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Introduction

Summary

Numerous functional defects have been identified in naive T cells from
aged mice, including deficiencies in proliferation, cytokine production and
signal transduction. It is well documented that the ratio of naive to mem-
ory T cells significantly decreases with age resulting in the majority of T
cells from aged hosts expressing activated/memory T-cell markers
(CD44"), yet it is unclear whether T cells with a CD44" phenotype in
aged hosts are functionally equivalent to T cells with a similar phenotype
in young hosts. We have identified a population of CD44™ CD8 T cells in
old mice that are capable of secreting interferon-y (IFN-y) in response to
interleukin-12 (IL-12) stimulation. This occurred in the absence of T-cell
receptor engagement, a function that was not observed in CD8 T cells
from young mice. This phenotype was associated with increased IL-12
receptor B2 gene expression and IL-12 induced signal transducer and acti-
vator of transcription 4 (STAT-4) activation, even when CD8 T-cell num-
bers from young and old mice were normalized for CD44™ expression.
Furthermore, we demonstrate that IL-12-induced STAT-4 activation was
required for T helper type 1 (Thl) cytokine-induced IFN-y production in
CD8 T cells. These data illustrate that old mice possess a specialized sub-
set of CD44" CD8 T cells with an enhanced responsiveness to IL-12,
enabling these cells to produce substantial amounts of IFN-y in response
to Thl cytokine stimulation. We have therefore identified a functional dif-
ference in the populations of CD44™ CD8 T cells from young and old
mice, and believe that understanding age-associated immunological changes
is essential for helping the elderly combat deadly diseases.
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Many of the studies on T-cell function in aged hosts have
focused on the capacity of naive cells to respond to chal-

Aging is associated with poor immune function leading
to increased susceptibility to infectious diseases and the
development of immune-associated disorders.'™ Specific
deficiencies in T-cell function have been identified
whereby T cells from old mice produce lower levels of
interleukin-2 (IL-2) in response to antigenic stimulus,
and have defective T-cell receptor (TCR) -mediated anti-
gen-specific responses compared with young T cells.”””

lenge, and yet the ratio of naive to memory T cells signifi-
cantly decreases with age, resulting in the majority of T
cells from aged hosts expressing markers associated with a
previous antigenic encounter.'® CD44 expression is com-
monly used to identify activated/memory T cells because
the surface expression of CD44 on CD4'' and CD8" T
cells has been shown to increase upon TCR ligation in
young mice. In old mice, however, the majority of CD4

Abbreviations: DMEM, Dulbecco’s modified Eagle’s minimal essential medium; IFN-y, interferon-y; IgG, immunoglobulin G;
IL-2, interleukin-2; IL-12R, interleukin-12 receptor; MACS, magnetic cell sorting; MFI, mean fluorescence intensity; P6, pyridone
6; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; pSTAT-4, phosphorylated signal transducer and activator of
transcription 4; TCM, tissue culture media; TCR, T-cell receptor; Thl, T helper type 1.
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and CD8 T cells have increased expression of CD44,'°
and it is unclear whether this is an indication of antigen-
activated cells or a marker of non-thymically derived T
cells.”” Regardless, CD44 expression cannot be used as a
marker of antigen-specific T-cell activation in old age.'*
Very little is known about the functional capacity of
CD44" T cells in aged hosts to respond to challenge with
a new infectious agent or antigen. Specifically, it is
unclear whether cells possessing a CD44"™ phenotype in
aged hosts are functionally identical to their phenotypi-
cally similar counterparts in younger individuals. Under-
standing the properties of T cells that express a CD44™
phenotype in aged hosts will provide insight into the abil-
ity of elderly individuals to mount immune responses to
primary infection, as well as into the efficacy of immuni-
zation within this population.

Respiratory infections pose a substantial threat to the
elderly population, with the majority of deaths from
influenza'® and the recent severe acute respiratory disease
epidemic'® occurring in individuals over the age of
65 years. CD8 T cells play a critical role in the protection
against viruses, and the primary response of CD8 T cells
during viral infection is diminished in old age.'”'®
Despite these deficiencies, memory CD8 T-cell responses
in old mice are sufficient for viral clearance upon second-
ary viral infection,'® providing evidence that memory
T-cell function remains intact in old age. In old mice,
CD8 T cells with a CD44" phenotype have been shown
to secrete interferon-y (IFN-y) when stimulated with
plate-bound anti-CD3 antibody,'*** suggesting that their
antigen-specific recall capacity remains intact. Perhaps
more revealing, however, is our finding that a subset of
CD44™ CD8 T cells from the lungs of aged mice could
produce IFN-y in the absence of antigen or TCR
cross-linking, a response that was driven by IL-12.*' The
TCR-independent IL-12-driven IFN-y production was
increased with the addition of IL-18; however, in contrast
to a small population of cytokine responsive CD44™ CD8
T cells in young mice, IL-18 was not required.”* In young
mice, and our studies (data not shown), IFN-y produc-
tion induced by T helper type 1 (Thl) cytokines (IL-12
and IL-18) was minimal in the CD44" CD4 T cell sub-
set,”> demonstrating that this specific innate immune
function is limited to CD44™ CD8 T cells. Moreover, this
population of IFN-y-secreting CD8 T cells was shown to
correlate with the early, non-specific control of infection
with Mpycobacterium tuberculosis in old mice,”> demon-
strating that Thl cytokine-respondent CD8 T cells in old
mice play a role in the innate immune response to an
infection with a virulent pathogen. Clearly, CD44" CD8
T cells in old mice possess different qualities to those
in phenotypically similar cells from young mice, and
these differences may define the signalling pathways that
are relevant to immune-mediated interventions in the
elderly.
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To further define the molecular requirements for
IL-12-driven IFN-y production in CD8 T cells from old
mice, we examined IL-12 receptor (IL-12R) gene expres-
sion, IL-12-induced signal transducer and activator of
transcription 4 (STAT-4) activation, and Thl cytokine-
induced IFN-y production in pulmonary and splenic CD8
T cells from young and old mice. We found that
IL-12Rf32 gene expression, IL-12-induced STAT-4 phos-
phorylation, and IFN-y production were all enhanced in
CD8 T cells from old mice, and occurred predominantly
in the CD44" activated/memory CD8 T-cell subset. Most
revealing however, was the discovery that when CD8 T
cells from young and old mice were normalized for
CD44" expression, STAT-4 activation remained enhanced
in the CD8 T cells from old mice. These data provide evi-
dence that the ability to respond to IL-12 stimulation is
not a characteristic of all CD44™ CD8 T cells but is a
quality of CD44™ CD8 T cells from old mice, clearly
demonstrating that phenotypically similar CD44™ CD8 T
cells in young and old mice are not comparable. These
data indicate that understanding the immunological
changes that occur with age, and accepting them as
changes and not deficiencies, is critical for designing
better vaccines and immunotherapies for our elderly
population.

Materials and methods

Mice

Specific-pathogen-free, female, C57BL/6 mice were pur-
chased from Charles River Laboratories (Wilmington,
MA) at 2 months of age (young), or at 18 months of age
(old) through a contract with the National Institute On
Aging. Mice were housed in a standard vivarium in
microisolator cages and were acclimated to the facility for
at least 1 week before manipulation. Mice were examined
at necropsy and mice with gross lesions were excluded
from the study. All procedures were approved by The
Ohio State University Institutional Laboratory Animal
Care and Use Committee.

Cell isolation

Lungs of young or old mice were perfused with phos-
phate-buffered saline containing 50 U/ml of heparin
through the right ventricle and placed in supplemented
Dulbecco’s modified Eagle’s minimal essential medium
(DMEM) (500 ml; Mediatech, Herndon, VA) containing
10% heat-inactivated fetal bovine serum (Atlas Biologi-
cals, Fort Collins, CO), 1% HEPES buffer (1 m; Sigma,
St Louis, MO), 1% r-glutamine (200 nm; Sigma), 10 ml
of a 100 x MEM non-essential amino acid solution
(Sigma), and 0-1% f-mercaptoethanol 2-hydroxyethyl-
mercaptan (50 mm; Sigma). The lungs were minced
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into 2-mm” pieces and digested for 30 min at 37° in
5% CO, in 4 ml DMEM containing collagenase XI
(0-7 mg/ml; Sigma) and type IV bovine pancreatic
DNAse (30 pg/ml;  Sigma). Ten  millilitres  of
supplemented DMEM was added to stop the enzymatic
digestion and the suspension was passed through a
70-um cell strainer to achieve a single-cell suspension.
Residual red blood cells were lysed using Gey’s
balanced salt solution (8 mm NH,Cl, 5 mm KHCOs3)
and resuspended in DMEM. To achieve a single-cell
suspension of splenocytes, the spleens of young or old
mice were harvested and passed through a 70-pum cell
strainer. The red blood cells were subsequently lysed
with Gey’s balanced salt solution and the splenocytes
were resuspended in DMEM. No significant differences
between the total number of cells, or the number of
CD8 T cells, in the lung were found between old and
young mice.

CD8 purification

Lung cells from two to five young and old mice were
placed in a tissue culture grade Petri dish for 1 hr at
37° in 5% CO,. Non-adherent cells were collected and
pooled, and CD8" cells were isolated using CD8a Micro-
Beads (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s instructions. To obtain maximum purity
(over 90% for all samples) using the Miltenyi magnetic
cell sorting (MACS) system, cells were passed over two
LS columns. CD8" cells were purified from non-
adherent splenocytes from four or five young and old
mice using BD™ IMag anti-mouse CD8a particles-DM
(BD Biosciences, San Jose, CA) according to the manu-
facturer’s instructions. Supplemented DMEM was used
instead of the BD IMag buffer throughout the BD IMag
procedure.

In vitro cell culture

Either 5 x 10° cells from individual whole lung cultures
or 1 X 10° to 2 x 10° cells from pooled cultures of puri-
fied CD8" cells were plated in 96-well tissue culture plates
and, unless otherwise stated, were cultured for 4 hr at 37°
in 5% CO, with supplemented DMEM with or
without 10 ng/ml recombinant IL-12 (PeproTech, Rocky
Hill, NJ) alone, or in combination with 100 ng/ml IL-2
(R&D Systems, Minneapolis, MN) and 10 ng/ml IL-18
(R&D Systems). Inhibition of the IL-12 signalling path-
way was achieved by culturing 5 x 10° purified CD8"
splenocytes with 10 um Pyridone 6 (P6) (Calbiochem,
Gibbstown, NJ) or dimethylsulphoxide in supplemented
DMEM for 30 min at 37° in 5% CO,. Then, 100 ng/ml
IL-2 (R&D Systems), 10 ng/ml IL-12 (PeproTech) and
10 ng/ml IL-18 (R&D Systems) were added and the cells
were cultured for 4 hr at 37° in 5% CO,..
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Flow cytometry

All antibodies were obtained from BD Biosciences (San
Jose, CA) unless otherwise stated. Intracellular labelling of
phosphorylated STAT-4 was carried out in accordance
with the BD™ Phosflow Protocol III for mouse spleno-
cytes or thymocytes. Briefly, cells were exposed to 1 X
lyse/Fix buffer (BD Biosciences) for 10 min at 37° in 5%
CO,, washed, and permeablized with BD Biosciences’
Perm III buffer for 30 min at 4°. Cells were washed and
stained concomitantly with 0-3-0-6 ug of anti-CD3-
phycoerythrin (PE) or anti-CD3-peridinin chlorophyll
protein (PerCP)-Cy5.5, anti-CD8-alexa fluor 647, anti-
CD44-PE, anti-IFN-y-PE-Cy7 or rat immunoglobulin
G2ak (IgG2ak)-PE-Cy7, and 20 pl anti-phosphorylated
STAT-4-alexa fluor 488 or 0-3—-0-6 ug mouse IgG2b alexa
fluor 488 for 30 min at room temperature. Samples were
read on a Becton-Dickinson LSRII and analysed using
FACSDiva software (BD Biosciences). Lymphocytes were
identified by their characteristic forward and side scatter
profiles. Unless otherwise stated, gates were set using
unstimulated cells. Non-specific staining determined by
isotype control antibodies was consistently less than that
found in unstimulated cultures. Specific gating strategies
are defined in the figure legends.

Cell sorting

Single-cell suspensions of splenocytes from two young
and two old mice were pooled according to age, and
stained concurrently with 0-3 ug/1 x 10° cells of anti-
CD3-PerCP-Cy5-5, anti-CD8-allophycocyanin and anti-
CD44-PE for 20 min at 4°. Cells were washed with 10 ml
supplemented DMEM and sorted for CD3" CD8* CD44"
and CD3" CD8" CD44"° cell populations on a BD
FACSAria and analysed using FACSDiva software. Follow-
ing sorting, 2 X 10° cells were plated and stimulated with
IL-12 for 4 hr at 37° 5% CO, and subsequently fixed and
stained following the intracellular staining protocol
described above.

IFN-y ELISpot

CD8" cells were purified from young and old mice using
the Miltenyi MACS system as described previously and
5 x 10* CD8" cells were plated on a multiscreen-IP filter
plate (Millipore, Billerica, MA) that had been pre-coated
with IFN-y capture antibody (ebioscience, San Diego,
CA). Cells were cultured in the presence or absence of IL-
12 (10 ng/ml) and incubated at 37° in 5% CO, for 48 hr.
The number of IFN-y-producing cells was determined
using the Ready-Set-Go! mouse IFN-y enzyme linked
immunosorbent spot (ELISpot) kit from ebioscience. Spot
number was determined by counting the number of spots
per well using a dissecting microscope and data were
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expressed as the number of spots per 50 000 cells. For
negative control wells, the spot number did not exceed
seven spots per well.

Real-time polymerase chain reaction

Purified CD8" cells from the spleens of young and old
mice were homogenized in 1 ml TRIzol® Reagent (Invi-
trogen) and frozen at —80°. RNA was isolated using the
Qiagen (Valencia, CA) RNeasy kit according to the man-
ufacturer’s instructions, and reverse transcribed using an
Omniscript RT kit from Qiagen. Real-time PCR was per-
formed using TagMan® gene expression assays for 18S
and IL-12Rf2 (Applied Biosystems, Foster City, CA) and
analysed with a BioRad IQ5 (BioRad, Hercules, CA). The
delta delta cycle threshold method was used for relative
quantification of messenger RNA, using 18S as an endog-
enous normalizer and young mice as a calibrator.

Statistical analysis

Statistical significance was determined using PrisM 4 soft-
ware (GraphPad Software, San Diego, CA). The unpaired
two-tailed Student t-test was used for comparisons
between young and old mice.

Results

IL-12 signalling is enhanced in pulmonary CD8 T
cells from old mice

Old mice have significantly more CD8 T cells that can
produce IFN-y in response to Thl (IL-2, IL-12 and IL-
18) cytokine stimulation compared with young, and pos-
sess CD8 T cells that produce IFN-y in response to IL-12
alone.”’ We therefore investigated the capacity of CD8 T
cells from old mice to respond to IL-12 by determining
phosphorylation of STAT-4, a critical component in the
IL-12 signalling pathway.** Lung cells from young and
old mice were cultured in the presence or absence of
IL-12 and STAT-4 phosphorylation was determined by
flow cytometry. Phosphorylated STAT-4 (pSTAT-4) was
detected in CD8 T cells isolated from the lungs of young
and old mice (Fig. 1). Figure 1(a) shows representative
histograms illustrating pSTAT-4 expression in response
to varying concentrations of IL-12. Phosphorylation of
STAT-4 was dose-dependent in both age groups
(Fig. 1la—c), confirming that signalling was specific for
IL-12. Furthermore, there was a significantly increased
proportion (Fig. 1b) and absolute number (data not
shown) of CD8 T cells from old mice that contained
phosphorylated STAT-4 compared with young mice,
indicating that old mice have more CD8 T cells with the
potential to secrete IFN-y in response to IL-12. Perhaps
more significant, determination of the mean fluorescence
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intensity (MFI) of pSTAT-4 in pulmonary CD8 T cells
showed that at each concentration of IL-12 tested, CD8 T
cells from old mice contained significantly more pSTAT-4
per cell compared with young CD8 T cells (Fig. 1c).
Therefore, at the single-cell level, CD8 T cells from old
mice were more responsive to IL-12 than similar cells
from young mice. The increase in pSTAT-4 observed in
CD8 T cells from old mice was not a result of increased
basal levels of pSTAT-4, as pSTAT-4 levels remained
equivalent between young and old CD8 T cells in the
absence of IL-12 (Fig. la—c). Moreover, Fig. 1(d,e)
illustrates that age did not affect the kinetics of IL-12
signalling; although expression was always greater in cells
from old mice, the timing of STAT-4 phosphorylation
was similar in CD8 T cells from young and old mice. We
therefore demonstrate for the first time that old mice
possess more CD8 T cells within the lung that can
phosphorylate STAT-4 in response to IL-12 and, on an
individual cell basis, CD8 T cells from the lungs of old
mice have enhanced IL-12 signalling compared with their
younger counterparts.

IL-12 stimulation of CD8 T cells does not act via an
intermediate cell or cytokine

To determine whether IL-12 acted directly on CD8 T cells
and not via an intermediate cell or cytokine present in
whole lung cultures, and to determine whether increased
IL-12 responsiveness observed in pulmonary CD8 T cells
from old mice was organ-specific, we purified CD8" cells
from the lungs and spleens of young and old mice, and
cultured purified CD8" cells with IL-12. Very few CD8"*
cells can be purified from the lung so we analysed
pSTAT-4 expression at a single time-point of 2 hr post-
stimulation, when high levels of pSTAT-4 in CD8 T cells
could be detected in our previous assays.

Phosphorylation of STAT-4 was detected in purified
CD8" cells from the lungs (Fig. 2a—) and spleens
(Fig. 2d,e) of both young and old mice. These data
illustrate that IL-12 can act directly on CD8" cells and
importantly, the proportion of CD8" cells that could
phosphorylate STAT-4 remained greater in lung
(Fig. 2a,b) and spleen (Fig. 2d) cultures from old mice.
Furthermore, STAT-4 phosphorylation was increased
within individual CD8" cells purified from the lungs
(Fig. 2¢) and spleens (Fig. 2e) of old mice compared with
those purified from young mice. Western blotting was
used to verify flow cytometric analysis and showed
increased IL-12-induced STAT-4 phosphorylation in
splenic CD8" cells from old mice (data not shown).
Furthermore, young and old CD8" cells expressed similar
levels of STAT-4 protein (data not shown). These data
provide evidence that increased STAT-4 activation in
CD8 T cells from old mice is a function of old age and
not the result of the unique environment within the lung.

© 2009 Blackwell Publishing Ltd, Immunology, 128, e679-e690
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Figure 1. CD8 T cells from old mice have increased phosphorylated signal transducer and activator of transcription 4 (pSTAT-4) levels upon
stimulation with interleukin-12 (IL-12). Single-cell suspensions were isolated from the lungs of young (open bars) and old (closed bars) mice
and cultured with tissue culture media (TCM) or IL-12 for 4 hr (a—c) or multiple time-points (d,e). Cells were fixed in 1 x lyse/fix buffer, per-
meabilized with Perm III buffer, and flow cytometry was performed using antibodies against CD3, CD8 and pSTAT-4. Lymphocytes were gated
according to their characteristic forward and side scatter and CD8 T cells were identified by CD8'/CD3" double staining. (a) Representative
histograms illustrating pSTAT-4 expression. (b) Percentage of CD8 T cells expressing pSTAT-4 at 4 hr. (c) Mean fluorescence intensity (MFI) of
pSTAT-4 in CD8 T cells at 4 hr. An isotype control antibody for pSTAT-4 was used to set the positive gates. Data represent mean * SE of four
or five mice and are representative of two independent experiments. (d) Percentage of CD8 T cells expressing pSTAT-4 at multiple time-points.
(e) MFI of pSTAT-4 in CD8 T cells at multiple time-points. Unstimulated cultures were used to set the positive gates. Data represent the
mean * SE of four or five mice and are representative of two independent experiments. Significance was determined by unpaired Student’s -test

*P < 0-05, **P < 0-01, ***P < 0-001.

CD8 T cells that phosphorylate STAT-4 in response
to IL-12 have increased surface expression of CD44,
but CD44" is not a defining marker for IL-12
responsiveness

CD8 T cells from young®™?® and old*' mice that
produce IFN-y in response to Thl cytokines are defined
by the bright expression of the cell surface marker

© 2009 Blackwell Publishing Ltd, Immunology, 128, e679-e690

CD44. We therefore anticipated that pSTAT-4" CD8 T
cells would also be CD44™. The representative dot plots
in Fig. 3(a) illustrate the known differences in CD44
expression on CD8 T cells between young and old
mice, showing that CD8 T cells from young mice
displayed a broad range of CD44 expression whereas
CD44 expression on CD8 T cells from old mice
was more uniform, with the majority of CD8 T cells
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Figure 2. Interleukin-12 (IL-12) stimulation leads to signal trans-
ducer and activator of transcription 4 (STAT-4) phosphorylation
in purified CD8" cells. CD8" cells were purified from the lungs
(a—) and spleens (d,e) of young (open bars) and old (closed
bars) mice using magnetic cell separation. Purified cells were
pooled according to age (a—c), or plated individually (d,e) and
cultured with tissue culture medium (TCM) or IL-12 for 2 hr
(a—c) or 4 hr (d,e). Cells were fixed, permeabilized and stained
with antibodies against CD3, CD8 and pSTAT-4. CD8 T cells were
identified by CD8'/CD3" double staining. (a) Representative dot
plots of pSTAT-4 expression in pulmonary CD8 T cells from
young and old mice. (b) The percentage of pulmonary CD8 T
cells expressing pSTAT-4. (c) Mean fluorescence intensity (MFI) of
pSTAT-4 in pulmonary CD8 T cells. Positive gates were set on
unstimulated cell cultures. Data represent pools of four or five
mice from two independent experiments. Error bars represent the
mean + SE of the two independent experiments. (d) The percent-
age of splenic CD8 T cells expressing pSTAT-4. (e) MFI of
pSTAT-4 in splenic CD8 T cells. Data represent the mean + SE of
four or five mice. Significance was determined by unpaired
Student’s f-test. *P < 0-05.

expressing high levels of CD44.'"® Analysis of pSTAT-
4" CD8 T cells confirmed that the majority of pSTAT-
4" cells were of the CD44™ phenotype in both young
and old mice, and that old mice had significantly more
CD44™ CD8 T cells that could phosphorylate STAT-4
in response to IL-12 stimulation compared with young
mice (Fig. 3b). These data confirm that pSTAT-4" cells
have the phenotypic characteristics of activated/memory
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T cells and a similar phenotype to the population of
Thl cytokine responsive CD8 T cells that have previ-
ously been described in young mice.”>*>?

To determine whether the increased proportion of
pSTAT-4" CD44" cells in old mice in response to
IL-12 was simply the result of old mice possessing
more CD44" CD8 T cells, we used high-speed cell sort-
ing to purify CD44™ and CD44" populations of CD8 T
cells from the spleens of young and old mice. Purified
CD44"™ or CD44" CD8 T cells from young and old
mice were normalized for cell number and stimulated
with IL-12 for 4 hr. The results shown in Fig. 3(c)
confirmed that STAT-4 activation occurred primarily in
CD8 T cells expressing high levels of CD44. Most
importantly, in cultures with equivalent numbers of
CD44M CD8 T cells, cultures from old mice still had
more CD44" CD8 T cells that could phosphorylate
STAT-4 in response to IL-12 (Fig. 3c). These data show
that the increased proportion of CD44™ CD8 T cells
that phosphorylate STAT-4 in response to IL-12
stimulation is not simply a consequence of old mice
having more CD44™ T cells, but is a specific characte-
ristic of CD44™ CD8 T cells in old mice.

We have previously shown that antigen-independent
IFN-y-producing CD8 T cells from old mice have
increased surface expression of Thl cytokine receptors
(IL-18R1 and IFN-yR) compared with CD8 T cells from
young mice.” We therefore sought to determine whether
IL-12 receptor expression was also increased on CD8 T
cells from old mice. As a result of the very low expres-
sion of the IL-12 receptor on CD8 T cells, we were
unable to reliably detect IL-12Rf2 surface expression on
CD8 T cells using flow cytometry, therefore CD8" cells
were purified from the spleens of young and old mice
and analysed for basal IL-12Rff2 gene expression using
real-time—PCR. Expression of the IL-12Rf2 subunit was
analysed because this chain is required for IL-12 signal-
ling and, unlike the S1 subunit, is not shared by any
other receptor.”” We were able to detect IL-12R2 mes-
senger RNA in purified CD8" cells from young and old
mice (Fig. 3d), and in populations of purified
CD44™ CD8 T cells (Fig. 3e). CD8" cells from old mice
had significantly higher levels of IL-12Rf2 gene expres-
sion compared with young mice (Fig. 3d), and data
from the sorted populations illustrate that IL-12Rf2
gene expression was only detectable in the CD44™ CD8
T-cell population (Fig. 3e). Furthermore, these data show
that CD44" CD8 T cells from old mice had a higher
level of IL-12Rf2 gene expression compared with similar
cells from young mice. When combined, our data dem-
onstrate that IL-12Rf2 expression is exclusively found in
the CD44™ CD8 T-cell subset, and that IL-12Rf2 expres-
sion, not CD44™ is most probably a defining marker
for CD8 T cells that can secrete IFN-y in response to
direct cytokine stimulation.

© 2009 Blackwell Publishing Ltd, Immunology, 128, e679-e690



IL-12 induces IFN-y production in CD8 T cells from old mice

CD44 Expression

(a) Young Ol
0% 08% 41% 0% 04% 24.9%
4. 4.
10 0%
e 2 110
m T ..
10% Q1 Q2 10°%1 Q1 Q2 4%
< | Q3/ Q4 ! Q304 -
L0 102i &
'_
7R SR v S TSR IR IR MR MADOLA | (.- - NS
102 10° pe-a 10% 10 102 10° pea 107 10°
CD44 >
(b) pSTAT-4" cells (%) (c) pSTAT-4" cells (%)
25— Young ———————— 35-
S = Old = &2 == Young
520- = 230' = Old
8 8 254
45 -
) % 20-
: 3
g 104 = 154
i & 10
2 104
£ 51 =
2 2
ol B ol wiimm B
CD44lo CD4ghi CD44l CD4ghi
(d) IL-12RB2 gene expression (e) IL-12RB2 gene expression
8+ }8: —=Young
S 74 E 9. =mmOld
[
< 6 < 8-
2 X
£ < 6
4 N
2 2 &
N 3 T 44
& 24 o3
= 4 ’__I;‘ e
1_
0 T 0 T '__I__| T
Young Old CD44lo CD44N

Figure 3. Phosphorylated signal transducer and activator of transcription 4-positive (pSTAT-4") CD8 T cells are CD44" and interleukin-12 receptor
B2-positive (IL-12RB27). (a,b) Single-cell suspensions were isolated from the lungs of young (open bars) and old (closed bars) mice and stimulated
with IL-12 for 4 hr. Cells were fixed, permeabilized and stained with antibodies against CD3, CD8, CD44 and pSTAT-4. Lymphocytes were gated
according to their characteristic forward and side scatter and CD8 T cells were identified by CD8"/CD3" double staining. (a) Representative dot
plots of CD44 and pSTAT-4 expression in pulmonary CD8 T cells from young and old mice. (b) Percentage of CD44™ and CD44" CD8 T cells
expressing pSTAT-4. Data represent the mean + SE of five mice and are representative of two independent experiments. Significance was deter-
mined by unpaired Student’s t-test. **P < 0-01, ***P < 0-001. (c). Single-cell suspensions were isolated from the spleens of two young (open bars)
and two old (closed bars) mice and pooled together according to age. Cells were stained with antibodies against CD3, CD8 and CD44. Populations
of CD44" and CD44"° CD8 T cells were purified using high-speed cell sorting and cultured with IL-12 for 4 hr. Cells were fixed, permeabilized and
stained for pSTAT-4, and subsequently analysed for the percentage of CD44" and CD44"° CD8 T cells expressing pSTAT-4. Unstimulated cell
cultures were used to set the positive gates. Data represent mean + SE of the two independent experiments. (d,e) CD8" cells (d) or CD44" and
CD44" CD8 T cells (e) were purified using magnetic cell separation (d) or high-speed cell sorting (e), homogenized in 1 ml Trizol, and frozen at
—80°. RNA was isolated and reverse transcription polymerase chain reaction was performed for IL-12Rf2 messenger RNA (mRNA). (d) IL-12Rf2
relative units (RU) of mRNA. Data represent the mean + SE of four mice and are representative of two independent experiments. (e) IL-12Rf32
mRNA RU. Data represent the mean * SE of two independent experiments of pooled cells from two mice.

old mice for 48 hr with IL-12 and determined the fre-
quency of IFN-y-secreting cells by ELISpot. Detection of
IFN-y was low, however; we observed more CD8" cells

IL-12-driven IFN-y production in CD8 T cells from
old mice is directly linked to STAT-4 phosphorylation

To confirm that the stimulation of purified CD8" cells purified from the lungs of old mice that could produce
with IL-12 directly resulted in IFN-y production, we stim- IFN-7 in response to IL-12 than CD8" cells purified from
ulated CD8" cells purified from the lungs of young and the lungs of young mice (Fig. 4a).
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To verify that STAT-4 activation correlated with
IFN-y production within the same cells, we stimulated
whole lung cultures from young and old mice with a
combination of IL-2, IL-12 and IL-18 over a time—
course and determined the frequency of IFN-y* pSTAT-
4" CD8" T cells using flow cytometric analysis.
Interleukin-2 and IL-18 were included in these assays
because we have previously shown that the combination
of IL-2, IL-12 and IL-18 significantly enhances the
production of IFN-y by CD8 T cells in vitro,”! enabling
us to detect intracellular IFN-y in as little as 4 hr
(Fig. 4b). We observed no effect on the phosphorylation
of STAT-4 when IL-2 and IL-18 were added to our
assays (data not shown), indicating that these cytokines
signal independently of STAT-4 and that downstream
IL-18 signalling events probably contribute to IFN-y
secretion.”®

Figure 4(b) confirms that the lungs of old mice had
a higher proportion of CD8 T cells that were capable
of producing IEFN-y in response to stimulation with
IL-2, IL-12 and IL-18 compared with young mice,?!
and that this difference was maintained between 4 and
8 hr. Furthermore, the MFI of IFN-y was higher in
CD8 T cells from old mice (data not shown), suggest-
ing that individual CD8 T cells produce more IFN-y
than young mice upon Thl cytokine stimulation. Most
significant however, was the fact that pSTAT-4 and
IFN-y expression could be detected simultaneously
within CD8 T cells from young and old mice
(Fig. 4c,d), and by 8 hr the majority of Thl cytokine
stimulated CD8 T cells from both young and old mice
that produced IFEN-y" were also pSTAT-4" (Fig. 4d). At
4 and 8 hr, however, old mice had a significantly
higher proportion of pSTAT-4" IEN-y" CD8 T cells
compared with young mice. Using Pearson correlation
coefficient analysis we were able to demonstrate a posi-
tive correlation between the proportion of pSTAT-4"
CD8 T cells and IFN-y* CD8 T cells from young and
old mice (r=0-8400, P < 0-0001; data not shown),
providing evidence that increased Thl cytokine-induced
IFN-y production in CD8 T cells from old mice is the
direct effect of increased IL-12 signalling in these cells.
To confirm that IL-12 is required for Thl cytokine-
induced IFN-y production in CD8 T cells, CD8"
splenocytes from young and old mice were cultured
with P6, a potent inhibitor of Janus kinases, followed
by stimulation with IL-2, IL-12 and IL-18. Figure 4(e,f)
demonstrate that P6 significantly abrogated Thl cyto-
kine-induced STAT-4 activation and IFN-y production
in CD8 T cells from young and old mice, confirming
that IL-12 signalling is required for IFN-y production
during Thl cytokine stimulation. Overall, these data
provide evidence that increased IFN-y production in
CD8 T cells from old mice is a result of enhanced
IL-12 signalling in these cells.
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Discussion

In young mice, high expression of CD44 is considered an
indicator of antigen-experienced cells that can respond
rapidly to secondary antigenic challenge. Additionally, in
both young and old mice a subset of CD44" CD8 T cells
has been identified that can respond directly to cytokine
stimulation in the absence of the T-cell receptor.”"***® In
young mice this population is relatively minor and
requires IL-12 and IL-18 to stimulate IFN-y production.*
An expanded population of CD8 T cells that are reactive
to these same cytokines is present in old mice.”! In this
study we have determined that CD44™ CD8 T cells from
young and old mice, although phenotypically similar, pos-
sess functionally different properties. CD8 T cells from old
mice were capable of responding to a single cytokine,
IL-12, resulting in TCR-independent IFN-y production.
This response was facilitated by increased IL-12Rf2
message and enhanced STAT-4 signalling. Perhaps most
significant however, was that when CD8 T-cell cultures
from young and old mice were normalized for CD44™
expression, CD44™ expression did not identify a common
cell phenotype between young and old mice in response to
cytokine stimulation. CD8 CD44™ T cells from old mice
were more responsive to IL-12 stimulation alone, again
associated with enhanced pSTAT-4 expression and
increased IL-12Rfi2 message. Therefore, a subset of
CD44" CD8 T cells in old mice can be distinguished from
CD44" CD8 T cells in young mice by their capacity to
respond to IL-12 alone. This identifies a distinctive popu-
lation of CD8 T cells in old mice that, although associated
with a marker of memory cells, have functional character-
istics more akin to cells of the innate immune system.

Our studies are the first to demonstrate that CD8 T
cells from old mice have the ability to produce IFN-y in
response to IL-12 stimulation alone, in the absence of
TCR activation.”’ We hypothesize that the enhanced
IL-12 responsiveness observed in old mice is a result of
increased IL-12 receptor expression and subsequent
STAT-4 activation in the CD44" CD8 T-cell population
of old mice. This is supported by our data demonstrating
that CD44" CD8 T cells from old mice had increased
IL-12Rf2 gene expression and IL-12-induced STAT-4
activation compared with young mice. To confirm that
IFN-y production in CD8 T cells was a direct conse-
quence of IL-12 signalling, we inhibited IL-12 signalling
in CD8 T cells from young and old mice and determined
Thl cytokine-induced IFN-y production. In the presence
of a Jak inhibitor, STAT-4 activation and IFN-y produc-
tion were significantly reduced in CD8 T cells from young
and old mice, confirming that IFN-y production required
IL-12, and further supporting our hypothesis that
enhanced IL-12 signalling in CD8 T cells from old mice
leads to increased IFN-y production. Inhibition of the
IL-12 signalling cascade was achieved using a potent Jak
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Figure 4. Interleukin-12 (IL-12)-stimulated interferon-y (IFN-y) production is increased in CD8 T cells from old mice compared with young
mice. (a) CD8" cells were purified from the lungs of young (open bars) and old (closed bars) mice using magnetic cell separation. Cells were pla-
ted on an ELISpot plate that had been pre-coated with IFN-y capture antibody, and were stimulated with tissue culture medium (TCM) or IL-12
for 48 hr at 37°. IFN-y-producing cells were determined by ELISpot. Data are expressed as pools of two mice and are the combined result of
three independent experiments. Significance was determined by unpaired Student’s t-test. *P < 0-05. (b—d) Single-cell suspensions were isolated
from the lungs of young (open bars) and old (closed bars) mice and stimulated with IL-2, IL-12 and IL-18 for 30 min, 4 hr or 8 hr at 37°. Cells
were fixed, permeabilized and stained with antibodies against CD3, CD8, phosphorylated signal transducer and activator of transcription 4
(pSTAT-4) and IFN-y. Lymphocytes were gated according to their characteristic forward and side scatter and CD8 T cells were identified by
CD8"/CD3" double staining. Unstimulated cultures were used to set the positive gates. (b) Percentage of IFN-y* CD8 T cells. (c) Representative
dot plots of pSTAT-4 and IFN-y expression in pulmonary CD8 T cells. (d) Percentage of pSTAT-4"/IFN-y* CD8 T cells. Data represent the
mean + SE of five mice and are representative of two independent experiments. (e,f) CD8" cells were purified from the spleens of young (open
bars) and old (closed bars) mice using magnetic cell separation. Cells were cultured with 10 um P6 or dimethylsulphoxide in supplemented
Dulbecco’s modified Eagle’s minimal essential medium for 30 min, followed by 4 hr of IL-2, IL-12 and IL-18 stimulation at 37°. Cells were fixed,
permeabilized and stained with antibodies against CD3, CD8, pSTAT-4 and IFN-y. Unstimulated cultures were used to set the positive gates. (e)
Representative dot plots showing pSTAT-4 and IFN-y expression in CD8 T cells from old mice. (f) Percentage of IFN-y* CD8 T cells. Data
represent the mean * SE of four mice and are representative of two independent experiments. Significance was determined by unpaired Student’s
t-test. *P < 0-05. **P < 0-01, ***P < 0-001.

inhibitor, P6, which has been shown to inhibit the recep-
tor-associated tyrosine kinases, Jak2 and Tyk2,29 both
involved in IL-12 signalling.*® Interleukin-2 also signals
via the Jak/STAT pathway and would therefore be
affected by this inhibitor; however, we do not anticipate
this to have a significant impact on IFN-y production as
the inclusion of IL-2 in our assay did not significantly
alter IFN-y production in CD8 T cells (data not shown).

© 2009 Blackwell Publishing Ltd, Immunology, 128, e679-e690

More importantly, IL-18 signalling does not involve Jaks™’
and therefore remained intact in the presence of P6. Our
data illustrate that when IL-2 and IL-12 signalling were
inhibited, TL-18 alone was insufficient to induce IFN-y
production in CD8 T cells from young or old mice.
Overall, we have shown that old mice have an expanded
population of activated CD8 T cells with increased
expression of the IL-12 receptor that are capable of
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responding rapidly and robustly to Thl cytokine stimula-
tion in the absence of antigenic challenge.

It has been established that CD8 T cells adopt an acti-
vated/memory phenotype with age, resulting in the major-
ity of circulating CD8 T cells in old mice possessing a
CD44™ phenotype.'® The reason for this expansion is
unknown; however, there is evidence that the activated/
memory T-cell phenotype associated with age occurs in
the absence of antigen recognition,'””! so representing a
non-classically activated population of CD44™ T cells in
the aged host. Such activated/memory CD8 T cells in aged
hosts have been shown to have several defects relating to
the adaptive immune response, including a decreased abil-
ity to proliferate, and decreased IL-2 production upon
antigen recognition.” Despite these deficiencies, we have
shown here that CD44™ CD8 T cells from old mice have
an increased responsiveness to Thl cytokine stimulation
compared with young mice, marked by increased IL-12
signalling capabilities that lead to enhanced IFN-y produc-
tion.”' Furthermore, we demonstrated that increased IL-12
responsiveness observed in old mice was not simply the
result of an abundance of CD44™ CD8 T cells in old mice
because when CD44" CD8 T-cell subsets were directly
compared, IL-12Rf2 gene expression and IL-12-induced
STAT-4 activation were still increased in CD44™ CD8
T cells from old mice. We have therefore demonstrated
that IL-12 responsiveness is not a characteristic of all
CD44™ CD8 T cells, but old mice have a specialized subset
of CD8 T cells within the CD44™ population that are
capable of responding to IL-12.

CD44™ CD8 T cells in young mice that can secrete IFN-y
in response to cytokines serve as a population of cells that
have the potential to rapidly respond to infection. There is
growing evidence that these cells have properties of innate
cells that can respond to pathogens such as Listeria
monocytogenes and Burkholderia pseudomallei.*>*>**> The
biological relevance of our findings in old mice can be
clearly linked to our studies of infection with the intracellu-
lar pathogen M. tuberculosis, where old mice express an
early resistance to infection with M. tuberculosis.*">*>’
This early resistance has been shown to correlate with
increasing numbers of antigen-independent, IFN-y-secret-
ing CD44M CD8 T cells in old mice,?® and is abolished in
the absence of either CD8 T cells®® or IFN-7.*® These data
illustrate the importance of CD8 T-cell-derived IFN-y
during the innate immune response of old mice to
M. tuberculosis infection. In addition to a decreased bacte-
rial burden, we have demonstrated that old mice have
increased levels of IL-12, IL-18 and IFN-y in the lungs dur-
ing the first few weeks of M. tuberculosis infection and our
current data suggest that IL-12 plays a critical role in the
CD8 T-cell-derived IFN-y-mediated control of M. tuber-
culosis observed in old mice. We anticipate that our obser-
vations are not unique to M. tuberculosis infection,
and expect to find a similar early resistance to other
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intracellular pathogens in aged mice. This appears to be the
case for some,”** but not all, intracellular pathogens. It
will be necessary to dissect the relative contributions of
antigen-independent CD8 T-cell responses for each intra-
cellular pathogen early during infection to fully appreciate
whether such an enhanced innate response can contribute
to the control of infection or alternatively, leads to poor
disease outcome. The latter scenario is evident in influenza
infection in the elderly, where the presence of clonally
expanded CD8 T cells that can secrete IFN-y has been asso-
ciated with a failure to secrete influenza-specific antibodies
in vaccinated elderly individuals.*’ Such data in humans
support our observations that CD8 T cells that can be
stimulated to produce IFN-y in an antigen-independent
manner also develop in old age in man, but clearly demon-
strate that for some infectious models, this response may
be detrimental. Regardless of the outcome, CD8 T cells can
clearly exhibit an enhanced innate effector function in
response to infectious challenge in old age and understand-
ing how IL-12 signalling can promote CD8 T-cell function
in vivo may lead to therapies that specifically stimulate, or
perhaps inhibit, this population of cells to aid the elderly in
the clearance of pulmonary pathogens.

In summary, we have demonstrated that the increased
responsiveness of CD8 T cells from old mice to IL-12 is a
consequence of increased IL-12Rf2 gene expression
within a population of CD44" CD8 T cells in old mice,
leading to enhanced IL-12 signalling within each individ-
ual cell. The net outcome is an expanded population of
CD8 T cells that can produce IFN-y in an antigen-inde-
pendent manner, which we believe can lead to an
enhanced early resistance to infection with M. tuberculo-
sis,’®?® and perhaps to other pathogens. These studies
provide evidence that post-exposure therapies or novel
vaccine designs that incorporate IL-12 could be developed
to reduce the morbidity and mortality associated with
infectious diseases in the elderly.
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