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Abstract

With increasing age, naive CD4 T cells acquire intrinsic defects that compromise their ability to
respond and differentiate. Type I IFNs, pervasive constituents of the environment in which
adaptive immune responses occur, are known to regulate T cell differentiation and survival.
Activated naive CD4 T cells from older individuals have reduced responses to type I IFN, a defect
that develops during activation and is not observed in quiescent naive CD4 T cells. Naive CD4 T
cells from young adults upregulate the expression of STAT1 and STATS after activation, lowering
their threshold to respond to type | IFN stimulation. The heightened STAT signaling is critical to
maintain the expression of CD69 that regulates lymphocyte egress and the ability to produce IL-2
and to survive. Although activation of T cells from older adults also induces transcription of
STAT1 and STATS5, failure to exclude SHP1 to the signaling complex blunts their type | IFN
response. In summary, our data show that type | IFN signaling thresholds in naive CD4 T cells
after activation are dynamically regulated to respond environmental cues for clonal expansion and
memory cell differentiation. Naive CD4 T cells from older adults have a defect in this threshold
calibration. Restoring their ability to respond to type I IFN emerges as a promising target to
restore T cell responses and improve the induction of T cell memory.

Introduction

With advancing age, the immune system loses competence to generate adaptive immune
responses (1-5). Mortality and morbidity from infections increases; more than 90% of all
influenza-related deaths in the United States occur in older adults (6). In particular, older
individuals are more prone to develop complications from newly arising infectious
organisms such as West Nile fever or Severe Acute Respiratory Syndrome (7-12).
Vaccinations are powerful interventions that have been extremely successful to change the
natural history of infections in the young and, therefore, should be ideal tools to promote
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healthy aging. Considerable efforts have gone into annual influenza vaccinations; however,
the induction of protective immunity elicited by influenza as well as other vaccines remains
inadequate in older adults (13-16). Despite increasing compliance with vaccine
recommendations, the annual influenza epidemics remain a medical challenge (17).

A better understanding of the age-associated defects in adaptive immunity holds the promise
to design age-targeted interventions to improve vaccine responses (3, 18). Given the
dramatic decline in thymic T cell production in humans, older individuals have been
suspected to lack a sufficiently diverse T cell receptor (TCR) repertoire to respond to the
universe of foreign antigens which would make it difficult to improve vaccine responses
(19, 20). While initial studies in the mouse and in humans supported this concept (21-23),
more recent studies have led to the conclusion that T cell generation and homeostasis is
quite different in humans and mice (24). Moreover, recent estimates of human TCR richness
by next-generation sequencing have shown an unexpected complexity of the human
repertoire even in older individuals that makes frank holes in the repertoire an improbable
explanation for the age-associated T cell defect (19, 25). T cell homeostatic proliferation
appears to be efficient to maintain not only T cell numbers but also TCR diversity, in
particular for human CD4 T cells that are important for vaccine-induced antibody responses
(26).

Alternatively to contraction in TCR diversity, increasing dysfunctionality of naive T cells
could explain defective vaccine responses (27-30). Age-associated defects could occur at
the level of initial T cell activation, the level of subsequent clonal expansion into
differentiated effector cells and finally the ability to survive as long-lived memory cell.
Gene expression studies comparing naive CD4 T cells from young and older individuals
after stimulation with the superantigen toxic shock syndrome toxin (TSST) and myeloid
dendritic cells (DC) suggested that the ability to respond to strong stimuli was preserved
(31). As well, aged human CD4 naive T cells were able to be activated by novel antigens
and produce IL-2 when stimulated with rabies virus or Etr proteins from tick-borne
encephalitis virus (32). However, suboptimal stimulation uncovered a heightened TCR
activation threshold due to overexpression of the dual specific phosphatase 6. The associated
initial blunting of ERK phosphorylation may compromise the response to low affinity
antigens (33).

The current study was designed to examine pathways that are operational several days after
initial antigen encounter when naive CD4 T cells differentiate and develop into effector and
memory T cells; and to identify defects in these pathways that may contribute to suboptimal
vaccine responses in older adults. In initial gene expression arrays on day 3 after activation
with DC/TSST, we observed a signature of type | IFN-inducible genes in young naive CD4
T cell responses that were reduced in older individuals. Here, we show that CD4 T cell
priming is associated with sensitization of STAT1 and STAT5 responses to IFN-a. This
increased sensitivity of activated CD4 T cells is attenuated in older adults. Since type | IFN
responses regulate T cell survival and migration, the signaling defect in activated CD4 T
cells may contribute to the impaired adaptive immune responses.
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Materials and Methods

Study population and cells

Peripheral blood mononuclear cells (PBMC) were obtained from eighty-seven 20-35 and
eighty-six 65-85 year-old adults. Individuals with acute diseases, current or previous history
of immune-mediated diseases or cancer except limited basal cell carcinoma or chronic
diseases not controlled on oral medications were excluded. The study was approved by the
Stanford Institutional Review Board. CD4 naive T cells were purified from PBMC by
negative isolation of total CD4 T cells using CD4* T Cell Isolation Kit Il (Miltenyi Biotec)
followed by depleting of CD45RO* cells. In some experiments, T cells were isolated from
peripheral blood with Human T Cell Enrichment Cocktail (STEMCELL Technologies Inc.).
To generate DC, CD14" monocytes were positively selected by anti-CD14 magnetic
microbeads (Miltenyi Biotec Inc.) and then cultured with 800 U/miI~1 granulocyte-
macrophage-CSF and 1000 U/mI~1 IL-4 (R&D Systems) for six days. Dendritic cells (DCs)
were matured with 1100 U/mI~1 TNF-a (R&D Systems) and 1 pg/ml~1 PGE2 (Sigma) for
24 h. For DC-T cell cocultures, 25x10° naive CD4™ cells were stimulated with 0.5x103 of
DC and 0.1 ug/ml~1 TSST-1 (Toxin Technology) for four days. Cell and TSST
concentrations were chosen to minimize alloreactive responses and keep stimulation
conditions suboptimal. Alternatively, purified naive CD4 T cells were stimulated with
Dynabeads human T-expander CD3/CD28 (Life Technologies) for three days.

Transcript quantification by gPCR

Total RNA was isolated using Trizol (Invitrogen Life Technologies) and cDNA was
synthesized using AMV reverse transcriptase (Roche Applied Science) and random primers.
Transcripts of target genes were quantified by SYBR gPCR. The primers used for g°PCR
were: IFITL: ¥-GCAGAACGGCTGCCTAATTT-3 and 5'-
TCAGGCATTTCATCGTCATC-3'; OAS3:5-GTCAAACCCAAGCCACAAGT-3 and 5'-
CTCCTTCCACAACCCCTGTA-3; STAT1: 5-ACCTTGCAGAACAGAGAACAC-3 and
5-GGCATTCTGGGTAAGTTCAGT-3’; STAT5A: 5-GCAGCCAGACCTATTCCTCCT-3
and 5-TCTCTTAGGAGGGCAAAGCT-3'; STATSB: 5/-
CGACCTCTCCATCTTCAGCT-3 and 5-CACAAACACATACTCGCACT-3; PTPNE:
5-TCAAGGTCATGTGCGAGGGT-3 and 5-CCTCGTGGCATAGTACGGCTG-3/;
SOCSL: 5-TTTTCGCCCTTAGCGTGAAGA-3 and 5-GAGGCAGTCGAAGCTCTCG-3;
SOCS3: 5-GGCCACTCTTCAGCATCTCTGT-3 and
5GCATCGTACTGGTCCAGGAACT-3; PIASL: 5-AACCCACCAGTCTAGCATC-3
and 5-GGAAGTGATCTTCTTGTGGAC-3; PIASy: 5'-
AGCTGTGCAAGGCACTGGTCA-3 and 5-GCTTCTTCTCGTTCATCTGCAG-3'; 18s
rRNA: 5¥-GTTGAACCCCATTCGTGATG-3 and 5-GCCTCACTAAACCATCCAA-3.
Results were compared to gPCR of serial dilutions of gene-specific standards to determine
transcript numbers and were normalized to 1x108 18s rRNA transcripts.

Flow cytometry

Unstimulated or activated CD4 naive T cells (stimulated with anti-CD3/CD28 Dynabeads
for three days) were stimulated with 10,000 U/mI~1 IFN-a (PBL Assay Science) at 37°C.
Cells were fixed in BD Cytofix"™" fixation buffer; permeabilized with BD Perm Buffer 111
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and stained with anti-CD4-PerCP, anti-phospho-STATL1 (pY701)-FITC, or anti-phospho-
STATS (pY694)-APC. For intracellular staining of IL-2, activated CD4 naive T cells were
restimulated with Dynabeads human T-expander CD3/CD28 in the presence of brefeldin A
for 6 h. Cells were stained with anti-CD4-PerCP, fixed with BD Cytofix/Cytoperm buffer
and then stained with anti-IL-2-FITC. Apoptosis was assayed using BD Annexin V: PE
Apoptosis Detection Kit | following procedures suggested by the manufacturer. All flow
antibodies and buffers were from BD Biosciences. IFN-a/p receptors (IFNAR) surface
staining was performed using anti-IFNAR1-PE or -IFNAR2-PE (PBL Assay Science).
Cytometry data were collected on an LSRII flow cytometer and analyzed with FACS Diva
or FlowJo software.

Immunoprecipitation and Western blotting

Unstimulated and activated CD4 naive T cells were lysed in lysis buffer containing
proteinase and phosphatase inhibitor cocktails (Cell Signaling Technology, Inc.). Lysates
were electrophoresed on a 9% SDS-polyacrylamide gel and then transferred to a PVDF
membrane (Bio-Rad Laboratories). The blots were blocked and probed with anti-phospho-
STAT1 (pY701), anti-STAT1, anti-phospho-STAT5 (pY694), anti-STAT5, anti-SOCS1,
anti-SOCS3 Ab (all from Cell Signaling Technology, Inc.), and anti-SHP-1 Ab (EMD
Millipore). For immunoprecipitation, lysates were precleared with protein G agarose beads
(Santa Cruz Biotechnology, Inc.) at 4°C for 1 h followed by incubation with anti-human
IFNAR1 Ab (PBL Assay Science) at 4°C overnight. The immune complexes were captured
by protein G agarose beads and then subjected to blotting assays using the antibodies
described above.

Quantitative colocalization analysis

CD4 naive T cells were activated with anti-CD3/CD28 mADb for three days followed by
10,000 U/mL~1 IFN-a-stimulation for 5 min. Cells were fixed with 4% paraformaldehyde,
permeabilized with 0.05% Triton X-100 and incubated with rabbit-anti-SHP-1 and mouse-
anti-human IFNAR 1 Abs at 4°C overnight. After washing, cells were incubated with Alexa
Fluor 488-labeled goat anti-rabbit and Alexa Fluor 594-labeled goat anti-mouse antibodies
(Life Technologies) at room temperature for 1 h. Cells were then subjected to confocal
microscopy. Images were captured using a LSM710 microscope system and analyzed with
ZEN 2010 software (Carl Zeiss).

Statistical analysis

RESULTS

Comparisons were performed by two-way ANOVA or by t-test, where appropriate, using
SigmaStat 3.0 software.

Age-associated defect in type | IFN responses of naive CD4 T cells

In comparing gene expression in CD4 T cells from young and elderly individuals after
stimulation with the superantigen TSST and DC from a young individual, we identified
several signatures of differentially expressed genes on day 3 after stimulation (31, 34). As
previously reported, gene ontology enrichment analysis using the David Bioinformatics
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Resource tool (35, 36) showed enrichment for GO terms associated with zinc binding and
transportation in genes overexpressed in old activated naive CD4 T cells. Conversely,
probes with reduced expression in old CD4 T cells were significantly enriched for genes that
are controlled by an interferon response element (ISRE) (p<10~17). Among others, these
genes included classical type | IFN-inducible genes such as IFIT1, Mx-1 and various OAS
variants (data not shown). To confirm this observation, we stimulated purified naive CD4 T
cells from eighteen 20 to 35 year-old and eighteen 65 to 85 year-old individuals with TSST
and monocyte-derived DC for three days and assessed the transcription of the ISRE
regulated genes IFIT1 and OAS3 (Figure 1A). Transcripts of both genes were significantly
higher in the activated T cells from young individuals.

To determine whether the defective transcription of ISRE-regulated genes was caused by a
lower production of type I IFN in the culture or by reduced sensitivity of the elderly CD4 T
cells to the type | IFN stimulus, we stimulated purified naive CD4 T cells in the absence of
DC by cross-linking CD3 and CD28 in the presence of increasing concentrations of IFN-a.
Results from 12 young and 12 elderly adults shown Figure 1B demonstrated a reduced
responsiveness in the older adults which was particularly evident at the higher
concentrations of type | IFN. Of note, T cells cultured in the presence of type | IFN were
less responsive to type | IFN restimulation irrespective of age, suggesting the induction of a
negative feedback loop under these conditions. To determine whether the age-associated
defect already existed in fresh naive CD4 T cells or whether it was acquired after T cell
activation, we compared IFIT inducibility in nonstimulated and day 3-activated naive CD4 T
cells. No significant difference between young and old adults was seen when IFN responses
of fresh ex vivo naive CD4 T cells were compared (Figure 1C, left panel). Inducibility of
IFIT1 expression increased with cell activation and culture, but significantly more so for
naive CD4 T cells from young adults (Figure 1C, right panel) suggesting that old CD4 T
cells fail to gain type I IFN responsiveness with T cell activation and differentiation.

Type | IFNs transmit their signal through STAT1/2 to activate ISRE-dependent genes. To
determine whether JAK-STAT activation is intact in elderly T cells, we quantified STAT1
phosphorylation by PhosFlow in fifteen 20 to 35 and fifteen 65 to 85 year-old individuals
after stimulation with 10,000 U/ml IFN-a. No difference was seen when naive unstimulated
CDA T cells were compared (Figure 2A, left panel). Compared to unstimulated CD4 naive T
cells, activated cells respond to type I IFN with more vigorous STAT1 phosphorylation.
Naive CD4 T cells activated by anti-CD3/CD28 stimulation for 72 h from older individuals
were clearly inferior to phosphorylate STAT1 (Figure 2A, right panel). Stimulation with
increasing doses of IFN-a showed that STAT1 phosphorylation plateaued at concentrations
of 5,000 U/ml irrespective of age. An age-associated reduction in STAT phosphorylation
was seen starting at concentrations of 1,000 U/ml and could not be overcome by increasing
the dose (Figure 2B). The defect appeared to be specific for type | IFNs since STAT1
phosphorylation after type 11 IFN was intact (Figure 2C). Western blotting confirmed the
age-associated reduction in STAT1 responses to IFN-a stimulation in TCR-activated, but
not quiescent naive CD4 T cells (Figure 2D). Interestingly, expression of STAT1 was
massively increased in day 3-activated T cells which may explain their increased
responsiveness to IFN-a. However, this increase was not reduced with age.
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Although the classical type | IFN signaling pathway entails STAT1/2 activation, the type |
IFN receptor is promiscuous and also activates other STAT pathways (37). STAT5
phosphorylation showed a similar pattern as STATL, i.e., the STATS5 response to type | IFN
stimulation was increased in activated CD4 T cells and this increase was more pronounced
in the young than the old (Figure 3).

Mechanisms of age-associated impaired type | IFN receptor signaling in activated naive T

cells

Our analysis so far has shown that activation of CD4 T cells renders them more sensitive to
type | IFN stimulation, a process that is attenuated with age. Western blot analysis showed
increased expression of STAT1 and STATS5 with activation that did not appear to account
for the age-associated difference in responsiveness. To confirm the Western blot data in a
larger population of young and older adults, we compared STAT1 and STAT5a and b
transcripts by gPCR. All three STAT molecules were higher expressed in activated T cells,
however irrespective of age (Figure 4). Both chains of IFNAR were expressed on naive CD4
T cells. Mean fluorescence intensities increased after activation, however, irrespective of
age (Figure 5). Similarly, we did not find a difference in transcription of the negative STAT
regulators SHP-1, SOCS1 and SOCS3, PIAS1 and PIASy, when activated naive CD4 T cells
from young and older individuals were compared (Figure 6A). Western blot studies
corroborated these results (Figure 6B).

To examine the type | IFN receptor signaling complex, we precipitated the complex from
naive CD4 T cells three days after activation and analyzed the precipitate by Western
blotting. Precipitation was more efficient after type I IFN stimulation which was largely
independent of age as can be seen from the staining for the IFNAR1 (Figure 7).
Phosphorylated STAT1 and STAT5 were markedly reduced in the precipitates of older CD4
T cells (Figure 7A). We consistently found increased concentrations of SHP-1 in the
precipitates from older T cells (Figure 7B) while the cytoplasmic concentrations were not
increased. A careful kinetic analysis of the SHP-1 in the receptor complex showed that in
young adults SHP-1 was present before stimulation and was excluded from the complex
upon IFN-a stimulation to slowly return after 30 min or later (Figure 7B, right panel). In
contrast, CD4 T cells from older adults already exhibit more SHP-1 in the complex before
stimulation. More importantly, they were not able to exclude SHP-1 from the signaling
complex upon stimulation. SOCS1 did not appear to be enriched in the precipitates from
activated older CD4 T cells; however, the concentrations of SOCS1 in the precipitate were
too low to be confidently quantified with the currently available commercial antibodies (data
not shown).

To confirm an age-related difference in SHP-1 recruitment to the signaling complex, we
used quantitative colocalization analysis by confocal fluorescence microscopy. CD3/CD28-
activated T cells cultured for three days in vitro were stained with antibodies to SHP-1 and
IFNARL. T cells from older adults exhibit higher colocalization, which, in contrast to young
adults, did not significantly decline with IFN-a stimulation (Figure 7C).
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Functional consequences of impaired type | IFN receptor signaling

Previous studies have reported an important function of type | IFN responses in T cell
survival (38, 39). To explore functional consequences of the increased sensitivity of
activated T cells from young individuals to type I IFN stimulation, naive CD4 T cells were
stimulated with CD3/CD28 cross-linking for 72 h followed by three day culture with 10,000
U IFN-a before apoptosis rates in proliferating T cells were determined. IFN-a was mildly
protective for activated T cells from young individuals, a similar effect was not seen for T
cells from individuals older than 65 years (Figure 8A). We explored several pathways that
could protect cells from undergoing apoptosis. We did not find a differential induction in
anti-apoptotic molecules such as Bcl-X . However, we found a striking difference in the
ability to produce IL-2. On day 3 after stimulation, naive CD4 T cells have largely lost the
ability to produce IL-2 upon restimulation, more so in old than in young adults although this
trend did not reach significance. IFN-a could restore this defect in CD4 T cells from young
individuals while it was significantly less effective with old T cells (Figure 8B).

Type | IFN has been reported to inhibit lymphocyte egress from lymphoid tissue after
activation, mostly by inducing or sustaining CD69 expression (40). To determine the
influence of age on the type | IFN response, day 3-activated naive CD4 T cells were
stimulated with IFN-a for 24 h and CD69 induction was assessed (Figure 8C). Activated
CD4 naive T cells from young individuals responded significantly better to IFN-a with
CD69 expression suggesting that elderly CD4 T cells are less retained in secondary
lymphoid organs after antigen-induced activation.

DISCUSSION

Successful vaccine responses require the activation of antigen-specific T cells by antigenic
peptides presented by DC and the subsequent clonal expansion of these T cells and their
differentiation into effector cells. While most of these effector cells undergo clonal
contraction, few cells survive as long-lived memory cells constituting the quintessential
objective of vaccination. This process is impaired in older individuals (16, 18). Defects in
DC activation and early T cell signaling contribute to this failure and can be in part
compensated by adjuvant-mediated DC activation or increasing the antigen dose (41);
however, these interventions have so far not been sufficient to overcome the impaired
vaccine responses (42—-45). The current studies were built on the hypothesis that age affects
the ability of naive T cells to expand and differentiate into effector and memory cells. We
found that activated naive CD4 T cells have a blunted response to type | IFN stimulation
that impairs I1L-2 production and cell survival and may, therefore, have a negative impact on
the ability to establish T cell memory.

Type | IFN are key components of the innate immune response rapidly triggered by bacterial
and viral infections. They, therefore, form a physiologic environment for the evolving
adaptive T cell response, in part, since plasmacytoid DCs are the major producers of IFN-a.
In animal models, they act as an adjuvant enhancing the magnitude of primary and
secondary T cell responses (46-50). Studies in mice that lacked the type I IFN receptor
selectively on T cells have allowed characterizing the IFN effects in detail. CD8 responses
are highly dependent on type I IFN-induced signals and CD8 memory formation in the
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setting of LCMV infection in the absence of type | IFN signaling is greatly diminished (51).
The role of type | IFN in CD4 T cell responses has been less studied in murine models.
However, antibody production after immunization is no longer upregulated by type I IFN if
T cells lack the IFN receptor, supporting the notion that T helper cell activity is dependent
on type I IFN stimulation (52).

The effects of type | IFN on T cells are dependent on the timing of the IFN signal in relation
to TCR stimulation. Human CD4 naive T cells preincubated with IFN-a show decreased
proliferative activities upon TCR triggering, but IFN-a does not inhibit expansion of
preactivated T cells (53). Type I IFN curtails phosphorylation of MEK1 and ERK1/2 upon
stimulation leading to diminished IL-2 production and IL-2Ra expression in IFN-a
pretreated CD4 T cells (54). In contrast, IFN-a upregulates expression of proliferation-
promoting genes including IL-2Ra, c-myc, and pim-1 in activated human T cells (55). As
one possible explanation for the different outcomes, type I IFN signaling pathways have
been proposed to change with T cell activation.

Type | IFN predominantly signals through the JAK-STAT pathway. Receptor occupancy
leads to the juxtaposition of TYK2 on IFNAR1 and JAK1 on IFNAR2. The subsequent
phosphorylation events recruits and phosphorylates STAT1, 3 and 5, and dependent on the
cell type, also STAT4 and 6 (56-58). The classical pathway signals through STAT1/2
heterodimers that in association with IRF9 bind to ISRE eliciting a predominantly anti-
proliferative effect. In mice, T cells after activation switch from the anti-proliferative
STAT1 signal to STAT4 phosphorylation that is required for IFN-y induction, while STAT3
and STATS provide anti-apoptotic signals (59-61). Such a switch was not observed in our
studies with human naive CD4 T cells. On the contrary, TCR stimulation induced the
expression of STAT1 and STATS5 disproportionately to SOCS1 and sensitized activated T
cells to respond to type I IFN stimulation with increased STAT1 and STAT5
phosphorylation while STAT3 and STAT4 did not change. Gene expression arrays of
activated T cells after type | IFN stimulation demonstrated the expression of ISRE
responsive genes indicative of the STAT1/2 pathway; quantification of selected ISRE-
responsive genes such as IFIT1 by gPCR in activated vs unstimulated T cells confirmed this
increased responsiveness.

The activation-induced sensitization of the STAT1 and STAT5 pathways to type | IFN
stimuli was subdued in elderly naive CD4 T cells. While type I IFN-induced STAT1 and
STATS phosphorylation in unstimulated CD4 T cells was not influenced by age, naive CD4
T cells from older individuals did not exhibit an increased sensitivity several days after
activation to the same extent that was typical for CD4 T cell from young adults. Our data are
consistent with the notion that activation of young and less so elderly T cells is associated
with a sensitization to type I IFN signaling through the classical pathways without that
switches in pathway usage contribute to the observed differences.

Type | IFN signaling is controlled at several levels. Receptor expression did not change with
age. T cell activation induced transcription of STAT1 and STAT5 which may explain the
increased IFN responsiveness; however, no age-associated difference was seen. Various
phosphatases can dephosphorylate JAK kinases (62—65). SOCSs inhibit STAT activation
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proximally through several mechanisms (66—69). We found SOCS1 and 3 to be induced by
activation, but not to higher degree in T cells from older individuals. PIAS proteins function
as more distal STAT inactivators (70, 71). Again, no age-dependent difference in PIAS
transcription was seen. Immunoprecipitation experiments identified age-associated
difference in the presence of SHP-1 in the signaling complex. SHP-1 has been shown to be
an important regulator of type I IFN signaling, presumably by dephosphorylating JAK1 and
not TYK2 (62). SHP-1, generally binding with its SH2 domain to phosphotyrosines in cell
surface receptors, can directly bind to JAK1 (65). Consistent with observations by David et
al in mouse macrophages (62), we found SHP-1 to be present in the IFN receptor complex
of activated CD4 T cells before IFN-a stimulation; upon IFN binding it was rapidly
excluded. A SHP-1-mediated dephosphorylating activity on JAK kinases would explain that
both STAT1 and STATS phosphorylation were reduced in activated naive CD4 T cells from
older individuals. The cause for the increased receptor recruitment of SHP-1 remains to be
elucidated.

Type | IFN stimulation of activated T cells has a plethora of functional consequences that
are important for effector cell differentiation and memory formation (72). We did not
observe increased anti-proliferative effects of STAT1/2 signaling in the young as one might
have suspected from the increased STAT1 signaling. Type | IFN are known to function as a
survival factor for activated T cells which may be important to counteract clonal downsizing
and favor memory cell survival (38). Conversely, type | IFN may also deliver pro-apoptotic
signals, possibly through the induction of FasL or TRAIL (73-76). In our system, we
demonstrated an anti-apoptotic effect of type I IFN on activated T cells in vitro that was
reduced in older adults, consistent with impaired IFN signaling. Perhaps more importantly,
we find that type I IFN stimulation enables activated CD4 T cells to produce IL-2 upon
restimulation. Again, this effect was seen more in young than in older CD4 T cells.
Increased IL-2 production would not only contribute to the survival of activated CD4 T cells
themselves but also support the clonal expansion of antigen-specific CD8 T cells. Finally,
type | IFNs are important to retain activated T cells in lymphoid tissues by upregulating and
sustaining CD69 expression that inhibits sphingosine 1-phosphate receptor-1 function (40).
Indeed, type I IFN was less able to induce CD69 expression in activated naive CD4 T cells
from older than young adults. Since sustained CD69 expression will delay lymphocyte
egress from lymphoid tissue and thereby promote T cell differentiation and lymphoid
follicle formation, this defect could greatly contribute to the impaired adaptive immunity in
older individuals.

T cell responsiveness to type | IFN, commonly produced in viral and bacterial infections, is
known to be pivotal for the generation of adaptive immune responses. Our findings identify
a defect in the IFN signaling pathway that may contribute to reduced T cell responses. The
increased threshold to IFN stimulation of activated naive CD4 T cells renders older
individuals more resistant to the activity of this cytokine. Increased type | IFN stimulation
may be able to overcome this defect, but needs to be carefully timed. Based on our data,
type | IFN responses are needed in T cells several days after the initial antigenic stimulation,
while type I IFN in the early stages of T cell activation will induce the activation of negative
feedback loops and be likely counterproductive.
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Figure 1. Expression of ISRE-responsive genes in activated CD4 naive T cells declines with age
IFIT1 and OAS3 expressions were quantified by gPCR. Transcript numbers expressed

relative to 1x108 18s RNA transcripts from 20-35 (shaded boxes) and 65-85 (open boxes)
year-old adults are shown as box plots with medians, 25t and 75™ percentiles as boxes and
10™ and 90™ percentile as whiskers. (A) Purified naive CD4* T cells from young (n=18) and
older (n=18) adults were stimulated with the superantigen TSST and mDCs. IFIT1 (left
panel) and OAS3 (right panel) transcripts were quantified on day 3 of culture. (B) CD4 naive
T cells were stimulated with Dynabeads human T-expander CD3/CD28 in the presence of
indicated concentrations of IFN-a for three days; IFIT1 expression was quantified using
gPCR. Data are from twelve young and twelve older adults. (C) Unstimulated (left panel,
n=10) and activated naive CD4 T cells (right panel, Dynabeads human T-expander CD3/
CD28 stimulation for three days, n=13) from young and older adults were stimulated with
10,000 U mL1 IFN-a. Cells were harvested after 8 h and IFIT1 transcripts were quantified.
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Figure 2. STAT1 phosphorylation after type I IFN stimulation of activated naive CD4 T cells
declines with age

(A) Resting (left panel, sixteen young and sixteen older individuals) and day 3 anti-CD3/
CD28-activated (right panel, fifteen young and fifteen older) CD4 naive T cells were treated
with 10,000 U/mL™1 IFN-a at 37°C. STAT1 phosphorylation was measured by flow
cytometry at the indicated time points. (B) Anti-CD3/CD28-activated CD4 naive T cells
from eight young and eight older individuals were stimulated with increasing doses of IFN-
a at 37°C for 15 min; STAT1 phosphorylation was measured. (C) Anti-CD3/CD28-
activated CD4 naive T cells from five young and five older individuals were treated with
10,000 U/mL~1 IFN-y at 37°C for 15 min. STAT1 phosphorylation was determined. (D)
Resting and anti-CD3/CD28-activated CD4 naive T cells from young and older individuals
were left untreated or treated with 10,000 U/mL™1 IFN-a at 37°C for 10 min;
phosphorylated STAT1 and total STAT1 levels were determined by Western blotting.
Representative blots (left) and summary data (right) from six young (aged 20-35 years,
circles) and six old (aged 65-85 years, squares) adults are shown. Samples from a young and
an older individual that were cultured and analyzed by Western blotting in parallel are
connected by a line. RI = relative intensity of pSTAT1 compared to -actin.
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Figure 3. STATS5 phosphorylation after type | IFN stimulation of activated naive CD4 T cells
declines with age

(A, B) Phosphorylated STATS5 and total STATS were determined by flow cytometry (A) in
resting (sixteen young and sixteen older) and anti-CD3/CD28-activated (fifteen young and
fifteen older) CD4 naive T cells and by Western blotting (B) as described in Figure 2A and
D. (C). Summary data from Western blots are from four young (circles) and four older
individuals (squares). Again paired samples are indicated by a line.
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Figure 4. Age does not inhibit activation-induced increase in STAT1 and STAT5 expression
STAT1 and STATS transcription were quantified in resting and anti-CD3/CD28-activated

CD4 naive T cells from young (shaded boxes, n=18) and older adults (open boxes, n=16) by
gPCR. Transcript numbers are expressed relative to 1 x 106 18s RNA transcripts.
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Figure 5. Expression of IFNAR is independent of age
Expression of IFNAR1 and R2 in resting and anti-CD3/CD28-activated CD4 naive T cells

was analyzed by flow cytometry. (A) Representative data from a 31 year-old (open
histogram) and a 72 year-old (shaded histogram) individual are shown. Dashed lines: IgG
control; solid lines: IFN-R. (B) Summary data from ten young and ten older individuals are
shown.
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Figure 6. Expression of negative regulators of STAT signaling is independent of age
(A) SHP-1, SOCSL, SOCS3, PIASL and PIASy transcription in resting and anti-CD3/CD28-

activated CD4 naive T cells from young (shaded boxes, n=18) and older adults (open boxes,
n=16) were quantified by gPCR. (B) Western blots from resting and anti-CD3/CD28-
activated CD4 naive T cells from young and older individuals were prepared as described in
Figure 2D and probed for SHP-1, SOCS1 and SOCS3. Blots shown are representative of
four.
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Figure 7. SHP-1 exclusion from the type | IFN receptor signaling complex decreases with age
(A, B). CD4 naive T cells from young and older adults activated with anti-CD3/CD28 mAb

for three days were stimulated with 10,000 U/mL~1 IFN-a for 10 min (left panels) or
indicated times (right panels). IFN receptor complexes were immunoprecipitated and
examined by Western blotting. (A) Western blots showing reduced pSTAT1 and pSTATS in
older adults are representative of three experiments (left panel). In two additional pairs of a
young and old individual, the time courses of phosphorylated STATL in the precipitate is
shown. (B) Western blots show failure to exclude SHP-1 from the signaling complex after
stimulation in older adults. The left panel shows results at before and 10 min after IFN-a
stimulation and is representative of three experiments. A more detailed time course is shown
in the right panel. (C) Colocalization of IFNAR1 and SHP-1 on cell membrane was
examined by confocal microscopy. Representative images (left) and mean+SEM colocalized
pixels of 50 cells (right) from a 25 year-old and a 78 year-old individual are shown. Data are
representative of three experiments.
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Figure 8. Functional consequences of impaired type IFN signaling in older adults
CD4 naive T cells were stimulated with anti-CD3/CD28 Ab. IFN-a, (10,000 U/mL™1) was

added on day 3. Representative original cytometry data for all experiments summarized
below are shown in Suppl. Figure 1. (A) Frequencies of Annexin V and 7-AAD double
positive cells were determined on day 6 in cultures from fifteen young and fifteen older
adults (left panel). Right panel shows A frequencies in cultures with and without added IFN-
a. (B) On day 4, cells were restimulated with anti-CD3/CD28 in the presence of Brefeldin A
and analyzed for IL-2 production by flow cytometry. Frequencies of IL-2—producing CD4 T
cells from fifteen young (shaded boxes) and fifteen older adults (open boxes) are shown in
the left panel. Right panel shows A frequencies in cultures with and without added IFN-a.
(C) Type I IFN induction of CD69 in activated CD4 naive T cells from nine young (shaded
boxes) and nine older adults (open boxes) is shown in the left panel. Right panel shows A
frequencies in cultures with and without added IFN-a..
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