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Abstract T-cell recognition of self and foreign peptide antigens presented in major
histocompatibility complex molecules (pMHC) is essential for life-long immunity. How the ability of
the CD4* T-cell compartment to bind self- and foreign-pMHC changes over the lifespan remains

a fundamental aspect of T-cell biology that is largely unexplored. We report that, while old mice
(18-22 months) contain fewer CD4* T-cells compared with adults (8—-12 weeks), those that remain
have a higher intrinsic affinity for self-pMHC, as measured by CD5 expression. Old mice also have
more cells that bind individual or multiple distinct foreign-pMHCs, and the fold increase in pMHC-
binding populations is directly related to their CD5 levels. These data demonstrate that the CD4*
T-cell compartment preferentially accumulates promiscuous constituents with age as a consequence
of higher affinity T-cell receptor interactions with self-pMHC.

DOI: 10.7554/eLife.05949.001

Introduction

Each T-cell expresses a T-cell receptor (TCR) encoded by rearranged gene segments and non-
germline nucleotides. Estimates of TCR diversity imply a repertoire that can bind a universe of self and
foreign peptides embedded within self-major histocompatibility complex molecules (pMHC) (Davis
and Bjorkman, 1988). Yet, this potential cannot be realized. Thymic development limits clonal
representation to T-cells bearing TCRs within an affinity window for self-pMHC (Savage and Davis,
2001; Yin et al., 2012; Klein et al., 2014), while peripheral space physically constrains the number of
T-cells present to recognize foreign-pMHC (Mason, 1998; Vrisekoop et al., 2014). Finally,
time—uwith its age-associated changes in thymic expression of tissue-restricted antigens (TRAs),
thymic architecture, antigen experience, and homeostasis—imposes an overarching pressure that
limits the binding capacity of a repertoire for self- and foreign-pMHC to each constituent’s prior
history of TCR-pMHC interactions (Nikolich-Zugich, 2008; Surh and Sprent, 2008; Chinn et al.,
2012; Griffith et al., 2012). How these pressures shape the capacity of the CD4* T-cell compartment
to bind pMHC over the lifespan remains largely unexplored.

Aging is associated with increased susceptibility to infections and decreased responsiveness to
vaccines, suggesting that individual repertoires converge on a point where their diversity is insufficient
to bind and/or mount a protective response to foreign-pMHC (Vazquez-Boland et al., 2001; Nichol,
2008; Nikolich-Zugich, 2008). Consistent with this idea, TCR diversity within both the CD4* and CD8*
T-cell compartments contract from adult to old mice in parallel with thymic involution (Ahmed et al.,
2009; Rudd et al., 2011; Britanova et al., 2014), and the number of CD8" T-cells that bind distinct
foreign class | pMHC in unprimed mice decreases over the lifespan (Yager et al., 2008; Rudd et al.,
2011; Decman et al., 2012; Smithey et al., 2012). Here, we explored how aging impacts the number
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elLife digest The immune system’s T cells help the body to recognize and destroy harmful
pathogens, such as viruses and bacteria. T cells ‘remember’ immunity-inducing fragments, called
antigens, from the pathogens they have encountered. This memory then allows the immune system
to quickly fend off infections if those pathogens, or even related pathogens, invade again. Vaccines
exploit the ability to form immunological memory by exposing the body to harmless forms of the
pathogen, or even just particular antigens from it. This allows the T cells to learn how to identify the
pathogen without any risk of illness.

Vaccines have been extremely successful and have helped to virtually eliminate some diseases.
However, for reasons that are unclear, the immune systems of older adults become less functional, so
vaccines often lose their effectiveness. Paradoxically, as people age T cells become more likely to
attack the body’s cells, causing autoimmune diseases like arthritis. Understanding what happens to
aging T cells to cause these immune changes may help scientists design vaccines that remain
effective as people age.

Little is known about what happens to a particular type of T cell—the CD4* T cells—as people
age, even though this population plays a critical role in providing other immune cells with detailed
instructions on when and how to fight a pathogen. Now, Deshpande et al. show that CD4* T cells
undergo a remarkable set of changes in aging mice. Mice that are nearing the end of their natural
lifespan have fewer CD4* T cells than younger mice. However, those CD4* T cells that remain are
more likely than CD4* T cells from younger mice to be able to recognize multiple antigens. This
increase in the proportion of multitasking CD4* T cells corresponds with an increased tendency of
these cells to bind to the body’s own cells. If similar changes occur in older people, this may help
explain some age-related autoimmune diseases. Yet, the relationship between the increase in
multitasking CD4* T cells and the decrease in immune function with aging remains to be fully
explored.

The challenge for scientists now is to determine how these age-related changes in CD4* T cells
affect immune responses to vaccines or pathogens in older individuals. One implication of this work
is that CD4* T cell responses may be too robust and out of balance with other arms of the immune
system. This could even lead to conditions such as autoimmunity. Alternatively, while there may be
more CD4* T cells that can multitask by recognizing multiple antigens, their ability to respond
appropriately to infections or vaccinations may be diminished. What is clear from the work of
Deshpande et al. is that the rules that have been defined for immunity in adults change with aging.
The rules that govern immunity in the elderly must be more clearly defined to realize the goal of
designing immunotherapies, such as vaccines, that provide protection throughout the lifespan.
DOI: 10.7554/eLife.05949.002

of naive and memory phenotype CD4* T-cells available to bind pMHC, their relative affinity for self-
pMHC, and their capacity to bind foreign-pMHC. We report that, while the absolute number of CD4*
T-cells decreases over time, those that remain have an increased affinity for self-pMHC and an
increased capacity to bind foreign-pMHC.

Results

Unprimed old (18-22 months) C57BL/6 mice were found to have fewer CD4* T-cells in their secondary
lymphoid organs than adults (8-12 weeks) due to a loss of naive (CD44") T-cells, as expected given
thymic involution (Figure 1A,B) (den Braber et al., 2012). The number of memory phenotype (CD44")
CD4* T-cells increased with aging (Figure 1C). This could be due to prior antigen experience and/or
homeostatic proliferation (Nikolich-Zugich, 2008; Surh and Sprent, 2008).

To assess steady-state TCR engagement, we measured CD5 expression, as a surrogate for the
strength of tonic TCR—-pMHC interactions (Azzam et al., 1998; Smith et al., 2001; Mandl et al., 2012,
2013; Persaud et al., 2014; Vrisekoop et al., 2014; Fulton et al., 2015); CD3 levels, which decrease
upon TCR engagement (Valitutti et al., 1995); and BrdU incorporation to assess proliferation in
unprimed mice. CD5 was higher on memory CD4* T-cells in adult mice relative to adult naive T-cells,
as expected (Mandl et al., 2013), while both naive and memory CD4* T-cells in old mice had higher
CD5 expression relative to adult naive cells (Figure 1D). An inverse relationship was observed
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Figure 1. The CD4* T-cell compartment contracts but accumulates CD44"CD5" cells with aging. The absolute
numbers of T-cells in unprimed adult (8-12 weeks) and old (18-22 months) mice are shown as (A) total CD4* T-cells in
secondary lymphoid organs, (B) CD4* CD44"° (naive) T-cells and (C) CD4* CD44" (memory phenotype) T-cells. Data
are concatenated from three experiments, 4 mice/group. Horizontal bar indicates median (*p < 0.05, ***p < 0.0001;
Mann-Whitney). (D) Relative fluorescent intensity (RFI) of CD5 expression on adult and old CD44" and CD44'°> CD4*
T-cells relative to CD5 expression on adult CD44'> CD4* T-cells (dotted line). Data represent four experiments with 4
mice/group (***p < 0.0001, *p < 0.05; Mann-Whitney). (E) RFI of CD3 expression on adult and old CD44" and CD44'"°
CD4* T-cells relative to CD3 expression on adult CD44'° CD4* T-cells (dotted line) (***p < 0.0001; Mann-Whitney).
Results represent seven experiments with 4 mice/group. (F) Concatenated contour plots (4 mice) showing CD5 vs
BrdU incorporation in unprimed adult and old total CD4* T-cells. Percent BrdU* of total CD4* T-cells + SEM is
shown in the inset (*p < 0.05 Mann-Whitney adult compared to old). (G) Absolute numbers of CD4* BrdU* T-cells.
Results are representative of two experiments with 4 mice/group.

DOI: 10.7554/elife.05949.003

between CD5 and CD3 levels, consistent with CD5 reflecting tonic TCR engagement (Figure 1E).
Finally, cells with high CD5 expression incorporated the most BrdU in adult and old mice, consistent
with tonic TCR interactions driving homeostatic proliferation (Figure 1F). A higher frequency of BrdU*
cells was observed in old mice compared with adults. However, since the total number of CD4* T-cell
drops in old mice this did not result in significantly more BrdU*CD4"* T-cells (Figure 1F,G). Altogether,
the data indicate that the CD4" T-cell compartment increases in clonal representation of constituents
with higher intrinsic affinity for self-pMHC.

Age-related changes in the capacity of the CD4* T-cell compartment to bind foreign-pMHC
were evaluated via tetramer enrichment (all class Il pMHC tetramer validation is shown in
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Figure 2—figure supplements 1, 2). |-AP tetramers presenting an immunodominant peptide (aa
641-655) from West Nile Virus (WNV) envelope protein (E641:1-A°) were used because WNV
lethality increases over the lifespan of mice and humans, making it a useful model for
investigating age-related defects in susceptibility to viral infection and vaccine efficacy
(Brien et al., 2008, 2009; Uhrlaub et al., 2011; Suthar et al., 2013). Two-color tetramer
enrichment (Nelson et al., 2015) revealed more cells binding E641:1-A® in old mice than adults
(Figure 2—figure supplement 3).

To determine if this is unique to E641:-A®, we also enumerated CD4* T-cells with distinct
recognition properties by using a tetramer made with a subdominant ovalbumin peptide (326-338) in
I-AP (OVA:l-AP), and an allogeneic tetramer made with the moth cytochrome ¢ peptide (88-103)
bound to I-EX (MCC:I-E¥) (Savage et al., 1999; Malherbe et al., 2004; Moon et al., 2007; Brien et al.,
2008). OVA:I-AP was considered to be subdominant because immunization with OVA elicited
a smaller response than E641 in isolation and failed to mount a response upon co-immunization with
E641 (Figure 2—figure supplements 2, 4). OVA:I-A® monomer is also less SDS-stable than E641:I-AP
at room temperature (not shown), and pMHC stability is directly related to immunodominance
(Lazarski et al., 2005). Alloreactive cells were enumerated because they are likely to be selected on
a broader range of self-pMHC and represent a broader subset of the CD4* T-cell compartment
(Felix and Allen, 2007; Chu et al., 2009).

CD4* T-cells bound to E641:-A°, OVA:I-A®, and MCC:I-E* were simultaneously enriched from
individual animals using anti-His beads against the 6x His-tag on the alpha and beta subunits of each
pMHC (Figure 2A-F and Figure 2—figure supplement 5). This yielded more E641-bound adult cells
than the anti-PE/APC beads (Figure 2G and Figure 2—figure supplement 3E). Since tetramers
cannot detect all CD4* T-cells that respond to a given class || pMHC via weak TCR—-pMHC interactions
(Sabatino et al., 2011), the more avid His-tag enrichment is likely to detect T-cells that bind tetramers
with lower avidity.

More naive and memory cells were observed to bind a single pMHC specificity in old mice
compared with adults when using dump tetramer gating (Figure 2G-I and Figure 2—figure
supplements 5, 6) (Savage et al., 1999). This indicates that the increase in CD4* T-cells binding E641:
I-A® is not unique. Rather, since CD4* T-cells decline with aging, those that are left appear to bind
foreign pMHC more promiscuously. Consistent with this interpretation, the number of naive cells
binding OVA+MCC was higher in old mice compared with adults, as were the number of memory cells
binding E641+OVA or OVA+MCC (Figure 2J-L and Figure 2—figure supplements 7-9). Altogether,
these data provide evidence that the CD4* T-cell compartment becomes polyspecific over time.

Such results could reflect age-related changes in thymic selection, homeostatic signals, or both. To
evaluate the former, we enriched thymocytes from adult and old mice with E641:I-A°, OVA:I-A®, and
MCC:I-E* tetramers. The frequency of E641-bound CD4 single positive (SP) cells was higher for old
thymocytes compared with the adults, while the frequency of OVA and MCC-bound CD4SPs did not
differ (Figure 3 and Figure 3—figure supplement 1). CD4SPs binding two distinct tetramers were
not detected amongst the small number of tetramer-enriched samples. This is not surprising given
that dual binders average <10% of a peripheral population (Figure 2—figure supplement 6). Since
thymic output remains constant as a function of size over time (Hale et al., 2006), the higher
frequency of E641-bound CD4SP thymocytes in old mice suggests that more E641-binders leave the
thymus of old mice than adults on a daily basis. However, mature CD4* T-cells re-entering the thymus
increase from ~10% in adult mice to ~20% in old mice (Hale et al., 2006). Our analysis cannot resolve
CD4SPs from mature CD4* T-cells, so the impact of recirculation on our analysis is unclear.
Nevertheless, the data suggest that age-related changes in thymic selection impact the clonal
representation and binding capacity of the CD4* T-cell compartment.

Finally, we investigated how tonic TCR engagement relates to the capacity of the CD4* T-cell
compartment to bind foreign-pMHC (Mandl et al., 2013). CDS5 levels on the tetramer-bound adult
populations, relative to those on the total adult CD4* T-cell population, directly correlated with the
fold increase in the absolute number of these populations over time (Figure 4A,B). Steady-state BrdU
incorporation for adult and old tetramer-bound CD4* T-cells also mirrored the rank order
(OVA>E641>MCC) of CD5 expression seen in both the naive and memory populations (Figure 4C,D).
Thus, CD5 levels are predictive of the fold-increase in pMHC-specific CD4* T-cell subsets with
aging, suggesting a link between affinity for self-pMHC, homeostatic proliferation, and expansion
over time.
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Figure 2. CD44"° and CD44" CD4* T-cells binding immunodominant, subdominant, and allogeneic pMHC increase with time. Representative plots of CD4*
T-cells bound to (A and B) E641:I-A°, (C and D) OVA:I-A®, and (E and F) MCC:I-E* tetramers in adult (top) and old (bottom) mice. Absolute number of CD4*
CD44" (left Y-axis) and CD4* CD44" (right Y-axis) T-cells bound to (G) E641:1-A°, (H) OVA:I-A®, or (I) MCC:I-EX tetramers only enumerated after dump tetramer
analysis (‘Materials and methods’), or those binding (J) E641:-AP + OVA:I-AP, (K) OVA:I-A® + MCC:I-E¥, or (L) E64:I-A° + MCC:I-E* tetramers in combination
enumerated after both dump and two-color tetramer analysis (‘Materials and methods’). Bars indicate median (*p < 0.05, **p < 0.005, ***p < 0.0001, ns = non-
significant; Mann-Whitney). Fold change (A) in means between adult and old is shown. Results are from three experiments with 4 mice/group.

DOI: 10.7554/eLife.05949.004

The following figure supplements are available for figure 2:

Figure 2. continued on next page
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Figure 2. Continued

Figure supplement 1. Tetramer validation on T-cell hybridomas.

DOI: 10.7554/elife.05949.005

Figure supplement 2. Tetramer validation for in vivo primed CD4* T-cells.
DOI: 10.7554/eLife.05949.006

Figure supplement 3. WNV-specific CD4* T-cells increase over the lifespan.
DOI: 10.7554/elife.05949.007

Figure supplement 4. E641 is immunodominant to OVA.

DOI: 10.7554/eLife.05949.008

Figure supplement 5. Gating scheme for identification of tetramer® cells.
DOI: 10.7554/eLife.05949.009

Figure supplement 6. Poly-specific cells form a very small fraction of a particular total tetramer* population.

DOI: 10.7554/elife.05949.010
Figure supplement 7. Two-color analysis of E641+OVA polyspecific cells + dump tetramer exclusion.
DOI: 10.7554/elife.05949.011
Figure supplement 8. Two-color analysis of OVA+MCC polyspecific cells + dump tetramer exclusion.
DOI: 10.7554/elife.05949.012
Figure supplement 9. Two-color analysis of E641+MCC polyspecific cells + dump tetramer exclusion.
DOI: 10.7554/elife.05949.013

Immunology

Discussion

Advances in the analysis of clonal representation, pMHC-binding capacity, and functionality within the
T-cell repertoire are contributing to a broader understanding of the rules that govern its composition
and function. While most studies focus on adult mouse or human T-cells, when immunity is at its peak,
there is a growing appreciation that the pressures imposed by time on thymic selection and peripheral
space result in a repertoire that continuously evolves in each individual. Here, we contribute to our
basic understanding of T-cell biology by reporting that the size of the CD4* T-cell compartment
contracts with aging but, unlike CD8* T-cells, the capacity of CD4* T-cells to bind foreign-pMHC
increases over the lifespan.

Thymic involution could contribute to these changes in multiple ways. A decrease in cortical thymic
epithelial cells and changes in antigen processing could increase competition for positively selecting
pMHC (Chinn et al., 2012, Klein et al., 2014), favoring higher TCR affinity for self-pMHC. In addition,
decreased expression of TRAs on fewer medullary TECs (Chinn et al., 2012; Griffith et al., 2012) could
lead to competition for negatively selecting pMHC with aging. Experimentally limiting thymic selection
differentially impacts the CD4* and CD8* T-cell compartments, with CD4* T-cells becoming more
polyspecific and CD8* T-cells becoming more pMHC focused (Huseby et al., 2005; Chu et al., 2009,
2010; Wang et al., 2009; Yin et al., 2012). Thus, age-related changes in the thymus would be expected
to restrict negative selection and result in a CD4* T-cell compartment with a broader binding capacity,
as observed here. It is also noteworthy that T-cells can productively rearrange two TCRa subunits and
express two TCRs that increase reactivity to self- and allo-pMHC (Ni et al., 2014). Whether T-cells
expressing two TCRs increase over time remains unexplored.

Changes in peripheral space are also likely to contribute to the results reported here. A link between
higher affinity for self-pMHC and residence within the CD4* T-cell memory pool of adult mice was
previously reported (Mandl et al., 2013). Here, we extended this observation to naive and memory
CD4* T-cells in old mice, indicating that affinity for self-pMHC influences clonal fitness over time. This
would be akin to the affinity of TCR-pMHC interactions influencing clonal fitness within a polyclonal
response to cognate antigens (Lanzavecchia and Sallusto, 2002; Gett et al., 2003; Malherbe et al.,
2004). Indeed, CD5 levels on adult tetramer-binding memory subsets directly correlated with their fold
expansion over the lifespan showing that CD5 levels have a clear predictive value when identifying
populations with a long-term advantage for clonal representation within the CD4* T-cell compartment.

Altogether, the data presented here suggest a more complex relationship between CD4* T cells
and immune senescence than has been reported for the CD8" T cells. While an increase in binding
capacity may compensate for a decrease in total CD4* T cell numbers, the consequences of this
increase remain unclear. Certainly, a population with a higher affinity for self-pMHC and broader
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Figure 3. Evidence for changes in selection of E641-binding CD4SP thymocytes with aging. Frequencies of (A) E641:
I-A°*, (B) OVA:I-A®*, and (C) MCC:I-EX* CD4 single positive (SP) thymocytes per 107 CD4SP thymocytes are shown.
Horizontal bar indicates median (*p < 0.05 and ns = non-significant; Mann-Whitney). Each dot represents the results
from 4-5 mice pooled/group as described in ‘Materials and methods'.

DOI: 10.7554/elife.05949.014

The following figure supplement is available for figure 3:

Figure supplement 1. Dump tetramer plus two-color gating scheme for identification of tetramert CD4SP thymocytes.
DOI: 10.7554/elife.05949.015

binding capacity poses obvious risks that could explain the increase in age-related autoimmune
diseases, such as rheumatoid arthritis and giant cell arteritis (Weyand et al., 2003; Mohan et al.,
2011). Coupling functional analysis with the results presented here will be important to gain a better
understanding of the functionality of the CD4* T cell compartment over the lifespan.

Materials and methods

Mice

Old (18-22 months) male C57BL/6 mice were obtained from the National Institute of Aging breeding
colony Bethesda, MD. Adult (8-12 weeks) male C57BL/6 mice were purchased from the Jackson
Laboratory Bar Harbor, Maine. Mice were maintained under specific pathogen-free conditions in the
animal facility at The University of Arizona. Experiments were conducted under guidelines and
approval of the Institutional Animal Care and Use Committee of The University of Arizona.

Peptides, CFA, and immunizations

Synthetic peptides Env 641-655 (E641: PVGRLVTVNPFVSVA) and OVA 323-339 (OVA: ISQAVHAA.-
HAEINEAGR) were purchased at >95% purity from 21st Century Biochemicals Marlborough, MA.
Complete Freund'’s adjuvant (CFA) was purchased from Sigma-Aldrich St. Louis, MO. Mice were
immunized with 50 pg peptide in 50 pl CFA on each side of the base of the tail.

Tetramers

Class Il pMHC monomers were generated with baculovirus expression vectors, based on pAcGP67A
(BD Pharmingen San Jose, CA), encoding acidic or basic leucine zippers (generous gift of KC Garcia)
according to the approach of Teyton and colleagues (Scott et al., 1996). The full extracellular
domains of I-E* alpha and I-A® alpha were expressed as fusions with the acidic leucine zipper, a BirA
acceptor peptide, and a 6x his tag. The full I-A® beta extracellular domain was expressed as fusions
with the WNV Env 641-655 or OVA 326-338 peptides at the N-terminus, via a short linker similarly to
Kappler and colleagues (Crawford et al., 1998), and at the C-terminus with the basic leucine zipper
and a 6x his tag. |-EX beta fused to moth MCC 88-103 was otherwise the same.

Baculovirus stocks were made in Sf9 cells and large-scale protein production was performed in Hi5 cells
as previously described (Dukkipati et al., 2006). pMHC complexes were purified from media by affinity
chromatography using Ni-NTA affinity resin (Qiagen Valencia, CA) followed by biotinylation with BirA
(Avidity, Aurora, CO.) and size exclusion chromatography with a Superdex-200 column (GE Healthcare Life
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Figure 4. CD5 levels on adult CD4* T-cells correlate with expansion over time. Correlation between CD5 RFI for
adult CD4* tetramer* T-cells and fold change in tetramer* cells between adult and old populations of (A) CD44'"° and
(B) CD44" CD4* T-cells are shown as labeled. Linear regression was calculated using GraphPad Prism 5. Steady-state
in vivo proliferation was assessed by measuring percent BrdU incorporation in tetramer single* (C) adult or (D) old
CD4* T-cells derived from unprimed mice after 6 days of BrdU exposure (*p < 0.05; ANOVA followed by Dunn's
post-test comparison). Results represent two experiments with 4 mice/group.

DOI: 10.7554/eLife.05949.016

Sciences Pittsburgh, PA). Tetramers were created by mixing biotinylated peptide:l-A° or I-EX monomers
with PE (Biolegend San Diego, CA)-, APC (Biolegend)-, or PerCPCy5.5 (eBiosciences San Diego, CA)-
conjugated streptavidin at a molar ratio of 4:1 (Tetramer Concentration: 25 nM).

PMHCII tetramer-based enrichment and analysis

Tetramer enrichment and analysis was performed as described previously (Moon et al., 2007) with
slight modifications. Inguinal, cervical, axillary, popliteal, mesenteric, and lumbar lymph nodes were
harvested along with the spleen from individual mice. Single-cell suspensions of lymph node and
spleens were depleted of red blood cells with ACK lysis buffer (Gibco Life Technologies Grand Island,
NY) and Fc blocked (mAb 2.4G2 hybridoma supernatant + 2% mouse serum [Caltag Laboratories
Burlingame, CA], 2% rat serum [Jackson Immuno Research Laboratories, INC West Grove, PA]) on ice
for 20 min. Each tetramer was added at a final concentration of 25 nM and incubated at room
temperature in the dark for 1 hr. Cells were washed in FACS buffer (PBS + 2% FBS, 0.1% NaN3) and
resuspended in a final volume of 200 pl containing 25 pl of anti-PE and 25 pl of anti-APC microbeads
(Miltenyi Biotec San Diego, CA) for two-color analysis of cells binding a single pMHC tetramers
(Stetson et al., 2002; Obar et al., 2008; Nelson et al., 2015) or 50 pl of anti-His microbeads for
simultaneous enrichment of cells binding three independent pMHC tetramers. After 30-min
incubation at 4°C, cells were washed, resuspended in 3 ml FACS buffer and passed over a LS
magnetic column at 4°C (Miltenyi Biotec) according to the manufacturer’s instruction. The columns
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were removed from the magnetic field and bound cells were eluted by allowing 4 ml of FACS buffer to
pass through the column by gravity at 4°C. A second elution was performed by pushing 4 ml of FACS
buffer through the column with a plunger at 4°C. The tetramer-enriched ‘bound’ fraction and an
aliquot of flow-thru, or ‘unbound’ fraction, were stained with a cocktail of flourochrome-labeled
antibodies for 30 min at 4°C (anti-CD19 [eBiosciences], anti-CD8a [eBiosciences], anti-CD11c
[eBiosciences], anti-F4/80 [Biolegend], anti-CD3 [eBiosciences], anti-CD4 [eBiosciences], anti-CD44
[eBiosciences], anti-CD5 [BD Pharmingen]). Cells were washed, and the samples were analyzed with
a LSRIl cytometer (Beckton Dickinson Franklin Lakes, NJ). Analysis was performed using FlowJo
software (Treestar Ashland, OR). Gating was performed as shown in figure supplements.

Tetramers are composed of pMHC monomers and streptavidin (SA) conjugated to a fluorescent
protein (FP). Two-color tetramer enrichment and gating for a single pMHC specificity was performed as
a method for reducing false-positives in tetramer analysis (Stetson et al., 2002, Obar et al., 2008,
Nelson et al., 2015). The operating principle followed here is that cells which bind to tetramers via
TCR-pMHC interactions will fall on a diagonal, since binding should be proportional for each, while
those that bind to the FP in a TCR-independent manner should fall off the diagonal (Figure 2—figure
supplements 1, 3). The dump tetramer approach was used for samples in which E641:-AP, OVA:I-AP,
and MCC:|-E* tetramers were used in a single sample for enrichment with anti-His beads (Savage et al.,
1999; Newell et al., 2009). Here, cells bound to a tetramer of interest (e.g., E641:1-A°) were gated and
then those that also bound the other two tetramers (e.g., OVA:I-A® and MCC:I-E¥) were excluded as
a 'dump’ to enumerate cells bound to one tetramer species only (Figure 2—figure supplement 5). The
dumped cells could be false-positives binding SA, MHC, or the dump tetramer-associated FP
nonspecifically; however, they could be bound via TCR-pMHC interactions. Importantly, the operating
principles of both the dump and two-color methods were employed to enumerate cells binding two
tetramers at once. Specifically, to enumerate cells bound to a specific combination (e.g., E641:1-A° +
OVA:I-AP), those also binding the third tetramer (e.g., MCC:I-E¥) were dumped prior to enumerating
cells bound to both tetramers of interest by two-color analysis. Combining the two approaches should
enumerate cells binding tetramers via TCR-pMHC interactions and exclude dumped cells that bind SA,
MHC, or the dump-associated FP and those excluded by two-color analysis that bind the FP associated
with the tetramers of interest in a non-specific manner. Combining both approaches by sequential
gating (Figure 2—figure supplement 5) yielded the numbers shown in Figure 2J-L. The same overall
results were achieved if quadrant gating was used for two-color analysis after applying the dump gate
(Figure 2—figure supplements 7-9).

Thymocyte preparation

Thymi from old and adult mice were harvested in 1 ml of un-supplemented RPMI. Thymi from 4-5 old
mice were pooled in order to take into account the drop in the total number of thymocytes in old mice
due to thymic involution and to increase the total number of cells for the tetramer enrichment
processing. Thymi were incubated with 3 ml of Accutase (eBiosciences) at 37°C for 30 min to achieve
optimal cell detachment. Single cell suspension of thymocytes was depleted of red blood cells with
ACK lysis buffer. The total number of thymocytes in old mice was 10-fold lower (~2 x 107) than adults
(~2 x 10%) due to thymic involution. The adult samples were then normalized for comparison by
pooling 2 x 107 thymocytes from 4 to 5 adult mice. Thymocytes were Fc blocked on ice for 20 min.
Cells were stained with E641:-AP—PerCP-Cy5.5, OVA:l-AP-PE-Cy7, MCC:I-EX-PE and each of these
tetramers in a common FP (APC). Each tetramer was added at a final concentration of 25 nM.
Tetramer enrichment was carried out as described above. The tetramer enriched ‘bound’ fraction and
an aliquot of flow-thru, or ‘unbound’ fraction were stained with cocktail of flourochrome-labeled
antibodies for 30 min at 4°C (anti-CD19, anti-CD8a, anti-CD11c¢, anti-F4/80, anti-CD3, anti-CD4, anti-
CD5). Cells were washed and the samples were analyzed with a LSRII cytometer (Beckton Dickinson).
Analysis was performed using FlowJo software (Treestar) as shown in Figure 3—figure supplement 1.
The single color specificities of two of the tetramers (e.g., OVA and MCC) were used as dump
tetramers prior to two-color analysis of the third tetramer (e.g., E641).

Hybridoma cell lines
TCR negative 58a B~ hybridomas cells were transduced with retroviral vectors encoding the OT II,

5c.c7 or 2B4 TCR, full-length CD3 subunits, and CD4 according to previously described protocols
(Kuhns and Davis, 2007).
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In vivo proliferation assay

BrdU was administered to mice through drinking water at the concentration of 1 mg/ml + 1% glucose.
Spleen and lymph nodes were harvested on day 6. Post-tetramer enrichment, cells were stained with
cell surface antibodies (anti-CD3, anti-CD4, anti-CD19, anti-CD8a«, anti-CD11c, anti-F4/80, anti-CD44,
and anti-CD5) followed by intracellular anti-BrdU (BD Pharmingen) antibody according to BrdU flow
kit protocol (BD Biosciences).

Statistical analysis

Mean fluorescent intensity of cell surface antibodies and intra-cellular antibodies were obtained from
FlowJo software (Treestar). Statistical analyses were performed using the Mann-Whitney t-test for
non-parametric data, ANOVA followed by Dunn’s post-test for multiple comparisons of non-
parametric data or linear regression for analyzing correlation. All statistical analysis was performed
using GraphPad Prism software.

Acknowledgements

We thank Janko Nikolich-Zugich, Dominik Schenten, Megan Smithey, Jennifer Uhrlaub, Caleb
Glassman, and Sing Sing Way for critical comment and feedback on the manuscript. We also thank
Mark Lee for thoughtful comments and technical assistance, as well as members of the Frelinger, Wu

and Schenten labs for critical discussions. MSK is a Pew Scholar in Biomedical Sciences, supported by
the Pew Charitable Trusts. This work was supported by the BAA-NIAID-DAIT-NIHAI2010085 (MSK).

Additional information

Funding

Funder Grant reference Author
National Institutes of BAA-NIAID-DAIT- Michael S
Health (NIH) NIHAI2010085 Kuhns
Pew Charitable Trusts Michael S

Kuhns

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

NRD, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article, Contributed unpublished essential data or reagents; HLP, Acquisition of data,
Contributed unpublished essential data or reagents; MSK, Conception and design, Analysis and
interpretation of data, Drafting or revising the article, Contributed unpublished essential data or
reagents

Ethics

Animal experimentation: This study was performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of the
animals were handled according to approved institutional animal care and use committee (IACUC)
protocols (#08-102) of the University of Arizona.

References

Ahmed M, Lanzer KG, Yager EJ, Adams PS, Johnson LL, Blackman MA. 2009. Clonal expansions and loss of
receptor diversity in the naive CD8 T cell repertoire of aged mice. The Journal of Immunology 182:784-792.
doi: 10.4049/jimmunol.182.2.784.

Azzam HS, Grinberg A, Lui K, Shen H, Shores EW, Love PE. 1998. CD5 expression is developmentally regulated by
T cell receptor (TCR) signals and TCR avidity. The Journal of Experimental Medicine 188:2301-2311. doi: 10.
1084/jem.188.12.2301.

Birnbaum ME, Dong S, Garcia KC. 2012. Diversity-oriented approaches for interrogating T-cell receptor
repertoire, ligand recognition, and function. Immunological Reviews 250:82-101. doi: 10.1111/imr.12006.

Deshpande et al. elife 2015;4:e05949. DOI: 10.7554/eLife.05949 10 of 12


http://dx.doi.org/10.4049/jimmunol.182.2.784
http://dx.doi.org/10.1084/jem.188.12.2301
http://dx.doi.org/10.1084/jem.188.12.2301
http://dx.doi.org/10.1111/imr.12006
http://dx.doi.org/10.7554/eLife.05949

LI FE Short report Immunology

Brien JD, Uhrlaub JL, Hirsch A, Wiley CA, Nikolich-Zugich J. 2009. Key role of T cell defects in age-related
vulnerability to West Nile virus. The Journal of Experimental Medicine 206:2735-2745. doi: 10.1084/jem.
20090222.

Brien JD, Uhrlaub JL, Nikolich-Zugich J. 2008. West Nile virus-specific CD4 T cells exhibit direct antiviral cytokine
secretion and cytotoxicity and are sufficient for antiviral protection. The Journal of Immunology 181:8568-8575.
doi: 10.4049/jimmunol.181.12.8568.

Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, Turchaninova MA, Staroverov DB, Bolotin DA, Lukyanov S,
Bogdanova EA, Mamedov IZ, Lebedev YB, Chudakov DM. 2014. Age-related decrease in TCR repertoire
diversity measured with deep and normalized sequence profiling. The Journal of Immunology 192:2689-2698.
doi: 10.4049/jimmunol.1302064.

Chinn IK, Blackburn CC, Manley NR, Sempowski GD. 2012. Changes in primary lymphoid organs with aging.
Seminars in Immunology 24:309-320. doi: 10.1016/j.smim.2012.04.005.

Chu HH, Moon JJ, Kruse AC, Pepper M, Jenkins MK. 2010. Negative selection and peptide chemistry determine
the size of naive foreign peptide-MHC class ll-specific CD4+ T cell populations. The Journal of Immunology 185:
4705-4713. doi: 10.4049/jimmunol.1002276.

Chu HH, Moon JJ, Takada K, Pepper M, Molitor JA, Schacker TW, Hogquist KA, Jameson SC, Jenkins MK. 2009.
Positive selection optimizes the number and function of MHCll-restricted CD4+ T cell clones in the naive
polyclonal repertoire. Proceedings of the National Academy of Sciences of USA 106:11241-11245. doi: 10.1073/
pnas.0902015106.

Crawford F, Kozono H, White J, Marrack P, Kappler J. 1998. Detection of antigen-specific T cells with multivalent
soluble class Il MHC covalent peptide complexes. Immunity 8:675-682. doi: 10.1016/S1074-7613(00)80572-5.
Davis MM, Bjorkman PJ. 1988. T-cell antigen receptor genes and T-cell recognition. Nature 334:395-402. doi: 10.

1038/334395a0.

Decman V, Laidlaw BJ, Doering TA, Leng J, Ertl HC, Goldstein DR, Wherry EJ. 2012. Defective CD8 T cell
responses in aged mice are due to quantitative and qualitative changes in virus-specific precursors. The Journal
of Immunology 188:1933-1941. doi: 10.4049/jimmunol.1101098.

den Braber I, Mugwagwa T, Vrisekoop N, Westera L, Mégling R, de Boer AB, Willems N, Schrijver EH, Spierenburg
G, Gaiser K, Mul E, Otto SA, Ruiter AF, Ackermans MT, Miedema F, Borghans JA, de Boer RJ, Tesselaar K. 2012.
Maintenance of peripheral naive T cells is sustained by thymus output in mice but not humans. Immunity 36:
288-297. doi: 10.1016/j.immuni.2012.02.006.

Dukkipati A, Vaclavikova J, Waghray D, Garcia KC. 2006. In vitro reconstitution and preparative purification of
complexes between the chemokine receptor CXCR4 and its ligands SDF-1alpha, gp120-CD4 and AMD3100.
Protein Expression and Purification 50:203-214. doi: 10.1016/}.pep.2006.07.016.

Felix NJ, Allen PM. 2007. Specificity of T-cell alloreactivity. Nature Reviews. Immunology 7:942-953. doi: 10.1038/nri2200.

Fulton RB, Hamilton SE, Xing Y, Best JA, Goldrath AW, Hogquist KA, Jameson SC. 2015. The TCR's sensitivity to
self peptide-MHC dictates the ability of naive CD8(+) T cells to respond to foreign antigens. Nature Immunology
16:107-117. doi: 10.1038/ni.3043.

Gett AV, Sallusto F, Lanzavecchia A, Geginat J. 2003. T cell fitness determined by signal strength. Nature
Immunology 4:355-360. doi: 10.1038/ni908.

Griffith AV, Fallahi M, Venables T, Petrie HT. 2012. Persistent degenerative changes in thymic organ function
revealed by an inducible model of organ regrowth. Aging Cell 11:169-177. doi: 10.1111/j.1474-9726.2011.00773 .

Hale JS, Boursalian TE, Turk GL, Fink PJ. 2006. Thymic output in aged mice. Proceedings of the National Academy
of Sciences of USA 103:8447-8452. doi: 10.1073/pnas.0601040103.

Huseby ES, White J, Crawford F, Vass T, Becker D, Pinilla C, Marrack P, Kappler JW. 2005. How the T cell
repertoire becomes peptide and MHC specific. Cell 122:247-260. doi: 10.1016/j.cell.2005.05.013.

Klein L, Kyewski B, Allen PM, Hogquist KA. 2014. Positive and negative selection of the T cell repertoire: what
thymocytes see (and don't see). Nature Reviews. Immunology 14:377-391. doi: 10.1038/nri3667.

Kuhns MS, Davis MM. 2007. Disruption of extracellular interactions impairs T cell receptor-CD3 complex stability
and signaling. Immunity 26:357-369. doi: 10.1016/j.immuni.2007.01.015.

Lanzavecchia A, Sallusto F. 2002. Progressive differentiation and selection of the fittest in the immune response.
Nature Reviews. Immunology 2:982-987. doi: 10.1038/nri959.

Lazarski CA, Chaves FA, Jenks SA, Wu S, Richards KA, Weaver JM, Sant AJ. 2005. The kinetic stability of MHC
class ll:peptide complexes is a key parameter that dictates immunodominance. Immunity 23:29-40. doi: 10.1016/
j.immuni.2005.05.009.

Malherbe L, Hausl C, Teyton L, McHeyzer-Williams MG. 2004. Clonal selection of helper T cells is determined by an
affinity threshold with no further skewing of TCR binding properties. Immunity 21:669-679. doi: 10.1016/].
immuni.2004.09.008.

Mandl JN, Liou R, Klauschen F, Vrisekoop N, Monteiro JP, Yates AJ, Huang AY, Germain RN. 2012. Quantification
of lymph node transit times reveals differences in antigen surveillance strategies of naive CD4+ and CD8+ T cells.
Proceedings of the National Academy of Sciences of USA 109:18036-18041. doi: 10.1073/pnas.1211717109.

Mandl JN, Monteiro JP, Vrisekoop N, Germain RN. 2013. T cell-positive selection uses self-ligand binding strength
to optimize repertoire recognition of foreign antigens. Immunity 38:263-274. doi: 10.1016/j.immuni.2012.
09.011.

Mason D. 1998. A very high level of crossreactivity is an essential feature of the T-cell receptor. Immunology Today
19:395-404. doi: 10.1016/S0167-5699(98)01299-7.

Mohan SV, Liao YJ, Kim JW, Goronzy JJ, Weyand CM. 2011. Giant cell arteritis: immune and vascular aging as
disease risk factors. Arthritis Research & Therapy 13:231. doi: 10.1186/ar3358.

Deshpande et al. elife 2015;4:e05949. DOI: 10.7554/eLife.05949 11 of 12


http://dx.doi.org/10.1084/jem.20090222
http://dx.doi.org/10.1084/jem.20090222
http://dx.doi.org/10.4049/jimmunol.181.12.8568
http://dx.doi.org/10.4049/jimmunol.1302064
http://dx.doi.org/10.1016/j.smim.2012.04.005
http://dx.doi.org/10.4049/jimmunol.1002276
http://dx.doi.org/10.1073/pnas.0902015106
http://dx.doi.org/10.1073/pnas.0902015106
http://dx.doi.org/10.1016/S1074-7613(00)80572-5
http://dx.doi.org/10.1038/334395a0
http://dx.doi.org/10.1038/334395a0
http://dx.doi.org/10.4049/jimmunol.1101098
http://dx.doi.org/10.1016/j.immuni.2012.02.006
http://dx.doi.org/10.1016/j.pep.2006.07.016
http://dx.doi.org/10.1038/nri2200
http://dx.doi.org/10.1038/ni.3043
http://dx.doi.org/10.1038/ni908
http://dx.doi.org/10.1111/j.1474-9726.2011.00773.x
http://dx.doi.org/10.1073/pnas.0601040103
http://dx.doi.org/10.1016/j.cell.2005.05.013
http://dx.doi.org/10.1038/nri3667
http://dx.doi.org/10.1016/j.immuni.2007.01.015
http://dx.doi.org/10.1038/nri959
http://dx.doi.org/10.1016/j.immuni.2005.05.009
http://dx.doi.org/10.1016/j.immuni.2005.05.009
http://dx.doi.org/10.1016/j.immuni.2004.09.008
http://dx.doi.org/10.1016/j.immuni.2004.09.008
http://dx.doi.org/10.1073/pnas.1211717109
http://dx.doi.org/10.1016/j.immuni.2012.09.011
http://dx.doi.org/10.1016/j.immuni.2012.09.011
http://dx.doi.org/10.1016/S0167-5699(98)01299-7
http://dx.doi.org/10.1186/ar3358
http://dx.doi.org/10.7554/eLife.05949

LI FE Short report Immunology

Moon JJ, Chu HH, Pepper M, McSorley SJ, Jameson SC, Kedl RM, Jenkins MK. 2007. Naive CD4(+) T cell
frequency varies for different epitopes and predicts repertoire diversity and response magnitude. Immunity 27:
203-213. doi: 10.1016/j.immuni.2007.07.007.

Nelson RW, Beisang D, Tubo NJ, Dileepan T, Wiesner DL, Nielsen K, Withrich M, Klein BS, Kotov DI, Spanier JA,
Fife BT, Moon JJ, Jenkins MK. 2015. T cell receptor cross-reactivity between similar foreign and self peptides
influences naive cell population size and autoimmunity. Immunity 42:95-107. doi: 10.1016/j.immuni.2014.12.022.

Newell EW, Klein LO, Yu W, Davis MM. 2009. Simultaneous detection of many T-cell specificities using
combinatorial tetramer staining. Nature Methods 6:497-499. doi: 10.1038/nmeth.1344.

Ni PP, Solomon B, Hsieh CS, Allen PM, Morris GP. 2014. The ability to rearrange dual TCRs enhances positive
selection, leading to increased Allo- and Autoreactive T cell repertoires. The Journal of Immunology 193:
1778-1786. doi: 10.4049/jimmunol.1400532.

Nichol KL. 2008. Efficacy and effectiveness of influenza vaccination. Vaccine 26(Suppl 4):D17-D22. doi: 10.1016/j.
vaccine.2008.07.048.

Nikolich-Zugich J. 2008. Ageing and life-long maintenance of T-cell subsets in the face of latent persistent
infections. Nature Reviews. Immunology 8:512-522. doi: 10.1038/nri2318.

Obar JJ, Khanna KM, Lefrancois L. 2008. Endogenous naive CD8+ T cell precursor frequency regulates primary and
memory responses to infection. Immunity 28:859-869. doi: 10.1016/j.immuni.2008.04.010.

Persaud SP, Parker CR, Lo WL, Weber KS, Allen PM. 2014. Intrinsic CD4+ T cell sensitivity and response to
a pathogen are set and sustained by avidity for thymic and peripheral complexes of self peptide and MHC.
Nature Immunology 15:266-274. doi: 10.1038/ni.2822.

Rudd BD, Venturi V, Li G, Samadder P, Ertelt JM, Way SS, Davenport MP, Nikolich-Zugich J. 2011. Nonrandom
attrition of the naive CD8+ T-cell pool with aging governed by T-cell receptor:pMHC interactions. Proceedings of
the National Academy of Sciences of USA 108:13694-13699. doi: 10.1073/pnas.1107594108.

Sabatino JJ Jr, Huang J, Zhu C, Evavold BD. 2011. High prevalence of low affinity peptide-MHC Il tetramer-
negative effectors during polyclonal CD4+ T cell responses. The Journal of Experimental Medicine 208:81-90.
doi: 10.1084/jem.20101574.

Savage PA, Boniface JJ, Davis MM. 1999. A kinetic basis for T cell receptor repertoire selection during an immune
response. Immunity 10:485-492. doi: 10.1016/51074-7613(00)80048-5.

Savage PA, Davis MM. 2001. A kinetic window constricts the T cell receptor repertoire in the thymus. Immunity 14:
243-252. doi: 10.1016/51074-7613(01)00106-6.

Scott CA, Garcia KC, Carbone FR, Wilson IA, Teyton L. 1996. Role of chain pairing for the production of functional
soluble IA major histocompatibility complex class Il molecules. The Journal of Experimental Medicine 183:
2087-2095. doi: 10.1084/jem.183.5.2087.

Smith K, Seddon B, Purbhoo MA, Zamoyska R, Fisher AG, Merkenschlager M. 2001. Sensory adaptation in naive
peripheral CD4 T cells. The Journal of Experimental Medicine 194:1253-1261. doi: 10.1084/jem.194.9.1253.
Smithey MJ, Li G, Venturi V, Davenport MP, Nikolich-Zugich J. 2012. Lifelong persistent viral infection alters the
naive T cell pool, impairing CD8 T cell immunity in late life. The Journal of Immunology 189:5356-5366. doi: 10.

4049/jimmunol.1201867.

Stetson DB, Mohrs M, Mallet-Designe V, Teyton L, Locksley RM. 2002. Rapid expansion and IL-4 expression by
Leishmania-specific naive helper T cells in vivo. Immunity 17:191-200. doi: 10.1016/51074-7613(02)00363-1.
Surh CD, Sprent J. 2008. Homeostasis of naive and memory T cells. Immunity 29:848-862. doi: 10.1016/j.immuni.

2008.11.002.

Suthar MS, Diamond MS, Gale M Jr. 2013. West Nile virus infection and immunity. Nature Reviews. Microbiology
11:115-128. doi: 10.1038/nrmicro2950.

Uhrlaub JL, Brien JD, Widman DG, Mason PW, Nikolich-Zugich J. 2011. Repeated in vivo stimulation of T and B cell
responses in old mice generates protective immunity against lethal West Nile virus encephalitis. The Journal of
Immunology 186:3882-3891. doi: 10.4049/jimmunol.1002799.

Valitutti S, Muller S, Cella M, Padovan E, Lanzavecchia A. 1995. Serial triggering of many T-cell receptors by a few
peptide-MHC complexes. Nature 375:148-151. doi: 10.1038/375148a0.

Vazquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Dominguez-Bernal G, Goebel W, Gonzalez-Zorn B,
Wehland J, Kreft J. 2001. Listeria pathogenesis and molecular virulence determinants. Clinical Microbiology
Reviews 14:584-640. doi: 10.1128/CMR.14.3.584-640.2001.

Vrisekoop N, Monteiro JP, Mandl JN, Germain RN. 2014. Revisiting thymic positive selection and the mature T cell
repertoire for antigen. Immunity 41:181-190. doi: 10.1016/j.immuni.2014.07.007.

Wang B, Primeau TM, Myers N, Rohrs HW, Gross ML, Lybarger L, Hansen TH, Connolly JM. 2009. A single peptide-
MHC complex positively selects a diverse and specific CD8 T cell repertoire. Science 326:871-874. doi: 10.1126/
science.1177627.

Weyand CM, Fulbright JW, Goronzy JJ. 2003. Immunosenescence, autoimmunity, and rheumatoid arthritis.
Experimental Gerontology 38:833-841. doi: 10.1016/S0531-5565(03)00090-1.

Yager EJ, Ahmed M, Lanzer K, Randall TD, Woodland DL, Blackman MA. 2008. Age-associated decline in T cell
repertoire diversity leads to holes in the repertoire and impaired immunity to influenza virus. The Journal of
Experimental Medicine 205:711-723. doi: 10.1084/jem.20071140.

Yin L, Scott-Browne J, Kappler JW, Gapin L, Marrack P. 2012. T cells and their eons-old obsession with MHC.
Immunological Reviews 250:49-60. doi: 10.1111/imr.12004.

Zhu Y, Rudensky AY, Corper AL, Teyton L, Wilson IA. 2003. Crystal structure of MHC class Il I-Ab in complex with
a human CLIP peptide: prediction of an I-Ab peptide-binding motif. Journal of Molecular Biology 326:
1157-1174. doi: 10.1016/50022-2836(02)01437-7.

Deshpande et al. elife 2015;4:e05949. DOI: 10.7554/eLife.05949 12 of 12


http://dx.doi.org/10.1016/j.immuni.2007.07.007
http://dx.doi.org/10.1016/j.immuni.2014.12.022
http://dx.doi.org/10.1038/nmeth.1344
http://dx.doi.org/10.4049/jimmunol.1400532
http://dx.doi.org/10.1016/j.vaccine.2008.07.048
http://dx.doi.org/10.1016/j.vaccine.2008.07.048
http://dx.doi.org/10.1038/nri2318
http://dx.doi.org/10.1016/j.immuni.2008.04.010
http://dx.doi.org/10.1038/ni.2822
http://dx.doi.org/10.1073/pnas.1107594108
http://dx.doi.org/10.1084/jem.20101574
http://dx.doi.org/10.1016/S1074-7613(00)80048-5
http://dx.doi.org/10.1016/S1074-7613(01)00106-6
http://dx.doi.org/10.1084/jem.183.5.2087
http://dx.doi.org/10.1084/jem.194.9.1253
http://dx.doi.org/10.4049/jimmunol.1201867
http://dx.doi.org/10.4049/jimmunol.1201867
http://dx.doi.org/10.1016/S1074-7613(02)00363-1
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://dx.doi.org/10.1038/nrmicro2950
http://dx.doi.org/10.4049/jimmunol.1002799
http://dx.doi.org/10.1038/375148a0
http://dx.doi.org/10.1128/CMR.14.3.584-640.2001
http://dx.doi.org/10.1016/j.immuni.2014.07.007
http://dx.doi.org/10.1126/science.1177627
http://dx.doi.org/10.1126/science.1177627
http://dx.doi.org/10.1016/S0531-5565(03)00090-1
http://dx.doi.org/10.1084/jem.20071140
http://dx.doi.org/10.1111/imr.12004
http://dx.doi.org/10.1016/S0022-2836(02)01437-7
http://dx.doi.org/10.7554/eLife.05949


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


