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TRAF2 regulates T cell immunity by maintaining a Tpl2-ERK
survival signaling axis in effector and memory CD8 T cells
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Generation and maintenance of antigen-specific effector and memory T cells are central events in immune responses against
infections. We show that TNF receptor-associated factor 2 (TRAF2) maintains a survival signaling axis in effector and memory CD8
T cells required for immune responses against infections. This signaling axis involves activation of Tpl2 and its downstream kinase
ERK by NF-kB-inducing kinase (NIK) and degradation of the proapoptotic factor Bim. NIK mediates Tpl2 activation by stimulating the
phosphorylation and degradation of the Tpl2 inhibitor p105. Interestingly, while NIK is required for Tpl2-ERK signaling under normal
conditions, uncontrolled NIK activation due to loss of its negative regulator, TRAF2, causes constitutive degradation of p105 and
Tpl2, leading to severe defects in ERK activation and effector/memory CD8 T cell survival. Thus, TRAF2 controls a previously
unappreciated signaling axis mediating effector/memory CD8 T cell survival and protective immunity.

Keywords: T cell survival; Effector and memory CD8 T cells; Protective immunity; Bacterial infection; TRAF2; NIK; Tpl2

Cellular & Molecular Inmunology (2021) 18:2262-2274; https://doi.org/10.1038/541423-020-00583-7

INTRODUCTION

CD8 T cells play a crucial role in immune responses against
intracellular pathogens, such as bacteria and viruses, as well as
cancer.'? Upon activation by antigens, CD8 T cells undergo clonal
expansion and differentiation, generating a large number of
effector T cells that participate in pathogen clearance.®> Primary
immune responses also lead to the generation of long-lived
memory T cells that provide long-term protective immunity
against reinfection with the same pathogens.® The Bcl2 family of
proteins plays an important role in regulating the fate of immune
cells, with the survival and death of T cells being critically
influenced by the balance between antiapoptotic and proapopto-
tic Bcl2 family members.*® In particular, the proapoptotic member
Bim has been shown to mediate the apoptosis of activated T cells
and limit T cell memory.®® T cell activation is associated with
phosphorylation-dependent Bim degradation, constituting a
mechanism to promote T cell survival.>~"" The MAP kinase (MAPK)
ERK is involved in Bim degradation induced by the T cell receptor
(TCR) and the costimulatory receptor CD28; however, the signaling
axis linking the TCR/CD28 signals to ERK activation in effector and
memory T cells is obscure.

Tumor necrosis factor receptor (TNFR)-associated factors
(TRAFs) are a family of structurally related proteins known to
function as adapters mediating signal transduction from TNFR
superfamily members in innate immunity and inflammation.'*™"*
A recent study revealed that genetic deficiency in one TRAF
family member, TRAF2, perturbs CD8 T cell homeostasis,
although the role of TRAF2 in antigen-specific CD8 T cell
responses and immunological memory has not been defined."”

In addition, the mechanism by which TRAF2 regulates T cell
signaling is unclear. It has been suggested that TRAF2 regulates
sensitivity to IL-15; however, TRAF2 deficiency does not inhibit IL-
15-stimulated signaling events, including activation of AKT and
STAT5."> Based on studies in other cell types, the function of
TRAF2 appears to be complex; it can function as a signaling
adapter, a lysine 63 (K63)-specific E3 ubiquitin ligase, or a
component of a K48-specific E3 ubiquitin ligase complex: clAP-
TRAF2-TRAF3."*"® A well-defined target of the cIAP-TRAF2-TRAF3
E3 complex is NF-kB-inducing kinase (NIK), a central component
of the noncanonical NF-kB pathway.'” We have previously shown
that NIK is dispensable for naive T cell activation but is required
for recall responses.'®

In the present study, we demonstrate that TRAF2 facilitates
effector and memory CD8 T cell responses by regulating NIK and
through a downstream survival signaling axis involving the MAPK
kinase kinase (MAP3K) Tpl2 and the MAPK ERK. Tpl2 is known as
an innate immune kinase that complexes with the NF-kB1
precursor protein p105, which functions as both an inhibitor
and stabilizer of Tpl2.”®?" Innate immune stimuli induce IkB
kinase (IKK)-mediated phosphorylation and degradation of p105,
causing the activation and subsequent degradation of Tpl2.2%%
Our present study demonstrates that in effector and memory CD8
T cells, NIK mediates TCR/CD28-stimulated IKK activation and p105
phosphorylation, thereby facilitating activation of the Tpl2-ERK
signaling axis. Interestingly, TRAF2 deficiency causes aberrant NIK
accumulation and constitutive degradation of p105 and Tpl2,
leading to a severe defect in ERK activation and memory CD8 T
cell survival. These results suggest that TRAF2 mediates the
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survival of effector and memory CD8 T cells by maintaining the
Tpl2-ERK signaling axis.

RESULTS
TRAF2 is crucial for CD8 T cell responses to bacterial infections
To study the role of TRAF2 in regulating T cell functions, we
generated T cell-conditional Traf2 knockout (Traf2-TKO) mice
(Supplementary Fig. 1a, b). Consistent with a previous study,'®
Traf2-TKO mice had perturbed T cell homeostasis, characterized by
a reduced frequency and absolute number of memory-like
(CD44™) CD8 but not CD4 T cells (Supplementary Fig. 1c, d).
Interestingly, however, this phenotype was no longer detected
when Traf2-TKO mice were crossed with OT-lI TCR-transgenic mice
(Supplementary Fig. 1e). OT-I mice produced CD8 T cells with a
recombinant TCR responding to a chicken ovalbumin (OVA)
epitope, OVA,s7_s64, but not to commensal antigens.?***> These
results suggested that TRAF2 might not be important for naive
CD8 T cell responses to homeostatic cytokines. Indeed, Traf2-TKO
OT-1 CD8 T cells displayed normal proliferation and signaling when
stimulated with the homeostatic cytokines IL-2, IL-7, or IL-15
(Supplementary Fig. 2a, b). The same result was obtained even
when the cells were stimulated with higher doses of IL-15
(Supplementary Fig. 2c). On the other hand, TRAF2-deficient
memory OT-l CD8 T cells exhibited a partial defect in IL-15-
induced proliferation despite normal IL-15 signaling (Supplemen-
tary Fig. 2d, e). Notably, TRAF2 deficiency also partially inhibited
the proliferation of memory but not naive OT-I CD8 T cells
stimulated with anti-TCR and anti-CD28 agonistic antibodies
(Supplementary Fig. 2f, g). These results suggest that TRAF2 may
regulate CD8 T cell responses to both IL-15 and antigens.

To examine the role of TRAF2 in mediating antigen-specific CD8
T cell responses in vivo, we employed a bacterial infection model
using a recombinant Listeria monocytogenes (LM) strain expressing
chicken ovalbumin (LM-OVA).?® LM is an intracellular bacterial
pathogen that induces strong CD8 T cell responses, which are
required for controlling LM infection and providing protective
immunity.??® During a primary immune response, antigen-
specific effector T cells undergo an initial expansion phase, which
typically peaks around day 7, followed by a contraction phase,
leaving a small percentage to form long-lived memory CD8
T cells.?*32 To evaluate primary immune responses, we analyzed
the T cells after 7 days of LM-OVA infection. Compared to wild-
type mice, Traf2-TKO mice had a significantly lower frequency and
absolute number of splenic CD8 T cells, although the frequency
and absolute number of CD4 T cells were comparable between
wild-type and Traf2-TKO mice (Fig. 1a). TRAF2 deficiency caused a
specific reduction in the frequency of CD44™ CD8 T cells,
representing effector T cells, whereas the frequency of CD44'°
naive CD8 T cells was concomitantly increased in Traf2-TKO mice
(Fig. 1b). Consistent with these results, Traf2-TKO mice exhibited a
drastically reduced frequency of antigen (OVA)-specific IFN-y-
producing splenic CD8 effector cells (Fig. 1c). The frequency of
CD4 effector T cells responding to the Listeria antigen LLO;90_204
was also reduced, albeit less profoundly than that of the
abovementioned CD8 effector cells (Fig. 1d). In line with their
reduced frequency of CD8 effector T cells, Traf2-TKO mice had a
significantly higher LM burden in the spleen and liver than did
wild-type control mice (Fig. 1e). To ensure that the results
obtained with Traf2-TKO mice were not due to abnormal T cell
homeostasis, we repeated the LM-OVA infection experiment using
Traf2-TKO OT-I mice, which had normal T cell homeostasis
(Supplementary Fig. 1e). As seen with Traf2-TKO mice, Traf2-TKO
OT-I mice had impaired CD8 T cell responses to LM-OVA infection
(Fig. 1f), confirming a crucial role for TRAF2 in regulating antigen-
specific CD8 T cell responses. In addition, these results suggest a
role for TRAF2 in regulating the generation or maintenance of
antigen-specific effector T cells.
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TRAF2 is required for memory CD8 T cell responses and protective
immunity

To examine the role of TRAF2 in regulating memory T cell
responses, we infected Traf2-TKO and wild-type control mice with
LM-OVA for 60 days and then reinfected the mice for 3 days to
trigger memory responses (Fig. 2a). Compared to the primary
response (Fig. 1¢, d), the memory response generated a much
higher frequency of antigen-specific CD8 effector T cells (Fig. 2b, c).
Importantly, as seen with the primary immune response, Traf2-TKO
mice exhibited a drastic reduction in the frequency of OVA,s57 264~
specific effector CD8 T cells and, to a lesser extent, LLO;gg_204-
specific effector CD4 T cells in the memory response, coupled with
a significantly higher Listeria count in the liver and spleen
(Fig. 2b-d).

To further confirm the role of TRAF2 in regulating memory CD8
T cell responses, we employed a T cell adoptive transfer model.
We transferred the same number of wild-type or TRAF2-deficient
memory OT-I CD8 T cells into B6.SJL mice and then infected the
recipient mice with LM-OVA (Fig. 2e). Compared to recipients of
TRAF2-deficient memory OT-1 CD8 T cells, recipients of wild-type
memory OT-I CD8 T cells displayed a much more robust memory
response, as revealed by serum IFN-y measurements 4 h after LM-
OVA infection (Fig. 2f). Twenty-four hours after LM-OVA infection,
recipient mice had a much lower frequency and absolute number
of Traf2-TKO OT-I T cells than of wild-type OT-I T cells (Fig. 2g). In
addition, the population of Traf2-TKO OT-I T cells also contained a
lower frequency and absolute number of OVA;s;_se4-specific IFN-
y-producing effector T cells than of wild-type OT-I T cells (Fig. 2h).
Consistent with these findings, Traf2-TKO OT-I recipient mice had
a higher Listeria load in the spleen and liver than did wild-type OT-
| recipient mice (Fig. 2i). These results further confirm the role of
TRAF2 in mediating memory CD8 T cell responses to bacterial
infections.

The important role of TRAF2 in mediating CD8 memory T cell
responses prompted us to examine the effect of TRAF2 deficiency
on protective immunity. Wild-type and Traf2-TKO mice were
infected with a sublethal dose of LM-OVA, and after 30 days, the
mice were reinfected with a lethal dose of LM-OVA (Fig. 2j). While
wild-type mice were largely protected from LM-OVA reinfection, a
high percentage of Traf2-TKO mice succumbed to reinfection
(Fig. 2k). We also employed a cancer vaccine model involving
vaccination of wild-type and Traf2-TKO mice with LM-OVA and
subsequent challenge with syngeneic B16 melanoma cells
expressing OVA (B16-OVA) (Fig. 2l). Compared to wild-type mice,
Traf2-TKO mice exhibited a profoundly increased tumor growth
rate and decreased survival rate, suggesting that TRAF2 deficiency
impaired protective immunity (Fig. 2m, n). These results suggest
an indispensable role for TRAF2 in mediating memory CD8 T cell
responses and protective immunity.

TRAF2 mediates the survival of effector and memory CD8 T cells
The results presented above suggested a crucial role for TRAF2 in
regulating the generation or maintenance of effector and memory
CD8 T cells. While this function of TRAF2 might involve regulation
of CD8 T cell expansion, as suggested by the results of in vitro
studies (Supplementary Fig. 2d, g), we also examined the role of
TRAF2 in regulating the survival of effector and memory CD8
T cells. Remarkably, 7 days after LM-OVA infection, Traf2-TKO mice
had a significantly higher frequency of apoptotic CD8 T cells than
wild-type mice, as determined based on staining with Annexin V
and propidium iodide (PI) (Fig. 3a). This phenotype was specific for
effector (CD44") CD8 T cells, since the frequency of apoptotic
naive (CD44'°) CD8 T cells was comparable between wild-type and
Traf2-TKO mice (Fig. 3b). These results were in line with the
selective reduction in effector CD8 T cells in LM-OVA-infected
Traf2-TKO mice (Fig. 1b).

To examine the role of TRAF2 in regulating the survival of
memory CD8 T cells, we infected wild-type and Traf2-TKO mice
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Fig.1 TRAF2 deficiency dampens antibacterial immune responses. a-d Measuring primary T cell responses 7 days after infection of wild-type

(WT) and Traf2-TKO mice with LM-OVA (n =5). FIow cytometric analysis of the percentages and absolute numbers of splenic CD4 and CD8
T cells (a) or naive (CD44"°) and memory (CD44M) CD8 T cells (b). ICS and flow cytometric analysis of IFN-y-producing CD8 (c) and CD4 (d)
T cells in splenocytes restimulated in vitro for 6 h with OVAys57_264 (€) or LLO190_201 (d) peptide in the presence of monensin. e Bacterial load in
the spleen and liver in wild-type and Traf2-TKO mice 5 days after infection with LM-OVA (n = 5). f Flow cytometric analysis of IFN-y-producing
CD8 T cells in the spleens of wild-type and Traf2-TKO OT-I mice 7 days after infection with LM-OVA (n = 5). Data are representative of three
independent experiments. Summary data are shown as the mean + SEM values, and p values were determined by unpaired Student’s t test.

*p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001; ns not significant

with LM-OVA for 60 days. Sixty days after LM-OVA infection, Traf2-
TKO mice had a profound reduction in the frequency and absolute
number of CD8 T cells (Fig. 3c). The frequency of CD4 T cells was
also reduced in Traf2-TKO mice, but the absolute number of CD4
T cells was not significantly different between wild-type and Traf2-
TKO mice (Fig. 3c). The loss of CD8 T cells in the Traf2-TKO mice
was specific for CD44" memory CD8 T cells, since wild-type and
Traf2-TKO mice did not have significant differences in the absolute
number of CD8 naive T cells (Fig. 3d). Consistent with these
findings, compared to wild-type mice, Traf2-TKO mice exhlblted a
much higher level of apoptosis in the memory (CD44™) but not
the naive (CD44") CD8 T cell population (Fig. 3e, f). We also
examined CD8 T cell apoptosis during recall responses following
rechallenge of the infected mice with LM-OVA (Supplementary
Fig. 3a) LM-OVA reinfection induced a much lower frequency of
CD44" antigen-specific CD8 effector T cells in Traf2-TKO mice than
in wild-type mice, as determined based on staining with OVA
peptide-loaded MHCI tetramers (Fig. 3g). Furthermore, more than
70% of the antigen-specific (tetramer™) CD8 T cells in the spleen
of Traf2-TKO mice were apoptotic, a much higher percentage than
that in wild-type mice (Fig. 3h). Traf2-TKO mice also exhibited an
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increased frequency of apoptosis within the tetramer™ CD8 T cell
population, albeit a less profound increase than in the tetramer™
population, likely due to the presence of memory CD8 T cells
specific for other LM epitopes (Fig. 3i). Indeed, when gated based
on the memory T cell marker CD44, Traf2-TKO mice did not show
increased apoptosis within the naive (CD44'°) CD8 T cell
population (Supplementary Fig. 3a, b).

We next examined whether the homeostatic loss of memory-
like CD8 T cells in Traf2-TKO mice (Supplementary Fig. 1c and
ref. ') might also be due to impaired survival. Compared with
wild-type control mice, Traf2-TKO mice had a 5|gn|ﬁcantly higher
frequency of apoptotlc cells within the CD44" memory-like but
not the CD44° naive CD8 T cell population (Supplementary
Fig. 3¢). In contrast, TRAF2 deficiency did not affect the survival of
memory-like or naive CD4 T cells, consistent with the dispensable
role of TRAF2 in regulating CD4 T cell homeostasis (Supplemen-
tary Fig. 3d). Furthermore, TRAF2 deficiency had no effect on the
apoptosis of OT-l CD8 T cells under homeostatic conditions
(Supplementary Fig. 3e), consistent with their predominant naive
phenotype (Supplementary Fig. 1e). To further determine whether
TRAF2 selectively regulates the survival of effector and memory
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CD8 T cells, we analyzed the apoptosis of in vitro-generated
effector and memory OT-I CD8 T cells. Compared to naive OT-I
CD8 T cells, these effector and memory OT-I CD8 T cells displayed
a substantially higher level of apoptosis (Fig. 3j, k). Moreover,
TRAF2 deficiency greatly promoted apoptosis in effector and
memory but not the naive CD8 T cells (Fig. 3j, k). Together, these
results suggest that TRAF2 regulates the survival of effector and
memory but not naive CD8 T cells.

We next examined the cell-intrinsic survival role of TRAF2
during Listeria infection using a mixed T cell transfer approach. We
adoptively transferred a mixture of wild-type (CD45.17CD45.2")
and Traf2-TKO (CD45.17CD45.2 ") naive OT-I CD8 T cells into B6.SJL
(CD45.17CD45.27) mice and infected the recipient mice with LM-
OVA for 7 and 30 days to analyze the survival of effector and
memory CD8 T cells, respectively (Fig. 31). While the frequencies of
the transferred wild-type and Traf2-TKO OT-l cells were initially
(day 1) similar, the frequency of Traf2-TKO OT-I cells was drastically
reduced relative to that of the wild-type OT-I cells 7 and 30 days
after LM-OVA infection (Fig. 3m). Consistent with this finding,
Traf2-TKO OT-I T cells exhibited a much higher level of apoptosis
than wild-type OT-I T cells on days 7 and 30 after LM-OVA
infection (Fig. 3n). These results emphasize the cell-intrinsic role of
TRAF2 in mediating the survival of effector and memory CD8
T cells.

TRAF2 controls the fate of Bim in effector and memory CD8 T cells
The Bcl2 family of proteins plays a central role in regulating the
apoptosis of T cells.>** To examine the potential role of TRAF2 in
regulating the expression of Bcl2 family members, we performed
gRT-PCR analyses using in vitro-generated effector and memory
CD8 T cells or naive CD8 T cells derived from wild-type or
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Traf2-TKO mice. These analyses revealed that wild-type and
Traf2-TKO naive, effector, or memory CD8 T cells did not have
significant differences in the mRNA expression levels of several
Bcl2 family members, including the antiapoptotic members Bcl2,
Bcl-XI, Mcl1 and the proapoptotic members Bim, Bax, and Bak1
(Fig. 4a). Immunoblot assays further showed that wild-type and
TRAF2-deficient CD8 T cells did not show appreciable differences in
Bcl2 and Bcl-XL expression at the protein level (Fig. 4b). Interest-
ingly, however, TRAF2 deficiency had a drastic effect on the fate of
the proapoptotic protein Bim. Bim is known to be downregulated
via degradation in response to TCR/CD28 stimulation, which is a
crucial mechanism mediating T cell survival* As expected, TCR/
CD28 stimulation led to downregulation of Bim in both naive and
memory CD8 T cells (Fig. 4b). Importantly, while TRAF2 deficiency
had no effect on Bim downregulation in naive CD8 T cells, it largely
blocked Bim downregulation in memory CD8 T cells (Fig. 4b).
Moreover, the steady-state level of Bim was also substantially
enhanced in TRAF2-deficient memory CD8 T cells, as shown by
both immunoblot and flow cytometric analyses (Fig. 4b, c). We also
examined Bim expression in naive and effector T cells isolated from
LM-OVA-infected mice. Once again, Traf2-TKO CD8 T cells exhibited
a higher level of Bim exE_ression than did wild-type CD8 T cells
within the effector (CD44™) but not the naive (CD44'"°) population
(Fig. 4d).

To examine the functional significance of TRAF2-mediated Bim
regulation, we crossed Traf2-TKO mice with Bim KO mice to
generate double KO mice (Fig. 4e). Bim KO mice had only a slightly
higher frequency of memory-like CD8 T cells than wild-type mice
(Fig. 4f). Importantly, deletion of Bim significantly although not
completely restored the frequency of memory-like CD8 T cells and
concomitantly reduced the frequency of naive CD8 T cells in
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Fig. 3 TRAF2 is required for the survival of effector and memory but not naive CD8 T cells. a, b Flow cytometric analysis of apoptotic memory
(CD44M) and naive (CD44'"°) CD8 T cells in the spleens of wild-type (WT) and Traf2-TKO mice 7 days after infection with LM-OVA (n = 5). Flow
cytometrlc analysis of the percentages and absolute numbers of CD4 and CD8 T cells (c), the percentages and absolute numbers of naive
(CD44") and memory (CD44™) CD8 T cells (d), and the percentages of apoptotic memory (CD44™, e), and naive (CD44", f) CD8 T cells in the
spleens of WT and Traf2-TKO mice 60 days after infection with LM-OVA (n = 5). Detection of memory responses to LM-OVA infection. Flow
cytometric analysis of antigen-specific CD8 T cells using the H-2K® OVA (SIINFKL) tetramer (g); flow cytometric analysis of apoptosis within the
OVA tetramer-positive (h), and negative (i) CD8 T cell populations in the spleens of WT and Traf2-TKO mice infected with LM-OVA for 60 days
and reinfected with LM-OVA for 3 additional days (n = 5). j, k Flow cytometric analysis of the percentage of apoptotic cells among naive (Ty) or
in vitro-differentiated effector (Tg), and memory (Ty) WT and Traf2-TKO OT-1 CD8 T cells (n = 4), based on annexin V and PI staining. Data are
presented as a representatlve plot (j) and summary graph based on multiple mice (k). I-n Mixed T cell transfer to study the cell-intrinsic
function of TRAF2 in regulating CD8 T cell survival. | Schematic of the experimental design. WT B6.SJL (CD45.1%, CD452 ) mice were

adoptively transferred with a mixture of WT (CD45.1%, CD45.2™) and Traf2-TKO (CD45.1~

, CD45.2") naive OT-I T cells (1 x 10° each). After 24 h,

recipient mice were infected with 5 x 10% cfu of LM-OVA, and flow cytometric analysis of the donor T cells in the spleen at the indicated time
points was performed. m Flow cytometric analysis of the percentages and absolute numbers of adoptively transferred WT (CD45.17, CD45.2™)
and Traf2-TKO (CD45.1~, CD45.2%) OT-1 CD8 T cells (n = 5). n Flow cytometric analysis of the apoptosis rate of adoptively transferred WT or
Traf2-TKO T cells (n =5). Data are representative of two (I-n) or three (a-k) independent experiments. Summary data are presented as the
mean = SEM values based on multiple animals (each symbol represents a mouse). p values were determined by unpaired Student’s t test. *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns not significant

Traf2-TKO mice (Fig. 4f). Parallel apoptosis analysis revealed that
Bim deletion also prevented the aberrant apoptosis of Traf2-TKO
memory-like CD8 T cells (Fig. 4g). Using the LM-OVA infection
model, we further demonstrated that Bim deletion inhibited the
apoptosis of antigen-stimulated effector and memory CD8 T cells
(Fig. 4h). These results suggest that Bim regulation is one of the
major mechanisms by which TRAF2 mediates effector/memory
CD8 T cell survival.

TRAF2 is required for ERK activation in effector and memory CD8
T cells

To understand how TRAF2 regulates Bim expression and CD8 T
cell survival, we examined the effect of TRAF2 deficiency on TCR/
CD28-stimulated signaling events. TRAF2 deficiency in naive CD8
T cells did not substantially alter the major signaling events
stimulated by anti-CD3 plus anti-CD28 antibodies, including
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phosphorylation of TCR-proximal protein tyrosine kinases (Lck
and Zap70), AKT, and MAPKSs (ERK, JNK, p38) (Fig. 5a). Interestingly,
TRAF2 deficiency in memory CD8 T cells attenuated TCR/CD28-
stimulated phosphorylation of ERK and its upstream kinase Mek,
although it did not substantially alter the phosphorylation of the
other signaling factors analyzed (Fig. 5b). Immunoblot analyses
using freshly prepared CD8 T cells also revealed impairment of
ERK phosphorylation to the baseline level in effector and memory
CD8 T cells (Fig. 5¢).

To further confirm the role of TRAF2 in regulating ERK
activation, we analyzed the effect of TRAF2 deficiency on ERK
phosphorylation in vivo by flow cytometry. Although TRAF2
deficiency had no effect on ERK phosphorylation in naive (CD44")
CD8 T cells, it 5|%n|ﬁcantly reduced ERK phosphorylation in
memory-like (C CD8 T cells (Fig. 5d). Similar results were
obtained in CD8 T ceIIs derived from LM-OVA-infected mice,
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Fig. 4 TRAF2 controls the fate of Bim and supports the survival of effector and memory CD8 T cells. a QPCR analysis of the indicated genes in
naive (Ty) or in vitro-differentiated effector (Tg), and memory (Ty) CD8 T cells (n =4). b Immunoblot analysis of the indicated proteins in
whole-cell lysates of naive (Ty) or in vitro-differentiated memory (Ty) CD8 T cells stimulated with plate-bound anti-CD3 plus anti-CD28
antibodies for the indicated durations. Quantification of Bim EL bands is presented as the ratio of the Bim EL level to the Actin level (lower).
¢ Flow cytometric analysis, based on intracellular staining, of the indicated proteins in memory-like (CD44"™) CD8 T cells in the spleens of 8-
week-old wild-type (WT) and Traf2-TKO mice (n = 4). d Flow cytometric analysis of intracellular Bim in naive (CD44") or memory (CD44") CD8
T cells from the spleens of WT and Traf2-TKO mice 7 days after infection with LM-OVA (n = 5). e Immunoblot analysis of Traf2 and Bim isoforms
in whole-cell lysates of in vitro-differentiated memory CD8 T cells from wild-type (WT), Traf2-TKO (TKO), Bim KO, and Traf2-TKO/Bim KO mice.
Flow cytometric analysis of the percentages of naive (CD44') and memory (CD44™) CD8 T cells (f) and the percentage of apoptotic cells within
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mice (n=5). h Flow cytometric analysis of apoptosis in splenic memory (CD44™) CD8 T cells from the indicated mice 7 days after infection
with LM-OVA (n = 5). Data are representative of two (e, h) or three (a-d, f, g) independent experiments. Data in summary graphs are presented
as the mean £ SEM values based on multiple mice (each symbol represents a mouse), and p values were determined by unpaired Student’s
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showing impaired ERK phosphorylation in Traf2-TKO effector
(CD44") but not naive (CD44') CD8 T cells (Fig. 5¢). In line with the
dispensable role of TRAF2 in CD4 T cell survival, TRAF2 deficiency
did not affect ERK phosphorylation in naive or memory CD4 T cells
(Supplementary Fig. 4).

ERK is a kinase that mediates TCR/CD28-stimulated Bim
degradation, which is crucial for T cell survival.>''*> Consistent
with this role, we found that the impairment of ERK phosphoryla-
tion in TRAF2-deficient effector and memory CD8 T cells was
associated with an increased level of Bim expression (Fig. 5c).
Furthermore, TCR/CD28-stimulated Bim downregulation was
impaired in Traf2-TKO CD8 memory T cells and in wild-type CD8
T cells incubated with the ERK inhibitor U0126 (Fig. 5f). These
results suggest that TRAF2 is crucial for TCR/CD28-stimulated
activation of MEK/ERK signaling, which may constitute a major
mechanism by which TRAF2 mediates effector/memory CD8 T cell
survival.

Restoration of ERK signaling rescues the survival of TRAF2-
deficient effector/memory CD8 T cells

To directly examine whether the impaired ERK activation in
TRAF2-deficient CD8 T cells is responsible for their survival,
we used a genetic approach to restore ERK signaling in
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TRAF2-deficient T cells. We employed a transgenic mouse strain
expressing a constitutively active form of MEK1, MEK1®P, via the
Cre-loxP system (R265top"™"MEK1PP)3% By crossing R26Stop™
MEK1°° mice with CD4-Cre mice, we were able to generate T
cell-conditional MEK1°® mice. We also crossed Traf2-TKO mice
with R26Stop™MEK1°® mice to generate mice with T cell-
conditional deletion of Traf2 and expression of MEK1°® (TKO-
MEK1PP) and control mice. As expected, ERK phosphorylation was
defective in Traf2-TKO memory CD8 T cells but was restored in
TKO-MEK1°® memory CD8 T cells (Fig. 5g). More importantly,
while Traf2-TKO memory CD8 T cells had a defect in TCR/CD28-
stimulated Bim downregulation, this defect was completely
corrected in TKO-MEK1°® memory CD8 T cells (Fig. 5g). Consistent
with this result, T cell-specific expression of MEK1°P in Traf2-TKO
mice rescued the survival of CD8 memory T cells. While Traf2-TKO
mice had significant reductions in the frequency and absolute
number of CD8 T cells compared to those in wild-type mice, this
phenotype was completely reversed in TKO-MEK1°® mice (Fig. 5h).
In addition, MEK1°P transgene expression restored the frequency
and absolute number of memory-like (CD44") CD8 T cells in Traf2-
TKO mice (Fig. 5i). Mechanistically, MEK1®® expression prevented
the aberrant apoptosis of Traf2-TKO effector and memory CD8
T cells under both homeostatic (Fig. 5j) and LM-OVA infection
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Fig. 5 TRAF2 is required for ERK activation. Immunoblot analysis of the indicated phosphorylated (p-) and total proteins in whole-cell lysates
of wild-type (WT) and Traf2-TKO naive (a) or memory (b) CD8 T cells stimulated for the indicated durations with anti-CD3 plus anti-CD28

antibodies. ¢ Immunoblot analysis of the indicated phosphorylated (p
dlfferentlated effector (Tg), and memory (Ty) WT and Traf2-TKO CD8

-) or total proteins in whole-cell lysates of naive (Ty) or in vitro-
T cells. Flow cytometric analysis of phosphorylated ERK (p-ERK) in

naive (CD44') or memory-like (CD44™) CD8 T cells in WT or Traf2-TKO mice that were either uninfected (d) or 7 days after infection with LM-
OVA (n=5) (e). f Immunoblot analysis of Bim isoforms in WT and Traf2-TKO memory CD8 T cells stimulated with plate-bound anti-CD3 plus
anti-CD28 antibodies in the absence (left) or presence (right) of the MEK1 inhibitor U0126. g Immunoblot analysis of phosphorylated (p-) and
total protein in whole-cell lysates of WT, Traf2-TKO (TKO), and Traf2-TKO/MEK1°P (TKO/MEK1°®) memory CD8 T cells stimulated for
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TKO/MEK1PP (TKO-MEK1PP) mice (n =5). Flow cytometrlc analysis of apoptosis in splenic memory-like (CD44h') CD8 T cells from unlnfected
mice (j) and splenic memory (CD44") CD8 T cells in mice of the indicated genotypes 60 days after infection with LM-OVA (k) (n = 5). Data are
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(Fig. 5k) conditions. These results provide genetic evidence that
TRAF2 regulates memory CD8 T cell survival by facilitating MEK/
ERK signaling.

TRAF2 facilitates ERK activation by regulating Tpl2

The mechanism by which ERK is activated by TCR/CD28 signals in
effector and memory CD8 T cells is not well understood, although
both Ras-dependent and Ras-independent pathways have been
implicated.>”*® We found that TRAF2 deficiency did not influence
TCR/CD28-stimulated activation of BRAF or RAF1, downstream
kinases of Ras, suggesting the involvement of a different
mechanism in TRAF2-mediated ERK regulation (Supplementary
Fig. 5). Another upstream kinase known to target the MEK/ERK
signaling pathway is Tpl2.2" Tpl2 is best known as a MAP3K that
responds to signals from innate immune receptors, particularly
pattern recognition receptors (PRRs).>' However, Tpl2 has also
been shown to play a role in regulating T cell functions, especially
CD4 T cell differentiation.3® The function of Tpl2 is tightly
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controlled by the NF-kB1 precursor protein p105, which acts as
both the inhibitor and stabilizer of Tpl2.'?° PRR signals induce
phosphorylation-dependent p105 degradation, thereby triggering
Tpl2 activation; activated Tpl2 activates the MEK/ERK pathway but
is then degraded due to its instability when not complexed with
p105. Thus, while p105 degradation is required for Tpl2 activation
under normal conditions, Tpl2 is lost in p105-deficient cells,
leading to defective ERK activation.'??'

Freshly prepared effector and memory CD8 T cells expressed
markedly higher levels of Tpl2 and p105 proteins than naive CD8
T cells, and this effect was associated with increased TRAF2
expression and ERK phosphorylation (Fig. 6a). Interestingly, TRAF2
deficiency resulted in profoundly reduced expression levels of
Tpl2 and p105 in effector and memory but not naive CD8 T cells
(Fig. 6b). This phenotype appeared to be due to posttranslational
regulation of Tpl2 and p105, since wild-type and Traf2-TKO CD8
T cells had comparable mRNA expression levels of Tpl2 and p105
(Fig. 6¢). These results suggest that reduced Tpl2 expression may
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(CD44') and memory (CD44"™) CD8 T cells from the spleens of 8-week-old WT and Tp/2-TKO mice (n =4). i Flow cytometric analysis of the

percentages and absolute numbers of naive (CD44') and memory-like

(CD44") CD8 T cells in the spleens of 8-week-old WT and Tp/2-TKO mice

(n = 5). j Flow cytometric analysis of apoptotic cells within the memory-like (CD44") and naive (CD44'°) CD8 T cell populations in the spleens

of 8-week-old WT and Tp/2-TKO mice (n = 4). k Intracellular cytokine s

taining (ICS) and flow cytometric analysis of IFN-y-producing CD8 and

CD4 effector T cells in the spleens of WT and Tp/2-TKO mice 7 days after infection with LM-OVA (n = 4). Splenocytes were restimulated for 6 h

with OVA,s57_564 (for CD8 T cell stimulation) or LLO;90_204 (for CD4 T ¢
I Flow cytometric analysis, using H-2K® OVA (SIINFKL) tetramers, of th
TpI2-TKO mice 7 days after infection with LM-OVA (n =5). m, n Flow

ell stimulation) peptide in the presence of monensin prior to analysis.
e percentage of antigen-specific CD8 T cells in the spleens of WT and
cytometric analysis of apoptotic cells within the H-2K® OVA tetramer-

positive and H-2K® OVA tetramer-negative CD8 T cell populations in the spleens of WT and Tp/2-TKO mice 7 days after infection with LM-OVA
(n=5). Data are representative of two (c) or three (a, b, d-n) independent experiments. Summary data are presented as the mean + SEM
values based on multiple mice. Summary data are presented as the mean + SEM values based on multiple mice, and p values were calculated
by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant

contribute to the MEK/ERK signaling defect in Traf2-TKO effector/
memory CD8 T cells. To further examine this possibility, we
generated mutant mice carrying T cell-conditional deletion of the
Tpl2-encoding gene Map3k8 (hereafter called Tp/2-TKO mice). Tpl2
deficiency in effector and memory CD8 T cells caused severe
defects in the phosphorylation of MEK1/2 and ERK1/2 under
steady-state conditions (Fig. 6d). To further confirm that Tpl2
regulates TCR/CD28-stimulated MEK/ERK activation, we rested the
memory CD8 T cells in serum-free RPMI 1640 medium to reduce
steady-state signaling and then restimulated the cells with anti-
CD3 plus anti-CD28 antibodies. Under these conditions, Tpl2-
deficient memory CD8 T cells exhibited impairment of TCR/CD28-
stimulated phosphorylation of MEK1/2 and ERK1/2 with little or no
effect on the activation of JNK and p38 (Fig. 6e). Importantly, Tpl2
deficiency also blocked TCR/CD28-stimulated Bim downregulation
in CD8 memory T cells (Fig. 6f). Furthermore, Tp/l2-TKO memory
but not naive CD8 T cells exhibited impaired ERK phosphorylation
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and increased Bim expression under in vivo homeostatic
conditions (Fig. 6g, h). These results were reminiscent of those
observed in Traf2-TKO CD8 T cells.

In line with the results of these signaling studies, flow
cytometric analysis revealed a significantly reduced frequency
and absolute number of CD8 but not CD4 memory-like T cells in
Tpl2-TKO mice (Fig. 6i and Supplementary Fig. 6). Consistent with
this pattern, Tp/l2-TKO mice exhibited an increased frequency of
apoptotic cells within the memory-like (CD44™) but not the naive
(CD44') CD8 T cell population (Fig. 6j). In addition, Tpl2 deficiency
reduced the frequency of antigen-specific memory CD8 T cells
during the immune response to LM-OVA infection, as measured
based on IFN-y production upon in vitro restimulation with the
LM-OVA-specific antigens OVAj;s7 364 and LLOqg9_204 (Fig. 6k).
Moreover, the frequency of OVA tetramer-specific CD8 T cells was
also reduced in Tp/2-TKO mice (Fig. 6l). Compared to wild-type
mice, Tpl2-TKO mice exhibited a drastically increased frequency of
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Fig. 7 NIK is a key regulator of Tpl2-ERK signaling in effector and memory CD8 T cells. Immunoblot analysis of the indicated phosphorylated
(p-) and total proteins in whole-cell lysates of naive (Ty) and in vitro-differentiated effector (Tg) and memory (Ty) CD8 T cells from wild-type
(WT) and Traf2-TKO (KO) mice (a, b) and from WT, Traf2-TKO (T2-TKO), and Traf2-NIK double TKO (T2-NIK-TKO) mice (c). d Immunoblot analysis

of phosphorylated (p-) and total proteins in whole-cell lysates of naive
T cells from WT and NIK-TKO (KO) mice. Immunoblot analysis of phos

(Tn) and in vitro-differentiated effector (Tg) and memory (Ty) CD8
phorylated (p-) and total proteins in whole-cell lysates of in vitro-

differentiated memory (Ty) CD8 T cells derived from WT and NIK-TKO mice (e) and from WT, Traf2-TKO (T2-TKO), and Traf2-NIK double TKO

(T2-NIK-TKO) mice (f), stimulated with anti-CD3 plus anti-CD28 ant

ibodies for the indicated durations. g Immunoblot analyses of

phosphorylated (p-) and total IKK protein isolated by immunoprecipitation under denaturing conditions with IKKa or IKKp antibodies or
directly from whole-cell lysates (WCL) of WT and NIK-TKO memory (Ty) CD8 T cells stimulated with anti-CD3 plus anti-CD28 antibodies. IgG
immunoprecipitation was included as a negative control. h Immunoblot analysis of the indicated proteins in whole-cell lysates of WT and NIK-

TKO memory (Ty) and naive (Ty) CD8 T cells stimulated for the indicated

durations with anti-CD3 plus anti-CD28 antibodies. i Flow cytometric

analysis of apoptotic cells within the naive (Ty) and in vitro-differentiated effector (Tg) and memory (Ty) CD8 T cell populations derived from
WT and NIK-TKO mice (n = 5). Flow cytometric analysis of the percentage of antigen (OVA)-specific CD8 T cells using H-2K® OVA (SIINFKL)
tetramers (j) and apoptotic cells within the tetramer™ and tetramer~ CD8 T cell populations (k) in the spleens of WT and NIK-TKO mice 7 days

after infection with LM-OVA (n = 5). Data are representative of two (f, j,

k) or three (a-e, g-i) independent experiments. Summary data are

presented as the mean + SEM values based on multiple mice. p values were determined by unpaired Student’s t test (i-k). **p < 0.01; ***p <

0.001; ****p < 0.0001; ns not significant

apoptotic CD8 T cells within the OVA tetramer™ antigen-specific
memory cell population (Fig. 6m). Tpl2 deficiency also promoted
apoptosis in the OVA tetramer™ CD8 T cell population, although
less profoundly than in the corresponding OVA tetramer™
population, which was likely due to the presence of memory
CD8 T cells specific for other LM-OVA epitopes (Fig. 6n).
Collectively, these results demonstrate an important role for Tpl2
in regulating the survival of effector and memory CD8 T cells,
showing the functional significance of TRAF2-mediated Tpl2
regulation.

TRAF2 regulates the Tpl2-ERK signaling axis by controlling NIK
function

The molecular mechanism underlying Tpl2 activation in T cells,
particularly effector/memory CD8 T cells, is obscure. We and
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others have previously shown that TLR-stimulated Tpl2 activation
in macrophages requires IKK, which mediates phosphorylation-
dependent p105 degradation and Tpl2 liberation.?*?* Interest-
ingly, we found that TRAF2 deficiency greatly enhanced the
steady-state level of IKK activation in effector and memory CD8
T cells (Fig. 7a). TRAF2 deficiency did not promote activation of
TAK1, a known IKK-activating kinase, suggesting the involvement
of a different kinase (Fig. 7a). In this regard, a known target of
TRAF2 is NIK. Under normal conditions, NIK is constantly degraded
via ubiquitination mediated by an E3 ligase complex composed of
TRAF2, TRAF3, and a clAP protein (clAP1 or clAP2), and genetic
deficiency in either TRAF2 or TRAF3 results in NIK accumulation
and activation®®. Indeed, TRAF2 deficiency profoundly increased
the protein level of NIK in effector and memory CD8 T cells
(Fig. 7b).
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To investigate the functional significance of NIK deregulation in
TRAF2-deficient CD8 T cells, we generated mice harboring
deletion of both Traf2 and NIK (Traf2-NIK-TKO mice). Remarkably,
NIK deletion strongly inhibited IKK activation and reduced p105
phosphorylation, coupled with a drastic increase in the p105
protein level (Fig. 7c). Consistent with the role of p105 in
mediating Tpl2 stabilization, the level of Tpl2 was similarly
increased upon NIK deletion (Fig. 7c). Notably, restoration of
Tpl2 expression in Traf2/NIK double-deficient CD8 T cells did not
lead to rescue of ERK activation (Fig. 7c). This result was not
surprising, since impaired p105 degradation is expected to block
Tpl2 activation despite stabilization of the p105/Tpl2 complex.®'
These results suggest that deregulated NIK activation in TRAF2-
deficient CD8 effector/memory T cells contributes to aberrant
activation of IKK and degradation of p105 and Tpl2.

Previous studies suggest that TRAF1 mediates ERK signaling and
Bim downregulation induced by the TNFR 4-1BB in activated and
memory CD8 T cells.*! Since TRAF2 has also been implicated in the
regulation of 4-1BB signaling,*> we examined the effect of TRAF2
deficiency on 4-1BB-mediated signaling in memory CD8 T cells.
TRAF2-deficient memory CD8 T cells were defective in Erk
phosphorylation stimulated by an anti-4-1BB agonist antibody
(Supplementary Fig. 7a). However, TRAF2 deficiency did not inhibit
anti-4-1BB-induced phosphorylation of several other signaling
molecules, including Akt, p38, and JNK, and even promoted the
phosphorylation of IKKB (Supplementary Fig. 7a). Furthermore,
impaired Erk signaling was associated with drastic loss of the
upstream kinase Tpl2 (Supplementary Fig. 7a). These results were
reminiscent of the effect of TRAF2 deficiency on TCR/
CD28 signaling (Figs. 5b and 7f). We further showed that TRAF2
deficiency promoted the apoptosis of memory CD8 T cells even
when 4-1BB and another TNFR, OX40, were blocked by mono-
clonal antibodies (Supplementary Fig. 7b, c), suggesting that
TRAF2-mediated memory CD8 T cell survival is outside the
regulation of 4-1BB signaling.

NIK is a physiological mediator of Tpl2-ERK signaling in effector/
memory CD8 T cells

NIK is known as a kinase that mediates noncanonical NF-«kB
activation induced by TNFR superfamily members.** NIK activation
is typically mediated through TNFR-stimulated degradation of
TRAF3 and, in some cases, TRAF2. Interestingly, TCR/CD28-
mediated NIK induction accompanied by effector and memory
CD8 T cell generation was associated with loss of clAP1 and clAP2
but not TRAF2 or TRAF3, suggesting an atypical mechanism of
activation involving loss of clAPs (Supplementary Fig. 8). NIK
deficiency severely impaired steady-state IKK activation in freshly
prepared effector and memory CD8 T cells (Fig. 7d). Consistent
with this result, NIK deficiency also resulted in reduced p105
phosphorylation and increased total protein levels of p105 and
Tpl2, which were associated with impaired ERK phosphorylation
and Bim accumulation (Fig. 7d). Notably, this function of NIK was
unlikely to be mediated by noncanonical NF-kB, since CD8 T cells
defective in noncanonical NF-kB activation due to expression of a
processing-defective p100 mutant, Lym1,** displayed similar levels
of p105/Tpl2 expression and ERK phosphorylation (Supplementary
Fig. 9a).

To further confirm that NIK mediates TCR/CD28-stimulated Tpl2-
ERK signaling, we rested CD8 T cells and restimulated them with
anti-CD3 plus anti-CD28 antibodies. In naive CD8 T cells, NIK
deficiency did not affect anti-CD3/anti-CD28-stimulated IKK
activation, p105 phosphorylation, or ERK phosphorylation (Sup-
plementary Fig. 9b), in line with the extremely low expression level
of NIK in naive CD8 T cells (Fig. 7b). In contrast, in memory CD8
T cells, NIK deficiency severely attenuated IKK activation, especially
at late time points (15 and 30 min) (Fig. 7e). Consistent with this
finding, NIK deficiency also inhibited TCR/CD28-stimulated phos-
phorylation and degradation of p105 and activation of Tpl2, as
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evidenced by the defective phosphorylation of its downstream
targets MEK1/2 and ERK1/2 (Fig. 7e). Furthermore, while Traf2-TKO
memory CD8 T cells exhibited hyperphosphorylation of IKK and
p105 after TCR/CD28 stimulation, NIK deletion blocked these
signaling events (Fig. 7f). These results suggested a crucial role for
NIK in mediating TCR/CD28-stimulated IKK activation, p105
phosphorylation, and Tpl2-ERK signaling in memory but not naive
CD8 T cells. NIK is thought to selectively target IKKa in the
noncanonical NF-kB signaling pathway.'” To further examine NIK-
dependent IKK activation in memory CD8 T cells, we isolated IKKa
and IKK( under denaturing conditions (to disrupt the IKK complex)
and then detected the activation of IKKa and IKKB by
phosphoimmunoblotting. Interestingly, in memory CD8 T cells,
NIK was required for TCR/CD28-stimulated phosphorylation of
both IKKa and IKKB (Fig. 7g).

We next examined the function of NIK in regulating Bim
degradation and CD8 T cell survival. In line with its dispensable
role in ERK activation in naive CD8 T cells (Supplementary Fig. 9b),
NIK deficiency did not affect TCR/CD28-stimulated Bim degrada-
tion in naive CD8 T cells (Fig. 7h). In contrast, NIK deficiency
attenuated TCR/CD28-stimulated Bim degradation and also
increased the steady-state level of Bim in memory CD8 T cells
(Fig. 7h). Consistent with these effects, NIK deficiency profoundly
promoted the apoptosis of effector and memory but not naive
CD8T cells under in vitro conditions (Fig. 7i). The function of NIK in
mediating effector/memory CD8 T cell survival was further
demonstrated in vivo using the LM-OVA infection model. Seven
days after LM-OVA infection, NIK-TKO mice had a significantly
lower level of antigen-specific CD8 effector T cells than did wild-
type control mice, as demonstrated based on flow cytometry
using a tetramer loaded with the OVA peptide SIIFEKL (Fig. 7j). This
phenotype was associated with increased apoptosis of tetramer™
CD8 T cells (Fig. 7k, upper panel). In addition, NIK-TKO mice
exhibited an increased frequency of apoptotic cells within the
SIINFEKL tetramer-negative population (Fig. 7k, lower panel);
however, this result was obviously due to the presence of effector
CD8 T cells specific for other LM-OVA epitopes, since parallel
analysis revealed increased apoptosis in CD44" (including effector
T cells activated by all epitopes) but not CD44"° NIK-TKO CD8
T cells (Supplementary Fig. 10).

DISCUSSION

In the present study, we demonstrated that TRAF2 regulates
antigen-specific T cell responses and protective immunity by
maintaining a survival signaling axis in effector and memory CD8
T cells. This signaling axis involves NIK-dependent activation of
Tpl2 and its downstream kinases MEK1/2 and ERK1/2, leading to
posttranslational downregulation of the proapoptotic protein Bim.
NIK mediates activation of IKK and phosphorylation of the Tpl2
inhibitory protein p105, a mechanism that triggers p105
degradation and Tpl2 activation. However, while NIK is normally
required for TCR/CD28-stimulated Tpl2-ERK signaling, aberrant NIK
accumulation in TRAF2-deficient CD8 T cells causes constitutive
degradation of p105 and Tpl2, resulting in a severe defect in MEK-
ERK signaling in effector/memory CD8 T cells and greatly reducing
their survival.

TRAF2 is known as an adapter protein involved in signaling
from TNFR superfamily members.'* However, emerging evidence
suggests the involvement of TRAF2 in other cellular processes. A
recent study suggests that TRAF2 regulates CD8 T cell homeostasis
by modulating the sensitivity of memory-like CD8 T cells to IL-15."°
In agreement with this previous study, we found that TRAF2
deficiency partially inhibited the proliferation of in vitro-
differentiated memory CD8 T cells. Interestingly, however, our
study did not reveal an effect of TRAF2 deficiency on IL-15-
induced phosphorylation of AKT and STAT5 in either memory
or naive CD8 T cells, although previous work identified
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hyperactivation of AKT in TRAF2-deficient thymocytes. These
findings suggest that TRAF2 may regulate a downstream signaling
event important for CD8 T cell responses to both IL-15 and
antigens. Indeed, our present study demonstrated a role for TRAF2
in maintaining TCR/CD28-stimulated ERK activation. In line with
the role of ERK in mediating Bim degradation and T cell
survival>'"*> we found that TRAF2 deficiency promoted Bim
accumulation and apoptosis in effector and memory CD8 T cells
under both in vivo and in vitro conditions. Transgenic expression
of a constitutively active form of the ERK kinase MEK1°® rescued
the survival of TRAF2-deficient CD8 T cells, emphasizing the
functional significance of TRAF2-mediated ERK signaling. Further-
more, the survival of TRAF2-deficient T cells was rescued by
deletion of Bim. These findings establish TRAF2 as a pivotal
regulator of the survival signaling network in effector and memory
CD8 T cells. Given the role of ERK in mediating both the survival
and proliferation of CD8 T cells® it is possible that the
hypoproliferative phenotype of TRAF2-deficient memory CD8
T cells is also attributed to an ERK signaling defect.

We found that TRAF2 was not required for TCR/CD28-stimulated
activation of BRAF or RAF1 but was crucial for regulating another
ERK-upstream kinase, Tpl2. We obtained genetic evidence
indicating that Tpl2 is indispensable for TCR/CD28-stimulated
ERK activation in effector and memory CD8 T cells and for their
survival. Interestingly, Tpl2 expression is low in naive CD8 T cells
and drastically upregulated in effector/memory CD8 T cells. We
and others have previously shown that Tpl2 is tightly regulated by
the IkB-like protein p105, which functions as both an inhibitor and
a stabilizer of Tpl2."”2" In innate immune cells, Tpl2 activation by
TLRs involves IKK-mediated phosphorylation and degradation of
p105.22% However, the mechanism by which Tpl2 is activated by
TCR signaling has historically been elusive. Our present study
identified NIK as a pivotal upstream kinase mediating TCR/CD28-
stimulated IKK activation and p105 phosphorylation, leading to
Tpl2-ERK activation in effector/memory CD8 T cells. Interestingly,
TRAF2 deficiency did not inhibit TCR/CD28-stimulated p105
phosphorylation but drastically reduced the expression levels of
both p105 and Tpl2, the latter of which apparently contributes to
the Tpl2-ERK signaling defect in TRAF2-deficient CD8 T cells. Our
data suggest that the loss of p105 and Tpl2 in TRAF2-deficient
T cells is due to aberrant accumulation of NIK. Thus, maintenance
of the NIK-Tpl2-ERK signaling axis by TRAF2 is crucial for Tpl2-ERK
signaling and the survival of effector/memory CD8 T cells.

NIK is a kinase known for the induction of noncanonical NF-kB
signaling by TNFR superfamily members.'” By employing a mutant
mouse strain expressing a processing-defective p100 mutant,
Lym1, we demonstrated that NIK-mediated Tpl2-ERK activation
was independent of noncanonical NF-kB activation. Thus, in
effector/memory T cells, NIK targets two major signaling path-
ways: the noncanonical NF-kB pathway and the Tpl2-ERK pathway.
A primary mechanism of NIK regulation is its ubiquitin-dependent
degradation mediated by the cIAP-TRAF2-TRAF3 E3 ubiquitin
ligase complex; NIK induction is typically mediated by degradation
of TRAF3 and, in some cases, TRAF2.!” Our study revealed that like
TRAF2, TRAF3 is required for the control of NIK expression and
TCR/CD28-stimulated activation of the Tpl2-ERK signaling axis and
for the survival of effector/memory CD8 T cells (data not shown).
Interestingly, we found that TCR/CD28-stimulated NIK induction
was associated with loss of clAP1 and clAP2 instead of TRAF2 or
TRAF3, suggesting an atypical mechanism mediating clAP-TRAF2-
TRAF3 complex disruption and NIK activation. Activated T cells are
known to express several TNFRs, such as OX40, 4.1BB, and CD27,
which are important for effector/memory T cell functions.***
Future studies will examine whether NIK induction in T cells is
mediated only by TCR/CD28 signaling or also involves the action
of TNFRs. In conclusion, our work suggests a TRAF2-regulated NIK-
Tpl2-ERK signaling axis that is crucial for the survival of effector/
memory CD8 T cells.
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MATERIALS AND METHODS

Mice

Traf2-flox mice were provided by Dr. Robert Brink (Garvan Institute
of Medical Research)*® and crossed with Cd4-Cre mice
(The Jackson Laboratory) to generate age-matched Traf2fCd4-
Cre (termed Traf2-TKO) and Traf2"" (termed WT) mice. In some
experiments, Traf2-TKO mice were further crossed with OT-lI TCR-
transgenic mice (The Jackson Laboratory), R265top"-MEK1DD>®
(Map2k1*, The Jackson Laboratory, stock # 012352) mice, or
Bcl2111"™"-1A* mice*” (The Jackson Laboratory, stock # 004525).
NIK (Map3k14)-floxed mice were provided by Genentech*® and
crossed with Cd4-Cre mice (The Jackson Laboratory) to generate
age-matched NIK"cd4-Cre (termed NIK-TKO) and NIK™™ (termed
WT) mice. B6.SJL mice (expressing the CD45.1 congenic marker)
were obtained from the Jackson Laboratory. Mice with the
conditionally targeted Map3k8 allele (Map3k8™'POMPIWES)) \yare
generated by the Knockout Mouse Project (KOMP), and live mice
were rederived using cryopreserved sperm from the KOMP at the
Genetically Engineered Mouse Facility of The University of Texas
MD Anderson Cancer Center. Map3k8-floxed mice were generated
by crossing Map3k8™'PKOMPIWE iice with FLP deleter (Rosa26-
FLPe) mice (Jackson Lab) and then crossing these mice with Cd4-
Cre mice to produce Map3k8"Cd4-Cre (termed Tpl2-TKO) and
Map3k8*/*Cd4-Cre (termed WT) mice. Nfkb2¥™ mice were
provided by R. Starr (Walter and Eliza Hall Institute of Medical
Research), and Nfkb2”™"* heterozygous mice were used in
experiments since they display a strong phenotype of impaired
noncanonical NF-kB activation and function.** The Nfkb2»™/*+
mice were on a 129 genetic background, and all other mouse
strains were on a C57BL/6 genetic background. Sex- and age-
matched KO and wild-type control mice were used in experi-
ments. Genotyping was performed using the primers listed in
Table S1. Mice were maintained in the specific pathogen-free
facility at The University of Texas MD Anderson Cancer Center, and
all animal experiments were conducted in accordance with
protocols approved by the Institutional Animal Care and Use
Committee.

Antibodies and reagents
The antibodies and reagents used in this study are listed in
Table S2.

T cell isolation and differentiation in vitro

CD8* T cells were isolated from splenocytes and lymph node cells
with anti-CD8 antibody conjugated magnetic beads (Miltenyi
Biotec). Naive T cells were further purified by FACS sorting based
on the CD44"° CD62L" surface marker phenotype. For in vitro
generation of effector and memory T cells, naive CD8 T cells were
activated with plate-bound anti-CD3 (5 ug/ml) (anti-mouse CD3,
Invitrogen, Cat# 14-0031-82) and anti-CD28 (0.5 ug/ml) (anti-
mouse CD28, Invitrogen, Cat# 16-0281-82) antibodies for 3 days in
the presence of IL-2 (10 ng/ml). The activated T cells were plated
in RPMI 1640 medium containing 10 ng/ml IL-2 (for effector T cell
differentiation) or 20 ng/ml IL-15 (for memory T cell differentia-
tion) for 3 days. To isolate CD8 T cells from OT-I mice, single cell
suspensions of splenocytes were incubated for 48h in IL-2-
containing medium in the presence of OVA,s; 564 peptide
(SIINFEKL, Genemed Synthesis) and were subsequently purified
with Lymphocyte Cell Separation Medium (Cedarlane, Cat#
CL5035) to remove non-T cells and dead cells. The purified
T cells were cultured in the presence of IL-2 and IL-15 for an
additional 3 days for differentiation into effector and memory
T cells, respectively.

Listeria monocytogenes infection

The indicated age- and sex-matched wild-type and conditional KO
mice (8-10 weeks old) were infected intravenously with 5x 10*
colony-forming units (CFU) of OVA-expressing recombinant
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L. monocytogenes (LM-OVA)*° (provided by Hao Shen, University of

Pennsylvania) on day 0. For evaluation of primary T cell responses,
mice were sacrificed 7 days after bacterial infection, and
splenocytes were collected for flow cytometric analysis of
apoptosis and recall responses of listeriolysin O (LLO)-specific
CD4" and ovalbumin (OVA)-specific CD8" effector T cells. In brief,
splenocytes were stimulated with 10 ug/ml LLOqg9_504 peptide
(NEKYAQAYPNVS) or 10 pg/ml OVAys7_264 peptide (SIINFEKL) in
the presence of monensin for 6 h, and intracellular IFN-y staining
and flow cytometric analysis were then performed. For evaluation
of memory T cell responses, mice were reinfected with 1 x 10 cfu
of LM-OVA on day 60 after the primary infection. Three days later,
mice were sacrificed, and splenocytes were collected for flow
cytometric analysis of memory T cells rapidly activated by LM-OVA
reinfection. To determine the bacterial load in infected mice,
spleens, and livers were collected at the indicated time points and
homogenized in 10 ml of 0.2% (vol/vol) NP-40 in PBS, and the
organ homogenates were serially diluted and plated on brain
heart infusion agar plates to determine the bacterial load. Bacterial
colonies were counted after incubation at 37 °C for 24 h and are
presented as the number of bacteria per organ or tissue.

To examine infection-mediated protective immunity, age- and
sex-matched wild-type and conditional KO mice (6-8 weeks old)
were infected intravenously with a low dose (1 x 10* cfu/mouse)
of LM-OVA on day 0. Thirty days later, mice were rechallenged
with a lethal dose (2 x 10° cfu/mouse) of LM-OVA and monitored
for survival.

B16-OVA tumor model

Traf2-TKO mice and age- and sex-matched wild-type control mice
(6-8 weeks old) were infected with a low dose (1 x 10* cfu/mouse)
of LM-OVA on day 0. After 40 days, mice were injected s.c. with
8 x 10° B16-OVA murine melanoma cells and monitored for tumor
growth and survival. Mice with tumor volumes measuring
225 mm? were considered moribund and sacrificed according to
protocols approved by the Institutional Animal Care and Use
Committee of the University of Texas MD Anderson Cancer Center.

Flow cytometry and intracellular cytokine staining (ICS)

For analysis of surface markers, cells were stained in RPMI 1640
containing 2% (vol/vol) FBS, unless noted otherwise, with
antibodies specific for CD4 (RM4-5), CD8a (53-6.7), CD44 (1M7),
CD62L (MEL-14), CD45.1 (A20), and CD45.2 (104). OVA peptide
(SIINFEKL)-loaded mouse H-2Kb tetramers were obtained from the
US National Institutes of Health Tetramer Facility. For ICS, T cells
were stimulated for 4-6 h with specific peptides in the presence of
monensin, fixed, and permeabilized using BD Phosflow Fix Buffer
I/ll (BD Biosciences), and stained intracellularly with antibodies
specific for Bcl2, Bcl-xI, Bim, and p-ERK. All antibodies were used at
a 1:200 dilution unless otherwise stated. Cells were analyzed using
an LSRFortessa flow cytometer (BD), and data were analyzed with
FlowJo software. Analysis of the stained populations was
performed by gating on single cells.

Apoptotic cell detection

Apoptotic cells were detected with an Annexin V Apoptosis
Detection Kit (BD Biosciences). Cells were stained with annexin V
and Pl for 15min at RT according to the manufacturer’s
instructions and analyzed by flow cytometry.

ELISA and gRT-PCR

Sera from the indicated mice were analyzed by ELISA using a
commercial assay system (eBioScience). For gRT-PCR, total RNA
was isolated using TRIZOL reagent (Molecular Research Center,
Inc) and subjected to cDNA synthesis using RNase H reverse
transcriptase (Invitrogen) and oligo (dT) primers. gRT-PCR was
performed in triplicate using an iCycler Sequence Detection
System (Bio-Rad) and iQTM SYBR Green Supermix (Bio-Rad).
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The expression levels of individual genes were calculated by a
standard curve method and normalized to the expression level of
Actb. The gene-specific PCR primers (all for mouse genes) are
shown in Table S3.

Immunoblot, in vitro kinase and coimmunoprecipitation assays

T cells were lysed in RIPA buffer (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 1% (vol/vol) Nonidet P-40, 0.5% (vol/vol) sodium deoxycho-
late and 1 mM EDTA) and subjected to immunoblot and in vitro
kinase assays as previously described.>® Coimmunoprecipitation
assays were performed essentially as described.’’ In brief, in vitro-
differentiated memory CD8 T cells were starved overnight to
reduce steady-state signaling and were then stimulated with anti-
CD3 plus anti-CD28 antibodies for the indicated durations. The
stimulated cells were lysed in RIPA buffer on ice for 10 min. After
centrifugation, the cleared cell lysates (supernatants) were
supplemented with SDS to a final concentration of 1% and
heated for 5min to denature proteins. Cell lysates were then
diluted with RIPA buffer to reduce the SDS concentration to 0.1%
and subjected to immunoprecipitation using the indicated
antibodies prior to immunoblot analysis of the coprecipitated
proteins.

Statistical analysis

Statistical analysis was performed using Prism 8 software (Graph-
Pad Software). Comparisons between two groups were performed
using unpaired two-tailed Student’s t tests. For tumor growth
curves, differences between groups were evaluated by two-way
ANOVA with the Bonferroni correction. Survival data were plotted
on Kaplan-Meier curves, and a log-rank (Mantel-Cox) test was
performed. All statistical tests were justified as appropriate, and
the data met the assumptions of the tests. The variances were
similar between the groups under statistical comparison. The error
bars indicate the standard error of the mean. All dots on plots
represent biological replicates. Details are provided in the figure
legends. The levels of significance are expressed as follows: *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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