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Abstract

Linker for activation of T cells (LAT) is a transmembrane adaptor protein that links T cell receptor
(TCR) engagement to downstream signaling events. While it is clear that LAT is essential in
thymocyte development and initiation of T cell activation, its function during T cell expansion,
contraction, and memory formation remains unknown. To study the role of TCR-mediated
signaling in CD8 T cells during the course of pathogen infection, we used an inducible mouse
model to delete LAT in antigen-specific CD8 T cells at different stages of Listeria infection and
analyzed the effect of deletion on T cell responses. Our data showed that LAT is important for
maintaining CD8 T cell expansion during the priming phase; however, it is not required for CD8 T
cell contraction and memory maintenance. Moreover, LAT deficiency accelerates memory
differentiation during the effector-to-memory transition, leading to a higher frequency of
KLRG1'oW|_-7RMINCDE2L NN memory T cells. Nonetheless, these LAT-deficient memory T
cells were unable to proliferate or produce cytokines upon secondary infection. Our data
demonstrated that, while it is dispensable for contraction and memory maintenance, TCR-
mediated signaling regulates CD8 T cell memory differentiation and is essential for the memory
response against pathogens.

INTRODUCTION

Due to their ability to self-renew and differentiate into effector cells upon antigen re-
exposure, memory CD8 T cells are essential to mounting effective immune responses
against pathogen infections. After an initial pathogen infection, naive CD8 T cells undergo a
three-phase response comprised of expansion, contraction, and memory formation (1). Upon
recognition of MHC class I-peptide complexes, antigen-specific CD8 T cells proliferate
rapidly and acquire effector functions that are essential to the elimination of pathogen-
infected cells. Following pathogen clearance, the majority of CD8 T cells undergo
contraction by apoptosis; however, a small subset (5-10%) survives and converts into
memory precursors. These precursor cells eventually become long-lived memory T cells that
are able to rapidly respond to infection by the same pathogen.

The differentiation of memory CD8 T cells is a process during which the phenotypic and
functional properties of memory T cells are acquired over time(2). After initial pathogen
infection, activated CD8 T cells consist of a heterogeneous population that includes short-
lived effector cells (SLECs: KLRG1M9"||_-7RIoW) and long-lived memory precursor cells
(MPECs: KLRG1oW|L-7RNigN (3, 4). The fate of a particular cell to become a SLEC or
MPEC is determined by the amount of inflammatory cytokines, transcriptional regulators,
metabolic switches, and the strength of TCR signals (1). As MPECs develop into memory
CD8 T cells, they fall into one of two subsets based on the expression of lymph node
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homing molecules: central memory T cells (T¢py: CD62LT CCR7*) and effector memory T
cells (Tepm: CD62L™ CCRY77). It is thought that tissue—resident Tgy cells provide effector
function at the portal of pathogen entry, and Ty cells serve as the stem cell-like population
that maintain lifelong immunological memory.

Engagement of the T cell receptor (TCR) with MHC molecules leads to activation of
tyrosine kinases, such as Lck and ZAP-70 and phosphorylation of LAT and other signaling
proteins. LAT is a transmembrane adaptor protein that is phosphorylated by ZAP-70 (5).
Upon phosphorylation, it interacts with Grb2, Gads, and PLC-y1 directly and SLP-76
indirectly to activate downstream signaling cascades. Despite the essential role of TCR
signaling pathway in the activation of naive T cells, published data indicate that TCR-
mediated signaling seems to play different roles in memory T cells. For example, although
naive T cells require tonic TCR signaling for long-term survival (6, 7), maintenance of
memory CD8 T cells is independent of persistent TCR-MHC engagement (8). Interestingly,
the generation and maintenance of CD8 and CD4 memory T cells are still observed in MHC
class I- and MHC class Il-deficient mice, respectively (9, 10) Moreover, deletion of the TCR
or essential signaling molecules, such as Lck and SLP-76, does not seem to impair the
persistence of memory T cells (11-13). Increased frequencies of MPECs and T¢yp cells were
observed when SLP-76 signaling was attenuated (13). How LAT functions in memory T
cells has not been studied. Since LAT is essential in coupling TCR engagement to activation
of downstream signaling events, such as Ras-MAPK activation and calcium flux(14),
understanding the role LAT in CD8 memory T cells is essential for us to fully understand
how TCR-mediated signaling regulates memory T cell differentiation and function.

In this study, we investigate the function of LAT in CD8 T cell responses following Listeria
monocytogenes (Lm-Ova) infection. We performed a mixed adoptive transfer of wildtype
and LAT-floxed OT-I TCR transgenic CD8 T cells and deleted LAT at different time points
after infection by tamoxifen injection to assess the requirement of LAT in CD8 T cell
priming, contraction, differentiation, maintenance, and memory response. Here, we show
that LAT was essential for optimal CTL expansion during the priming phase, but was not
required for contraction and memory maintenance. Moreover, deletion of LAT during the
effector-to-memory transition led to the development of a higher frequency of memory
precursor cells and consequently accelerated memory differentiation. Our data also indicated
that LAT is necessary for memory CD8 T cells to proliferate and produce cytokines upon
antigen re-exposure.

MATERIALS & METHODS

Mice

LAT™~ and LAT"f mice were generated as previously described (15, 16). LAT™/~ mice
were crossed with ERCre transgenic mice (kindly provided by Dr. Thomas Ludwig,
Columbia University, New York, NY) to produce ERCre*LAT~/~ mice. LAT"f mice were
crossed with OT-I transgenic mice (Jackson lab, Bar Harbor, ME) to generate OT-I/LATf
mice, which were then mated with ERCre*LAT~~ mice to obtain ERCre*LAT?-OT-I or
LAT7=OT-Imice. These mice have been backcrossed onto the C57/BI6 background for more
than ten generations. All mice were used in accordancewith the NIH guidelines. The
proceduresin this study were approved by the DukeUniversity IACUC. Micewere housed in
a specific pathogen-free facility.

Tamoxifen injection, adoptive transfer and infection

To induce the floxed /at deletion, mice received tamoxifen (10mg/ml in corn oil, 60 mg/kg
body weight) intraperitoneally for two consecutive days and once every other week after the
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first two injections. For adoptive transfer of naive OT-I cells, the indicated numbers (1x10°
in T cell expansion experiments and 1x10% in other experiments including contraction,
memory differentiation, maintenance, and secondary response) of WT and LATKO OT-I
cells with different congenic markers were adoptively transferred into non-irradiated naive
recipient mice (CD45.1* CD45.2%) at day 0. One day after OT-I cell transfer (day 1),
recipient mice were intravenously injected with 1.5x10% CFU Listeria monocytogenes
expressing ovalbumin (Lm-Ova). To induce a secondary response, mice were injected with
1.5x10° CFU Lm-Ova. For BrdU incorporation, mice received 1mg of BrdU (5mg/ml)
intraperitoneally at day 6 and splenocytes were analyzed after 24 h. Single cell suspensions
were stained with antibodies against CD8, CD45.1, and CD45.2, and BrdU incorporation
was examined using a BrdU Flow kit (BD).

FACS analysis

All of the antibodies used for FACS were purchased from eBioscience or BioLegend. To
detect the percentage of OT-1 T cells among total CD8 T cells, single cell suspensions were
prepared from spleens or blood after lysing red blood cells with ACK lysis buffer. Cells
were stained with PE-Cy7-anti-CD8, APC-Cy7-anti-CD45.1, Pacific Blue-anti-CD45.2, and
7AAD. To characterize the phenotypes of OT-I cells, they were further stained with PE- or
APC-conjugated antibodies, such as PE- anti-IL7R, CD62L, CD122, and APC-anti-KLRG1,
CXCR3, or TCR. To detect transcription factors or intracellular proteins, cells were first
stained with surface markers, fixed and permeabilized using the Cytofix/Cytoperm kit (BD),
and then stained with APC-anti-T-bet, perforin, or Bcl-2 and PE-anti-Eomes or anti-Ki-67.
For intracellular staining of cytokines, splenocytes were re-stimulated with 1 .M Ova
peptide (Ovass7_264: SIINFEKL) for 5 h in the presence of Golgi-stop, fixed, permeabilized,
and stained with anti-CD8, anti-CD45.1/CD45.2, as well as APC-anti-IFN-y and PE-anti-
TNF-a or anti-1L2. Samples were analyzedon FACSCanto Il (BD Biosciences). FACS plots
shownwere analyzed with Flowjo (Ashland, OR).

Calcium mobilization

Splenocytes were loaded with 2.5 pg/ml Indo-1 acetoxymethyl ester at 30 °C for 30 minutes
and then stained with APC-Cy7-anti-CD8, PE-Cy7-anti-CD45.1 and PE-anti-CD45.2
antibodies. Calcium flux was initiated by the addition of anti-CD3-biotin (5 pg/ml) and anti-
CD8-biotin antibodies (1 g/ml) followed by crosslinking with streptavidin (25 pg/ml).
Calcium flux was determined by monitoring the fluorescence emission ratio at 405/495 nm.

Statistical analyses

RESULTS

For all experiments, differences between groups were examined for statistical significance
by the unpaired two-tailed Student’s ftests to assess data using Prism (GraphPad Software).

Inducible LAT deletion system

To study the function of LAT in CD8 T cells during /n vivo immune responses against
pathogens, we utilized LAT conditional knockout mice (LAT™) to inducibly delete the /at
gene in mature T cells at different stages of the immune response. In LATf mice, the
functional exons 7-11 of the /at gene are flanked by two Loxp sites. Cre-mediated deletion
results in the expression of a non-functional LAT-GFP fusion protein, thus accurately
marking T cells with the /azgene deleted (16). We crossed ERCreLATf OT-1 TCR
transgenic, and LAT ™/~ mice to generate ERCre*LAT?~OT-Imice in which only one floxed
allele needs to be deleted (17). With tamoxifen treatment, the /az gene can be inducibly
deleted in OT-I cells in vivo. LAT~OT-I mice were used as controls. For simplicity,
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“LATKO” will be used to represent OT-I cells from ERCre*LAT7~OT-I mice and “WT”
used to describe OT-I cells fromLAT~OT-I controls after tamoxifen administration. The
deletion of /atin OT-1 cells was proven to be very efficient in our previous publication (17).
Two days after tamoxifen injection, more than 95% of LATKO cells are GFP positive.
Furthermore, the expression of LAT protein in these cells is undetectable by Western
blotting and immunofluorescence 3-4 days following tamoxifen administration (17).

LAT mediated-signaling is essential for optimal CD8 T cell expansion

We previously demonstrated that LAT is required for the activation of naive T cells (18);
however, whether continuous LAT mediated-signaling during T cell priming phase is
needed for optimal T cell expansion remains unclear. To assess the role of LAT in CD8 T
cell proliferation upon pathogen infection, a dual adoptive transfer experiment followed by
Listeria monocytogenes (Lm-Ova) infection was carried out (Figure 1A). A mixture of
1x10° naiveLAT?= OT-1 cells (CD45.2*) and 1x10° naive ERCre*LAT™ OT-I cells
(CD45.1%) were transferred into wildtype (CD45.1" CD45.2*) mice (day 0). On the
following day (day 1), these recipients were infected intravenously with 1.5x10* CFU Lm-
Ova. To delete the floxed /af gene, recipient mice were treated with tamoxifen
intraperitoneally starting at day 4 for two consecutive days. CD8 T cell expansion was
monitored at day 5, 6, 7, and 8 post-infection. As shown in Figure 1B, more than 95% of
LATKO T cells were GFP* one day after tamoxifen injection as we described previously
(17). The percentages of LATKO and WT OT-I T cells among total splenic CD8 T cells
were similar at day 5. By day 6, the CD8 T cell population was composed of 13% WT T
cells and only 2.5% LATKO T cells (Figure 1B). The difference in percentages between WT
and LATKO OT-I cells was more drastic by day 7 and 8. Whereas the number of WT OT-I
cells increased ~60-fold from day 5 to day 7, LATKO OT-I cells only expanded 7-fold
(Figure 1C, D). Recipient mice without tamoxifen treatment showed comparable expansion
of WT and LATKO OT-I cells (Figure 1C, E). These data demonstrate that the expansion of
CD8 T cells following Lm-Ova infection is severely perturbed in the absence of LAT.

The reduced expansion of LATKO OT-I cells could be a consequence of either impaired
proliferation or increased death. We examined the proliferative capacity of CD8 T cells
using BrdU incorporation and expression of Ki-67, a marker that is positively associated
with cell proliferation. Mice were treated as described in Figure 1A, injected with BrdU
intraperitoneally at day 6, and sacrificed 24h later. As shown in Figure 1F, total splenic CD8
T cells were divided into three populations: LATKO (CD45.1%), WT (CD45.2%), and
endogenous CD8 T cells (CD45.1*CD45.2*). Compared with WT OT-I cells, LATKO OT-I
cells had less BrdU incorporation compared to WT OT-I cells (Figure 1F). Moreover, the
expression of Ki-67 in LATKO OT-I cells was reduced compared to that seen in WT OT-I
cells, further supporting a role for LAT in continuous T cell expansion during the priming
phase (Figure 1F). To determine if LATKO T cells exhibited accelerated cell death, we
quantified dying and dead cells among LATKO and WT OT-I cells by Annexin V and
7AAD staining at day 7. The frequency of dying and dead cells was similar between WT
and LATKO OT-I cells (Figure 1F). Moreover, Bcl-2 expression was downregulated
similarly in both LATKO and WT OT-I cells (Figure 1F), indicating that reduced expansion
of LATKO T cells in recipient mice was not due to augmented cell death during the priming
phase. Collectively, our data indicate that continuous LAT mediated-signaling is essential
for optimal CD8 T cell proliferation during the T cell expansion phase.

LAT mediated-signaling is not required for CD8 T cell contraction

After the expansion phase and pathogen clearance, 90-95% of effector CD8 T cells undergo
programmed cell death to re-establish homeostasis. To investigate whether LAT-mediated
signaling regulates cell death during the contraction phase, we performed a similar transfer
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experiment as described above. A mixture of 1x104 LATY~ OT-1 cells (CD45.1*) and 1x104
ERCre*LAT naive OT-I cells (CD45.2%) were adoptively transferred into wildtype
(CD45.1" CD45.2%) recipients at day 0. Mice were infected with Lm-Ova at day 1 and
treated with tamoxifen at the peak of CD8 T cell expansion, day 7 and 8 (Figure 2A).
LATKO OT-I cells became GFP* one day after tamoxifen administration, as described
previously. To further confirm that LAT was deleted, and consequently that LAT mediated-
signaling was abrogated, we stimulated T cells /n vitro with the Ova peptide at day 13 and
examined their ability to produce IFN-y. As expected, LATKO cells were unable to produce
IFN-y upon stimulation (Figure 2B). To examine the contraction Kinetics, antigen-specific
CD8 T cells were monitored by serial bleeding about every 7-10 days after tamoxifen
treatment. Because the percentages of WT and LATKO cells among total CD8 T cells
before tamoxifen injection were not the same in each experiment, we normalized the
percentage of cells at later time points to the percentage of cells at day 7 prior to tamoxifen
injection. As seen in Figure 2C, 31% and 34% of cells survived by day 13 in the LATKO
and WT groups, respectively. 25% of LATKO and 32% of WT CD8 T cells remained alive
by day 20, indicating that the contraction kinetics between these two groups was
comparable. The average percentage of remaining LATKO OT-I cells seemed to be slightly
lower than WT OT-I cells during the contraction phase but the difference was not
statistically significant at day 13, 20, or 28 (Figure 2D). To exclude the possibility that
LATKO T cells do not properly migrate to lymphoid and/or non-lymphoid tissues, we
compared the percentages of WT and LATKO OT-I cells among total CD8 T cells in the
blood, spleens, lymph nodes, and livers at day 40. The ratios of LATKO T cells to their WT
counterparts in these tissues were close to the ratio in the blood (Figure 2E), suggesting that
the contraction kinetics of LATKO OT-I cells seen in the blood is representative of that in
other tissues. Altogether, our data demonstrate that CD8 T cell contraction is largely LAT-
independent.

LAT function during the effector-to-memory transition

During the effector-to-memory transition phase, a small portion of effector cells survive and
convert into functional memory cells that persist for a long time. To assess whether LAT-
mediated signaling regulates memory formation, we deleted LAT at day 7 and 8 during the
effector-to-memory transition and characterized the phenotype of LATKO and WT memory
CD8 T cells at day 36—40 post-infection (Figure 3A). Before tamoxifen treatment at day 7,
LATKO OT-I cells remained GFPnegative and they upregulated KLRG1 and downregulated
CD62L similar to WT OT-I cells (Figure 3B). By day 40 after tamoxifen treatment, in
comparison with their WT counterparts, LATKO memory OT-I cells acquired phenotypic
properties that are associated with a better memory potential (Figure 3C, D, E). LATKO
memory OT-1 cells demonstrated increased expression of surface markers that are important
for memory formation and maintenance, such as IL-7R, CD27, CD122, and CXCR3 (Figure
3C, E). Conversely, expression of markers that are associated with T cell effector function,
such as KLRGL1, perforin, T-bet, and Eomes, was decreased in LATKO memory OT-I cells
(Figure 3E). We also wanted to evaluate the ability of LATKO T cells to form central
memory cells, which express CD62L and are thought to be the stem cell-like subset that
undergoes self-renewal and exhibits multipotency (1). 55% of LATKO memory T cells
upregulated CD62L while only 38% of WT memory T cells re-expressed CD62L at day 40
post-infection (Figure 3D, E), demonstrating that a higher frequency of central memory T
cells was generated in the absence of LAT. Collectively, these results indicate that LAT
deficiency during the effector-to-memory transition accelerates CD8 T cell memory
differentiation.

J Immunol. Author manuscript; available in PMC 2014 March 15.
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LAT deficiency affects T-bet expression in memory T cells

We sought to investigate the mechanism by which LAT deletion modulates memory
differentiation. Published studies indicate that cells that continue to receive stimulation
during the later stage of infection are more likely to become terminally differentiated
effectors (2). Therefore, in our study, it is possible that some residual antigens are present
during the contraction phase (day 7 to 20) and continue to stimulate T cells. We hypothesize
that LATKO T cells are unable to receive stimulation at this stage, and they preferentially
become memory precursors. To test this possibility, we closely monitored the kinetics of
memory precursor formation after tamoxifen treatment from day 7 to day 48 in the
peripheral blood. Based on expression of KLRG1 and IL-7R, KLRG1°IL-7RN CD8 T cells
are referred as MPECs and KLRG1MIL-7R!° CD8 T cells as SLECs (3, 4). The percentages
of MPECs among LATKO OT-I cells remained comparable to those among WT OT-I cells
at early time points, day 7 and 13 (Figure 4A). By day 20, more LATKO MPECs than WT
ones were observed and this increase was maintained over time.

We also monitored the kinetics of CD62L upregulation as an indicator of T¢y formation. In
line with the kinetics of MPEC differentiation, LATKO OT-I cells displayed more CD62LNi
cells at day 20 and later time points in comparison to WT OT-I cells (Figure 4B),
demonstrating that the generation of T¢ cells occurred more rapidly in the absence of
LAT. To assess the transcriptional mechanism driving Ty development, we analyzed T-bet
expression in LATKO and WT cells. T-bet is a transcription factor that is induced in effector
CD8 T cells and plays a critical role in determining CD8 T cell fate. Higher amounts of T-
bet promote SLEC formation, whereas lower amounts of T-bet instruct MPEC development
(4). To determine if T-bet expression was decreased at earlier time points, we depleted LAT
at day7 and analyzed T-bet expression in OT-I cells 5-6 days after deletion. Indeed, T-bet
expression was decreased in LATKO OT-I cells but not in the control group that did not
receive tamoxifen treatment (Figure 4C). This observation suggests that LAT deficiency
leads to diminished T-bet expression, which consequently promotes the formation of
MPECs.

LAT-mediated signaling is dispensable for memory CD8 T cell maintenance

Since LAT-mediated signaling is important in naive T cell survival (18), we were interested
in determining whether LAT is also essential for memory T cell maintenance. To study the
role of LAT in the homeostasis of memory CD8 T cells, we performed the same adoptive
transfer experiment described previously in which LAT was deleted in memory OT-I cells
starting at day 32 post-infection (Figure 5A). We analyzed CD8 T cells at day 48, 60, 80,
and 100 in the peripheral blood and normalized the percentages of T cells to their
percentages at day 32. As depicted in Figure 5C and D, the frequency of LATKO and WT
memory OT-1 cells was comparable after tamoxifen administration. 31.8% of LATKO
memory OT-1 cells and 40% of WT memory OT-I cells were observed by day 80 (Figure
5C, D). By day 100, 29% and 37% of LATKO and WT memory OT-I cells, respectively,
remained. The average percentage of LATKO T cells was slightly lower than their WT
counterparts but the difference was not statistically significant (Figure 5D). We also
observed that few mice (4 out of 26) had significantly lower percentages of LATKO T cells
in other set of experiments and we speculated that the depletion of LATKO OT-I cells in
these mice might be due to the rejection of GFP* cells over time. Except for these 4 outliers,
memory CD8 T cells persisted in the absence of LAT, demonstrating that the maintenance
of memory CD8 T cells was largely LAT-independent.

We also investigated the expression of IL-7 and IL-15 receptors because these two cytokines
are essential for the survival and homeostasis of memory T cells. LATKO memory T cells
displayed similar levels of IL-7R and CD122, the beta chain of IL-15R and IL-2R, as WT
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memory T cells (Figure 5E). Moreover, the expression of Bcl-2, a cell-intrinsic survival
factor upregulated in memory cells to support their maintenance, was equivalent among WT
and LATKO memory T cells (Figure 5E). Collectively, these observations suggest that
LAT-mediated signaling is dispensable for the persistence of memory CD8 T cells.

LAT-mediated signaling is indispensable for a memory recall response

We next compared the functional potency of LATKO and WT memory OT-I cells by
evaluating their ability to produce effector cytokines upon /n vitro stimulation. Mice were
treated with tamoxifen at day 7 and at day 48 splenocytes were cultured in the presence of
Ova peptide or PMA and ionomycin (P+l) for 4 h before cytokine production by CD8 T
cells was examined. As shown in Figure 6A and B, WT memory OT-I cells produced robust
amounts of IFN-y, TNF-a, and IL-2; however, LATKO memory OT-I cells produced
insignificant amounts of cytokines upon Ova peptide stimulation. When cells were
stimulated with P+1, which bypasses the TCR signaling complex, both LATKO and WT
cells demonstrated a similar capability to produce cytokines (Figure 6A and C). We also
examined the ability of LATKO memory OT-I cells to mobilize calcium. WT OT-I cells
displayed strong calcium flux initiated by anti-CD3 and anti-CD8 crosslinking; however,
calcium mobilization by LATKO memory OT-I cells was abrogated (Figure 6D). The
defects in cytokine production and calcium mobilization were not due to a defect in TCR
surface expression. Our previous study demonstrated that depletion of LAT in naive T cells
leads to a drastic downregulation of surface TCR (18). In contrast to naive T cells, depletion
of LAT did not affect TCR expression on memory OT-I cells (Figure 3D and 5E). Here, we
show that LAT-mediated signaling is imperative for cytokine production and calcium flux in
memory CD8 T cells. To examine whether LAT is also required for secondary immune
responses /n vivo, we directly re-infected recipient mice at day 60 with 1.5x10° Lm-Ova and
monitored the T cell response at day 63 and 65 (Figure 6E). Compared with WT memory
OT-I cells, LATKO memory OT-I cells failed to proliferate in response to re-challenge with
Lm-Ova in both lymphoid organs and peripheral tissues (Figure 6F and G). Moreover, while
WT memory OT-I cells converted to an effector phenotype characterized by
CD62L'oW|L-7RIOWK LRG1NgN | ATKO memory cells remained CD62LMidh|_-7Rhigh
KLRG1'%W indicating their inability to be reactivated (Figure 6H). In addition, LATKO
memory T cells failed to upregulate T-bet and downregulate Bcl-2 like WT T cells (Figure
6H). Collectively, our data demonstrate that LATKO memory OT-I cells are unable to
proliferate and produce cytokines in response to a recall challenge, indicating that LAT is
required to trigger a secondary CD8 T cell immune response.

DISCUSSIONS

Using an inducible LAT deletion system, we investigated the requirement for TCR-mediated
signaling in each step of the CD8 T cell response elicited by acute Listeria infection. We
adoptively transferred LATKO and WT OT-I cells into the same hosts to ensure that OT-I
cells received the same environmental stimuli, including the number of pathogens, CD4 T
cell help, and inflammatory cytokines. This system allowed us to compare the quantitative
and qualitative changes that occur during the immune response. Our data showed that LAT-
mediated signaling is essential for the continuous expansion of CD8 T cells during T cell
priming but is not required for contraction and memory maintenance of CD8 T cells.
Deletion of LAT during the effector-to-memory transition results in enhanced development
of memory precursors likely due to the downregulation of T-bet expression. Our data further
indicated that LAT is essential for the recall response as LATKO memory CD8 T cells are
unable to produce cytokines or respond to a secondary challenge.

When naive T cells recognize foreign peptide-MHC complexes presented by antigen
presenting cells, T cells and APCs interact for about 12-24 h in vivoto drive T cell
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activation (1). Afterward, T cells dissociate from APCs and undergo proliferation and
differentiation. A single cell clone can undergo ~15 rounds of division in 7-8 days in a
mouse model. Our data demonstrate that after the initial contact with APCs, CD8 T cell
expansion is perturbed by LAT deficiency, indicating that sustained TCR signaling during
the priming phase is required for optimal primary response magnitude. Although it was
reported that the expression of ERCre might have a toxic effect on T cells after tamoxifen
injection (19), impaired T cell expansion during priming is unlikely caused by the toxic
effect of ERCre. The dose of tamoxifen we used in our experiments was much lower
compared with the dose used in the published study. Moreover, thymocyte development and
T cell activation are normal in ERCreLAT* mice treated with tamoxifen at the same dose
(20). Our results are well in line with previous findings showing that varying the antigen
dose or affinity can affect CTL expansion (21, 22). Depletion of epitope-presenting DCs
during T cell primary responses dampens the magnitude of the responding CTL population
(23). It has also been shown that the extent of CTL proliferation is proportional to the
amount of Ova epitope produced by vaccinia virus (24). Together with these studies, our
results provide additional evidence that the degree of CTL expansion correlates with the
strength of TCR signaling.

Manipulating the amount and duration of external stimuli affects cell expansion in addition
to influencing memory differentiation of CD8 T cells (2, 25). These data suggest that the
strength of TCR signaling during the expansion phase plays a role in memory formation.
Recently, analyses of SLP-76-deficient or —-mutant knock-in mice showed that altered
intrinsic TCR signaling affects the differentiation and function of endogenous memory CD8
T cells (13, 26). SLP-76-deficient or -mutated CD8 T cells differentiate into memory
precursors and Tcy cells at a faster rate than WT cells. Notably, a caveat of these systems is
that CD4 T cells in these mice also have altered SLP-76 signaling and CD4 T cells play an
important role in the differentiation of CD8 T cells during pathogen infection (27). Weak
TCR signaling alters the differentiation of CD4 T cells from Th1l to Th2, thereby skewing
the cytokines production (18). Furthermore, an additional study shows that the depletion of
Treg cells leads to enhanced formation of memory CD8 T cells, and, similar to LAT-
deficient Treg cells, SLP-76-deficient Treg cells seem to lose their inhibitory function (20).
Therefore, the altered memory differentiation observed in SLP-76-deficient or -mutated
CD8 T cells could be an indirect effect of altered CD4 T cells. In our study, by transferring
LATKO OT-I cells into WT recipients, we were able to exclusively focus on LAT signaling
in CD8 memory T cell formation while CD4 T cells remained unaffected. Our data revealed
that LATKO memory CD8 T cells expressed higher levels of memory associated markers,
such as IL-7R, CD122, CD27, CXCR3, and CD62L, indicating that dampened TCR
signaling drives CD8 T cell development into memory precursors and Tcp cells. 1t is
thought that cells that receive a higher amount of antigen or are stimulated for longer periods
of time during expansion are more likely to become terminally differentiated cells (2).
Previous studies suggest that the decision for a CD8 T cell to become a short-lived effector
or a self-renewing memory T cell occurs early in the stage of clonal expansion (1). In our
study, the deletion of LAT happened at and after the peak of T cell expansion, allowing a
normal primary response to occur. Our findings indicated that diminishing TCR signaling
after the expansion phase still affected memory formation. Thus, our data suggested that
intrinsic TCR signaling can still control fate of CD8 T cell differentiation after initial
expansion.

To gain insight into the mechanism by which LAT-mediated signaling regulates memory
differentiation, we examined the expression of T-bet, which controls the balance between
MPEC and SLEC formation (4). Indeed, decreased expression of T-bet in LATKO OT-I
cells was detected several days after LAT deletion (day 13), and this reduction occurred
before the skewing of SLEC to MPEC was observed (day 20), suggesting that reduced T-bet
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expression in LATKO T cells was one of the driving forces that promote MPEC
development. It is not yet clear how LAT regulates T-bet expression. One possibility is that
the downstream signaling pathways of LAT, such as the mTOR pathway, regulate T-bet
expression. mTOR has also been shown to modulate the balance between T-bet and Eomes
expression through regulation of Foxol (28). Blockade of mTOR activity diminishes T-bet
and enhances Eomes expression (29). However, since both T-bet and Eomes expression
were reduced in LATKO memory OT-I cells, other LAT-dependent pathways are likely to
be involved in controlling or mediating this balance. Another possible mechanism by which
LAT regulates T-bet is through crosstalk between LAT and cytokine pathways. Since the
production of IFN-vy is impaired by LAT deficiency, it is possible that IFN-y-driven
STAT1-mediated synthesis of T-bet is not as efficient in LATKO cells as it is in WT T cells.
Additionally, IL-12 and IL-2 signaling are involved in determining CD8 T cell fate via
regulation of T-bet expression. Prolonged IL-2 signals or higher expression of CD25 on
CD8 T cells during the early expansion phase (day 3-5) favor the differentiation of CD8 T
cells into SLECs (30). CD8 T cells convert to a central memory phenotype faster in the
absence of IL-2 signaling (31). Therefore, it is possible that LAT deficiency affects IL-12 or
IL-2 signaling; however, when we deleted LAT at day 7, CD25 expression had already
decreased in both LATKO and WT CD8 T cells (data not shown). Hence, it is not likely that
the altered memory differentiation observed in LATKO OT-I cells was caused by altered
IL-2 signaling.

During the contraction phase, antigen-specific CD8 T cells undergo programmed cell death
through a death receptor pathway, such as TNFR/TNF and Fas/FasL, and the mitochondrial
pathway (1, 32). Without CD8 T cell contraction, prolonged accumulation of activated
lymphocytes can lead to autoimmunity and immunopathology. Previous studies report that
Fas does not appear to be important in CTL contraction (33); however, TNFRI and TNFRII
double-deficient mice exhibited severely compromised contraction of virus-specific CD8 T
cells (34). We observed that when LAT was depleted in CD8 T cells at the peak of T cell
expansion (day 7 and 8), CTL contraction still occurred at a similar rate as WT CD8 T cells,
indicating that the regulation of program cell death was largely LAT-independent. One
possible explanation is that LATKO OT-I cells had already upregulated TNF receptors at
day 7. After tamoxifen administration, LATKO CD8 T cells failed to produce TNF-a, while
WT CD8 T cells and other cell types in the same environment were able to do so, thus
inducing the death of LATKO cells to a similar extent as their WT counterparts. Moreover,
it has been indicated that cytokine withdrawal-induced death plays an essential role in
regulating CD8 T cell death during contraction (35). Withdrawal of IL-2 or other -y-chain
cytokines activates Bim, which antagonizes the function of Bcl-2 family. Bim also activates
Bax, which induces mitochondrial permeabilization and cell death(36). Our data show that
Bcl-2 expression was comparable in LATKO and WT CD8 T cells during contraction,
further demonstrating that LAT is dispensable for controlling cell death at this stage.

Memory CD8 T cells are capable of mounting a robust and efficient recall immune response
upon secondary exposure to re-infection. Our results here show that although LATKO
memory T cells acquire phenotypic markers associated with a high memory potential, they
completely fail to be reactivated and produce IFN-y, TNF-a, and IL-2 upon re-exposure to
Listeria. This impaired memory response was not due to a lack of CD4 T cell help as
LATKO OT-I cells were transferred to WT recipients containing normal CD4 T cells. One
explanation is that LAT-mediated signaling is essential for T cell activation and cytokine
production by memory CD8 T cells. Another possibility is that persistent LAT-mediated
signaling is vital to maintain the functionality of memory CD8 T cells over time. We favor
the former explanation because LATKO memory T cells were still fully capable of
producing cytokines, especially IL-2, upon TCR-independent stimulation.
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By assessing the role of LAT in the immunological response following microbial infection,
we have demonstrated that continuous TCR-mediated signaling is essential to promote T

ce

Il expansion and cytokine production during both primary and secondary immune

responses. However, contraction and maintenance of memory CD8 T cells do not require the
presence of TCR signaling.
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Figurel. LAT in the expansion of CD8 T cellsupon L m-Ova infection

(A) A schematic diagram of the experimental procedure. A mixture of 1x10° WT OT-I cells
(CD45.2*) and 1x10° LATKO OT-I cells (CD45.1%) were adoptively transferred into WT
(CD45.1" CD45.2%) recipient mice. On the following day, these recipients were infected
intravenously withLm-Ova at day 1. The mice then received tamoxifen to delete /azon day 4
and 5 during the T cell expansion phase. (B) Deletion efficiency. GFP expression in WT and
LATKO cells were examined on day 5. Flow cytometry of WT cells is gated live
CD8*CD45.2" and LATKO cells is gated live CD8* CD45.1*. (C) CD8 T cell expansion.
Live CD8 T cells in the spleen were analyzed at the indicated times after infection. Numbers
on the plots indicate the percentage of LATKO (CD45.1%) and WT (CD45.2%) OT-I cells in
the total CD8 T cell population. (D) The percentages of OT-I cells among total CD8 T cells
in the spleen after Lm-Ova infection. Data are shown as mean+SEM. (E) The number of
OT-I cells in the spleen after infection with or without tamoxifen administration. (F) A
representative plot gated on total splenic CD8 T cells at day 7. *, P<0.05; **, P<0.005. Data
represent four (B—E) and two (F) independent experiments (n=3-4 mice per time point)
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Figure2. LAT in the contraction of CD8 T cells

(A) 1x10* WT OT-I cells (CD45.1%) and 1x10* LATKO OT-I cells (CD45.2") were
adoptively transferred into hosts (CD45.1* CD45.2%) that were subsequently infected with
Lm-Ova. The recipient mice received tamoxifen to delete /afon day 7 and 8 at the peak of T
cell expansion and the CD8 T cell response was monitored every 7-10 days. (B) IFN-y
production by splenic OT-1 cells at day 13. Splenocytes were stimulated with (open) or
without (filled) 1uM Ova peptide for 4 h before intracellular staining of IFN-vy. Data are
representative of three independent experiments, n=3-4 mice. (C, D) Contraction curves
following Lm-Ova infection. The percentage of OT-1 cells in the blood at the indicated time
points was normalized by their percentage at day 7 before tamoxifen treatment. The
percentage of WT OT-I is gated on live CD8*CD45.2* and the percentage of LATKO OT-I
is gated on live CD8*CD45.1*. Each dot represents one mouse and the horizontal lines
depict the mean of the population. NS=not significant; *, P<0.05. Data are representative of
three independent experiments (n=5-11 per time point). (E) Ratio of the percentages of
LATKO to WT OT-I cells in blood, spleen, liver, and lymph nodes on day 40. Data are
shown as mean+SEM. Data represent two independent experiments (n=3 per group).
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Figure 3. LAT in the memory differentiation of CD8 T cells

(A) 1x10* WT OT-I cells (CD45.1%) and 1x10* LATKO OT-I cells (CD45.2") were
adoptively transferred into hosts (CD45.1* CD45.2*) and followed with Lm-Ova infection.
The recipient mice received tamoxifen to delete /afon day 7 and 8 during the effector-to-
memory transition and were analyzed on day 36-40. (B) A representative histogram of GFP,
KLRGL1, and CD62L expression gated on LATKO (CD8* CD45.2%), WT (CD8" CD45.1%),
and endogenous CD8 T cells (CD8* CD45.1* CD45.2%) in the peripheral blood at day 7
before tamoxifen injection. Data are representative of three independent experiments (n=3-5
mice per group) (C) A representative plot of KLRG1 and IL-7R expression on CD8 T cells
in the blood and spleens at day 40. Data are representative of three independent experiments
(n=4-6 mice per group) (D) A representative histogram of memory-associated markers
CXCR3, CD27, CD62L, and surface TCR expression on CD8 T cells at day 40. Data are
representative of three independent experiments (n=3-7 mice per group) (E) Expression of
memory and effector associated markers at day 36-40 on LATKO and WT CD8 T cells.
NS=not significant; *, P<0.05; **, P<0.005.
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Figure4. LAT in theformation of memory precursor CD8 T cells
Mice received OT-I cells at day 0, were infected with Listeria-Ova at day 1, and were
treated with Tamoxifen at day 7. (A) Kinetics of MPECs formation upon tamoxifen
administration. The percentage of KLRG1!oWIL7RNi cells (MPECs) in LATKO (live CD8*
CD45.2%), or WT (live CD8* CD45.1*) OT-I cells in the blood was monitored over time by
gating on live CD8 T cells. Each dot represents one mouse. Data are representative of two
independent experiments (n=5-7 mice per time points). (B) Kinetics of Tcy generation
from day 7 to 48. The percentage of CD62LN cells (Tcpy) in the blood was gated on CD8 T
cells from day 7 to 48. Data are representative of two independent experiments (n=5-8 mice
per time point). (C) T-bet expression in LATKO OT-I, WT OT-I, and endogenous CD8 T
cells at day 13 post-infection. Data are representative of three independent experiments (n=3

mice).
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Figure5. LAT in the maintenance of memory CD8 T cells
(A) A mixture of LATKO and WT OT-I cells (104 each) was transferred and infected with
Lm-Ova, mice received tamoxifen to delete /azon day 32, and the immune response was
monitored about every 15 days. (B) Representative plots depict the percentage of LATKO
(live CD8* CD45.2*) and WT (live CD8" CD45.1*) memory OT-I cells gated on total CD8
T cells in the blood at indicated time points. (C, D) Ratio of the percentages of memory OT-
I cells in the blood. The percentage of LATKO or WT OT-I cells was normalized by its
percentage at day 32 before tamoxifen injection. Each dot represents one mouse and data are
shown as mean+SEM. Data are representative of three independent experiments (n=5-11
per time point). (E) Expression of GFP and indicated markers gated on LATKO or WT
memory OT-1 cells on day 60. Data are representative of three independent experiments
(n=3-5 mice).
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Figure 6. LAT in the cytokine production and recall response by memory CD8 T cells

(A, B, C) Cytokine production by LATKO and WT memory OT-I cells upon Ova peptide
(A) or P+1 (B) stimulation. Splenocytes from day 48 were stimulated with 1 M Ova
peptide or P+l for 4 hr in vitro before ICS staining. Representative plots show IFNy, TNFa,
and IL-2 production by LATKO and WT OT-I cells. Data are representative of two
independent experiments (n=3-4 mice). (D) Calcium mobilization by memory OT-I cells.
Splenocytes from day 48 post-infection were loaded with the calcium indicator, Indo-1.
Calcium flux was induced by anti-CD3 and anti-CD8 cross-linking followed by ionomycin
stimulation and analyzed by flow cytometry. (E) Mice received mixed OT-I cells and
1.5x10% Lm-Ova were injected with tamoxifen on day 32. To induce a secondary response,
the same mice were challenged with 1.5x10° Lm-Ova on day 60. The recall response was
monitored on day 63 and 65. (F) T cell expansion upon re-infection of Lm-Ova. Percentage
of LATKO and WT OT-I cells among total CD8 T cells in the spleen after infection. Data
are shown as mean£SEM. Data are representative of three independent experiments (n=3
mice per time points). (G) Percentage of OT-I cells among total CD8 T cells in blood,
spleen, and liver. Data are representative of three independent experiments (h=3 mice per
time points). (H) Expression of indicated markers gated on LATKO or WT OT-I cells on
day 65. Data are representative of three independent experiments (n=3 mice per group).
NS=not significant; *, P<0.05; **, P<0.005
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