mice are infected systemically with the
human pathogen herpes simplex virus or
with a murine cytomegalovirus.>* IL-17
neutralization also reduced induction of
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other proinflammatory cytokines, IL-6
and TNFa, indicating that IL-17 acts
as a proximal orchestrator of inflamma-
tion during viral infection with aging in
our experimental models. Young mice,
in contrast, survive viral infection with
lower 1L-17 levels and no evidence of dis-
ease. The cells responsible for the elevated
IL-17 in aged mice are liver NKT-cells.
NKT-cells are immune cells that secrete
inflammatory mediators such as IL-17
during specific immune responses. The
discovery that NKT-cells produce IL-17

t>3¢ and was not known

is relatively recen
to occur during viral infection until our
study was completed.*® In our study, we
found that NKT-cells from aged mice
express more of the IL-17 promoting
transcription factor, RORYT, than young
cells both at rest and after stimulation
with herpes viruses. We also found that
the elevated IL-17 response with aging
induces neutrophil recruitment into the
liver and subsequent lethal liver injury in
aged mice.

The elevated IL-17 response that
occurs with age in our studies syner-
gizes with an impaired ability to contain
the virus, thus inducing mortality (Fig.
1).** This impairment is seen in reduced
levels of IFNa by plasmacytoid DCs
(pDCs). A prior study by our laboratory
discerned in detail the molecular defect
within pDCs with aging. Specifically,
we found that aging leads to the defec-
tive upregulation of interferon regulatory
factor (IRF)-7, a critical signal transducer
downstream of TLRY and the IFNaf
receptor.”’” Taken together, our findings
indicate that elevated IL-17 produced by
NKT-cells coupled with impaired IFNa
responses from pDCs induces mortality
during systemic herpes viral infection in
aged mice.

Conclusion

Our study has uncovered an unappreci-
ated role of exaggerated inflammatory
responses in aged hosts during viral infec-
tion with aging. Our study may indicate
that aging induces an imbalanced immu-
nological response to microbial infection
and our study lays the foundation for
exciting possibilities in the development
of novel anti-inflammatory therapies for
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older people infected with viruses and
possibly other pathogens. Such therapies
could include novel therapeutics to treat
disease after viral infection. Before such
possibilities, our results need to be verified
in other diseases models of localized viral
infections and also translated to humans.
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