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ABSTRACT

Rebecca G. Myer
Aging Dendritic Cell Function and Effects on T helper Cell Differentiation
Dissertation under the direction of
Kevin P. High, M.D., Professor of Internal Medicine
Immune function decreases with age. Most aspects of the immune system are affected but
previously published data suggest dendritic cells (DC) largely escape this phenomenon.
DC have three main functions: upregulation of cell surface expression of costimulatory
molecules, antigen presentation, and cytokine secretion which lead to activation of T
cells. The milieu of secreted cytokines determines the differentiation of activated naïve T
helper (Th) cells into Th1, Th2, Th17 or T regulatory (Treg) cells. We show that bone
marrow-derived DC (BMDC) differentiated from old male mice stimulated with Toll-like
receptor (TLR) agonists, alone or in combination, secrete increased IL-23, a cytokine
involved in the Th17 cytokine axis. IL-12, a cytokine involved in the Th1 axis does not
change. This shift in cytokine secretion occurs between 6 and 12 months of age and is
evident after stimulation with several TLR agonists, but most prominently with the
combination of the TLR 4 and TLR 7/8 agonists, lipopolysaccharide (LPS) and R848,
respectively. The superiority of this combination in stimulating cytokine secretion by
BMDC from aged mice led us to investigate its effect on Th differentiation. BMDC
stimulated with the combination of LPS/R848 triggered the differentiation of Th1 cells.
This was true regardless of the age of the mouse from which the BMDC or the T cells
were isolated. However, the addition of exogenous IL-23 to these DC/T cell cultures
blunted Th1 differentiation suggesting IL-23 might play a role in immune senescence.
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We conclude that BMDC from aged mice are capable of triggering robust Th1
differentiation when stimulated with the proper TLR agonists. The retention of function
by DC with age may provide strategies to be exploited in the formulation of new vaccines
with enhanced efficacy in the elderly.
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CHAPTER I

INTRODUCTION
Aging Immunity
The immune system changes in age. While the underlying mechanisms for these
changes are yet to be defined, the overall effect is decreased host defense and vaccination
response in the aged. Not all host defenses decline in age, however. We hypothesize that
the Th17 response, a recently defined T helper subtype that appears to be retained, or
even increased, in age, can be effectively triggered by vaccines and enhance host defense
against infectious diseases in the aged. However, the multiple interactions and feedback
loops within the immune system suggest that manipulating immune responses in the aged
will be complex.
Innate immune functions are generally decreased in age. For example, neutrophils
have impaired oxidative capacity and respond less aggressively to certain
chemoattractants1. Macrophages have a decreased oxidative capacity and upregulate
MHCII less efficiently, thus hindering their antigen presenting cell (APC) role for CD4 T
cells2. The Toll-like receptor (TLR) density on macrophages has even been reported to
decrease in age3. Dendritic cells (DC), the other main APC, have only been moderately
studied in aging. Early reports studied Langerhans cells, DC that reside in the epidermis,
and found altered DC density, morphology and maturation, which was, at first, extended
to all DC4;5. More recent reports on non-tissue resident aged DC show equivalent
upregulation of costimulatory molecules, antigen presentation and ability to trigger T cell
proliferation6-8.
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The adaptive immune system exhibits a similarly decreased functional capacity in
aging. There are fewer germinal centers (60-90% reduction in mouse models), fewer
naïve B cells and production of less specific antibodies with increasing age9. There is also
an increased proportion of memory B cells and these are more resistant to apoptosis9.
These lead to a less effective antibody response against new antigens. T cells show a
similar shift toward a memory phenotype10 and loss of naïve cells10 since there are few
new naïve T cells generated. Fewer naïve cells results in less antigenic variation among
the naïve T cell population and less ability to respond to new antigens11. Additionally,
these T cells have decreased functional ability. Interestingly, this decreased function
appears to be dependent on the age of the individual T cell, not the environment in the
aged host. T cells newly generated in old mice possess the ability to secrete IL-2,
proliferate, and exhibit helper function12.
CD4 T helper (Th) cells also exhibit age-related changes in their functional
differentiation. There are four known fates for a CD4 T cell (Figure 1). Two, Th1 and
Th2, have long been accepted as CD4 cell subtypes and two, Th17 and Treg, are more
recently defined. A naïve CD4 cell, sometimes referred to as a Th0 cell, is directed to its
fate depending on its environment during differentiation13. Th1 cells, which aid cytotoxic
CD8 T cells, are decreased and Th2, which aid B cells, are increased in age14;15. Th17 and
Tregs were not included in the studies which determined this because they had not yet
been defined. A more recent study has shown a tendency for T cells from old mice to
differentiate into Th17 cells16.
Th cell activation and differentiation requires the interaction of DC with naïve T
cells. According to the three signal hypothesis, this interaction requires: antigen
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Figure 1 Th differentiation
Naïve CD4 T cells have four possible differentiation pathways: Th1, Th2, Th17, Treg.
Th1 differentiation is triggered by IL-12, IFN-γ causes the upregulation of the IL-12
receptor. Th2 differentiation is caused by IL-4. Th17 differentiation is stimulated by
TGF-β and IL-6. There is a balance among the Th cells, in that each is able to inhibit the
others. IFN-γ can stop proliferation of Th2 cells. IL-10 can inhibit APC from triggering
Th1 differentiation and TGF-β and IL-4 can inhibit Th1 differentiation directly. IFN-γ,
IL-12 and IL-4 are capable of inhibiting Th17 differentiation. Th17 cells also appear to
make cytokines capable of inhibiting Th1 and Th2 differentiation.
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presentation, costimulatory molecule interaction and cytokine secretion (Figure 2). While
variation of any of the three signals can shift the T cell response, a change in the cytokine
milieu is the most potent17. Remembering Figure 1, the presence of IFN-γ and IL-12 lead
to differentiation into Th1 cells; IL-10 and IL-4 stimulate Th2 cells; TGF-β and IL-6
trigger Th17 cells; TGF-β without IL-6 leads to Treg cells. IL-6 has two roles in Th17
differentiation, one is to downregulate Treg cells and the other is to upregulate Th17
factors18. The presence of IL-6, for instance, causes an upregulation of the receptor for
IL-2319, the cytokine that appears to be a proliferation and survival signal for Th17
cells20.
Th17 Cells
As might be anticipated, study of the Th17 immune response has lead to the
definition of an increasingly complex activation and regulation cascade (Figure 3). The
signal for Th17 cells differentiation has been reevaluated several times. In the murine
model, IL-23 increases IL-17 production from activated T cells21 and the expansion of
IL-17-producing CD4 T cells22;23. This led to the assertion that IL-23 was the
differentiation signal for Th17 cells22;23. Further study however, found that IL-23 could
only initiate Th17 differentiation in the absence of IFN-γ and IL-424;25. The combination
of TGF-β and IL-6, triggers RORγt, the most critical Th17 cell transcription factor26, and
Th17 cell differentiation in mice27-29. TGF-β can also act with IL-21, a product of Th17
cells, to trigger Th17 differentiation, perhaps even in the absence of IL-630-32. IL-21 also
upregulates the IL-23R on Th17 cells and promotes proliferation by Th17 cells. IL-2,
which causes proliferation of other Th subsets, inhibits Th17 cell differentiation33.
Retinoic acid is able to trigger Treg differentiation even in the presence of IL-634;35.
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Antigen
Presentation
DC

T Cell

Costimulatory
Molecules

Cytokine Secretion
Figure 2 The three signal hypothesis
The “three signal hypothesis” states that T cell differentiation involves the distinct
interactions between the APC and the T cell: antigen presentation (signal 1), costimulatory molecule upregulation (signal 2) and cytokine secretion (signal 3). The
strength and content of each signal can alter the differentiation fate of the T cell.
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Naïve
T cell
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IL-6

T17
h17
Th17

IL-23

Th17

IL-21
Figure 3 Th17 Differentiation
A naïve T cell differentiates into a Th17 cell through the signaling TGF-β and IL-6. The
Th17 cell secretes IL-21 which causes proliferation of the Th17 cells and upregulation of
the IL-23 receptor. IL-23 then enhances the survival of Th17 memory cells.
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In humans, the Th17 cell differentiation signals appeared to be different. Several
groups disputed the utility of the TGF-β and IL-6 combination in causing Th17 cell
differentiation. Some have found that IL-23 alone36, IL-23 or IL-137, or IL-1, alone or
with IL-23 or IL-638 cause Th17 cell differentiation. Several groups have finally
succeeded in differentiating human Th17 cells using TGF-β 39-41. The differences with
previous data could be due to the extreme care used to ensure that the T cells were naïve.
The combination of IL-6 and TGF-β is also able to cause Th17 differentiation in naïve
CD4 T cells from human cord blood42. Therefore the differences among these studies
could be due to the difficulty in isolating truly naïve T cells from humans and that TGF-β
has different effects depending on its concentration (high levels inhibit Th17 in favor of
Treg) and these levels can be widely affected by experimental preparations42. Therefore
the primary factors that promote Th17 differentiation, in mouse27-29 and human39-41, are
likely TGF-β and IL-6. A critical role for expansion and survival of Th17 cells is filled
by IL-2322;23;38.
Th17 Functions in Immunity and Inflammation
Th17 cells secrete IL-17A, IL-17F, IL-21, and IL-22. The functions of each are
discussed below. IL-17A is the founding member of the IL-17 family of cytokines. Th17
cells produce IL-17A and IL-17F, while IL-17B, IL-17C and IL-17D are made by non-T
cell sources. Both IL-17A and IL-17F are functional as homodimers or heterodimers. IL17A homodimers are the most biologically active, followed by IL-17A-F heterodimers,
with IL-17F homodimers having the least activity43. IL-17’s main functions lead to the
differentiation and attraction of neutrophils through the release of G-CSF and CXC
chemokines from epithelial cells. IL-17 also increases epithelial cell mRNA for mucins44,
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mucoprotiens that form a protective biofilm, and the for antimicrobial peptides,
defensins45. TNF-α synergizes with IL-17A and IL-17F to increase the secretion of GCSF and CXC chemokines from epithelial cells46.
While Th17 cells are defined by the production of IL-17, they also secrete IL-21
and IL-22. These cytokines appear to have opposing biological effects. IL-21 is secreted
by various T cell subsets: Th247, natural killer (NK) T cells48 as well as Th17 cells49. IL22 is secreted by NK50, Th150, Th17 cells and DC51. Both are highly expressed by Th17
cells, which differentiate in the presence of TGF-β and IL-6, but interestingly IL-2149 and
IL-2252 production are both favored under conditions with IL-6 and little or no TGF-β. In
conditions that contain IL-6 and no TFG-β, CD4 cells are capable of producing IL-21
without IL-1749. IL-21 also amplifies IL-1730 and IL-2149 production from CD4 cells.
The functions of IL-21 and IL-22 have been identified through cytokine receptor
deficient mice. IL-21 aids antibody production and cellular immune responses. IL-21R-/mice have decreased levels of IgG1 and increased levels of IgE, whether the antigen is T
cell dependent or independent53. IL-21 increases IFN-γ production from Th1 and NK
cells. Furthermore, IL-21 activates naïve and memory CD8 cells synergistically with IL1554;55. Increased IL-21 has been implicated in the pathogenesis of autoimmune disease,
such as experimental autoimmune encephalomyelitis (EAE)56 (a multiple sclerosis
model) and inflammatory bowel disease (IBD)57, (such as Crohn’s disease and ulcerative
colitis), but also has anti-tumor properties, particularly through NK and CD8 T cells, and
is presently in clinical trials for metastatic melanoma and renal cell carcinoma58. In
contrast, IL-22R is not present on lymphocytes and therefore does not directly affect
adaptive immunity59. Also in contrast, IL-22 seems to play a protective role against the
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progression of ulcerative colitis60. IL-22 is also a critical protective agent against
Citrobacter rodentium, a murine hemorrhagic intestinal pathogen analogous to the
attaching and effacing human pathogen Escherichia coli O157:H751. This protection is
mediated by maintaining the epithelial barrier and preventing bacterial dissemination. IL23, acting on DC, the primary source of IL-22 in this model, was critical for protection.
Besides the tissue protective effects in the colon, IL-22 also promotes tissue generation
and thus protection, in the liver61 and the lung62. In an acute liver inflammation model
using concanavalin A, IL-22 protected mice from liver damage and death, while IL-22
deficient mice were susceptible 61. In Klebsiella infection, neutralization of IL-22
increased mortality and pathogen dissemination to the spleen, due to decreased integrity
of the lung tissue62. This balance between autoimmune tissue destruction (IL-21) and
tissue regeneration (IL-22) at the epithelial surface may be an important function of Th17
cells.
Th17 has been increasingly implicated in autoimmune diseases, particularly EAE
and IBD. Interestingly, these are also the diseases in which IL-21 seems to be
pathogenic. This raises the question of the contribution of IL-21 to the tissue damaging
effects of Th17 cells. This has proven controversial. Mice lacking IL-21 have been shown
to be less31 and more63 susceptible to EAE. IL-21 was essential in another Th17
implicated autoimmune disease, experimental autoimmune myocarditis64. IL-21 was,
however, necessary for Th17 differentiation and pathology in two models of
inflammatory bowel disease65. Interestingly in another inflammatory bowel disease,
dextran sulfate sodium-induced colitis, removal of IL-17 caused greater pathology66. The

9

protective role of IL-17 may be mediated by maintenance of mucosal wall integrity. In
contrast, IL-17 deficient mice have delayed onset and decreased severity of EAE67.
Studies in EAE first lead to the realization that Th17 immunity is involved in
autoimmunity, and not only Th1 immunity as was previously believed. This initial
confusion was due to the related structure of two Th cytokines, IL-12 (Th1) and IL-23
(Th17). IL-12 and IL-23 are heterodimers that share a common subunit, IL-12p40 (Figure
4). IL-12 was discovered first and is composed of IL-12p35 and IL-12p4068. IL-23 is
composed of IL-23p19 and IL-12p4069. Before the definition of IL-23, any IL-12p40
dependent effect was attributed to IL-12. There were indications that this explanation was
not complete. The effect of IL-12p35 and IL-12p40 removal were not the same. For
instance, IL-12p40-/- mice are resistant to EAE but IL-12p35-/- are not70. The definition
of IL-2369 therefore necessitated the reexamination of all previous work using IL-12p40.
As this has been done, IL-23 and then IL-17 have become implicated in establishment of
several autoimmune diseases as well as in host defense against multiple pathogens71-75.
Since the realization that Th17 immunity plays a major role in several
autoimmune diseases, a reduced emphasis has been placed on the role played by Th1
immunity. However, Th1 immunity is still a major participant in many situations. A
recent study of experimental autoimmune uveitis found that depending on the stimulatory
conditions either Th1 or Th17 cells were exclusively responsible for disease pathology76.
This study also emphasized the importance of IL-23 in autoimmune pathology
independent of any IL-17 mediated effects. IL-23 is also viewed as the trigger for causing
Th17 cells to become pathological77. This is a new concept and will require more effort to
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p40

p40
p19

p35

IL-23

IL-12

IL-12Rβ1 IL-23R

IL-12Rβ1 IL-12Rβ2

Figure 4 Structure of IL-23 and IL-12
IL-23 and IL-12 are heterodimers that share a common subunit, IL-12/IL-23p40. IL-23
also contains IL-23p19. IL-12 contains IL-12p35. The IL-23 and IL-12 receptors share
the IL-12Rβ1 subunit.
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confirm. Much effort has already been expended to define the role of IL-23 and IL-17 in
host defense.
The IL-17/23 Axis in Host Defense
Since the discovery of Th17 immunity the traditional division of Th host defense,
Th1 versus intracellular pathogens and Th2 versus extracellular pathogens, has been
revised. More data has been compiled about the role of IL-23 in infection, but this
knowledge is being progressively extended to IL-17. It is important to note that IL-17 is
secreted from CD4 cells, which are also called T helper cells. Therefore, the role of IL-17
as a helper of other immune functions is hypothesized to be important. IL-17 causes the
secretion of chemoattractants for neutrophils78, and in some cases, Th1 cells79. In the
healthy immune system, Th17 cells may perform mainly surveillance, the importance of
Th17 is increased in some immune compromised states, including perhaps, aging.
The quintessential pathogen for which Th17 immunity is effective is Klebsiella
pneumoniae. Because K. pneumoniae was the first pathogen against which IL-17 was
found to be active, it shapes the conception of Th17 immunity. K. pneumoniae is an
extracellular, respiratory pathogen; therefore Th17 is often classified as only being
effective against extracellular bacteria or respiratory pathogens. This is not the case. Th17
immunity is active against many pathogens, including the yeast Candida albicans and the
intestinal pathogen Citrobacter rodentium, and, at least under some circumstances, the
intracellular pathogen Mycobacterium tuberculosis.
Much of the Th17 role that has been identified to date is in mucosal immunity,
occurring in the intestinal or respiratory tracts and can be mediated through IL-23, IL-17,
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IL-21, IL-22. However, Th17 cells play several roles in host defense. Th17 immunity can
be essential, supplemental, or compensatory depending on the pathogen and the host.
Th17 Immunity is Essential in Host Defense against Specific Pathogens
Th17 immunity is essential in the host defense against K. pneumoniae in the lung.
IL-17R-/- mice are highly susceptible to K. pneumoniae infection80. Furthermore in a
model of alcohol-induced pneumonia, administration of an IL-17-producing adenovirus
restores resistance to K. pneumoniae81. These effects were both shown to be mediated by
decreased or increased neutrophil recruitment to the lung, respectively. Th17 immunity is
also sufficient for protection against the effacing and attaching bacteria, C. rodentium,
which is used in mice as a model of the enterohemorrhagic pathogen E. coli O157:H7.
Immunity can be conferred on a naïve mouse by the transfer of CD4 cells from an
immune mouse. This protection is mediated through IL-17 production82. IL-22, another
product of Th17 cells, also plays a role in immunity, by stimulating the production of
antimicrobial peptides by the intestinal mucosa51.
Th17 Immunity is Supplemental in Host Defense against Specific Pathogens
Th17 immunity has a supplemental role in immunity to certain pathogens, in that,
host defense is present in the absence of Th17 cells, but with Th17 cells host defense is
more effective or rapid. M. tuberculosis is one such infection. Th1 responses, activation
of macrophages and CD8 cytotoxic cells through IFN-γ, is needed to restrain M.
tuberculosis. In the absence of a Th1 response (IL-12p35-/-), Th17 immunity, mediated
through IL-17 becomes important83. Furthermore, during challenge after vaccination,
Th17 memory cells recruit Th1 cells to the lung. Without Th17 cells, Th1 cells respond
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less rapidly and are not protective79;84. Therefore, the Th17 response is essential for the
protective response of this vaccine, even if it is not the ultimate mechanism of clearance.
Another pathogen for which Th17 immunity plays a supplemental role is C.
albicans. Effective host defense against C. albicans is Th1 dependent. An increase in Th1
immunity leads to better survival while a decrease in Th2 immunity also leads to better
survival85. However, IL-17AR-/- mice have higher and more rapid mortality86, indicating
that Th17 immunity is aiding in the early response to infection. In fact, addition of IL-17
through an IL-17-producing virus almost eliminates mortality in wild type mice86. Th17
immunity is supplementary in the host defense to these pathogens.
Th17 Immunity is Compensatory in Host Defense against Specific Pathogens
Th17 immunity can be a compensatory defense against pathogens which are
unable to cause disease in the healthy immune system, but affect the
immunocompromised. Two such diseases are Cryptococcus neoformans and Toxoplasma
gondii, both of which are pathogenic in immunocompromised host, but primarily cause
asymptomatic infection in immunocompetent hosts. Mice lacking both IL-12 and IL-23
(IL-12p40-/-) are more susceptible to both these infections than are mice lacking only IL12 (IL-12p35-/-)87;88. Addition of IL-23 is able to restore host defense to both infections
in IL-12p40 deficient mice87;88. The removal of only IL-23 (IL-23p19-/-) caused no or
only a minor decrease in immunity to infection88;89. This indicates that in the absence of
IL-12 (Th1 immunity), as can happen in immunocompromised states, the role of IL-23
(Th17 immunity) is greatly increased.
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Summary of the IL-17/IL-23 Axis in Host Defense
The IL-17/IL-23 axis is active in immunity to a wide range of infections
(Reviewed in Table I). It is essential in immunity versus some (eg K. pneumoniae),
helpful in immunity versus some (eg C. neoformans), and merely present with an
uncertain role during infection with others, (eg Pseudomonas aeruginosa). IL-17 or IL-23
play a role in intracellular infections, extracellular infections, fungal infections, protozoal
infections and viral infections. There is some evidence that IL-17 works directly in
immunity, but most evidence points to IL-17 as a helper, either by recruiting neutrophils
or Th1 cells. Many of the pathogens against which IL-17 is active are of greater concern
to the immunocompromised. This supports the concept of IL-17’s helper role. IL-17 may
be a supplementary or a compensatory mechanism called upon when more proximal
means of defense are insufficient or depressed. Since the aged immune system can be
viewed as chronically impaired, IL-17 may become more important with increasing age.
The IL-17/23 Axis in Vaccination
The wide spectrum of pathogens for which Th17 immunity is active leads to the
question of whether Th17 cells might be useful in vaccination. Th17 cells or IL-17 have
been shown to be essential to the protective response for three vaccines: a whole cell B.
pertussis vaccine90, a peptide M. tuberculosis vaccine79 and a polysaccharide
Streptococcus pneumoniae vaccine91. Immunization with a whole cell B. pertussis
vaccine triggers functional and effective Th17 immunity, as well as Th1 immunity90. If
IL-17 is neutralized in immunized mice before and after respiratory challenge, some
efficacy of the vaccine is lost. Furthermore, bone marrow-derived dendritic cells
(BMDC) stimulated with the whole cell B. pertussis vaccine or B. pertussis LPS produce
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Table I Th17 in Host Defense
Role in Immunity
Essential/Sufficient
Klebsiella pneumoniae

Citrobacter rodentium

Disease
Pneumonia in the
immunocompromised
and alcoholics
Enterohemorrhagic
colitis

Evidence for Function in Th17
IL-17R-/- mice succumb to infection80.
IL-17 restores immunity in mice with
alcohol-induce immune suppression81;92.
Transfer of IL-17-producing CD4 cells
from an immune mouse confers specific
immunity to a naïve host82.

Compensatory/Supplemental
Whooping cough
Bordetella pertussis

Streptococcus pneumoniae
Mycobacterium tuberculosis

Listeria monocytogenes

Salmonella Enteritidis

BMDC produce IL-23 after infection90.
Pertussis toxin triggers Th17 immunity93.
Neutralization of IL-17 reduces immune
response to vaccination90.
Pneumonia
Neutralization of IL-17A prevented a
vaccine response91.
Tuberculosis
IL-12p40-/-IL-12p35-/- mice are more
susceptible to infection than IL-12p35-/mice94.
Addition of IL-23 partially restores
immunity in IL-12p40-/- deficient mice95
Th17 cells recruit Th1 cells during
challenge following vaccination79.
Without Th17 recruitment Th1 response is
delayed and immunity is lost79.
Listeriosis, primarily IL-12p40-/- mice primed with an
in the
attenuated strain are able to trigger a
immunocompromised protective CD8 cell response through
Th17 immunity96.
Salmonellosis
IL-12p40-/- mice are more susceptible to
infection than IL-12p35-/- mice97.
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Potential Significance for Th17
IL-17 is essential for the immune
response.
IL-17 is sufficient for an
immune response.

In a primary response, the IL17/IL-23 role is undetermined.
In a memory response, IL-17 is
essential.
IL-17 is required for vaccine
effectiveness.
In primary infection, IL-23 has a
compensatory role in an
immunocompromised host.
In a memory response, Th17
supplements Th1 immunity to
enable its efficacy.

In a memory response, Th17
cells recruit cytotoxic T cells for
an effective immunity in an
immunocompromised host.
IL-23 has a compensatory role in
an immunocompromised host.

Toxoplasma gondii

Brucella abortus

Vaccinia virus

Cryptococcus neoformans

Aspergillus fumigatus

Pneumocystis carinii

Mycoplasma pneumoniae

Toxoplasmosis in the IL-12p40-/- mice are more susceptible to
immunocompromised infection than IL-12p35-/- mice88.
or pregnant women
Addition of IL-23 to IL-12p40-/- mice
decreased parasite burden88.
IL-17R-/- mice succumb to infection98.
Brucellosis
IL-17 memory response from
splenocytes99.
IL-17 and bacterial clearance increased in
age99.
Vaccine for smallpox Virus expressing IL-23 or IL-17 have
decreased virulence100.
IL-23 expression by the virus restores
resistance of IL-17-/- or IL-12p40-/mice100.
Meningitis in the
IL-12p40-/- mice are more susceptible
immunocompromised than IL-12p35-/- mice87.
Addition of IL-23 restores immunity89.
IL-23p19-/- mice show delayed fungal
clearance in the liver89.
Aspergillosis,
IL-12p35-/- and IL-23p19-/- mice have
respiratory or
lower fungal burdens than wild type
systemic
mice101.
Pneumonia in the
IL-23p19-/- mice have increased fungal
immunocompromised burdens, but still clear pathogen102.
Neutralization of IL-17 caused markedly
increased fungal burdens102.
Atypical pneumonia
IL-23p19 and IL-17 are present in
infected lung tissue103.
Neutralization of IL-23p19 decreases IL17 and bacterial clearance103.
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IL-23 has a compensatory role in
an immunocompromised host.
IL-17 has a primary, but not
essential, role in the immune
response.
IL-17 has a compensatory role in
immune response in aged mice.

IL-23 has a compensatory role in
an immunocompromised host.

IL-23 has a compensatory role in
an immunocompromised host.

Th1and Th17 responses are both
effective in immunity, but
negatively regulate each other.
IL-17/IL-23 have supplemental
role in immunity.

IL-17/IL-23 have a supplemental
role in the immune response.

Leishmania sp

Candida albicans

Undetermined
Pseudomonas aeruginosa

IL-12p40-/- mice have increased parasite
burden compared to IL-12p35-/-104.
Greater IL-12p40 production is associated
with greater resistance and is present in
aged mice105.
Systemic or mucosal IL-17AR-/- mice are more susceptible to
candidiasis in the
systemic infection85.
immunocompromised Addition of IL-17 increases survival of
wild type mice to a lethal infecting dose85.

IL-23 has a supplemental role in
immunity. In age, the IL-23 role
may be increased and trigger
effective immunity.

Pneumonia in cystic
fibrosis patients

IL-17/IL-23 role is
undetermined.

Leishmania,
cutaneous or
systemic

Borrelia burgdorferi

Newly defined
human pathogen
Lyme disease

Helicobacter pylori

Peptic ulcers

Human immunodeficiency
virus

AIDS

Francisella tularensis

Tularemia

Anaplasma phagocytophilium

Infection triggers IL-17 and IL-23
production106.
Removal does not affect bacteria
clearance106.
IL-12p40-/- mice have increased bacterial
burdens107.
Infection triggers IL-23 production from
BMDC108.
IL-17 participates in infection triggered
arthritis109.
IL-17-producing CD4 and CD8 cells are
present in infected gastric mucosa110.
IL-23 is produced by infected gastric
mucosa110.
IL-17 is increased from T cells in
asymptomatic treatment-naïve patients111.
Infection decreases IL-12p40 production
by monocytes112.
Infection triggers IL-23 production from
monocytes113;114
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IL-17 has a supplemental role in
immunity.

The importance of IL-12 vs IL23 is undetermined.
IL-17/IL-23 role is
undetermined.

IL-17/IL-23 role is undetermined

IL-17/IL-23 role is
undetermined.

IL-23 role is undetermined.

IL-23. Both of these events do not occur in systems defective in TLR 490. Pertussis toxin
itself has also been shown to trigger Th17 cells in an IL-6-dependent manner93.
Immunization with a M. tuberculosis vaccine containing a 20 amino acid peptide,
a TLR 4 agonist (monophosphoryl lipid A, MPA), a MyD88 agonist (trehalose
dicorynomycolate, TDM) and a depot molecule (dimethyl dioctadecylammonium
bromide, DDA) was protective against infection79. This vaccine conferred protection on
IL-12 deficient (IL-12p35-/-) mice, but not on IL-12 and IL-23 deficient (IL-12p40-/-) or
IL-23 deficient (IL-23p19-/-) mice. In wild type mice, Th1 and Th17 cell migrate to the
lung during challenge. Th17 cells, however, accumulate more rapidly than do Th1 cells79.
Neutralization of IL-17 decreased the accumulation of Th1 cells in the lung. IL-23p19-/mice also had fewer Th1 cells traffic to the lung, but administration of IL-17 restored Th1
trafficking79. Additionally, Th17 cells were shown to be the source of the Th1
chemoattractants. Since the migration of Th1 cell to the lung in unvaccinated mice or IL23 deficient mice was less rapid and did not confer protection, the Th17 cell mediated
rapid attraction of Th1 cells to the lung appears to be required for the protective
response79. Therefore, the Th17 response is essential for the protective response, even if it
is not the protective agent that directly kills the organism79;84.
In another study mice were immunized intranasally with a formulation of S.
pneumoniae cell wall polysaccharide and cholera toxin, used as a mucosal adjuvant91.
This vaccine is protective against intranasal colonization, increases survival of
experimentally-induced pneumonia and is not antibody dependent. Furthermore, its
activity was mediated through CD4 cells, as is immunity to the whole cell vaccine115.
Neutralization of IL-17A before challenge returned colonization level to that of the
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adjuvant alone91. IL-17 has previously been shown to mediate protection against other
compounds similar to S. pneumoniae cell wall polysaccharide, that is, they contain a
positive and negative charge within a polymer backbone (a zwitterionic motif)116.
The Th17 role in host defense after vaccination in each of these diseases indicates
that Th17 immunity may be elicited by immunization and plays a role in protection. In
fact, Aujla et al. suggest that Th17 is effective in mucosal host defense and that Th17
producing adjuvants would be useful in developing mucosal immunity62. Th17 immunity
is shown to be involved in response to several vaccines and the mechanisms by which
this response is triggered (TLR 4 stimulation) suggests that, upon investigation, the
domain of Th17 response from vaccination may increase.
DC Function and Aging
The triggering of an effective vaccination response includes the development of
antigen-specific memory T cells. The most potent stimulators of T cells are DC. The
changes in DC numbers that occur in age have been minimally investigated and until
recently data was extrapolated from related systems. For instance, reports supported a
decrease in DC in age because skin resident Langerhans cells were seen to decrease in
age4;5. Also, DC were presumed to have decreased TLR expression because macrophages
have decreased TLR 4 expression in age3. Further study disproved both of these
assumptions about DC. In fact, DC function appears to remain largely unchanged in
aging. The number of myeloid DC is the same in aged humans or mice and young adults
humans or mice6;7. DC are also equally capable of differentiating in vitro regardless of
age8;117. DC maintain the ability to upregulate costimulatory molecules in age. Tesar et
al. found the upregulation of CD40 and CD86 induced by ligands for TLR 2+6, 3, 4, 5, 7
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and 9 was equivalent for BMDC differentiated from young and old mice. This was also
true of splenic DC simulated in vivo7. Agrawal et al. found equivalent CD86 on
circulating DC and equivalent CD40, CD80 and CD83 on monocyte-derived DC (MoDC)
from young and old human donors118. Grolleau-Julius et al., however, report an increase
in CD80 and a decrease in DC-SIGN on BMDC from aged mice stimulated with LPS8;118.
The few data regarding cytokine secretion by DC in advanced age is also contradictory.
With LPS stimulation, Grolleau-Julius et al. report increased IL-10, decreased IL-6 and
TNF-α, and unchanged IL-12 secretion by BMDC from aged mice8. While Tesar et al.
report unchanged IL-6 and TNF-α secretion after stimulation of BMDC from young and
aged mice with agonists for TLR 2+6, 3, 4, 5, and 97. Agrawal et al. found increased IL-6
and TNF-α, but unchanged IL-10 from MoDC from young and old human donors after
stimulation with TLR 4 and 7/8 agonists and unchanged IL-12p70 and IL-12p40 after
stimulation with LPS, a TLR 4 agonist118. In none of these studies was IL-23 measured
nor were combinations of TLR agonists used. Agrawal et al. also found a decrease in
antigen uptake and migratory ability by MoDC from old human donors118, while Steger et
al. found unchanged ability of MoDC from old human donors to present antigen to T
cells6. These findings indicate that triggering DC may be useful in stimulating immune
responses in the aged.
The decrease in antigen uptake and migration, and the increase in IL-6 and TNFα by MoDC from old human donors was associated with increased PTEN production
which lead to decreased AKT phosphorylation118. This led to increased p38 MAPK
activation and more inflammatory cytokine release. Inhibition of PI3 Kinase, which
phosphorylates AKT, caused MoDC from young donors to acquire the old phenotype118.
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Agrawal et al. did not suggest a reason for the increased PTEN levels. Interestingly,
BMDC from aged mice can regain a young phenotype in relation to contact
hypersensitivity by treatment with sulforaphane, a compound that increases glutathione
levels119. Glutathione concentrations are known to regulate PTEN levels120. Since
glutathione regulates reactive oxygen species, the changes that are seen in dendritic cell
function in age may be due to oxidative stress.
Th17 in Aging
There are conflicting data on the effect of age on the DC; more study is also
needed on the effect of age on Th cell subsets. Studies describe decreased Th1 responses
and increased Th2 responses with advanced age14;15. However the studies were performed
before the identification of the Th17 phenotype. One recent study has investigated the
effect of age on CD4 cells and its relation to Th17. Huang et al. found an increased
tendency of Th17 differentiation by naïve T cells from aged mice16. This new finding
supports the earlier work by Haynes et al.121 that showed the addition of certain
inflammatory cytokines was able of reverse defects in T cell proliferation. These
cytokines were TNF-α, IL-1 and IL-6. The Th17-directing cytokine, IL-23, is known to
stimulate TNF-α and IL-171;122. Since IL-6 is also required for Th17 differentiation, it is
interesting that the cytokine combination necessary to reverse the proliferative defect in
age is similar to Th17 differentiating conditions. While any connection is currently
speculative, it hints at much hidden potential for the Th17 cell in the aging immune
system.
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Rationale and Aims
The immune system changes in age. These alterations have a detrimental effect on
health. However, if the age-related alterations can be exploited they could be the key to
increasing immunity in the elderly. High et al. show increased clearance of Brucella
abortus and increased IL-17 production from aged mice99. Ehrchen et al. show an
increase in resistance to Leishmania major and increased IL-12p40, which is present in
the IL-23 heterodimer, by aged mice105. Huang et al. report an increased tendency of T
cell from aged mice to differentiate into Th17 cells16. Taken together, these data suggest
that it may be possible, perhaps even favored, to trigger a Th17 immune response in the
elderly that could be effective in controlling disease. Our objective was to determine the
Th17-differentiating response via the main director of Th differentiation, dendritic cells.
We hypothesized that DC from aged individuals produce increased levels of IL-23 that
lead to more effective Th17 differentiation of naïve T cells.
Specific Aim 1: To test the effect of age on cytokine secretion and costimulatory
molecule expression by BMDC isolated from C57BL/6 mice and stimulated with TLR
agonists.
Specific Aim 2: To test the contribution of age-related changes in DC cytokine secretion
on naïve Th cell differentiation.
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Abstract
Dendritic cells (DC) are key directors of T helper (Th) cell differentiation. Since
many aspects of the immune system decline with age, it is surprising that DC appear to
retain much of their functionality throughout life including: antigen presentation,
costimulatory molecule upregulation and cytokine secretion. These processes cooperate
to direct Th cell differentiation. The Th-directing cytokines elicited from DC across the
age spectrum are undefined. We obtained bone-marrow derived DC (BMDC) from
C57BL/6 male mice across the age spectrum (2-18months) and stimulated the cells with
Toll-like receptor (TLR) agonists. The secretion of Th-directing cytokines, IL-12p70, IL23, IL-6, IL-10 and TNF-α, was measured. IL-23, which is associated with Th17
immunity, substantially increased in age. IL-12p70 and TNF-α remain constant and IL-6
and IL-10 decrease with advancing age. These findings support the retained function of
DC, but indicate that DC may shift toward a Th17-directing phenotype with advancing
age.
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Introduction
Immune functions frequently decline with age. This includes both innate and
adaptive functions: neutrophils, macrophages, B cells and T cells (Review by Kovaiou1)
and is termed immune senescence. The senescence of T helper (Th) cells is of particular
importance. A naïve T cell can develop into either a Th1, Th2, Th17 or Treg cell2. Aging
appears to change the propensity of a differentiating Th cell3. Each Th subset has a
particular function in the immune response and changes in the relative amounts of
differentiation alter the effectiveness of the immune response4. The main director of Th
differentiation is cytokine secretion, primarily from dendritic cells (DC)5. DC produce
Th-directing cytokines including: IL-12 for Th1, IL-10 for Th2, TGF-β and IL-6 for
Th17, and TFG-β for Treg6;7. IL-23 is important to Th17 cells, though its precise role is
still under debate8. The effect of immune senescence on these DC-produced cytokines is
unknown.
DC direct the differentiation fate of Th cells9. While T cell function diminishes
greatly with age10, DC appear to retain much of their functionality11;12. This includes the
three functions essential in activation of Th cells: antigen presentation13, costimulatory
molecule upregulation11;12, and cytokine secretion12. DC differentiated from the blood of
aged human donors appear to present antigen to and activate T cells as well as those
differentiated from young donors13;14. The upregulation of most costimulatory molecules
after stimulation with a range of TLR agonists was equivalent for DC differentiated from
young versus old mice11;12.
There are conflicting reports of cytokine secretion in advanced age. Using a range
of TLR agonists, Tesar et al.12 found equivalent IL-6 and TNF-α secretion by DC from
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young and old mice. Grolleau-Julius et al.11 reported unchanged IL-12p70 secretion,
increased IL-10 secretion and decreased IL-6 and TNF-α secretion by DC from old mice
stimulated with LPS, a TLR4 agonist. In both of these studies only two ages of mice
(young 3-6 months and old 21-26 months) were used and no combinations of TLR
agonists were used. With DC from young mice, combining specific TLR agonists has
been shown to increase the cytokine secretion15.
We examined the effect of aging on the DC. Bone marrow-derived DC (BMDC)
were differentiated from mice across the age spectrum (2-18 months) and stimulated with
TLR agonists, alone or in combination. The resultant secretion of cytokines, focusing on
Th-directing cytokines, was measured. We found that BMDC from old mice secreted 40fold more IL-23 than did BMDC from young mice after stimulation with a combination
of TLR4 and TLR7/8 agonists. The two agonists were markedly synergistic. The effect
was specific to IL-23, since TNF-α did not change with age while the IL-10 and IL-6
response decreased with age, for this same combination of stimuli. IL-12 secretion
fluctuated with increasing age, but was unchanged between the youngest and oldest age
groups. These findings indicate that BMDC retain the ability to secrete cytokines but that
the cytokine profile shifts in age.
Materials and Methods
Animals
Male C57Bl/6 mice aged 2-3 months (young), 6 months (early middle age), 12
months (late middle age), or 17-18months (old) were used in these experiments. All mice
were obtained from Harlan-Sprague-Dawley(Indianapolis, IN) or the National Institute of
Aging rodent colony. All mice were housed in specific-pathogen free conditions and fed
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ad libitum. All experiments were conducted under institutional Animal Care and Use
Committee approved protocols.
Cell Culture
BMDC were differentiated as described by Inaba et al.16 with some modifications.
Briefly, bone marrow progenitor cells were collected from murine femurs and tibias.
After RBC lysis and filtration, the cells were cultured in RPMI 1640 (Hyclone, Logan,
UT) with 10% fetal bovine serum (Hyclone), glutamine (2mM), 2ME (5 x10-5 M) and
supplemented with GM-CSF(Invitrogen, Carlsbad, CA) (20 ng/mL) plus gentamicin
(0.8ug/mL) for six days. On days three and five the culture media was replaced with fresh
media supplemented with GM-CSF.
Flow Cytometry
Six day-old BMDC (1x106) were treated with Fc Block (BD Biosciences, San
Jose, CA), then CD11c APC (BD Biosciences) on ice for 30 minutes and fixed with BD
FACS Lysis Buffer (BD Biosciences). The purity of the dendritic cells was evaluated by
measuring CD11c expressing cells using a BD FACS flow cytometer. Analysis was
performed using CellQuest Software.
TLR Agonist Stimulation
Six day-old BMDC (2x106/ml) were stimulated with TLR agonists for 12 hours
and the supernatants collected for analysis. The agonists were 2.5μg/mL LTA, a TLR2
agonist (Sigma, St Louis, MO), 100ng/mL Ultra Pure E. coli LPS, a TLR4 agonist
(Invivogen, San Diego, CA), 1nM FliC a TLR5 agonist (kindly provided by Dr. Steve
Mizel, Wake Forest University School of Medicine, Department of Microbiology and
Immunology), 3μM R848, a TLR7/8 agonist (3M, St. Paul, MN), and 10μg CpG, a TLR9
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agonist (Wake Forest DNA Synthesis Core Lab). Agonists were added simultaneously
when used in combination.
Cytokine ELISA
All cytokine ELISAs were purchased from eBioscience (San Diego, CA) and
assays performed according to manufacturer's instructions. Samples were run in
duplicate.
Statistics Analysis
Statistical analysis was performed on SPSS software using ANOVA for multiple
group comparisons, with least significant difference (LSD) posthoc analysis and unpaired
T-tests for comparison between individual groups.
Results
Since the secretion of cytokines by DC from aged mice has not been extensively
investigated, we cultured BMDC from mice of several ages with TLR agonists for 12
hours and assayed the supernatants. TNF-α secretion was equivalent by BMDC from
mice across the age spectrum (p>0.05 for ANOVA across age groups) after stimulation
with LPS, R848 or LPS/R848 in combination (Figure 1A). In contrast, the secretion of
IL-23, a Th17 cytokine, progressively increased with advancing age (Figure 1B). This
increase is most pronounced for the combination of LPS/R848 (18 month 8245+/-918
pg/mL vs 2 month 192+/-26 pg/mL) (p<0.001 for 18 month vs 2 month). Stimulation
with the agonists singly also causes a significant and progressive increase in IL-23
secretion (p<0.001 for 18 month vs 2 month for LPS and for R848). The secretion of IL12, a Th1 cytokine, is equivalent for BMDC from old (18 month) and young (2 month)
mice after stimulation with LPS, R848 or LPS/R848 (p>0.05) (Figure 2). The IL-12
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Figure 1 TNF-α and IL-23 secretion from dendritic cells differentiated from
C57Bl/6 mice across the age spectrum
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7/8 (R848) alone or in
combination and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. A) There was no significant difference in the secretion of TNF-alpha. p >0.05 by
ANOVA. B) Secretion of IL-23 was increased for all conditions by 18 months of age. *
indicates p<0.05 vs. 2 month old mice, τ indicates p<0.05 vs. 6 month old mice.
(2,6,12,18 months n=3,4,6,3)
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Figure 2 IL-12 secretion from dendritic cells differentiated from C57Bl/6 mice
across the age spectrum
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7/8 (R848) alone or in
combination and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. There was no significant difference in the secretion of IL-12p70 between DC
from mice 18 or 2 months of age. p >0.05 Secretion of IL-12p70 was decreased at some
intermediate time points. * indicates p<0.05 vs. 2 month old mice. (2,6,12,18 months
n=3,4,6,3)
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secretion for the two middle ages (6 and 12 month) was decreased for some conditions as
compared to young (2 month). The secretion of both IL-10 and IL-6 were decreased by
BMDC from old mice (Figure 3). The pattern of decrease differs for these cytokines: for
IL-10, all stimuli show decreased secretion at 18 months (p<0.01); for IL-6, the decrease
begins at 12 months but is only for the combination of LPS/R848 (p<0.04).
Since the differentiation of Th cells depends on the milieu of stimulatory and
inhibitory cytokines present, we calculated the ratio of the secretion of the Th17 cytokine,
IL-23, and the Th1 cytokine, IL-12 (Figure 4). This ratio emphasizes the shift toward the
secretion of IL-23 with advancing age. There is a marked increase in this ratio between 6
and 12 months of age. The ratio then remains unchanged until 18 months of age. There is
a 30-fold difference in the ratios of young (2 month) and old (18 month) mice for the
LPS/R848 stimulation.
This data clearly indicated a delineation in secretion of IL-23 between 6 and 12
months of age. Therefore we investigated the secretion of IL-23 by BMDC in these two
age groups after stimulation with other TLR agonists alone (Figure 5) or in combination
(Figure 6) to determine if this age-associated increase was evident with other TLR
agonists. CpG, a TLR9 agonist, showed a distinct age-related increase between these
ages. LTA, a TLR2 agonist, showed brisk IL-23 production at both ages, but there was no
age-related difference. FliC, a TLR5 agonist, though it did stimulate TNF-α secretion
(data not shown), did not induce any IL-23 secretion. The age-associated increase in IL23 production was only seen with the combination of LPS/R848, but the synergistic
effect of the TLR agonists is seen with all combinations, except LTA/FliC. LTA/CpG
causes an age-associated decrease in IL-23 secretion.

51

Figure 3 IL-10 and IL-6 secretion from dendritic cells differentiated from C57Bl/6
mice across the age spectrum
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7/8 (R848) alone or in
combination and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. A) Secretion of IL-10 was significantly decreased by DC from 18 month mice
for all stimuli. B) Secretion of IL-6 was decreased by DC from aged mice stimulated with
the combination of LPS/R848. * indicates p<0.05 vs. 2 month old mice. (2,6,12,18
months n=3,4,6,3)
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Figure 4 The ratio of IL-23/IL-12 secretion after TLR agonist stimulation of
dendritic cells.
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848) alone or in
combination and the supernatants collected at 12 hours. The ratio of IL-23 to IL-12 was
calculated for each condition. The ratio for each stimulus was significantly increased for
12 months and 18 months vs 2 months and 6 months. * indicates p<0.05 vs. 2 month old
mice, τ indicates p<0.05 vs. 6 month old mice.
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Figure 5 IL-23 secretion by dendritic cells differentiated from 6 month or 12 month
old C57BL/6 mice
BMDC were stimulated with agonists for TLR5 (FliC), TLR7 (R848), TLR4 (LPS),
TLR9 (CpG) and TLR2 (LTA) and the supernatants collected at 12 hours. IL-23 secretion
was increased from the aged BMDC by stimulation with R848 and CpG. * indicates
p<0.05 vs 6 month old mice. (6,12 months n=4,6)
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Figure 6 IL-23 secretion by dendritic cells differentiated from 6 month or 12 month
old C57BL/6 mice
BMDC were stimulated with agonists for TLR5 (FliC), TLR7 (R848), TLR4 (LPS),
TLR9 (CpG) and TLR2 (LTA) in combination and the supernatants collected at 12 hours.
IL-23 secretion was increased from the aged BMDC by stimulation with LPS/R848 and
decreased with LTA/CpG stimulation. * indicates p<0.05 vs 6 month old mice. (6,12
months n=4,6)
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Discussion
In this study we examined the effect of age on cytokine secretion by DC from
male C57Bl/6 mice across the age spectrum. We confirm the findings of Tesar et al.12,
who found no change in secretion of TNF-α or IL-6 from BMDC stimulated with a range
of TLR agonists. Our studies extend prior studies by including BMDC from mice of
intermediate ages, a combination of TLR agonists and determining a greater number of
DC-derived cytokines including IL-23. Interestingly, in both Tesar’s and our studies IL-6
was unchanged by age when TLR agonists are employed singly, but in our study the
combination of a TLR4 and TLR7/8 agonist triggers lower levels of secreted IL-6 and IL10 from old than from young BMDC. Our findings also support and extend those of
Grolleau-Julius et al.11 in regard to IL-12p70 secretion. They found IL-12p70 secretion to
be unchanged by age for stimulation with LPS alone, as we did. We extend this to include
stimulation with a TLR7/8 agonist and a combination of TLR4 and TLR7/8 agonists.
Furthermore Grolleau-Julius et al.11 did not include middle aged mice in their studies.
Our studies conflict with some findings of Grolleau-Julius et al.11, that IL-10 increased
with age and TNF-α decreased with age. We find a decrease in IL-10 secretion at 18
months and maintenance of TNF-α across all ages.
We provide the first report that IL-23 secretion from BMDC is progressively and
substantially increased with age in response to agonists for TLR 4, 7/8, 9 or 4/7/8. When
compared to IL-12 secretion as a ratio (Figure 4) there is a clear distinction in the DCproduced Th-directing cytokines with age. To ensure that the secretion changes were
from DC, in preliminary studies, we purified BMDC cultures by magnetic bead
separation (data not shown). These pure cultures of DC were found to have preserved or
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increased secretion of IL-23 after stimulation. It is therefore the DC that likely account
for these age-associated IL-23 effects. Though IL-23 is not the differentiation signal for
Th17 cells, it is essential for their establishment and growth2. Furthermore, data from our
lab suggest a tendency toward increased TGF-β by BMDC (12 month vs 2 month)
stimulated with the TLR4/TLR7/8 combination. IL-6 secretion was equivalent by DC
from both young and old mice with stimulation by single agonists but not the combined
agonists. There is increasing data that the effect of IL-6 during Th17 differentiation is
mediated more by the presence or absence of IL-6 than the absolute level. Its role is twofold: first to downregulate Treg differentiation and second to upregulate pro-Th17 factors
in the naïve T cells8. The former can also be fulfilled by IL-2117, not measured in these
studies, and the latter can be supplemented by other proinflammatory cytokines,
particularly IL-1β and TNF-α18.
Studies by Agrawal et al.19 in human monocyte-derived DC (MoDC) from young
and aged donors suggest a mechanism for the changes in cytokine secretion we observed
in our aged BMDC. They found that increases in cytokine secretion in age were
associated with increased PTEN expression and that inhibition of phosphoinositide-3kinase (PI3K), the target of PTEN’s negative regulation, was able to convert young
MoDC to an aged phenotype. While IL-23 was not measured in those studies, it is
possible that increased PTEN could also be the mechanism for increased IL-23 secretion.
The increased secretion of a Th17 cytokine and apparent shift toward a Th17
environment with advancing age after stimulation with TLR 4/7/8 suggests a novel
approach to improving immunity in the aged. Th17 immunity is essential in host defenses
against K. pneumonia20 and for inducing full protection and memory responses for
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several vaccines21-23. Furthermore, we reported increased host defense against Brucella
abortus by old mice, which requires a Th17 response24. If Th17 immunity is retained in
the aged and can be triggered with appropriate stimuli it may be exploited to improve
host defenses in the aged. Thus a combination of TLR agonists, particularly TLR4 and
TLR7/8 agonists, might be useful in triggering Th17 immunity in the aged. The aged
respond poorly to current vaccine formulations1, and the use of TLR agonists to improve
vaccine formulations for older adults is often proposed25. We conclude that TLR agonists
or combinations thereof may have varied effects depending on the recipient’s age and
that TLR4 and TLR7/8 agonists may be especially effective in the aged.
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CHAPTER III
DENDRITIC CELLS FROM AGED MICE UPREGULATE COSTIMULATORY
MOLECULES AND SUPPORT IN VITRO TH1 CELL DIFFERENTIATION
AFTER TLR STIMULATION
Introduction
CD4 T helper (Th) cells are classified into four known functional categories: Th1
cells, Th2 cells, Th17 cells and T regulatory (Treg) cells1 (See Chapter 1, Figure 1).
Differentiation of CD4 T cells into one of these effector subtypes is controlled by
interactions with antigen presenting cells (APC), particularly dendritic cells (DC).
Three signals are required from the DC for successful activation and
differentiation of a naïve CD4 T cell into a mature Th cell: antigen presentation by major
histocompatibility complex (MHC) II (signal 1), costimulatory molecule expression on
the cell surface (signal 2), and cytokine secretion (signal 3)2 (See Chapter 1, Figure 2).
While each of these signals influences Th activation (antigen dose3 and costimulatory
molecules4), cytokine secretion is the main determinate of Th subtype differentiation5. In
murine models, the major DC-derived cytokines that influence this process are IL-12
(Th1 differentiation)6. IL-10 (Th2 differentiation)7, and TGF-β and IL-6 (Th17
differentiation)8. Notably, TGF-β alone induces Treg differentiation9. Treg cells are
capable of dampening the responses of all categories of surrounding T cells1 (Reviewed
in1;6;9-12). Additional cytokines derived largely from T cells themselves also greatly
influence this process (IFN-γ for Th1, IL-4 for Th2, and IL-21 for Th17; TGF-β can be
produced by either DC or T cells)
Each of the Th cell subtypes, with the exception of Treg cells, plays a role in host
defense to specific pathogens. Th1 cells produce IFN-γ and IL-2, which prime
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macrophages and aid in the development of CD8 T cells that kill intracellular
pathogens11. Th2 cells help B cells modulate immunoglobulin switching and foster
production of high affinity antibody11. Th17 cells participate in immunity against
intracellular and extracellular bacteria, fungi, protozoa and viruses, either directly or by
increasing the recruitment of other effectors13;14. Th17 cells are also active in
autoimmunity, particularly in murine models of inflammatory bowel disease (Reviewed
in15) and multiple sclerosis16. Th17 cells, have three levels of participation in host
defense. Th17 cells can function as an essential immune response, a supplementary
immune response or a compensatory immune response, as reviewed in Chapter 1. One
example of a compensatory Th17 immune response in the immunocompromised host is
seen in leukocyte function-associated Ag 1 (LFA-1) knockout (KO) mice. LFA-1 is
expressed on leukocytes and participates in the adhesion to vasculature that allows for
transmigration into the tissues. Mice homozygous and therefore deficient for LFA-1 are
more resistant to infection with Listeria monocytogenes than are heterozygous mice
containing only one copy of the LFA-1 gene17. The increased resistance of the KO mice
is attributed to neutrophilia induced by high levels of IL-17 and GM-CSF in the LFA-1-/mice. A compensatory role for Th17-induced immunity may also be responsible for
enhanced resistance in older mice to Brucella abortus infection18. This is particularly
interesting since aging can lead to an immunocompromised state19.
The general decrease of immune function due to aging per se is termed immune
senescence20. Age-associated changes are seen in most aspects of the immune system:
macrophages, neutrophils, B cells, Natural Killer cells and T cells (Reviewed in21). There
are fewer naïve T cells22, these T cells proliferate less23;24, are less able to form

64

immunological synapses25;26 and have fewer internal signaling molecules27. Aged CD4
cells have reduced helper function toward CD8 T cells28;29 and B cells30;31. Additionally,
when aged CD4 cells become memory cells, they are less functional32.
The effect of age on Th17 responses is poorly understood. Recently, Huang et al.
33

found that aged murine T cells stimulated with anti-CD3 and anti-CD28 produced 20

times more IL-17 than did young T cells in the same conditions. Naïve T cells from old
mice incubated with anti-TCR antibodies and Th17-drecting cytokines (TGF-β, IL-1, IL6 and IL-23) were twice as likely to differentiate into IL-17 producing cells as those from
young mice. It is not known if aged T cells activated by DC show this same tendency.
Nor is it known whether the age of the DC activating the Th cell affects its
differentiation.
The cytokine milieu produced by DC is dependent upon the stimuli that activate
the DC. Stimulation of different Toll-like receptors (TLR) on the DC determines the
resultant cytokine response and thereby the Th cell subtype produced (Reviewed in34). In
mice, TLR9 stimulation triggers a strong Th1 response35, while TLR2 stimulation, in
combination with either TLR1 or TLR6, primarily directs a Th2 response36. The
combination of agonists for TLR3 or TLR4 with agonists for either TLR7, TLR8 or
TLR9 increases the secretion of IL-23 and IL-12 from DC37. These combination were
able to increase Th1 differentiation but it is not known whether this increase has a
functional effect on Th17 cell differentiation. In our prior investigations, we found that
aging is associated with a significant increase in IL-23 secretion when murine DC are
stimulated with specific TLR agonists (Chapter 2). This increase was most robust for a
combination of agonists for TLR4 and TLR7/8.
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The purpose of this study was to test the hypothesis that aged DC stimulated with
TLR4 and TLR7/8 agonists in combination would result in more robust production of
Th17 cells than would young DC, and that the Th17 environment created by aged DC
would blunt development of other Th types. To keep the T cell age constant and provide
a physiologic model, we used T cells isolated from OT-II mice that express a T cell
receptor specific for an OVA peptide, and varied only the DC age in a given experiment.
Methods
Animals
Male C57Bl/6 mice aged 3 months (young) or 22 months (old) obtained from
Harlan-Sprague-Dawley (Indianapolis, IN) were used. Male OT-II mice aged 2-3 months
were obtained from The Jackson Laboratory (Bar Harbor, ME). CD4 cells from OT-II
mice express a T cell receptor that is specific for an OVA peptide
(ISQAVHAAHAEINEAGR)38. This specificity allows isolation of a sufficient number of
T cells that recognize this specific antigen to activate and measure outcomes for naïve T
cell differentiation into Th specific subtypes in vitro. All mice were housed in specific
pathogen free conditions and fed ad libitum. All experiments were conducted under
institutional Animal Care and Use Committee approved protocols.
Cell Culture
Dendritic cells were differentiated as described by Inaba39 et al. with some
modifications. Briefly, bone marrow progenitor cells were collected from murine femurs
and tibias. After RBC lysis and filtration, the cells were cultured in RPMI 1640 (Hyclone,
Logan, UT) with 10% fetal bovine serum (Hyclone), glutamine (2mM), 2-ME (5 x10-5
M) and supplemented with GM-CSF (20 ng/mL) (Invitrogen, Carlsbad, CA) plus
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gentamicin (0.8ug/mL) for six days. On days three and five, the culture media was
replaced by fresh media supplemented with GM-CSF.
Splenocytes were harvested from OT-II mice. After RBC lysis and filtration, CD4
cells were positively selected by magnetic bead separation (Miltenyi Biotec, Auburn CA)
prior to incubation with DC as outlined below.
TLR Agonist Stimulation
The agonists were 100ng/mL Ultra Pure E. coli LPS, a TLR4 agonist (Invivogen,
San Diego, CA); 3μM R848, a TLR7/8 agonist (3M, St. Paul, MN); and 10μg/mL CpG, a
TLR9 agonist (Wake Forest DNA Synthesis Core Lab). Agonists were added
simultaneously when used in combination. Six day-old GM-CSF differentiated BMDC
(2x105/mL) were stimulated and the supernatants were collected 24 hours later and frozen
until analyzed by ELISA
Costimulatory molecules
Six day-old GM-CSF differentiated BMDC (2x105/mL) were stimulated with
TLR agonists as described above. After the supernatants were collected, approximately
3x105 cells were harvested and suspended in BD Pharmingen Stain Buffer (BD
Biosciences) and Fc Block (BD Biosciences), stained for 30 minutes with fluorescently
conjugated antibodies to measure the presence of costimulatory molecules, and fixed in
200μl of BD FACS Lysis Buffer (BD Biosciences). Samples were stored at 4o C until
data was collected on a BD FACS flow cytometer. Data were analyzed using FlowJo
software. Fluorescently conjugated antibodies for CD40 PE, CD80 FITC, CD86 FITC
and DCSIGN PE were obtained from eBioscience (San Diego, CA) and CD11c APC was
obtained from BD Biosciences.
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Cytokine ELISA
All cytokine ELISAs were purchased from eBioscience and assays performed
according to manufacturer's instructions. The linear range of the IL-23 ELISA was 312000pg/mL: all samples were undiluted. The linear range of the IL-12 ELISA was 161000pg/mL: all samples were undiluted, except for the LPS/R848 stimulated samples
which were measured at a 1:10 dilution in assay diluent. The linear range for the IFN-γ
ELISA was 62 to 500pg/mL: all samples were measured at a 1:2 dilution in assay diluent.
The linear range of the IL-17 ELISA was 4-250pg/mL: all samples were measured at a
1:2 dilution in assay diluent. The linear range of the IL-4 ELISA was 1.5-50pg/mL: all
samples were measured at a 1:2 dilution in assay diluent.
T cell Priming
BMDC were plated at 2x104 per well in 96-well round bottom plates. DC were
stimulated with TLR agonists and incubated at 37oC in RPMI 1640 (Hyclone) containing
10% FBS (Hyclone). Four hours post TLR agonist stimulation, 5μM Ova peptide
(ISQAVHAAHAEINEAGR) (kindly provided by Dr. Martha Alexander-Miller,
Department of Microbiology and Immunology, Wake Forest University School of
Medicine) was added along with gentamicin (10μg/mL) and chloramphenicol (10μg/mL).
CD4 purified OT-II T cells (2x105 per well) were added to the cultures 23-25 hours after
TLR stimulation. T cells were primed for 3 days then restimulated with 2.5μM OVApeptide and brefeldin (BD Biosciences, San Diego, CA) for 5 hours before cells were
stained and fixed. Supernatants were collected from samples that had been restimulated
with 2.5μM OVA-peptide without brefeldin in fresh media.
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Intracellular staining
T cells from the T cell priming assay described above were permeablized and
stained using the Cytofix/Cytoperm kit from BD Biosciences. Samples were stained with
fluorescently conjugated antibodies obtained from eBioscience: CD4 FITC and IFN-γ PE,
IL-17A AlexaFluor 647, IL-4 APC or FoxP3 PE. Data were collected on a BD FACS
flow cytometer. Data were analyzed using FlowJo software. Positive controls were DC
(LPS-matured)- T cell cultures supplemented with anti-CD3 (1.5μg/mL), anti-IFN-γ
(10mg/μL), anti-IL-4 (10μg/mL), rmIL-6 (40ng/mL) and rmTGF-β (10ng/mL) (all from
eBioscience) and restimulated with PMA (50ng/mL) and ionomycin (1μg/mL). Negative
controls for IFN-γ and IL-17 production were DC-T cell cultures in which the DC had not
been stimulated with a TLR agonist. Negative controls for IFN-γ and IL-17 staining were
DC-T cell cultures stained with isotype control antibodies.
Statistics Analysis
Statistical analysis was performed on SPSS software using unpaired T-tests for
comparison between individual groups. A p-value of less than 0.05 was considered
significant.
Results
Costimulatory molecules expression after TLR stimulation
We investigated the upregulation of costimulatory molecules after TLR
stimulation by BMDC isolated from young and old mice and matured in vitro. BMDC
from young mice or old mice were stimulated with agonists for TLR4 (LPS), TLR7
(R848), TLR9 (CpG) or the combination of TLR4/7 (LPS/R848) or TLR4/9 (LPS/CpG),
as described above. Cells were harvested 24 hours later and stained for the presence of
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the costimulatory molecules CD40, CD80, CD86 and DCSIGN. There were no
significant age-associated differences in the upregulation of CD80 or CD86. Selected
agonists and representative flow cytometry histograms are shown in Figure 1.
The costimulatory molecule upregulation caused by each TLR agonist or
combination was quantified by age (Figure 2). The CD80 expression (MFI) on both
young and old DC was significantly increased with LPS/R848 stimulation compared to
levels expressed on unstimulated DC. CD80 expression on old DC stimulated with LPS
or R848 alone was increased over unstimulated old DC, but was not significantly
different from that of LPS or R848 stimulated young DC. We also observed a significant
increase in CD86 expression on young and old BMDC stimulated with LPS, LPS/R848
or LPS/CpG over that of unstimulated BMDC. The combination of LPS/R848 elicited the
highest expression of CD80 (4 fold in young BMDC, 6 fold in old BMDC) and CD86 (3
fold in young and old BMDC) for both age groups. This difference in CD80 versus CD86
expression may reflect a differential regulation of these costimulatory molecules. While
the upregulation of both CD40 and DC-SIGN as compared to control tended to be greater
by BMDC from old mice, there were no differences between the ages for either molecule
(Table I).
Cytokine Production from BMDC
Next we determined the production of Th-directing cytokines produced by the
BMDC. BMDC were plated at 2x105 cells/mL and stimulated with TLR agonists as
described above. Supernatants were collected after 24 hours. This differs from our
previous studies described in Chapter 2 in that the density of cells is one tenth that used
for the studies in Chapter 2 (2x106 cells/mL) and the supernatants were collected at a
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Figure 1 Expression of CD80 and CD86 on BMDC from young and old mice after
stimulation with TLR Agonists.
BMDC from young (3 month) and old (22 month) mice were stimulated with agonists for
TLR4 (LPS), TLR7 (R848) or TLR4/7 (LPS/R848). After 24 hours, A) CD80 or B)
CD86 was measured by flow cytometry after labeling with fluorescent antibodies. These
are representative experiments. (CD80 n=3, CD86 n=4)
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Figure 2 Fold change in surface expression of CD80 or CD86 after TLR stimulation.
BMDC from young (3 month) and old (22 month) mice were stimulated with agonists for
TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9 (CpG) or TLR4/9 (LPS/CpG)
After 24 hours, A) CD80 (n=3) or B) CD86 (n=4) was measured by flow cytometry with
fluorescently labeled antibodies. * indicates p<0.05 vs control for each age
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Agonist

CD40

DCSIGN

Young
1

Old
1

Young
1

Old
1

LPS

1.1+/-0.3

1.6+/-0.2*

1.2+/-0.3

1.8+/-0.4*

R848

0.9+/-0.1

1.2+/-0.1*

1.4+/-0.3

2.3+/-0.4*

LPS/R848

1.3+/-0.2

1.7+/-0.2*

1.5+/-0.2*

2.3+/-0.4*

CpG

1.0+/-0.1

1.4+/-0.1*

1.2+/-0.3

2.3+/-0.4*

LPS/CpG

1.3+/-0.3

1.6+/-0.4

1.4+/-0.5

1.9+/-0.3*

Control

Table I Expression of CD40 and DCSIGN by BMDC from young and old mice
stimulated with TLR agonists.
BMDC from young (3 month) (n=4) and old (22 month) (n=4) mice were stimulated with
agonists for TLR4 (LPS), TLR7 (R848), TLR4/7, (LPS/R848), TLR9 (CpG) or TLR4/9
(LPS/R848) alone and in combination for 24 hours. The expression of costimulatory
molecules, CD40 and DCSIGN, was measured by flow cytometry with fluorescently
labeled antibodies. The fold change over control was calculated from the mean
fluorescent intensity. (young n=4, old n=4) (Fold Change+/-s.e.m) There is no ageassociated difference in the expression of any of the costimulatory molecules. There is a
tendency for greater expression of CD40 and DCSIGN by BMDC from old mice. *
indicates p<0.05 vs control for each age
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later time point than in Chapter 2 (12 hours). These changes were made to replicate the
environment of the BMDC at the time the T cells are added to the DC during the T cell
priming assay used in the following experiment. The levels of Th-directing cytokine
secretion were then measured by ELISA. These cultures showed a much lower level of
cytokine secretion for IL-23 or IL-12 than in previous studies (Figure 3). IL-23 secretion
did not show an age- associated difference. However, IL-12 secretion by BMDC after
stimulation with LPS/R848 was significantly greater for BMDC from aged mice than
from young mice.
Effect of DC age on Th differentiation of Young T Cells
The effect of DC age on the differentiation of CD4 cells is unknown. In order to
address the question, we activated OVA-specific (OT-II) naïve CD4 T cells isolated from
young mice with OVA-pulsed DC from young or old mice. Unstimulated DC did not
induce differentiation of any Th17 cells as judged by the presence of CD4 T cells
demonstrated by intracellular staining for IL-17 and minimal Th1 cells based on staining
for IFN-γ (Figure 4). In contrast, conditions that favored IL-17 production (IL-6, TGF-β,
anti-IFN-γ, anti-IL-6, anti-CD3) lead to increased Th1 production and a pronounced
increase in Th17 cells (Figure 4). The increase in Th17 cells was more dramatic when old
BMDC were used to prime T cells. However, as this was a control experiment, it was
only done twice. Both experiments yielded similar results, but statistical testing was not
performed.
OVA-specific T cells were then activated by OVA-pulsed BMDC from young or
old mice previously stimulated with a range of TLR agonists. The production of Th17
cells was minimal (less than 1% of cells) and not increased over that of unstimulated
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Figure 3 Cytokine secretion by dendritic cells from young and old mice.
BMDC from young (3 month) and old (22 month) mice were stimulated with agonists for
TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9 (CpG) or TLR4/9 (LPS/CpG)
for 24 hours. A) There was no significant difference in the secretion of IL-23. B) There
was significantly more IL-12 secreted by BMDC from old mice stimulated with the
combination LPS/R848. * indicates p<0.05 old vs young for each condition. (young n=3,
old n=3)
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Figure 4 T helper cell differentiation caused by dendritic cells from young or old
mice
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 months) or old (22 months) mice for 3 days. The BMDC had been
unstimulated (negative control) or stimulated with LPS and T cells cultured in Th17
differentiating conditions, TGF-β, IL-6, anti-IFN-γ, anti-IL-4 and anti-CD3, (positive
control).
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BMDC for all experimental conditions for each age group (Table II). However, we then
measured the secretion of IL-17 by the T cells, and did not significantly increased
secretion of IL-17 from the T cells differentiated with BMDC from young or old mice
stimulated with a range of TLR agonists (Figure 5A), but there was, no age-associated
difference.
We then measured IFN-γ production under that same conditions; there is
significant IFN-γ secretion by T cells activated by young BMDC stimulated with each of
the TLR agonists (Figure 5B). Similar levels of IFN-γ were secreted by T cells activated
by BMDC from old mice. Interestingly, the greatest secretion of IFN-γ was from T cells
that were activated by BMDC stimulated with the combination of LPS/R848, congruent
with the intracellular cytokine staining data (Figure 6) of increased Th1 cell production
and the robust IL-12 secretion by BMDC.
We then determined the percentage of naïve T cells that differentiated into Th1
cells based on IFN-γ production when activated by young or old BMDC stimulated with
the range of TLR agonists (Figure 7). While there were significant increases in the R848
(old BMDC) and LPS/CpG (young BMDC) stimulated conditions, the greatest and most
substantial increase was again in the LPS/R848 condition (p<0.05). The percent of T cells
producing IFN-γ averaged 19% for BMDC from young mice and 22% for BMDC from
old mice over 4 experiments. A similar trend was seen in amount of IFN-γ produced by
each cell as measured by the MFI of IFN-γ (Figure 8).
Additionally, we determined the differentiation into IL-4 producing Th2 cells and
FoxP3 expressing Treg cells. There were no IL-4-producing Th2 cells (Table III) nor an
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Agonist

Young BMDC

Old BMDC

Control

0.4+/-0.1

0.3+/-0.1

LPS

0.4+/-0.2

0.3+/-0.1

R848

0.4+/-0.2

0.8+/-0.6

LPS/R848

0.4+/-0.1

0.3+/-0.03

CpG

0.3+/-0.1

0.2+/-0.1

LPS/CpG

0.4+/-0.2

0.4+/-0.2

Table II Percent of CD4 T cells that produce IL-17 after coculture with TLR
stimulated young and old BMDC
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The IL-17 production was measured by intracellular
staining with fluorescent antibodies and flow cytometry. (Percent positive cells, +/s.e.m.) There is no IL-17 production. (young n=4, old n=4)
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Figure 5 Cytokine secretion by differentiated T helper cells primed with dendritic
cells from young or old mice.
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated for 3 days
with BMDC from young (3 month) or old (22 month) mice. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The T cells were restimulated with 2.5μM Ova(323-339)
peptide and supernatants collected after 5 hours. The secretion of Th cell cytokines was
measured by ELISA. A) IL-17 B) IFN-γ There are no age associated differences. *
indicates p<0.05 vs control for each age
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Figure 6 T helper cell differentiation caused by BMDC from young and old mice
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4/7 (LPS/R848). IFN-γ staining indicates Th1
differentiation. This is a representative experiment. (young n=4, old n=4)
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Figure 7 Percent of CD4 T cells that produce IFN-γ after coculture with TLR
stimulated young and old BMDC
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The percent IFN-γ producing cells were measured by
intracellular staining with fluorescent antibodies and flow cytometry. (Percent positive
+/- s.e.m.) (young n=4, old n=4)There is no age-associated difference in IFN-γ
production. There is a significant increase in production for IFN-γ with LPS/R848
stimulation. * indicates p< 0.05
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Figure 8 IFN-γ mean fluorescent intensity in T cells activated by TLR stimulated
young and old BMDC
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The IFN-γ mean fluorescent intensity was measured by
intracellular staining with fluorescent antibodies and flow cytometry. (Gmean +/- s.e.m.)
(young n=4, old n=4)There is no age-associated difference in IFN-γ production. There is
a significant increase in production for IFN-γ with LPS/R848 stimulation. * indicates p<
0.05
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Agonist

Young BMDC

Old BMDC

Control

0.3+/-0.23

0.07+/-0.03

LPS

0.06+/-0.03

0.07+/-0.04

R848

0.07+/-0.013

0.07+/-0.2

LPS/R848

0.12+/-0.02

0.1+/-0.01

CpG

0.04+/-0.03

0.05+/-0.01

LPS/CpG

0.06+/-0.01

0.08+/-0.001

Table III Percent of CD4 T cells that produce IL-4 after coculture with TLR
stimulated young and old BMDC
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The IL-4 production was measured by intracellular
staining with fluorescent antibodies and flow cytometry. (Percent positive cells, +/s.e.m.) There is no IL-4 production. (young n=4, old n=4)
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increase in expression of FoxP3, indicating Treg differentiation, (Table IV) in any of the
conditions regardless of TLR agonist or age of DC.
Effect of DC age on Th differentiation of Middle-aged T Cells
Since T cells have many age-associated defects, including well documented
impairment of helper cell differentiation and function, the above experiments were
repeated with T cells isolated from a middle aged OT-II mouse (12 months). In our
previous studies, described in Chapter 2, we found a difference in the cytokine response
from BMDC generated from young mice versus old mice. BMDC from older mice
produced more IL-23 when stimulated. The main shift in DC phenotype occurred
between aged 6 and 12 months (Chapter 2). A published study of Th17 differentiation in
aged T cells used CD4 cells from 22 month old mice41 so it is unclear when T cells
acquire an aged phenotype with regard to Th17 differentiation.
In our studies, T cells from middle-aged mice retained the ability to differentiate
into Th1 and Th17 cells as seen in the prior experiment with young adult T cells (Figure
9). They also exhibit the same pattern of differentiation as do young T cells, with
minimal differentiation in to IL-17-producing cells (Table V) and 22% of the CD4 cells
producing IFN-γ after culture with BMDC (young or old) stimulated with LPS/R848
(Figure 10). The differentiation of T cells cultured with BMDC stimulated with LPS,
R848, CpG or LPS/CpG was not increased over control (Figure 11).
IL-23 Supplementation and Th Differentiation
To further determine if IL-23 could augment Th17 responses and/or blunt Th1
responses, we performed additional experiments in which exogenous IL-23 was added to
OVA-pulsed LPS/R848 matured DC and assessed the effect on Th1 and Th17 production
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Agonist

Young BMDC

Old BMDC

Control

3.2+/-0.1

2.8+/-0.1

LPS

2.9+/-0.2

2.7+/-0.2

R848

3.3+/-0.2

3.2+/-0.1

LPS/R848

2.8+/-0.2

2.3+/-0.2

CpG

2.5+/-0.1

2.5+/-0.03

LPS/CpG

2.4+/-0.1

2.4+/-0.1

Table IV Percent of CD4 T cells that express FoxP3 after coculture with TLR
stimulated young and old BMDC
OVA-specific CD4 T cells from young (3 month) OT-II mice were activated by BMDC
from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The FoxP3 production was measured by intracellular
staining with fluorescent antibodies and flow cytometry. (Percent positive cells, +/s.e.m.) There is no change in FoxP3 expression. (young n=4, old n=4)
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Figure 9 T helper differentiation of middle-age T cells activated by dendritic cells
from young or old mice
OVA-specific CD4 T cells from middle-age (12 month) OT-II mice were activated by
BMDC from young (3 months) or old (22 months) mice for 3 days. The BMDC had been
unstimulated (negative control) or stimulated with Th17 differentiating conditions, TGFβ, IL-6, anti-IFN-γ, anti-IL-4 and anti-CD3, (positive control).
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Agonist

Young BMDC

Old BMDC

Control

0.7+/-0.1

0.5+/-0.04

LPS

0.8+/-0.08

0.6+/-0.02

R848

0.6+/-0.1

0.6+/-0.01

LPS/R848

0.8+/-0.1

0.7+/-0.04

CpG

0.4+/-0.4

0.4+/-0.02

LPS/CpG

0.7+/-0.03

0.5+/-003

Table V Percent of middle-age T cells that produce IL-17 after coculture with TLR
stimulated young and old BMDC
OVA-specific CD4 T cells from middle-age (12 month) OT-II mice were activated by
BMDC from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). The IL-17 production was measured by intracellular
staining with fluorescent antibodies and flow cytometry. (Percent positive +/- s.e.m.)
(young n=3, old n=3)

88

Figure 10 T helper cell differentiation of middle-age T cells activated by BMDC
from young and old mice
OVA-specific CD4 T cells from middle age (12 month) OT-II mice were activated by
BMDC from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4/7 (LPS/R848). This is a representative experiment.
(young n=3, old n=3)
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Figure 11 IFN-γ production by middle-age T cells activated by TLR stimulated
young and old BMDC.
OVA-specific CD4 T cells from middle-age (12 month) OT-II mice were activated by
BMDC from young (3 month) or old (22 month) mice for 3 days. The BMDC had been
stimulated with agonists for TLR4 (LPS), TLR7 (R848), TLR4/7 (LPS/R848), TLR9
(CpG) or TLR4/9 (LPS/CpG). There is no age-associated difference (Percent positive +/s.e.m.). There is a significant increase in production for IFN-γ with LPS/R848 stimulation
versus control and all other conditions. (* indicates p< 0.05) (young n=3, old n=3)
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by intracellular cytokine staining for IFN-γ and IL-17, respectively. BMDC were
supplemented with various amounts of IL-23 (1ng/mL or 10ng/mL33) or 1ng/mL IL-23
and 10ng/mL TGF-β. The addition of these cytokines did not have an effect on the
percentage of cells that made IL-17. However, the percentage of cells driven to Th1
differentiation decreased with the addition of IL-23 or IL-23/TGF-β in all conditions
(Figure 12) (p<0.05 for young BMDC, a trend for old BMDC). This was true whether the
naïve T cells were isolated from young adult or middle-aged mice.
Discussion
Th cells play a key role in immunity to infectious diseases, both in the primary
and memory responses42. For many diseases the efficacy of the immune response
depends on the predominance of a specific Th subtype response43. Therefore, any factor
that alters the Th differentiation milieu has the potential to modulate host defenses
against infections. Aging is one state that is reported to change the relative proportion of
Th cell subtypes generated in response to an immune stimulus44. Experimentally the use
of different combinations of TLR agonists is also able to change Th cell responses34 and,
combinations of TLR agonists have been shown to relieve Treg suppression of CD4 and
CD8 cells45. In this study we investigated the contribution of each of these factors, aging
and TLR agonist stimulation, in directing an OVA-specific Th response in vitro.
Specifically, we wanted to define the effect on Th17, but also Th1, cell differentiation. To
accomplish this, we differentiated OVA-specific OT-II naïve CD4 cells with DC, from
young or old mice, that had been stimulated with a range of TLR agonists.
We first defined the status of a primary function of DC from the young and old
mice, that if costimulatory molecule expression. After TLR stimulation with each of the
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Figure 12 Percent of CD4 T cells that produce IFN-γ after coculture with TLR
stimulated young and old BMDC and cytokine supplementation
Ova-specific CD4 T cells from A) young (3 month) or B) midde-aged (12 month) OT-II
mice were activated by BMDC from young (3 month) or old (22 month) mice for 3 days.
The BMDC had been stimulated with TLR4/7 (LPS/R848) and supplemented with
1ng/mL IL-23, 10ng/mL IL-23 or 1ng/mL IL-23 and 10ng/mL TGF-β. There is no ageassociated difference(Percent positive +/- s.e.m.). There is a significant increase in
percent of cells producing for IFN-γ vs LPS/R848 stimulation. * indicates p< 0.05 vs the
LPS/R848 condition for each age. (young T cells n=3, middle aged T cells n=3, except
middle-age T cells IL-23/TGF-β n=1)
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agonists we used, DC from young and old mice upregulated costimulatory molecules
equivalently (Figures 1-2). LPS/R848 stimulated DC (young and old) upregulated CD80
and CD86 to a higher level than did DC stimulated with the other agonists.
These data regarding costimulatory molecule expression agree with Tesar et al.
who found no age-associated difference in CD40 or CD86 upregulation after stimulation
with a panel of TLR agonists including LPS (TLR4) and CpG (TLR9)40. However, our
findings disagree with Grolleau-Julius et al. who found unchanged CD40 and CD86 but
increased CD80 and decreased DC-SIGN on BMDC from old mice48. Those BMDC,
unlike our studies or the Tesar studies, had been differentiated in IL-4, as well as GMCSF. It is possible that this difference contributed to the varied results. The upregulation
of costimulatory molecules, particularly CD80 and CD86 is required to activate T cells2.
The equivalent costimulatory molecule upregulation on BMDC from aged mice indicate
that altered costimulation should not be a contributor to immune senescence in T cell
activation. The combination of TLR agonists, particularly LPS/R848 increased the
costimulatory molecule expression to the greatest degree. This increase of costimulatory
molecules has also previously been seen for combinations of TLR 3/7 agonists (poly
(I:C)/R848)45. In that case, CD40, CD86 and CD70 were found to increase more with the
combination of LPS/R848 and poly (I:C)/R848. CD80 was not measured.
We next determined the secretion levels of the Th cytokines IL-12 and IL-23
(Figure 3). In contrast to our previous experiments (Chapter 2), there was significantly
greater secretion of IL-12 by DC from old mice, but there was no age-difference in the
secretion of IL-23. The lack of age-difference in IL-23 secretion was due to lower than
expected IL-23 secretion by DC from the old mice. There are several possible causes for
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the differences versus prior experiments as discussed below. Importantly, the subsequent
data on Th differentiation was generated concordantly so the lack of IL-23 production
seen in our prior experiments was not known until after the fact.
T cells differentiated in a Th17 skewing environment (TGF-β, IL-6, anti-IFN-γ,
anti-IL-6 and anti-CD3) in the presence of DC from old mice appeared to result in a
doubling of Th17 cell production wen compared to the percentage of Th17 cells
generated in the presence of DC from young mice (Figure 4), though additional
experiments would be needed to confirm this finding. In a neutral differentiation
environment, neither DC from young nor old mice induced differentiation of Th17 cells
(Table II). In contrast, DC from both young and old mice were able to induce the
differentiation of Th1, IFN-γ producing T cells. This Th1-directing ability was limited to
DC stimulated with LPS/R848 and there was no difference regardless of the age of the
mouse from which the DC were isolated (Figure 6-7).
Third we determined the effect of DC age on Th cell differentiation of T cells
from middle-aged mice. When middle-age T cells were differentiated in the Th17
skewing environment (TGF-β, IL-6, anti-IFN-γ, anti-IL-4 and anti-CD3) the agedifference seen with young T cells was not evident (Figure 9). In neutral conditions,
middle-aged T cells differentiated similarly as did young T cells, with minimal Th17 cells
and substantial Th1 cells with LPS/R848 stimulated DC (Figure 10).
Finally we determined the effect of IL-23 supplementation on the Th
differentiation induced by DC from young or old mice. The addition of IL-23, alone or
with TGF-β, did not increase the percentage of naïve T cells that differentiated into IL-17
producing Th cells, but it did decrease the percentage of Th1 cells that produced IFN-
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γ (Figure 12). Similar results were obtains whether the LPS/R848 stimulated DC were
from young or old mice, or whether the T cells were from young or middle aged mice.
Th cell differentiating cytokines from DC change with age (Chapter 2). At 12
months of age, DC begin to secrete a milieu of Th17 favorable cytokines. This included
IL-23 and TGF-β. Therefore we expected an increase in the tendency toward Th17 cell
differentiation when T cells were activated by DC from old mice. The lack of Th17 cell
differentiation for any experimental condition regardless of age is likely due to IFN-γ
production which is strongly inhibitory on Th17 differentiation46. Since Th cell
differentiation is primarily controlled by the cytokine environment, we investigated
whether the addition of IL-23 or TGF-β would be capable of inducing Th17 cell
differentiation. While additional IL-23 with or without TGF-β did not alter Th17
differentiation in our system, there was a marked reduction in th1 differentiation
suggesting that IL-23 can greatly influence Th1 development.
CD4 cells stimulated under positive control conditions (TGF-β, IL-6, anti-IFN-γ,
anti-IL-4 and anit-CD3) show that OT-II cells are capable of Th17 cell differentiation in
our culture condition whether stimulated by DC from young or old mice. These positive
control conditions differ from the experimental conditions primarily in that IFN-γ and IL4 are neutralized further supporting the hypothesis that IFN-γ is responsible for the lack
of Th17 cell differentiation noted. When IFN-γ and IL-4 were neutralized, Th17 cell
generation from naïve CD4 T cells isolated from young mice was higher in cultures
activated by DC from old mice as those from young mice (Figure 4). CD4 T cells isolated
from middle aged mice differentiated into Th17 cells at the higher rates, regardless of the
DC age. This indicates that DC and T cells from old mice may shift differentiation
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toward Th17 cells under appropriate conditions. Both IFN-γ and IL-4 inhibit Th17 cell
differentiation, perhaps the DC tendency toward the Th17 phenotype is not strong enough
to overcome that inhibition. A tendency toward Th17 with aging has been implied by
several factors, primarily by increased autoimmunity with age47. Huang et al. recently
found that T cell have an increased Th17 phenotypic tendency with age33. In addition, we
show that aged DC also appear generate a milieu favorable to Th17 cell differentiation
under specific conditions (Chapter 2), but the relevance of those findings on the fate of
naïve T cell differentiation remain to be defined in vivo and versus other antigens.
While the experimental conditions described here did not exhibit Th17 cell
differentiation, Th1 differentiation was present. This differentiation was greatest in T
cells activated by LPS/R848 stimulated BMDC. This combination of TLR agonists not
only caused the greatest upregulation of CD80, but more importantly caused the greatest
secretion of IL-12, the Th1 differentiation cytokine, from BMDC of both ages. Robust
Th1 cell differentiation was evident in CD4 T cells activated by DC from either young or
old mice and regardless of the age of the T cell donor mouse. Therefore, in all conditions
tested the combination of agonists for TLR4 and TLR7, LPS and R848, caused robust
Th1 cell differentiation. The mechanism for the synergy of the TLR agonists was
investigated by Napolitani et al. who have shown that a combination of TLR4 and TLR7
agonists increase IL-12 secretion and Th1 differentiation37. They found a synergistic
effect on IκBζ expression with TLR4/7 stimulation37. This was due to a sustained
phosphorylation of c-Jun37. The paracrine action of IFN-β was also viewed as a likely
candidate for mediating synergy, but was discarded when it was found to have little effect
of IL-12 secretion37.
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There are several limitations to the interpretation of the data presented. First and
foremost, IL-23 was only minimally induced under the conditions tested compared to our
previous studies. There are several reasons this may have occurred. First, the DC were
stimulated at a lower density than in previous experiments. It is possible that a paracrine
effect lead to increased IL-23 production in our earlier work, or that cell death in the
more densely plated DC cultures occurred and altered the cytokine milieu. Another
difference between the culture conditions was that the IL-23 was measured at 24 hours
rather than 12 hours as in the previous experiments described in Chapter 2. Preliminary
data generated in our laboratory indicates that IL-23 levels rise from 6-12 hours, peaking
at 12 hours, but decline from that peak by 24 hours. The reason for this decline is
uncertain and could be related to cellular factors or proteases present in the culture media
which is supplemented with serum. These explanations are less likely in that the cells
from the young mice produced the expected, though very low, amounts of IL-23. The
next possibility is that differences in housing conditions lead to the variability seen here.
These mice were aged retired breeders, while the oldest mice in the previous work were
mice aged without breeding. Breeding has been shown to change the immunological
responses of female mice, but the effect on male mice, which we used in this study has
not been studied49-51. Dietary conditions may have been very different for these mice, or
housing singly versus groups may have important, and unmeasured, influences. This
variability may become inherent in aging research as the availability of aged mice from
the NIA aging colonies has been restricted. Many researchers are now required to
purchase breeders and house them for 6 to 12 months until they reach the appropriate age.
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Combinations of TLR agonists could potentially be used to activate specific Th
cell differentiation in response to infection, or more likely as adjuvants in vaccine
formulations. Pulendran reviews the potential for TLR-activated DC in triggering specific
Th cell responses to vaccination34. The utility of combinations of TLR agonists has not
been explored in clinical trials, though the effect of combinations of agonists is
mentioned in regard to whole pathogen vaccines. Naptolitani et al. suggest that the
combination of TLR agonists would make effective vaccine adjuvants37. Our study shows
that the combination of LPS/R848 is not only a strong inducer of Th1 immunity, but that
it remains a strong inducer of Th1 cell differentiation in middle-age T cells stimulated
with old DC. The utility of LPS/R848 is retained in advanced age. Thus the efficacy of
this combination of TLR agonists could be explored in vaccine development for the aging
population.
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CHAPTER IV
DISCUSSION
Summary of Results
Th differentiation can have profound effects on host defense, expression of
clinical disease and response to immunization. Since DC are a main determinant in Th
differentiation1, the factors which alter DC phenotype are also likely to influence Th
differentiation. We investigated the effect of age on DC and Th differentiation,
specifically Th17 differentiation.
First, we found that DC change progressively with age, but these changes are
restricted to the secretion of specific cytokines and are only apparent after specific
stimuli. There is a progressive increase with age in the secretion of IL-23, a Th17
cytokine, after stimulation with TLR4, TLR7/8 and TLR9 agonists. There is however, no
change in the secretion of IL-12p70 or TNF-α, which is supported by the earlier work of
Tesar et al.2 and Grolleau-Julius et al. 3. There are age-associated decreases in IL-10 and
IL-6. Interestingly, the decrease in IL-6 is evident when TLR agonists are combined, but
not when used singly. Furthermore, the shift toward IL-23 secretion becomes prominent
between 6 and 12 months of age, indicating that DC gain an aged phenotype while the
mouse is in mid-adulthood, the equivalent of 30-35 years in humans. Perhaps not
surprisingly, there are data in humans to suggest responses to immunization begin to
decline at about the same age for some vaccines (for example hepatitis A and hepatitis
B)4;5.
Our data also found that DC from old mice retain several functions that confer the
ability to stimulate T cells. BMDC are equally capable of upregulating the cell surface
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expression of costimulatory molecules regardless of age, which supports the work of
Tesar et al.2 and Grolleau-Julius et al.3. DC from older adults are able to trigger
differentiation into IFN-γ producing Th1 cells and IL-17 producing Th17 cells. This is
true whether the naïve T cell was isolated from middle-aged or young adult mice.
We found that regardless of DC age, stimulation with TLR4 and TLR7/8 agonists
together is able to produce a strong Th1 response in vitro using naïve T cells isolated
from OT-II mice directed against OVA-peptide. This strong Th1 response is present
whether BMDC from young or old mice are used, or whether young or middle-aged
naïve OT-II T cells are used. Additional data using old adult naïve T cells would be of
value, but was not possible to obtain in this study due to resource limitations and the need
for extended housing of OT-II mice. Further, the percentage of cells induced toward Th1
differentiation is blunted by the addition of IL-23 or IL-23 and TGF-β. This may have
relevance as a mechanism of immune senescence.
As summarized in Figure 1, IL-23 secretion from DC is increased in age after
stimulation with agonists for TLR4, TLR7/8, TLR9 and TLR4/TLR7/8. Th17
differentiation is not increased when naïve T cells are primed with DC from old mice,
unless IFN-γ and IL-4 are neutralized. Th1 differentiation, however, is maintained into
advanced age and is most successfully induced in our experimental conditions using the
combination of TLR4/TLR7/8, agonists regardless of age.
Th17 and T cell Age
Naïve T cells isolated from 22 month old mice preferentially differentiate into
Th17 phenotype when compared to T cells from young mice6. Our preliminary data
(Chapter 3, Figure 9) support and extend these findings to also apply to T cells from 12
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Age Effects on DC Function
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that is blunted by
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Figure 1 Age Effects on DC function
With increasing DC age, the potential for IL-23 secretion increases. This increased IL-23
is induced by multiple TLR agonists: TLR4, TLR7/8, TLR9 and the combination of
TLR4 and TLR7/8. There is no difference in costimulatory molecule expression with DC
age. Th differentiation is not changed by the age of DC under neutral differentiating
conditions, there is no Th17 differentiation and there is maintenance of Th1
differentiation with increased DC age. With Th17-differentiating conditions (TGF-β, IL6, anti-IFN-γ, anti-IL-4 and anti-CD3), DC or T cells of increasing age cause a marked
shift toward Th17 differentiation. The addition of IL-23 decreases Th1 differentiation.
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month old mice. Though further data are needed to confirm this finding, the increased
Th17 differentiation, as measured by IL-17 production by antigen specific aged T cells, is
only evident in conditions in which IFN-γ and IL-4 are neutralized. The increase in IL-17
production by nonspecifically activated aged T cells did not require the neutralization of
IFN-γ and IL-46. However, the levels of another Th17 cytokine, IL-21, from these T cells
decreases in aged T cells6. This inversion of IL-17 and IL-21 production with age is
interesting in that it can also be seen in conditions with IL-6 and different levels of TGFβ. IL-6 with little or no TGF-β favors IL-21, while IL-6 with more TFG-β favors IL177;8. The data from Huang et al. suggest an autocrine feedback loop may play a role
since those investigations found increased IL-6 from the aged T cells6.
Th17 and DC Age
Previously identified aging effects on the DC have been relatively minor. As we
show, aged DC are still capable of upregulating costimulatory molecules and of
stimulating T cells, and producing Th-directing cytokines after stimulation with TLR
agonists. However, the cytokine milieu does appear to change with age with specific
stimuli, particularly LPS/R848. Aged DC are also more effective in causing Th17
differentiation than are young DC under conditions that favor Th17 differentiation (TGFβ, IL-6, anti-IFN-γ, anti-IL-4, anti-CD3). This effect does not appear, however to be
mediated solely by an increase in IL-23 and/or TGF-β, but requires IFN-γ and IL-4
neutralization. The inhibitory effects of IFN-γ and IL-4 appear to overcome the aged DCdriven tendency toward Th17 differentiation, which we observed in our model.
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TLR Agonist Synergy
We show a synergistic effect on cytokine production with the combination of
TLR agonists. While we are the first to show this phenomenon in aged DC, others have
seen this in several cell types from young mice. Napolitani et al.9 show a synergy for
TLR3 or TLR4 agonists with either TLR7/8 or TLR9 agonists in human and murine DC.
Vanhoutte et al.10 found that TLR3 synergizes with TLR2 in murine DC. Bagchi et al.11
found TLR3 or TLR4 agonists synergized with TLR2, TLR5 or TLR9 agonists in murine
bone marrow-derived macrophages (BMDM). Ouyang et al.12 reported that TLR3 and
TLR4 agonists synergize with TLR7/8 agonists or TLR9 agonists in murine peritoneal
macrophages (PEC). Bagchi et al.11 and Ouyang et al.12 both attribute this synergy to a
complementary effect of Toll receptor-associated activator of interferon (TRIF)dependent (TLR3 and TLR4) and myeloid differentiation factor-88 (MyD88)-dependent
(TLR2, TLR5, TLR7/8, TLR9) signaling. Though several proposed mechanisms have
built on this hypothesis, certain findings contradict the simplicity of this explanation.
First, TLR4 not only signals through TRIF, but also through MyD8813. Therefore both
pathways may already be activated by TLR4 stimulation raising concerns of the simple
explanation of convergent activation of the stimulatory pathway that culminates in NFκB. However, the main exception to the TRIF/MyD88 explanation is TLR2, which while
MyD88 dependent and TRIF independent, is able to synergize with TLR7 and TLR9,
which are also MyD88 dependent (Chapter 2).
Several groups have attempted to identify the mechanism of this synergy. In
human DC, Napolitani et al.9 found increased duration of IkBζ induction and
phosphorylation of c-Jun with synergistic TLR stimulation. Ouyang et al.12 were able to
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inhibit TLR synergy in interferon regulatory factor (IRF)5 deficient murine PEC. They
propose that each pathway may cause a unique modification, such as ubiquitination, of
IRF5 that enables a greater response to activation by the other pathway. Two groups,
Napolitani et al.9 in human DC and Bagchi et al.11 in BMDM, found that IFN-β is not
involved in the synergy. The synergy evident with certain combinations of TLR agonists
is likely due to some complementation of intracellular signaling pathways that culminates
in the more sustained activation NF-κB, the transcription factor downstream of all TLR
agonists.
Our studies expand the nature of TLR synergy. First, we show that synergy of
TLR agonists occurs in aging DC, and for IL-23, the synergistic effect is increased by
aging. We also show that TLR2 agonists synergize with TLR7/8 or TLR9 agonists even
though both are MyD88 dependent.
TLR Agonists and Vaccination
TLR agonists trigger innate immune responses and can support the development
of adaptive immunity. For this reason, TLR agonists are instrumental to vaccine
responses. Two current vaccines are proven to signal through TLR to trigger memory
responses14, Bacillus Calmette-Guerin (BCG) and Haemophilus influenzae type b
conjugated to neisserial outer-membrane protein complex (Hib-OMPC). TLR signaling is
likely involved in the response to several live (measles, vaccinia, yellow fever), killed
(cholera, Salk polio and rabies) and polysaccharide (meningococcus, pneumococcus and
typhoid) vaccines14. Since TLR agonists already present in vaccine formulations seem to
enhance immune responses, many groups study the efficacy of modulating the TLR
mediated response pathways in an effort to enhance vaccine efficacy. Agonists for
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TLR7/815 and TLR916 are prominent candidates for adjuvants, while TLR2 and TLR4
agonists are also studied. A combination of TLR agonists is able to increase the humoral
and cell mediated response to hepatitis B surface antigen (HbsAg) vaccine17. The Th
response versus HbsAg can be shifted from Th2 to Th1 by the addition of specific TLR
agonists18. Therefore the proper choice of TLR agonist combinations is likely to improve
the quality and quantity of the response for specific vaccine formulations.
Age and TLR in Vaccination
The greatest need for improved vaccine responses is in the elderly. For example,
influenza vaccination is 70-90% effective in preventing disease in those under 65 years of
age, but only 30-40% effective in preventing disease in those over 6519. The TLR9
agonist, CpG, induces a strong vaccine response in aged mice20. CpG is even capable of
inducing a Th1 response from aged Balb/C mice, which are prone to a Th2 response21.
The CpG effect is, at least partially, mediated through the DC, since aged CpG-pulsed
DC transfer the immunity to naïve mice20. Additionally, the antibody response to
influenza vaccine in the older humans increases with the transdermal administration of a
TLR2 agonist, E. coli heat-labile enterotoxin with vaccination22.
We find that the combination of a TLR4 and a TLR7/8 agonist stimulates aged
DC to induce a robust Th1 response by T cells from OT-II mice. Our studies used LPS
and R848. While there is concern about the toxicity of LPS in an individual, there are less
toxic TLR 4 agonists, such as monophosphoryl lipid A (MPL), that are effective and safe
agonists23. Formulations containing MPL act through DC to safely trigger Th1 immunity
in humans23. R848 is also safe in humans and effective in triggering a Th1 response15.
Our data suggest that, in combination, these may be effective in the elderly.
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Conclusions
We examined an aspect of immunity that remains intact far into the most
advanced stages of adult life, Th17 immunity. Our primary findings indicate that older
DC might trigger increased differentiation into Th17 cells, but subsequent studies showed
that increased Th17 differentiation only occurred under specific conditions. We did find
however, that a combination of TLR agonists is able to trigger robust Th1 differentiation,
regardless of the age of the DC or the T cell. Since the use of TLR agonists in the
formulation of tailored vaccines is promising, our findings further support the
development of vaccines that can successfully trigger the elderly immune system toward
effective immunity and boost host defense.
While the role of Th17 immunity in aging requires more investigation, current
knowledge combined with the findings described here indicates that the aged immune
system is prone toward Th17 responses. Both T cells and DC from aged mice appear
predisposed toward a Th17 response though outcome data in our system did not clearly
support this conclusion. In antigen specific conditions this phenomenon appears to
require neutralization of IFN-γ and IL-4. In the aged immune system, particularly in frail
hosts there appears to be decreased Th1 responses24, the concomitant IFN-γ decreased
may be sufficient, under some specific conditions, to enable the Th17 tendency in aged T
cells and DC to manifest with increased Th17 responses. While this may eventually be
implicated in the higher incidence of autoimmune phenomena with advancing age, it may
also be harnessed in host defense against a variety of pathogens. The range of pathogens
for which Th17 immunity plays a role in the young immune system is reviewed in
Chapter 1 (Table I). More pertinently, the Th17 response following certain vaccinations
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participates in the protective efficacy25-27. Further knowledge of the role and mechanisms
of inducing Th17 responses in the elderly is likely to elucidate new strategies to mitigate
immune senescence and may lead to improved host defense and vaccination responses.
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APPENDIX I
IL-23 RESPONSE OF HUMAN MONOCYTE-DERIVED DENDRITIC CELLS
AFTER TOLL-LIKE RECEPTOR STIMULATION IS MAINTAINED IN AGE

Introduction
Ineffective host defense and vaccination responses in the elderly are attributed to
alterations in the aging immune response. While many aspects of the immune system
exhibit decreased function with age, some may not. Dendritic cells (DC) retain much of
their functionality into advanced age. DC differentiated from young and aged human
donors upregulate costimulatory molecules equivalently1. Both produce inflammatory
cytokines after stimulation with TLR agonists1. They also present antigen to and cause
proliferation and cytokine secretion by T cells2-4. While MoDC from aged human donors
do have decreased migratory and phagocytic ability as compared to those from young
donors1, they retain the three key functions required to activate T cells: antigen
presentation, costimulatory molecule upregulation and cytokine production; and are
capable of triggering T cell activation against antigens, specifically: tetanus toxin3;4 and
influenza antigen2.
Aging has more profound effects on the T cell, both in its function and
differentiation. First, there are fewer naïve T cells in an aged host5. These T cells produce
less IL-2, have less proliferative capacity and develop into fewer, less active effector
cells6. The distribution of T helper (Th) cell subtypes also changes in age. Though there
are some conflicting reports regarding Th1 and Th2 differentiation (reviewed by Gardner
and Murasko7), it has recently been reported that under certain conditions aged naïve T
cells are more prone to Th17 differentiation than are young T cells8. We have shown that
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DC from aged mice shift their Th differentiating cytokine secretion to a potentially more
Th17-directing milieu (Chapter 2).
The Th17 subtype is becoming prominent in literature on autoimmunity, however
it also has a role in host defense to a broad array of pathogens (reviewed in Chapter 1).
While the overarching role of Th17 cells in infection is still being defined, it has been
found to be essential in Klebsiella pneumoniae host defense9. Furthermore, in some
infections, such as Mycobacterium tuberculosis10, Th17 immunity supplements Th1
immunity. For other infections, such as Cryptococcus neoformans11, Th17 immunity
compensates when Th1 immunity is absent. Th17 also plays a role in the immune
response to certain vaccine formulations for: pneumococcus12, pertussis13 and
tuberculosis vaccines10.
Given the need for more effective immunity in the aged and the possible role of
Th17 mediated host defense for many infections, it follows that Th17 may be an effective
target for vaccine development in the aged. Based on our findings in murine bone
marrow-derived DC, we investigated human monocyte-derived dendritic cells (MoDC) in
young and old adults. This study investigates human DC from young adult and aged
individuals ans assessed their capacity to produce Th17 cytokines after stimulation with a
combination of TLR agonists. This combination of agonists (LPS/R848) stimulates high
levels of the Th17 cytokine, IL-23, from murine dendritic cells of mice across the age
spectrum. We found that human MoDC from young and old adults briskly secrete IL-23.
Limited cell number prevented the determination of other Th-directing cytokines.

122

Methods
MoDC differentiation
Blood was collected from young (n=3) (under 30 years old) and old (n=3) (over
70 years old) male human volunteers. Monocytes were purified by magnetic bead
selection for CD14 (Miltenyi Biotec, Auburn CA). The purified monocytes were cultured
for 6 days in RPMI 1640 (Hyclone, Logan, UT) supplemented with 10% allogenic human
serum and rhGM-CSF and rhIL-4 (kindly provided by Dr Steve Mizel, Wake Forest
University School of Medicine, Department of Microbiology and Immunology). All
studies were performed under IRB approved protocols.
TLR stimulation
Differentiated MoDC were plated at 1x106 cells/mL and stimulated with
100ng/mL Ultra Pure E coli LPS (Invivogen, San Diego, CA) or 3μM R848 (3M, St Paul,
MN) for 24 hours. The supernatants were collected and frozen until analysis.
ELISA
All ELISAs were purchased from eBioscience (San Diego, CA) and assays
performed according to the manufacturer’s instructions. The linear range of the IL-23
ELISA was 16-1000 pg/mL. Samples were undiluted, except for the LPS/R848 samples
which were diluted 1:10 in media. The linear range for the IL-12 ELISA was 4250pg/mL. Samples were undiluted, except for the LPS/R848 samples which were
diluted 1:10 in media. The linear range of the TNF-α ELISA was 4-250 pg/mL. Samples
were diluted 1:10 in media , except for the LPS/R848 samples which were diluted 1:100
in media.

123

CD11c staining
Six-day old GM-CSF/IL-4 differentiated MoDC (5x105) were suspended in BD
Pharmingen Stain Buffer (BD Biosciences, San Jose, CA) and incubated on ice with
CD11c APC (BD Biosciences, San Jose, CA) for 30 min, then fixed in BD FACS Lysis
Buffer (BD Biosciences). Samples were stored at 4o C until data was collected on a BD
FACS flow cytometer. Data were analyzed using on CellQuest Pro software.
Results
Dendritic cell differentiation
First we demonstrated that monocytes (purified from peripheral blood
mononuclear cells by CD14 selection) from aged individuals were capable of
differentiation into dendritic cells when cultured with rhGM-CSF and rhIL-4. This was
evaluated by expression of the dendritic cell marker CD11c14. CD11c is an adhesion
molecule highly expressed on dendritic cells15. Monocytes from the elderly were capable
of dendritic cell differentiation. The expression of CD11c was greater than 96% for all
donors (data not shown), except for one young donor (86%).
IL-23 secretion by MoDC from young and aged individuals
The response of DC to activation includes cytokine secretion. The types of
activating stimuli alter this cytokine response. A stimulus or combinations of stimuli can
cause a cytokine response strongly favoring a specific Th subtype. Therefore the
differentiation fate of a naïve Th cell depends on the stimuli that activate the DC with
which it comes in contact. If age were also to alter the cytokine secretion, it might cause
the Th differentiation to change.
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MoDC were cultured with agonists for TLR4 (LPS) or TLR7/8 (R848), alone or
in combination and the supernatants collected after 24 hours. These were assayed for the
presence of inflammatory cytokines. First, the ability of MoDC from aged individuals to
respond to stimuli was measured. MoDC produce TNF-α to a much higher extent than
was expected which results in values for all samples above the linear range of the ELISA:
greater than 2,500pg/mL for TLR4 (LPS) and TLR7/8 (R848) alone or greater than
25,000pg/mL for LPS/R848 in combination. Due to the lack of cells from the young
donors, the single agonist conditions were only performed once. Next, the production of
the Th17 cytokine, IL-23, by MoDC from young and aged individuals was compared
(Figure 1). MoDC from both ages produced IL-23 in response to LPS and R848, alone or
in combination. No detectable IL-23 was produced by unstimulated MoDC. The
combination LPS/R848 had a synergistic effect on the production of IL-23. The IL-23
secretion induced by the combination was robust and equivalent from both ages.
IL-12 secretion by MoDC from aged individuals
The levels of other inflammatory cytokines can influence Th cell differentiation,
therefore we investigated the secretion of IL-12, a Th1-directing cytokine. MoDC
stimulated with a TLR4 agonist produced equivalent levels of IL-12 (Figure 2). MoDC
were much more responsive to stimulation with a TLR7/8 agonist than expected, the
values for all samples being higher than 250pg/mL, which was the linear range of the
assay. The synergistic effect of TLR 4 and TLR7/8 stimulation was also greater than
expected with all samples resulting in greater than 2500 pg/mL, which was above the
linear range of the assay. The entire sample was used so the assay could not be rerun.
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Figure 1 Secretion of IL-23 by dendritic cells from young and old human donors
MoDC differentiated from peripheral blood from young (n=1 for LPS and R848, n=3 for
LPS/R848) and old (n=3) donors and stimulated with agonists for TLR4 (LPS) and
TLR7/8 (R848) alone or in combination. There were no age-associated differences.
p>0.05
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Figure 2 Secretion of IL-12 by dendritic cells from young and old human donors
MoDC differentiated from peripheral blood from young (n=1) and old (n=3) donors and
stimulated with an agonist for TLR4 (LPS).
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Discussion
DC are the main antigen presenting cells and are capable of directing the fate of T
helper cells through their cytokine secretion. Since DC retain much of their functionality
with age, they are ideal targets for manipulation to induce more effective host defense
and vaccine responses in the elderly. Ability for monocytes from aged human donors to
differentiate into dendritic cells has been shown by others1-3 and confirmed here. Agrawal
et al. has also investigated the ability of differentiated DC from aged donors to secrete
TNF-α, they show an increased secretion by MoDC from aged donors after stimulation
with a TLR4 agonist (LPS) or a TLR7/8 agonist (ssRNA)1. They report lower average
levels of secretion (1,500pg/mL young, 3,000pg/mL old for LPS), but have sufficient
variability between donors to be consistent with our results which were above the linear
scale of our assay (>2,500pg/mL). We also show a synergistic effect of TLR4 and
TLR7/8 agonists by reporting values at least 10 times greater than those Agrawal et al.
reported for stimulation by either agonist alone1. This combinatorial effect of TLR
agonists on cytokine secretion by DC from the young is previously reported16. Agrawal
et al. also reported no age difference in IL-12p70 secretion after LPS stimulation, which
is consistent with our preliminary results. They report average levels of approximately
275 pg/mL, but with values that vary from 0 -1200pg/mL for each age group. This is
consistent with our findings for LPS. They do not report IL-12p70 values for a TLR7/8
agonist or the combination of the TLR4 and TLR7/8 agonists. We report considerable
and equivalent secretion of IL-23 by MoDC from young and old donors. While Agrawal
et al. did not measure IL-23, they did measure IL-12p40, the subunit shared by IL-12 and
IL-23, and found no age difference after stimulation with LPS, which supports our
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finding. Agrawal et al. also differentiated their MoDC in media containing FBS rather
than human serum, which differs from our system and has been shown to result in
differences in cytokine secretion.
We are the first to compare the secretion of IL-23 between different ages of
human donors. Consistent with our earlier data in murine DC, we found a synergistic
effect on IL-23 secretion by the combination of TLR4 and TLR 7/8 agonists (Chapter 2).
The current findings, however, differ from our earlier findings in murine bone marrowderived DC since there does not appear to be an age-associated increase in IL-23
secretion by MoDC from male human donors.
The understanding of the role of IL-23 in Th17 immunity has recently changed.
IL-23 was originally thought to be the chief differentiation-inducing cytokine for Th17
cells in both mice and humans17. The prominent role for IL-23 as the differentiation
signal in the mouse system was supplanted by IL-6 and TGF-β18. Until recently, IL-23
was still believed to trigger Th17 cell differentiation in humans19. Several groups have
recently confirmed that IL-6 and TGF-β are also the Th17 cell differentiation signals in
humans20-23. This recent finding alters the interpretation of this study regarding ability of
the secreted IL-23 to trigger Th17 differntiation, but not the potential importance of Th17
immunity in age. In fact, Agrawal et al. report increased IL-6 production from MoDC
from aged human donors after stimulation with either TLR4 or TLR7/8 agonists1. The
increase of IL-6 and the maintenance of IL-23, which is still considered the essential
survival and proliferative signal for Th17 cells, with age indicate that Th17 immunity
may still be present and potentially effective in the aged human.
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There have been no previous studies on IL-23 production by MoDC or Th17
immunity and human aging. Our laboratory has published the only study on Th17 host
defense in an aged mouse model24. In that study we showed that aged mice have an
increased resistance to infection with Brucella abortus that is accompanied by Th17
immunity. Th17 immunity has a role in host defense against many pathogens (Reviewed
in Chapter 1) and our B. abortus study suggests Th17 immunity may have a role in host
defenses that increases with age. Therefore, the continued ability to secrete the Th17directing cytokine, IL-23, by human DC from aged individuals indicates new approaches
to trigger Th17 immunity in the aged may reveal ways to augment host defense in the
aged.
In summary, we compared the ability of MoDC from young and aged individuals
to respond to TLR agonists. MoDC from aged individuals retained the ability to secrete
IL-23. The production of IL-23, a Th17 cytokine, was greatly increased by the
combination of two TLR agonists, LPS and R848.
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APPENDIX II
THE EFFECT OF GENDER AND DIET ON THE TOLL-LIKE RECEPTOR
STIMULATED CYTOKINE SECRETION OF DENDRITIC CELLS FROM AGED
MICE
Introduction
Immune responses can be altered by many variables, including gender, diet and
age. Aging causes specific alterations in the secretion of cytokines from dendritic cells
(DC) (Chapter 2). In this study we describe the effect of gender and diet on the cytokine
response of DC from aged mice after stimulation with TLR agonists.
Gender may have effects on both immune function and the process of aging. For
example, CD4 T cells from male mice have greater PPAR-α, which in turn decreases
differentiation into Th1 cells1. Additionally male mice have a greater decrease in
macrophage function following traumatic injury2. Both of these phenomena are
controlled by androgen levels. The influence of gender on aging is most dramatically
seen in differences in longevity between the sexes3.
Nutrition also shows major effects on aging and immunity. Caloric restriction
(CR) is able to increase the lifespan of species as varied as Drosophila melanogaster and
mice4. This increase in longevity is hypothesized to have many possible causes, of which
increased immune function is prominent4. CR has been shown to modulate several
aspects of immune senescence. Specifically, CR maintains the levels of naïve T cells and
T cell proliferation, both of which typically decline with advancing age4. High-fat diets
can also change immune function. For instance, high fat-diets decrease the proliferative
capacity of T cells5, decrease Th1 responses5;6, and alter DC function5;7. Therefore, we
investigated the effect of CR and high-fat diet on the responses of dendritic cells. We
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found that DC from female C57Bl/6 respond differently to age than DC from male
C57Bl/6 mice. We also show that CR has a mild effect on the cytokine secretion by DC,
but that amount of fat in the diet has a substantial effect.
Materials and Methods
Animals
Female C57BL/6 mice (FCRDC, Frederick, MD) aged 2 months or 17-18 months
were used in the gender experiments. The female C56Bl/6mice were housed in specificpathogen free conditions and fed ad libitum. Male C57Bl/6 mice for the diet studies were
obtained from Harlan-Sprague-Dawley (Indianapolis, IN) at 12 months of age and housed
conventionally for 5 months while fed specific diets. Defined diets were obtained from
TestDiets (Richmond, IN). These were the high-fat diet, containing approximately 20%
of calories from fat, and the low-fat chow diet, containing approximately 5% of calories
from fat. The calorically restricted (CR) mice were housed individually and fed ad
libitum until the age of 12 months at which time they were provided with 40% fewer
calories than the mice consumed ad libitum based on the average daily consumption in
the 14 days prior to CR. All experiments were conducted under institutional Animal Care
and Use Committee approved protocols.
Cell Culture
Bone marrow-derived dendritic cells (BMDC) were differentiated as described by
Inaba et al.8 with some modifications. Briefly, bone marrow progenitor cells were
collected from murine femurs and tibias. After RBC lysis and filtration, the cells were
cultured in RPMI 1640 (Hyclone, Logan, UT) with 10% fetal bovine serum (Hyclone),
glutamine (2mM), 2ME (5 x10-5 M) and supplemented with GM-CSF (20 ng/mL) plus
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gentamicin (0.8ug/mL) for six days. On days three and five, the culture media was
replaced with fresh media supplemented with GM-CSF.
TLR Stimulation
Six day-old BMDC (2x106/ml) were stimulated with TLR agonists for 12 hours
and the supernatants collected for analysis. The agonists were 100ng/mL Ultra Pure E.
coli LPS, a TLR 4 agonist (Invivogen, San Diego, CA), and 3μM R848, a TLR 7/8
agonist (3M, St. Paul, MN). Agonists were added simultaneously when used in
combination.
ELISA
All cytokine ELISAs were purchased from eBioscience (San Diego, CA) and
assays were performed according to the manufacturer’s instructions, as defined in
Chapter 2.
Statistical Analysis
Statistical analysis was performed on SPSS software using ANOVA for multiple group
comparisons, with least significant differences (LSD) posthoc analysis and unpaired Ttests for comparison between individual groups.
Results
Cytokine secretion by TLR stimulated BMDC from young and aged female mice
As noted by Schneider et al. certain immune functions are influenced by both age
and gender9. Specifically, Schneider notes differences in T cell function between male
and female mice post-trauma depends on age. Since DC are key in T helper cell
differentiation, we wished to determine if they exhibited a gender-dependent response.
Therefore, we differentiated BMDC from the marrow of young and aged female C57Bl/6
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mice. These BMDC were stimulated with the agonists for TLR4 (LPS) or TLR7/8 (R848)
alone or in combination, as performed previously for male mice (Chapter 2). After 12
hours, supernatants were collected and frozen for analysis by ELISA.
BMDC from both young and aged female mice were able to respond to
stimulation with TLR agonists with secretion of TNF-α (Figure 1). The BMDC from
aged mice produce significantly more TNF-α after stimulation the LPS/R848 than did
BMDC from young mice. We then measured the secretion of the Th cytokines IL-23 and
IL-12. While the synergistic effect of LPS/R848 seen in male mice (Chapter 2, Figure 1)
was apparent, there was no age-associated difference in secretion of the Th17 cytokine,
IL-23, for any stimuli (Figure 2A) in female mice. The secretion of IL-12 was equivalent
from young and aged mice for stimulation with LPS. However, IL-12 secretion after
stimulation with R848 was significantly greater by BMDC from aged female mice and
tended to be greater for the combination LPS/R848 (Figure 2B). The secretion of IL-6
and IL-10 by BMDC from young and aged mice was equivalent for all stimuli tested
(Figure 3).
Cytokine secretion by BMDC from mice eating a high-fat diet
Caloric restriction increases lifespan. There is strong evidence that this increased
lifespan may be, in part, due to improved immune function10. Many studies have
investigated T cell function, but no studies have investigated BMDC in a CR model. We
therefore wished to determine the effect of CR on the ability of BMDC to respond to
TLR stimuli. BMDC were differentiated from mice eating a high-fat diet ad libitum or
with 40% CR. (Note, this study employed late onset CR, starting at 12 months of age.)
The BMDC were then cultured with LPS and R848, alone or in combination, for 12 hours
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Figure 1 TNF-α secretion by dendritic cells from young or aged female C57Bl/6
mice
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. TNF-α was measured by
ELISA. (pg/ml, mean + s.e.m.) TNF-α secretion is increased at 18 months for the
LPS/R848 stimulation. * indicates p< 0.05 vs 2 month old mice. (young n=4, old n=4)
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Figure 2 IL-23 and IL-12 secretion by dendritic cells from young and aged female
C57Bl/6 mice
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. A) There was no significant change in IL-23 production by BMDC from aged
mice. B) IL-12 production was significantly increased by BMDC from aged mice only
with R848 stimulation. * indicates p<0.05 (young n=4, old n=4)
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Figure 3 IL-10 and IL-6 secretion by dendritic cells from young and aged female
C57Bl/6 mice
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. There was no significant change in A) IL-10 and B) IL-6 production by BMDC
from aged mice. p>0.05 (young n=4, old n=4)

141

and the cytokine levels measured by ELISA. BMDC were able to respond to TLR
agonists as shown by the secretion of TNF-α with all stimuli. The secretion of TNF-α is
significantly decreased in all conditions from the CR mice (Figure 4). The secretion of
IL-23 and IL-12 was not effected by caloric restriction for any conditions (Figure 5). The
secretion of IL-10 and IL-6 also remained unaffected by CR (Figure 6).
Cytokine secretion by BMDC from mice eating a low-fat diet
We then examined the effect of the amount of fat in the diet on the cytokine
secreting ability of DC as well as the potential effect of the combination of CR and a lowfat diet. BMDC were differentiated from mice eating a low-fat diet ad libitum or with
40% CR. The BMDC were then cultured with TLR agonists for 12 hours and the
cytokines measured by ELISA. BMDC from ad libitum and CR mice were equally
capable of secreting TNF-α in response to TLR stimulation (Figure 7). The TNF-α
secretion by BMDC from mice eating the low-fat diet was significantly higher than by
BMDC from mice eating the high-fat diet.
IL-23 secretion by BMDC from mice eating the low-fat was not affected by CR
(Figure 8A). IL-12 secretion was unchanged for stimulation with single agonists, but was
increased from LPS/R848 stimulated BMDC from CR mice (Figure 8B). The IL-23
secretion from low-fat diet mice was significantly lower than that from high-fat diet mice.
The IL-12 secretion was not significantly different between the low-fat and high-fat diet
mice. The secretion of IL-10 by BMDC from CR low-fat diet mice was significantly
lower than from ab libitum low-fat diet mice for all stimuli (Figure 9A). The secretion of
IL-6 by BMDC from low-fat diet mice was equivalent for stimulation with R848 and
LPS/R848, but was significantly lower for LPS stimulation in CR mice (Figure 9B).
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Figure 4 TNF-α secretion by dendritic cells from aged C57Bl/6 mice fed a high-fat
diet ad libitum or with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. TNF-α was measured by
ELISA. (pg/ml, mean + s.e.m.) TNF-α secretion is decreased from CR mice under all
conditions. * indicates p< 0.05 vs CR. (Ad lib n=3, CR n=3)

143

Figure 5 IL-23 and IL-12 secretion by dendritic cells from aged C57Bl/6 mice fed a
high-fat diet ad libitum or a diet with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS), TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines in the supernatants
were measured by ELISA. There were no changes in production of IL-23 (A) or IL-12
(B) caused by 40% CR. p>0.05, (Ad lib n= 3, CR n=3)
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Figure 6 IL-10 and IL-6 secretion by dendritic cells from aged C57Bl/6 mice fed a
high-fat diet ad libitum or a diet with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS), TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines in the supernatants
were measured by ELISA. There were no changes in production of A) IL-10 or B) IL-6
aused by 40% CR. p>0.05, (Ad lib n= 3, CR n=3)
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Figure 7 TNF-α secretion by dendritic cells from aged C57Bl/6 mice fed a low-fat
diet ad libitum or with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS) and TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. TNF-α was measured by
ELISA. (pg/ml, mean + s.e.m.) TNF-α secretion is unchanged under all conditions. (Ad
lib n=3, CR n=3)
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Figure 8 IL-23 and IL-12 secretion by dendritic cells from aged C57Bl/6 mice fed a
low-fat diet ad libitum versus a diet with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS), TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines were measured by
ELISA. A) IL-23 production was not changed by a 40% caloric restriction. p>0.05 B) IL12 was increased by caloric restriction for the combination of agonists. * indicates p<
0.05 as compared to ad libitum fed mice. (Ad lib n=3, CR n=3)
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Figure 9 IL-10 and IL-6 secretion by dendritic cells from aged C57Bl/6 mice fed a
low-fat diet ad libitum or a diet with 40% caloric restriction
BMDC were stimulated with agonists for TLR4 (LPS), TLR7 (R848), alone or in
combination, and the supernatants collected at 12 hours. Cytokines in the supernatants
were measured by ELISA. A) The secretion of IL-10 was decreased in all conditions
from CR mice. B) IL-6 secretion was decreased for LPS stimulation from CR mice *
indicates p<0.05. (Ad lib n= 3, CR n=3)
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BMDC from low-fat diet mice secreted significantly less IL-6 than BMDC from high-fat
diet mice. There was however no significant difference of IL-10 between the low-fat and
high-fat diet mice, either ad libitum or CR.
Discussion
Changes in the secretion of Th-directing cytokines by DC, the most potent
antigen-presenting cell, may have functional effects on T cell responses. In this study we
show that cytokine secretion of BMDC from female mice does not show an ageassociated change. We also show that CR has little effect on cytokine responses, but the
amount of fat in the diet can have a profound effect.
In our previous work (Chapter 2), we show that BMDC from young and old male
mice differ greatly in their secretion of IL-23, IL-10 and IL-6. Here we show that BMDC
from young and old female mice have essentially the same secretion of these cytokines,
but increased secretion of TNF-α and, in some cases, IL-12. A gender difference in
immune response is a common phenomenon1. Typically, females of a species have more
effective immune responses3. The discrepancy in some immune functions is caused by
the increased levels of testosterone in males. What effect decreased testosterone in ageing
has on the function of dendritic cells is unknown. The aged female mice in our study
were retired breeders. Breeding changes the effect of aging on immune function in female
mice. This includes the generation of lymphocytes11, the surface expression of antigen12,
cytokine secretion from stimulated splenocytes13, and an earlier shift away from Th1
immunity in retired female breeders13.
This study expands our previous work on DC responses in aging. We have found
an increase in the secretion of the Th17 cytokine, IL-23, by BMDC from aged male mice.
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This is especially prominent with the combination agonists for TLR4 and TLR7/8, LPS
and R848. While the secretion of IL-23 by BMDC from female mice was greatest with
the combination of LPS/R848, there were no age-associated differences. But rather
BMDC from young and old female mice secrete IL-23 at levels equivalent to that of 6
month old male mice (Chapter 2).
We examined the effect of CR on the response of BMDC to stimulation and found
that CR has little effect on the cytokine responses of DC. There are few studies on CR
and DC. Ex vivo measurement of splenic DC from middle aged mice that had undergone
12 months of CR (30% reduction in calories) did show decreased numbers and
presentation capacity14. The specificity of these findings to DC is under debate due to the
DC enrichment process used by this group15;16. The effect of protein restriction in young
mice has been measured ex vivo and DC were unaffected17. The transfer of DC has been
shown to improve immune response in protein restricted young mice18. The first two
studies14;17 differ from ours in that they used ex vivo DC not BMDC while the third used
an immortalized DC cell line18. The IL-12p70 secretion capacity of enriched splenic DC
was found to be decreased in CR mice14. While this differs from our finding, it is possible
that the origin of the DC (spleen versus marrow) or contaminating cells (in the DC
enriched spleen) could have affected these results. It is also possible that the in vivo
effects of CR are transient and therefore were not evident after in vitro differentiation
since there were sufficient nutrients in the cell cultures. This final explanation is less
likely since some significant difference in cytokine secretion were seen, namely the
decreased IL-10 from CR low-fat diet mice and the trend toward decreased TNF-α
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secretion by CR high-fat diet mice, which shows there are some enduring effects of CR in
this model.
A high-fat diet clearly altered immune responses in this study. Compared to a
low-fat diet (ad libitum or CR), there is, in general, decreased TNF-α secretion and
increased secretion of the other cytokines from high-fat diet mice. It is interesting to note
that aged T cells treated with a combination of cytokines that includes TNF-α were able
to regain proliferative function19. This may indicate that DC from aged low-fat diet mice
create an environment more capable of stimulating aged T cell responses. CR in the
context of the low-fat diet causes a significant decrease in production of IL-10, a Th2
cytokine that is able to decrease differentiation of naïve T cells into the Th1 phenotype.
Previous studies demonstrate increased Th1 function with low-fat diets5;6.
DC can change the T cell differentiation environment depending on their cytokine
responses. In this paper we have investigated aging, gender, diet and CR. Age does not
affect the cytokine response in female mice. Gender, however, has a profound impact of
the cytokine response of BMDC. The percent fat in the diet globally affects cytokine
response for male mice. CR, however, has a mild effect on cytokine response. Further
study into factors that can alter DC responses and enable a fine control on the T cell
differentiation may lead to improved health for the elderly.
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