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The Journal of Immunology

SAP Is Required for the Development of Innate Phenotype in
H2-M3-Restricted CD8" T Cells

Yaw Bediako,! Yao Bian, Hong Zhang, Hoonsik Cho, Paul L. Stein,” and
Chyung-Ru Wang

H2-M3-restricted T cells have a preactivated surface phenotype, rapidly expand, and produce cytokines upon stimulation, and, as
such, are classified as innate T cells. Unlike most innate T cells, M3-restricted T cells also express CD8af3 coreceptors and
a diverse TCR repertoire: hallmarks of conventional MHC Ia-restricted CD8* T cells. Although invariant NKT cells are also
innate T cells, they are selected exclusively on hematopoietic cells (HC), whereas M3-restricted T cells can be selected on either
hematopoietic or thymic epithelial cells. Moreover, their phenotypes differ depending on what cells mediate their selection.
Although there is a clear correlation between selection on HC and development of innate phenotype, the underlying mechanism
remains unclear. Signaling lymphocyte activation molecule-associated protein (SAP) is required for the development of invariant
NKT cells and mediates signals from signaling lymphocyte activation molecule receptors that are exclusively expressed on HC.
Based on their dual selection pathway, M3-restricted T cells present a unique model for studying the development of innate T cell
phenotype. Using both polyclonal and transgenic mouse models, we demonstrate that although M3-restricted T cells are capable of
developing in the absence of SAP, SAP is required for HC-mediated selection, development of preactivated phenotype, and
heightened effector functions of M3-restricted T cells. These findings are significant because they directly demonstrate the need
for SAP in HC-mediated acquisition of innate T cell phenotype and suggest that, due to their SAP-dependent HC-mediated
selection, M3-restricted T cells develop a preactivated phenotype and an intrinsic ability to proliferate faster upon stimulation,

allowing for an important role in the early response to infection.

espite the classical distinctions between innate (imme-
D diate, nonspecific) and adaptive (delayed, Ag-specific)

immune responses, the discovery of a relatively new
group of adaptive immune cells (innate T cells) has revealed that
the two branches of the immune system may not be as mutually
exclusive as previously thought (1). Innate T cell subsets, in-
cluding CD1d-restricted invariant NKT (iNKT) cells and MHC Ib-
restricted CD8" T cells, have unique phenotypes that set them
apart from more conventional T cells. CD1d-restricted iNKT cells
recognize lipid Ags presented by CD1d and are capable of rapidly
producing large quantities of both Thl and Th2 cytokines upon
activation (2, 3). MHC Ib-restricted CD8* T cells recognize
peptide Ags, and are also capable of responding rapidly to in-
fection (4). H2-M3 (M3) is the best-characterized murine MHC Ib
molecule, demonstrating specific affinity for N-formylated pep-
tides (5), and is thus uniquely suited to present bacterially derived
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peptides. Like most MHC Ib-restricted CD8" T cells, M3-
restricted T cells can be distinguished from MHC Ia-restricted
T cells based on an innate-like phenotype. This phenotype is
characterized by upregulation of cellular activation markers under
naive conditions as well as rapid cell proliferation and cytokine
production following antigenic stimulation (6, 7). Upon intracel-
lular bacterial infection, M3-restricted CD8" T cells respond more
quickly than MHC Ia-restricted CD8* T cells (8). These unique
features of innate T cells suggest a role in bridging innate and
adaptive immune responses to infection, and, despite the relatively
small number of innate T cells found within the total T cell
population, these T cells have been shown to be important in
shaping the overall immune response to infection. Illustrating
the important role played by M3-restricted T cells in primary
responses to bacterial infection, M3 deficiency results in dimin-
ished bacterial clearance in both the liver and spleen following
infection, indicating that MHC Ia-restricted T cells are unable to
compensate for a lack of M3-restricted T cells (9).

The majority of conventional T cells are positively selected on
thymic epithelial cells (TEC) (10); however, certain innate T cell
subsets can be selected on hematopoietic cells (HC), and this
unique selection pathway has been linked to the development
of innate phenotypes in these cells. Whereas CD1d-restricted
iNKT cells are exclusively selected on HC (11), we have re-
cently demonstrated that M3-restricted T cells can be selected on
both TEC and HC and that selecting cell type plays an important
role in determining the phenotype of these cells (12). We have
demonstrated that HC-selected M3-restricted T cells are char-
acterized by a more profound preactivated phenotype and more
potent effector functions upon stimulation, suggesting that the
mode of selection of innate T cells may be the key to under-
standing the unique phenotypes displayed by this important group
of immune cells. Despite these advances in our understanding of
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innate T cell function, the underlying mechanisms responsible for
the development of innate phenotypes remain largely undefined.
It is still unclear how innate T cells are able to mount more rapid
T cell responses, and the mechanism by which selecting cell type
influences T cell phenotype is yet to be determined.

An important component of HC-mediated positive selection is
the signaling lymphocyte activation molecule (SLAM)-associated
protein (SAP) signaling pathway. SLAM receptors are found
exclusively on thymocytes and other hematopoietic cells and are
activated through homotypic interactions with one another (13—
15). Upon receptor ligation, SAP is recruited to and associates
with certain high-affinity tyrosine-based motifs on the cytoplas-
mic ends of the receptor. SAP recruits and activates protein ty-
rosine kinases (including Fyn), enabling SLAM receptors to
mediate downstream protein phosphorylation signaling events
(16-18), culminating in cell activation and presumably develop-
ment of innate phenotypes. The physiological importance of SAP
is underscored by the discovery that the human immunodefi-
ciency X-linked lymphoproliferative disease is caused by a mu-
tation in the gene SH2DIA that codes for SAP (19, 20). Positive
selection of iNKT cells is severely impaired in the absence of
SAP (21), and the development of innate CD4* T cells (selected
on HC) has also been shown to be dependent on this signaling
pathway (22). Given the apparent link between SLAM/SAP
signaling and the development of innate T cell phenotypes,
we designed this study to assess the role of SAP in determining
the phenotype and effector functions of M3-restricted T cells.
Given their ability to be selected by both HC- and TEC-
mediated pathways, M3-restricted T cells provide a unique
model to study the role played by SAP in these two selection
pathways.

Using SAP-deficient mice, we demonstrate that whereas M3-
restricted CD8" T cells are capable of developing in the ab-
sence of SAP, the phenotype of these cells differs significantly
from those that develop in the presence of SAP. We show that
SAP is required for the development of the preactivated pheno-
type characteristic of innate T cells, and M3-restricted T cells that
develop in a SAP-deficient background exhibit impaired expan-
sion and less potent effector functions upon Ag stimulation. Most
importantly, we demonstrate that selection of M3-restricted CD8"
T cells on HC, but not on TEC, is dependent on SAP expression.
This finding is significant not only because it directly demon-
strates the need for SAP in HC-mediated selection and acquisi-
tion of innate T cell phenotype, but also provides an explanation
for the unique kinetics exhibited by these cells upon antigenic
challenge.

Materials and Methods
Mice

C57BL/6 (B6), C57BL/6 congenic (CD45.1), Rag-2—deficient (Rag_/_),
and IL-4—deficient (IL-4~'7) mice were purchased from The Jackson
Laboratory. D7 transgenic (Tg) (23), M3~ " (9), and SAP™/™ mice (24)
have been described previously. D7 Tg mice were crossed onto the Rag ™'~
background and further crossed with SAP™" mice for these studies. The
Institutional Animal Care and Use Committee approved all animal work.

Abs and tetramers

FITC-conjugated anti-CD8, CD44, Ly6c, and CD24; PE-conjugated
anti-CD8a, B220, and B integrin; PerCP-conjugated anti-CD4 and
B220; allophycocyanin-conjugated IFN-y; PerCP Cy5.5-conjugated anti-
TCR, Ly6e, and CD62L; Pacific blue-conjugated anti-B220, CD11b,
and CD11c; biotin-conjugated anti-CD24; and K-dimer were purchased
from BD Biosciences or eBiosciences. H2-M3/LemA and M3/Fr38 tet-
ramers were provided by the National Institutes of Health MHC tetramer
core facility.

Flow cytometry

Single-cell suspensions from the thymus, spleen, and liver were prepared
by standard procedures. Cells were incubated with 2.4G2 FcyRII/RIII
blocking mAb (hybridoma supernatant) for 15 min, and then stained
for 30 min on ice with the appropriate combinations of mAbs. Flow
cytometry was performed with a FACSCanto II (BD Biosciences) and
analyzed using FlowJo software (Tree Star).

Tetramer enrichment

B6, SAPflf, and IL-47/~ splenocytes were stained with PE-M3/LemA
tetramer, M3/Fr38 tetramer, or PE-K®/OVA dimer at 4°C for 1 h, washed,
and incubated with anti-PE microbeads (Miltenyi Biotec) for 30 min at
4°C. Cells were purified using a magnetized LS column and stained
with allophycocyanin-M3/LemA tetramer or TCRB (dimer samples),
anti-CD3 (FITC), anti-CD8 (V500), anti-CD44 (Alexa Fluor 700), and
PerCP-conjugated anti-Ly6C and anti-CD62L mAb. Cells were also stained
with Pacific blue-conjugated anti-B220, CD11b, and CD11c (dump gate).
Cells were washed and analyzed with a FACSCanto II.

Bone marrow chimeras

Donor bone marrow (BM) cells were depleted of mature T cells using
anti-Thy1.2 mAb (AT83.A-6) and rabbit complement (Cedarlane). A total
of 1 X 107 T cell-depleted BM cells was injected i.v. per irradiated re-
cipient. Seven to eight weeks later, chimeras were immunized, sacrificed,
and analyzed by flow cytometry.

BM-derived dendritic cell generation and dendritic cell
immunization

BM-derived dendritic cells (BMDC) were prepared from BM cells
eluted from the tibia and femur of B6 mice. Cells were cultured with
RPMI 10 (10% FBS, 25 mM HEPES, 2 mM L-glutamin, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 50 mM 2-ME) supplemented
with GM-CSF and IL-4 (PeproTech) for 7 d. Dendritic cells were matured
with 100 ng/ml LPS, pulsed with 1 uM LemA peptide (fMIGWII; Gen-
Script) or OVA peptides (SIINFEKL; GenScript) for 6 h, and injected
i.v. into BM chimeric mice (1X 10° peptide-coated dendritic cells per
mouse).

Bacteria and Listeria monocytogenes infection

The recombinant L. monocytogenes strain r(LM-OVA was grown in brain-
heart infusion broth supplemented with 5 pg/ml erythromycin. Mice
were infected i.v. with 5 X 10° CFU rLM-OVA (1/100 LDsp).

Intracellular cytokine staining assay

Splenocytes were stimulated with LemA peptide (5 uM) for 3-5 h in the
presence of 10 wM monensin. Cells were washed and stained for cell
surface markers CD8a and TCRp. After fixation with 4% paraformal-
dehyde and permeabilization with 0.15% saponin, cells were then stained
with anti-IFN-y Ab for 30 min in PBS containing 1% BSA and 0.1%
saponin. Flow cytometry was performed, as described above.

RNA extraction and quantitative real-time PCR

D7*SAP™'~ and D7*SAP* thymocytes were isolated from the respective
mice. Immature thymocytes were depleted using anti-CD24 mAb and
complement. Single-positive CD8 (CD8%F) thymocytes were sorted by
flow cytometry (Northwestern University Flow Core). Total RNA was
isolated from purified D7*SAP™'~ and D7*SAP* SP CD8%F thymocytes
using an RNeasy kit and reverse transcribed using Superscript II reverse
transcriptase and random hexamer primers. Real-time PCR was performed
on an i-cycler using SYBR Green Master Mix. Transcripts for murine
Eomes and T-bet were quantified with primers (forward primer, 5’-
TGAATGAACCTTCCAAGACTCAGA-3'; reverse, 5'-TGAATGAA-
CCTTCCAAGACTCAGA-3'; and forward primer, 5'- CCAGCACC-
AGACAGAGATGA-3'; reverse, 5'-GCTTCCCAAATGAAACTTCC-3"),
respectively, and normalized to GAPDH (forward primer, 5'-TTCAC-
CACCATGGAGAAGGC-3'; reverse primer, 5'-GGCATGGACTGTGG-
TCATGA-3").

Statistical analyses

Statistical analyses were performed using PRISM software (GraphPad).
Statistical significance of differences was calculated using two-tailed Stu-
dent ¢ tests. The p values <0.05 were considered significant (*p < 0.05).
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Results

Differences between conventional and M3-restricted T cell
kinetics reflect differences in naive T cell precursor frequency
and intrinsic T cell phenotype

A number of recent studies have demonstrated a link between
naive Ag-specific precursor frequency and T cell immune responses.
Using magnetic bead-assisted tetramer enrichment, these studies
quantified the number of T cells specific for particular Ags in
individual naive animals and demonstrated that this precursor fre-
quency is predictive of the magnitude and kinetics of the T cell
responses to the various Ags (25, 26). Ags with higher precursor
frequencies were found to elicit more rapid and more robust
immune responses than those with lower precursor frequency.
Based on these results, we designed experiments to character-
ize the M3-restricted CD8" T cell population in naive mice and
compare the precursor frequencies of these cells with those of
conventional CD8* T cells.

Using peptide—-MHC tetramers coupled to two previously iden-
tified M3-restricted peptides isolated from L. monocytogenes
(LemA and Fraction 38) (4, 27) as well as a MHC dimer bound
to a conventional T cell epitope (K/OVA), we compared the M3-
restricted and conventional OVA-specific T cell precursor pop-
ulations in naive wild-type (B6) mice. Although we found no
significant difference between the number of LemA- and Fr38-
specific precursors, the M3-restricted CD8* T cell precursor fre-
quency was ~3 times that of the conventional OVA-specific CD8"
T cell population (Fig. 1A). In addition to the differences in
precursor frequency, M3-restricted CD8* T cells also exhibited
a more activated surface phenotype (CD44"#" Ly6cMe") than
conventional OVA-specific CD8* T cells (Fig. 1B). This is an
important finding because all previous reports on the phenotype of
M3-restricted CD8" T cells have relied on TCR Tg mice, and as
such have been unable to rule out the possibility that the activated
phenotype observed was a result of homeostatic proliferation
known to occur within TCR Tg mice (28, 29).

Given the apparent differences in precursor frequency and
surface phenotype between M3-restricted CD8" T cells and con-
ventional CD8" T cells, we infected B6 mice with r(LM-OVA and
used magnetic bead-assisted tetramer enrichment to follow the
expansion of Ag-specific CD8" T cells from as early as 1 d
postinfection (Fig. 1C). No appreciable expansion was detected
until 4 d postinfection, and initial differences between M3/
LemA- and KOVA-specific CD8" T cell populations reflected

4789

the naive precursor frequency. Interestingly, between day 4 and 5
postinfection, we observed a sharp expansion in M3-restricted
CD8" T cells, but only a very moderate expansion in KP-restricted
CD8* T cells. Based on this result, it is clear that whereas differ-
ences in precursor frequency certainly contribute to the differences
in the magnitudes of the M3- and KP-restricted CD8* T cell
responses, M3-restricted CD8"* T cells also appear to possess an
intrinsic ability (most likely reflected by their preactivated phe-
notype) to expand faster than conventional CD8" T cells. It is
important to note that although the conventional CD8" T cell
response takes a longer time to expand, it does eventually estab-
lish itself as the dominant T cell response (possibly explaining the
lack of a significant memory response in the M3-restricted T cell
population).

SAP is required for the development of a preactivated
phenotype in M3-restricted CD8" T cells and functions in an
IL-4—independent manner

We have previously demonstrated that, unlike iNKT cells, M3-
restricted CD8* T cells can be selected on both TEC and HC
and acquire different phenotypes depending on the type of cell
responsible for their selection (12). Given that SAP is such an
important component of innate T cell development and has been
shown to be necessary and sufficient to mediate selection of
iNKT cells and thymocyte-selected innate CD4" T (T-CD4") cells
on HC (21, 22), we hypothesized that SAP might also play a role
in the selection and development of M3-restricted CD8" T cells.
The dual selection pathways of M3-restricted T cells provide a
unique model to not only study the role of SAP in mediating T cell
selection on HC, but the development of innate phenotype as well.

To determine the role of SAP in the development of innate
phenotype in M3-restricted CD8" T cells, we first compared the
frequency and phenotype of M3/LemA-specific CD8" T cells from
naive SAP-deficient mice with those isolated from naive B6 mice.
Interestingly, unlike iNKT cells that are absent in SAP-deficient
mice (21), the absence of SAP did not affect the overall numbers
of M3-restricted CD8* T cells (Fig. 2A). We did, however, ob-
serve a significant difference in the phenotype of these cells.
The preactivated phenotype characteristic of M3-restricted CD8*
T cells was severely decreased in SAP-deficient mice, as illus-
trated by the fact that most of these cells were CD44'°Y and
Ly6c'™" (Fig. 2B). Given that a number of recent studies have
demonstrated that the innate phenotype exhibited by MHC Ia-

FIGURE 1. Differences between conventional and A - C Bl \13/LemA-specific CD8* T cells
M3-restricted T cell kinetics reflect differences in naive % n.s 3 Ke/Ova-specific CD8* T cells
T cell precursor frequency and intrinsic T cell pheno- ‘:,2 550 5.1 .
type. Ag-specific precursors from B6 mice were iso- E igg 2,050,000 17500 T
lated and analyzed via magnetic bead-assisted tetramer & ggg é 1,850,000 4 15000
enrichment. (A) Bars represent the number of LemA 2 300 g_ 1,650,000 12500
(n = 10), Fr38 (n = 3) (M3-restricted), and OVA (n = 3) 3 20 . B 1,450,000 1°°%° [
(KP-restricted)-specific CD8* T cell precursors per fgl 150 @ 12500004 7% *
spleen of naive B6 mice. (The number of M3/LemA- - 128 - 1‘050'000_ 5000 l
specific T cell precursors/spleen in an HY TCR Tg 5‘: O LemA Fr38 Ova Y Tg (control) é »850’000- 2500
mouse serves as a negative control.) (B) Histograms (M3)  (K®) (D°) O &5 0' 000
represent surface activation marker expression of M3/ B £ '
LemA- and KP/OVA-specific CD8" T cells isolated M3-restricted T cells h;)_ 450,000
from spleens of B6 mice. (C) Bars represent numbers of 46.2 85.9 o 250,000
M3/LemA- and K’/OVA-specific CD8" T cells isolated é, 50,0004 x
from B6 mice at different days postinfection with LM— Kb_restricted T cells E 15,000
OVA. Inset, Early response (days 0-5). Numbers indi- ; # 10,000
cate the ratio of LemA-specific:OVA-specific CD8* m M 5,000
T cells. Data are representative of at least two inde- 0 —
pendent experiments, and bars represent at least three 0 3 4 > ! o
i CD44 Ly6c Days Post Infection

mice per group. *p < 0.05.
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FIGURE 2. SAP is required for the development of preactivated phe-
notype in M3-restricted T cells in an IL-4—independent manner. M3/LemA-
specific CD8* T cells were isolated from the spleens of B6, SAPflf,
and IL-4~/~ mice via tetramer enrichment and analyzed by FACS. (A)
Bars represent the number of M3/LemA-specific CD8* T cells per spleen
of naive B6 (n = 11), SAP™~ (n = 5), and IL-4™'~ (n = 3) mice, re-
spectively. (B) Histograms represent surface activation marker expression
of M3/LemA-specific CD8* T cells isolated from spleens of indicated
mice. Data are representative of at least three independent experiments.

restricted CD8" T cells found in Kruppel-like factor 2- and inhibitor
of DNA-binding factor 3 (Id3)-deficient animals is dependent on
IL-4 produced by a subset of SAP-dependent promyelocytic zinc
finger (PLZF)-expressing T cells (30, 31), we also assessed the
phenotype of M3-restricted CD8" T cells in IL-4—deficient mice.
Importantly, IL-4 deficiency did not have any effect on the fre-
quency or phenotype of M3-restricted CD8"* T cells, suggesting
that SAP is involved directly in the development of M3-restricted
CD8" T cells most likely through mediating selection on HC.
Unlike iNKT cells, M3-restricted CD8" T cells can therefore
develop in the absence of SAP; however, the phenotype of the
population is significantly altered due to the loss of SAP-dependent
preactivation.

SAP-deficient animals have impaired M3-restricted CD8*
T cell responses to bacterial Ags

Given that M3-restricted CD8" T cells that develop in a SAP-
deficient background exhibit a significantly less activated pheno-
type than those that develop in B6 mice, we were interested in the
effect that the loss of SAP-dependent preactivation would have on
M3-restricted CD8" T cell responses. We therefore compared the
expansion of these cells in B6 and SAP-deficient mice after ex-
posure to bacterial Ags.

B6 and SAP-deficient mice were infected with rLM-OVA, and
the number of M3/LemA- and K°/OVA-specific CD8" T cells was
assessed 7 d postinfection. Interestingly, whereas there was not
a significant difference in the number of OVA-specific CD8"
T cells isolated from the two groups of mice, the M3-restricted
CD8" T cell response was significantly lower in SAP-deficient
mice (Fig. 3A). To control for any differences in Ag presenta-
tion between the two groups, we also assessed the M3/LemA- and
K°/OVA-specific CD8" T cell responses in mice immunized with
LemA/OVA-pulsed BMDC (Fig. 3B). Once again, there was no
difference in the conventional OVA-specific response in B6 and
SAP-deficient mice. However, the M3-restricted CD8" T cell re-
sponse showed significant impairment in the absence of SAP; at
5 d postimmunization, there were 5 times as many M3/LemA-
specific CD8" T cells in the B6 mice as there were in the SAP-
deficient mice. The M3/LemA-specific response in B6 mice
peaked ~5 d postimmunization, whereas the response in SAP-
deficient animals peaked between 7 and 9 d postimmunization
and the overall magnitude of the response was lower than in the
B6 mice. SAP-deficient M3-restricted CD8" T cells therefore
exhibited both slower kinetics and less robust expansion following

SAP IS REQUIRED FOR INNATE PHENOTYPE OF M3-RESTRICTED T CELLS

bacterial stimulation compared with M3-restricted CD8* T cells
that developed in the presence of SAP. These data suggest there-
fore that SAP is not only involved in the development of preactivated
phenotype, but may also affect the ability of M3-restricted CD8"
T cells to expand in response to infection.

SAP is required for selection of M3-restricted CD8" T cells on
hematopoietic cells

Given the similar phenotypes observed between M3-restricted
CD8* T cells selected exclusively on TEC (D7pgc) (12) and
SAP™'™ M3-restricted CD8* T cells, as well as the well-documented
role of SAP in mediating the selection of iNKT and T-CD4 T cells
on HC (21, 22), we hypothesized that SAP might be necessary for
the selection of M3-restricted CD8" T cells on HC. According to
this hypothesis, in the absence of SAP, M3-restricted CD8" T cells
would only be selected on TEC, explaining the more naive phe-
notypic characteristics exhibited by M3-restricted CD8" T cells
that develop in the absence of SAP.

To directly test this hypothesis, we generated chimeric mice by
adoptive transfer of BM from either B6, SAP_/_, or M3/~ donors
into irradiated B6, M3 /", or SAP™/™ recipients. We generated
six different groups of chimeric mice, as follows: I) B6—~B6
(positive control); II) SAP™/~—M3™ (SAP™/~ BM control); III)
M3 >M3 ™" (M3 expression limited to SAP-sufficient HC); IV)
M3/~ 5SAP ™'~ (M3 expression limited to SAP-deficient TEC);
V) SAP™/T5M3 7T (M3 expression limited to SAP-deficient
HC); and VI) M3~/"5>M3™/~ (negative control). Because sig-
nificant numbers of LemA-specific M3-restricted CD8" T cells are
only detectable after Ag-induced cellular expansion, 67 wk fol-
lowing adoptive transfer, mice were immunized with LemA-
pulsed BMDC to determine the relative abilities of chimeric
mice to mount LemA-specific immune responses. Six days post-
immunization, a significant number of M3/LemA-specific CD8"*
T cells was detected in both the spleen and liver of mice in groups
I-1V, and very few cells were detected in the organs of mice in
group VI (negative control) (Fig. 4). Interestingly, there were also
significantly fewer cells found in the SAP™/~ M3~/ chimeric
mice (group V). In these mice, M3 expression is limited to SAP™/~
HC, and, unlike in group III, in which SAP is expressed in the
donor cells, M3 expression on the SAP™'~ donor (hematopoietic)
cells is unable to rescue the selection of M3-restricted CD8*
T cells. This demonstrates very clearly that SAP is required for the
selection of M3-restricted CD8" T cells on HC. It is also important
to note that, based on the results from group IV, selection on TEC
appears to be SAP independent, suggesting another aspect of sim-
ilarity between TEC-selected M3-restricted T cells and conven-
tional CD8* T cells.

Whereas these results demonstrate the importance of SAP for the
selection of M3-restricted CD8" T cells, they do not eliminate the
possibility that SAP expression during HC-mediated selection
may not be intrinsic to M3-restricted T cells. To determine
whether SAP expression on M3-restricted thymocytes is required
for HC-mediated selection or whether SAP expression on other
cell types is sufficient to mediate selection of M3-restricted CD8*
T cells on HC, we generated mixed BM chimeric mice. These
mice were generated by the adoptive transfer of a mixture of B6
BM (expressing the CD45.1 congenic marker) with either SAP™/~
or SAP* BM (expressing the CD45.2 marker) into irradiated M3/~
CD45.2-expressing mice. As was done previously, 6—7 wk fol-
lowing adoptive transfer, mice were immunized with LemA-
pulsed BMDC to compare the abilities of the chimeric mice to
mount LemA-specific responses. Five days postimmunization,
significant numbers of both CD45.1- and CD45.2-expressing
CD8" T cells were detected in the spleen and liver of mice that
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FIGURE 3. SAP™’~ mice have impaired M3-restricted T cell responses upon exposure to bacterial Ags. (A) B6 and SAP™/~ mice were infected
with TLM-OVA. Seven days postinfection, splenocytes were isolated from infected mice, and the LemA- and OVA-specific responses were analyzed
by flow cytometry. Percentages of M3/LemA (upper panel)- and K°/OVA (lower panel)-specific T cells within the total T cell population are
shown. Bars represent total numbers of Ag-specific CD8™ T cells per spleen. (B) B6 and SAP™/~ mice were immunized with LPS-matured BMDC
pulsed with LemA and OVA peptides. Ag-specific CD8" T cells were isolated at subsequent days postimmunization via tetramer enrichment and
analyzed by FACS. Bar graphs represent the mean + SEM number of (I) M3/LemA- and (Il) K®/OVA-specific CD8* T cells per spleen of mice at
different days postimmunization. Data are representative of at least two independent experiments, and bars represent three to four mice per group.

#p < 0.05.

received a mixture of SAP* CD45.1* and SAP* CD45.2" BM,
consistent with our earlier results demonstrating that, in the
presence of SAP, M3-restricted CD8" T cells can be selected on
M3-expressing HC (Fig. 5B). Interestingly, whereas a good
number of CD45.1* M3-restricted CD8"* T cells was detected,
very few CD45.2" M3-restricted CD8" T cells were detected in
chimeric mice that received a mixture of SAP* CD45.1* BM and
SAP™/~ CD45.2* BM (Fig. 5A). This result demonstrates that
SAP expression during HC-mediated selection of M3-restricted
CD8" T cells is intrinsic to M3-restricted thymocytes and cannot
be compensated for by SAP expressed on other hematopoietic
cells. To confirm that our results did not represent a migration
defect, we compared numbers of SAP-sufficient and deficient
M3-restricted T cells in the peripheral organs of immunized

U (1 (1) (V)

B6 —~B6 SAP/— M3* M3*— M3

M3--— SAP-

mixed BM chimeric mice generated by transferring a mixture of
CD45.1 SAP* and CD45.2 SAP™/~ BM into irradiated wild-type
mice (Fig. 5C).

SAP-deficient M3-restricted CD8™ T cells exhibit diminished
effector function

To further explore the phenotype of SAP-deficient M3-restricted
CD8* T cells and better explain the diminished M3-restricted
immune response we observed in SAP-deficient mice, we took
advantage of previously generated TCR Tg mice that express
a TCR specific for LemA presented by M3 (D7 Tg) (23). By
crossing D7 TCR Tg mice onto a SAP-deficient background, we
were able to compare the phenotypes and effector functions of
M3-restricted CD8" T cells, expressing identical TCR that only
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FIGURE 4. SAP is required for hematopoietic cell-mediated selection of M3-restricted CD8" T cells. BM chimeric mice were immunized with LemA-
pulsed BMDC. Six days postimmunization, the M3/LemA-specific CD8" T cell response was analyzed. Percentages of CD8" M3/LemA-tetramer” T cells
isolated from spleen and liver of immunized chimeric mice are shown (I-VI). Data represent three to four mice per group. *p < 0.05.
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FIGURE 5. SAP dependence exhibited during HC-mediated selection of M3-restricted CD8" T cells is intrinsic to M3-restricted thymocytes. Mixture of
BM cells from CD45.1 congenic B6 mice (SAP*CD45.1) with either SAP™/~ (SAP™/~CD45.2) or B6 mice (SAP*CD45.2) was transferred into irradiated
M3~ (A, B) or wild-type (C) recipients. After 6 wk, BM chimeric mice were immunized with LemA-pulsed BMDC. Five days postimmunization, the
M3/LemA-specific CD8" T cell response was analyzed. Percentages of CD8* M3/LemA-tetramer™ T cells isolated from the spleen and liver of immunized
mixed BM chimeric mice are shown. Data represent five to six mice per group. *p < 0.05.

differed in whether they developed in the presence or absence of
SAP. (To avoid complications with unwanted TCR recombination
events, all Tg mice were further crossed onto a Rag-2—deficient
background.)

Similar to what we observed with polyclonal populations of M3-
restricted CD8" T cells (Fig. 2), D7 CD8" T cells isolated from
both the spleen and thymus of naive D7 SAP™/~ Tg mice were
less activated than those that developed in SAP-sufficient D7 Tg
mice (Fig. 6A). In agreement with our earlier studies (12), overall
levels of preactivation were lower in thymocytes, suggesting that
M3-restricted CD8* T cells acquire a certain baseline level of

A B

preactivation through SAP-dependent interactions in the thymus
and undergo further activation in the periphery.

In trying to explain the impaired immune responses observed in
SAP-deficient M3-restricted CD8* T cells, we hypothesized that
these cells might exhibit weaker effector functions than those
selected in the presence of SAP. To test this hypothesis, we took
advantage of the large numbers of monoclonal M3/LemA-specific
CDS8* T cells that could be isolated from D7 Tg mice and com-
pared the relative abilities of D7*SAP™* and D7*SAP~/~ CD8*
T cells to secrete the proinflammatory cytokine IFN-y following
antigenic stimulation. (IFN-v is the dominant cytokine produced
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FIGURE 6. SAP-deficient D7 Tg T cells exhibit a less preactivated surface phenotype and diminished effector function upon Ag stimulation as compared
with SAP-sufficient D7 Tg T cells. (A) Splenocytes from D7* SAP** and D7* SAP™'~ mice were isolated and stained with Abs to various cell surface
activation markers. Histograms represent surface activation marker expression in each group of mice. (B) Splenocytes and liver leukocytes were also
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by D7 Tg CD8"* T cells, in addition to lesser amounts of TNF-a
and barely detectable levels of IL-17.) Splenocytes and liver
leukocytes were isolated from each group of mice and stimulated
with LemA, and the level of intracellular IFN-y was determined
by flow cytometry. Consistent with their more activated surface
phenotype, D7*SAP™* T cells produced significantly more intra-
cellular IFN-y upon stimulation with LemA as compared with
D7*SAP™/~ CD8* T cells (Fig. 6B). These results indicate an
important role for SAP not only in the development of pre-
activated surface phenotype, but also in the enhanced effector
functions characteristic of the innate phenotype of M3-restricted
CD8* T cells.

SAP-deficient M3-restricted CD8* T cells have significantly
reduced expression of specific transcription factors linked to
the acquisition of innate phenotype

Whereas many of the signaling pathways downstream of SAP
have yet to be characterized, members of the T-box family of
transcription factors are involved in the terminal differentiation
and acquisition of effector function in a number of innate T cell
subsets, including iNKT cells (32) and M3-restricted CD8"
T cells (12). Given that we have previously demonstrated the
preferential upregulation of T-box family transcription factors
in M3-restricted CD8" T cells selected on HC (as compared
with those selected on TEC) (12) and T-bet has been demon-
strated to play a role in iNKT cell maturation (32), we were
interested in comparing the levels of T-bet expression in M3-
restricted CD8" T cells selected in the presence or absence of
SAP.

We isolated thymocytes from D7*SAP** and D7*SAP '~
mice and assessed intracellular T-bet and eomesodermin ex-
pression in mature CD8"CD4~ (CD85F) thymocytes by flow
cytometry (Fig. 7A). We also isolated total RNA from HSAMEh-
depleted CD8%F thymocytes harvested from D7*SAP** and
D7*SAP™’™ mice and analyzed the relative expression of T-bet
and Eomes by real-time RT-PCR (Fig. 7B). In keeping with their
decreased levels of preactivation and diminished effector func-
tions, D7*SAP™/~ thymocytes expressed significantly lower levels
of T-bet than D7*SAP** thymocytes, suggesting a role for this
transcription factor in the SAP-mediated development of innate
T cell phenotype. Interestingly, despite the fact that we have pre-
viously demonstrated that eomesodermin is involved in the devel-
opment of innate phenotype in M3-restricted T cells selected on
HC (12), there was no significant difference in SAP expression
between D7*SAP™'~ and D7*SAP™* thymocytes.

o
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Discussion

As prevailing knowledge of the innate and adaptive branches of the
immune system has grown, the temporal and functional gaps be-
tween the cells that make up these two groups have shrunk. Innate
T cells have been discovered as an important bridge between innate
and adaptive immune responses, and several studies have focused on
understanding the mechanisms that regulate the development and
function of these cells. One area of particular interest is the rela-
tionship between HC-mediated selection and the development of
innate T cell phenotype. Although the mechanism of HC-mediated
selection is still not fully understood, SAP has been identified as
being an important component of this process, and a number of
studies have described links between SAP and the selection of
iNKT cells (33). Although SAP has been shown to play a role
in conventional CD8* T cell cytotoxicity during EBV infection
(possibly through the polarization of the lytic machinery) (34),
studies of SAP-deficient mice have revealed that conventional
T cells develop normally in the absence of SAP and are capable
of normal proliferation and cytokine production upon stimula-
tion (34). Contrastingly, SAP is central to the development of
iNKT cells (35). In the absence of SAP, iNKT cell precursors are
unable to differentiate beyond the double-positive stage of thy-
mocyte development, where iNKT cell precursors would normally
undergo CD1d-dependent positive selection and diverge from the
conventional T cell developmental pathway (35). Interestingly,
although iNKT cells are absent in SAP-deficient mice, expression
of an invariant Va14Ja18 TCR transgene in SAP-deficient mice
results in the development of a sizeable population of iNKT cells
(36). These cells, however, failed to produce appreciable levels of
IFN-v and IL-4 as is typically observed in NKT cells (36), sug-
gesting that SAP is not only involved in mediating positive se-
lection, but is also responsible for mediating the acquisition of
iNKT cell phenotype and function (37).

Besides iNKT cells, SAP has also been demonstrated to be
involved in the selection of other innate T cell populations (21, 22,
38). Unlike iNKT cells, however, most of these innate T cell
populations have been identified in genetically modified models
(including Tec-family kinase-deficient Itk ’~ as well as DNA-
binding protein Id3 ™'~ mice) (30, 31, 38, 39), raising questions
about their physiological relevance. By taking advantage of the
fact that M3 (and possibly other MHC Ib-)- restricted CD8"
T cells are selected on both HC and TEC, resulting in two phe-
notypically distinct populations, we have developed a unique and
physiologically relevant model to study the role of SAP not only

FIGURE 7. SAP™'~ D7 Tg T cells express signifi- \
cantly lower levels of T-bet than SAP* D7 Tg T cells.
(A) Thymocytes were isolated from D7*SAP™* and
D7*SAP /™ mice, and intracellular levels of T-bet
and eomesodermin (Eomes) were assessed via flow
cytometry. Numbers represent percentage of CD8*

T-bet

thymocytes that are expressing T-bet (upper panel) or

Eomes (lower panel). Data are representative of three

independent experiments. (B) Total RNA isolated from
purified CD8%F thymocytes from D7*SAP™* and
D7*SAP™'~ mice was subjected to real-time RT-PCR
using primers specific to 7-bet or Eomes. Bars represent
the mean = SEM of triplicate determinants of Thet and
Eomes expression normalized to GAPDH expression

Eomes

levels from multiple experiments. Data are represen-

tative of two independent experiments. *p < 0.05.
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in the selection of innate T cells, but also in the acquisition of
innate T cell phenotypes.

In this study, we demonstrate that SAP is required for HC-
mediated selection of M3-restricted CD8" T cells, because
SAP/">M3™/" chimeric mice (in which M3 expression is
limited to SAP-deficient HC) are almost completely devoid of
M3-restricted CD8" T cells. Conversely, SAP does not appear to
be necessary for TEC-mediated selection of M3-restricted CD8*
T cells because M3~/ "—>SAP™'~ chimeric mice (in which M3
expression is limited to SAP-deficient TEC) exhibited numbers of
M3-restricted CD8" T cells similar to those found in wild-type
mice. This result is compatible with previous reports demon-
strating that SAP expression is restricted to HC (13-15). We have
also been able to demonstrate that SAP is also responsible for
the development of the innate phenotype characteristic of these
unique CD8" T cells. By analyzing both polyclonal and mono-
clonal M3-restricted CD8" T cell populations that developed in
the presence or absence of SAP, we illustrate that, unlike iNKT cells,
M3-restricted CD8" T cells do develop in SAP~/~ mice; however,
SAP™/~ M3-restricted CD8" T cells express much lower levels
of T-bet and exhibit a severely impaired innate phenotype with
diminished preactivation and less potent effector functions com-
pared with SAP-sufficient M3-restricted CD8* T cells. Sur-
prisingly, although we have previously demonstrated that the
T-box transcription factor eomesodermin (Eomes) is also in-
volved in the development of innate phenotype in M3-restricted
T cells selected on HC (12), SAP deficiency did not appear
to impact Eomes expression to the same extent as it decreased
T-bet expression, suggesting that other SAP-independent signals
derived from HC may be involved in the regulation of Eomes
expression.

The kinetics of M3-restricted CD8* T cell responses are also
of significant interest, because the ability of these cells to expand
faster than conventional CD8" T cells is crucial to their ability to
effectively bridge innate and adaptive immune responses. Based
on our results, the differences between M3- and KP-restricted
CDS8* T cell responses reflect both differences in naive precursor
frequency as well as differences in intrinsic activation pheno-
type. The difference in magnitude between M3- and K’-restricted
responses at early time points postinfection appears to be a direct
result of the larger number of M3-restricted naive precursors;
however, the rate of T cell expansion is most likely due to the
SAP-dependent differences in intrinsic T cell phenotype.

The results of this study suggest that whereas M3-restricted
CD8" T cells are normally selected by both TEC and HC, in the
absence of SAP, M3-restricted CD8* T cells are almost exclu-
sively selected on TEC. As a result, these M3-restricted CD8"
T cells develop a more conventional T cell phenotype. In this
model, it is reasonable to think of SLAM receptors as costimu-
latory receptors, providing the requisite stimulation to promote
T cell selection in the absence of the more specialized receptors
found on TEC (40). This role of SLAM as a costimulatory re-
ceptor is not entirely novel and agrees with previous studies
demonstrating a role for SLAM in the regulation of T cell acti-
vation (41, 42). It is, however, interesting to note that, unlike some
SAP-dependent T cell subsets (30, 31), SAP appears to be acting
directly on M3-restricted CD8* T cells. The fact that the pheno-
type of T cells from D7 Tg mice (on a Rag-2—deficient back-
ground) has a SAP-dependent innate phenotype (Fig. 6), coupled
with the fact that IL-4 deficiency has no effect on the phenotype of
M3-restricted CD8" T cells (Fig. 2A) strongly suggests that SAP
is acting directly on M3-restricted CD8* T cells. The most sig-
nificant support for this conclusion, however, is provided by the
fact that two subsets of M3-restricted thymocytes differing only in

their expression of SAP show significant differences in their ca-
pacity for HC-mediated selection when developed in the same
microenvironment (Fig. SA, 5B). In presenting these data, we
acknowledge that our results do not eliminate the possibility that
SAP deficiency might affect the migration of M3-restricted CD8"
T cells to the periphery. However, considering that we have pre-
viously demonstrated that the relative number and phenotype of
HC- and TEC-selected M3-restricted CD8" T cells isolated from
peripheral organs are closely analogous to the relative number and
phenotype of cells isolated from the thymus of an M3/LemA Tg
mouse (12), as well as the fact that we have shown that M3-
restricted CD8* T cells isolated from the spleens of SAP" or
SAP™/~ M3-restricted Tg mice reflect the phenotypes of cells
isolated from the thymus, it is reasonable to conclude that numeric
and phenotypic differences observed in the periphery are most
likely a reflection of differences in thymic selection and not due to
differences in migration. Further evidence against a migration
defect is provided by the fact that there are comparable numbers
of SAP-sufficient and deficient M3-restricted CD8"* T cells in the
peripheral organs of immunized mixed BM chimeric mice gen-
erated by transferring a mixture of CD45.1 SAP* and CD45.2
SAP ™/~ BM into irradiated wild-type mice (Fig. 5C).
Interestingly, although the requirement for SAP is not unique to
M3-restricted CD8" T cells and is shared by other innate T cell
subtypes, the signaling and transcriptional regulation pathways
downstream of SAP are not identical between different cell types.
Whereas it is well established that development of iNKT cells is
dependent on the upregulation of the transcription factor PLZF
(43), we have been unable to detect any PLZF expression in M3-
restricted CD8" T cells (12). Furthermore, despite the fact that the
innate phenotype of CD8" T cells isolated from Kruppel-like
factor 2- and Id3-deficient animals has been shown to be regu-
lated by IL-4 produced by a subset of PLZF" T cells (30, 31),
a lack of IL-4 had no discernible effect on the phenotype of M3-
restricted CD8* T cells. This would argue that M3-restricted CD8*
T cells are not dependent on PLZF* cells. Similarly, although we
demonstrated that 7-betr is upregulated in a SAP-dependent
fashion (most likely during selection on HC) in M3-restricted
CD8* T cells, T-bet plays a minimal role in T-CD4* T cell on-
tology (22). These results would appear to indicate that whereas
SAP dependence is conserved among most innate T cell types,

Fyn™-

M3/LemA

Kt/OVA

CD8
(Gated on TCRp+ cells)

FIGURE 8. Fyn '~ mice have impaired M3-restricted CD8* T cell
responses to L. monocytogenes infection. B6 and Fyn™'~ mice were
infected with rLM-OVA. Seven days postinfection, splenocytes were iso-
lated from infected mice, and the LemA- and OVA-specific responses were
analyzed by flow cytometry. Percentages of M3/LemA (upper panel)- and
K°/OVA (lower panel)-specific T cells within the total T cell population
are shown. Data are representative of three independent experiments with
two mice per genotype.
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SAP is capable of signaling through multiple pathways, enabling
different innate T cell populations to occupy different functional
niches.

Whereas SAP expression has been linked to a number of
functional outcomes in several different cell types, the signaling
intermediates downstream of SAP that mediate these outcomes
remain largely unknown. One signaling intermediate that has been
found to interact directly with SAP is the Src tyrosine kinase Fyn.
Fyn has been shown to be important for NKT cell development (44)
and maturation (35, 45). Interestingly, we found that, similar to
SAP ™/~ mice, Fyn~’~ mice also exhibited impaired M3-restricted
CD8" T cell responses to bacterial infection (Fig. 8), suggesting
that the SAP-Fyn interaction may be needed for the proper
function of M3-restricted CD8"* T cells. Another signaling mole-
cule found to interact with SAP is protein kinase C-6 (PKC-0) (24,
46), which is subsequently phosphorylated, leading to the acti-
vation of NF-kB, NFAT, and AP-1 (47). Although PKC-6 has been
demonstrated to be critical in the development of functional
iNKT cells and also plays an essential role in T cell activation and
survival (48, 49), future studies will be needed to assess the nature
of this interaction, and determine whether PKC-0 is necessary
and/or sufficient for the establishment of innate phenotype in M3-
restricted CD8" T cells.

Studies of SAP-deficient humans and mice have underscored the
immense importance of SAP-mediated signaling in the develop-
ment of certain immune cells and the critical functions performed
by these different cell types. Innate T cells form a large proportion
of these SAP-dependent immune cells, and the ability of these cells
to bridge innate and adaptive immunity makes them very attractive
targets for a number of immune interventions. Up to this point,
however, the only naturally occurring innate T cells that have been
demonstrated to have a dependence on SAP are iNKT cells. The
absence of these cells in SAP-deficient mice has to this point
limited the study of how SAP mediates the development of innate
T cell phenotype. Our results demonstrating that SAP-dependent
selection on HC is crucial to the development of innate pheno-
type in M3-restricted CD8 T cells not only provide further evi-
dence for the physiological relevance of SAP-dependent T cell
populations, but also provide a more suitable model in which to
study the mechanism by which T cells acquire innate phenotypes.
By comparing M3-restricted T cells selected by SAP-dependent
and independent pathways, it will be possible to begin to further
characterize the mechanism by which SAP mediates the devel-
opment of innate T cell phenotype. A better understanding of
innate T cell development has the potential to not only enable the
development of new therapeutic interventions that more efficiently
harness the unique abilities of these T cells, but may also allow for
more extensive characterization of MHC class Ib-restricted CD8"
T cells. Whereas we acknowledge that M3-restricted CD8* T cells
may not be reflective of all MHC Ib-restricted CD8" T cells, the
majority of residual CD8* T cells in MHC Ia~'"M3 ™'~ mice
appear to also possess innate phenotype (50), suggesting that SAP
may be central to our understanding of MHC class Ib-restricted
CD8" innate T cell development and function.
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