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Abstract
T cell homeostasis is crucial for maintaining an efficient and balanced T cell immunity. The
interaction between TCR and self peptide (sp) MHC ligands is known to be the key driving force
in this process, and it is believed to be functionally and mechanistically different from that
initiated by the antigenic TCR stimulation. Yet, very little is known about the downstream
signaling events triggered by this TCR-spMHC interaction and how they differ from those
triggered by antigenic TCR stimulation. In this study, we show that T cell conditional ablation of
MEKK3, a Ser/Thr kinase in the MAPK cascade, causes a significant reduction in peripheral T
cell numbers in the conditional knockout mice, but does not perturb thymic T cell development
and maturation. Using an adoptive mixed transfer method, we show that MEKK3-deficient T cells
are severely impaired in lymphopenia-induced cell proliferation and survival. Interestingly, the
Ag-induced T cell proliferation proceeds normally in the absence of MEKK3. Finally, we found
that the activity of ERK1/2, but not p38 MAPK, was attenuated during the lymphopenia-driven
response in MEKK3-deficient T cells. Together, these data suggest that MEKK3 may play a
crucial selective role for spMHC-mediated T cell homeostasis.

The number of peripheral T cells is always maintained at a fairly steady level throughout life
via a process called T cell peripheral homeostasis (1-3). T cell homeostasis involves
mechanisms to control peripheral T cell survival, proliferation, and apoptosis (1,4,5). In
addition to maintaining a steady number of peripheral T cells, T cell homeostasis also
controls T cell repertoire diversity; thus, this process plays a central role to maintain an
effective and adequate adaptive immunity (6-8). More importantly, perturbation of normal T
cell homeostasis has also been linked to various autoimmune conditions such as type I
diabetes, systemic lupus erythematosus, and Sjorgen’s syndrome, etc. (9-12).

The basal proliferation of peripheral naive T cells, called homeostatic proliferation, is very
slow in the absence of foreign Ags or microorganism infections. This process accelerates
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when the total number of T cells in the body is at low levels, known as lymphopenic
condition (or lymphopenia). This condition occurs naturally during neonatal T cell
development, or can be induced during chemotherapy, irradiation, or viral infection, and
promotes T cell homeostatic proliferation in an attempt to restore normal size of the T cell
pool (1). This process has been studied extensively using lymphopenic mice such as
RAG1−/− or irradiated mice. When a small number of T cells are transferred into these mice,
they undergo a vigorous proliferation known as lymphopenia-induced proliferation (LIP)3
(4,13). LIP has been demonstrated to be a physiological process for maintaining T cell
homeostasis (4,14). Two discrete populations of proliferating T cells have been identified.
One population is highly proliferative (known as fast proliferating (f.p.)) with more than
seven cell divisions within 7 days after transfer. In contrast, the other one undergoes slower
proliferation with only one to five cell divisions within the same period of time (15,16).
Careful analysis of these two populations suggests that the f.p. T cells are induced by either
commensal bacteria Ags or high-affinity self Ags in a way that resembles T cell activation
induced by foreign Ags (15,16). In contrast, the slower proliferating population is
considered to undergo homeostatic proliferation stimulated by weak self Ags (1,15). The
lymphopenic condition has been referred to sometimes as space, which indicates the
resources required for T cell survival and proliferation (such as self peptides (sp) and IL-7)
(6,17). It has been proposed that competition among T cells for access to the limited
resources (or space) is critical for T cell homeostasis (6).

T cell homeostasis is critically controlled by two different pathways. The first one requires
TCR signals induced by the spMHC (5,17,18). In the absence of this TCR-spMHC
interaction, T cell homeostatic processes, such as proliferation and survival, are severely
impaired (19-22). This TCR-spMHC-mediated stimulation under the lymphopenic condition
differs from that of Ag-mediated T cell activation (22-24). For instance, several T cell
activation markers, such as CD62L, CD25, and CD69, remain unchanged in this process
(25,26). However, the memory T cell surface marker, CD44, is slowly up-regulated
following homeostatic proliferation or LIP, suggesting that when naive T cells undergo LIP,
there is a concomitant conversion to memory phenotype (23,27,28). The second signal is
provided by common γ-chain cytokines such as IL-7 and/or IL-15 (29-33). These cytokines
either work alone or together with the TCR-spMHC-mediated signals to regulate peripheral
T cell homeostasis (32,34).

The MAPK cascades are highly conserved intracellular signaling networks that are used by
eukaryotic cells to transduce a wide spectrum of extracellular signals (35-37). MAPKs are
activated through a three-kinase module, including a MAPK, a MAPK kinase, and a MAPK
kinase kinase (MAP3K). Upon immune receptor stimulation or proinflammatory cytokine
receptor stimulation, the MAPK pathways are rapidly induced to regulate the expression of
those genes that are essential for both the innate and adaptive immune responses (37,38).
More than five mammalian MAPK cascades are known to coexist and function either
simultaneously or sequentially in both immune and nonimmune cells. Yet, the precise
mechanisms by which the MAPK pathways are activated and how individual MAPK
cascade functions specifically in distinctive immune cells under various physiological
settings remain to be fully understood.

MEKK3, a member of the MAP3K superfamily, shares a high homology with MEKK2,
whereas its similarity with other MAP3Ks is limited to the kinase domain (39-43). Although
most MAP3Ks are able to activate similar downstream MAPK cascades in vitro, including

3Abbreviations used in this paper: LIP, lymphopenia-induced proliferation; 7-AAD, 7-aminoactinomycin D; BMDCs, bone marrow-
derived dentritic cells; DN, double negative; DP, double positive; ES, embryonic stem; f.p., fast proliferating; KO, knockout; LN,
lymph node; MAP3K, MAPK kinase kinase; NCL, normal control littermate; sp, self peptide; SP, single positive; WT, wild type.
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the JNKs, ERK1/2, p38, and ERK5 under certain conditions, the in vivo studies suggest that
their specificities are more restricted toward certain downstream MAPK cascades in
controlling unique cellular functions (35,44,45). MEKK3 is activated through a
dimerization-induced autophosphorylation on a conserved serine residue in its activation
loop (46,47). Mouse genetic studies show that MEKK3 is essential for embryonic
cardiovascular development (48,49). In innate immune response, MEKK3 was found to
mediate the proinflammatory cytokine and TLR-induced JNK and p38 MAPK activation in
murine embryonic fibroblasts cells (50-53). However, very little is known about the role of
MEKK3 in adaptive immune responses, and no in vivo study of MEKK3 in T cells has been
done to date due to the early embryonic lethality of the germline MEKK3 knockout (KO)
mice.

In this study, we have generated Mekk3 conditional KO mice with a specific ablation of
MEKK3 in T cells. We found that deletion of MEKK3 in T cells did not significantly alter
the thymic T cell development, but led to a peripheral T cell homeostasis defect. MEKK3 is
critical for the proliferation of CD4 T cells and survival of both naive CD4 and CD8 T cells
under lymphopenic conditions. This defect is partially due to a decreased active ERK1/2
level in MEKK3-deficient T cells under lymphopenic condition. Together, our study
uncovered a critical role of MEKK3 in peripheral T cell homeostasis.

Materials and Methods
Targeting vector and generation of Mekk3 conditional KO mice

We used the same strategy and techniques described in our previous study (48,54) to
construct the conditional Mekk3-targeting vector and to generate the targeted mice. As
illustrated in Fig. 1A, a Loxp sequence (from pBS246; Life Technologies) was subcloned
into the XbaI site (a BamHI site is introduced at this location) in the intron upstream of the
exon 15 that encodes aa 493–537 of MEKK3 in the kinase subdomains VII-VIII. Another
Loxp was inserted at the XbaI site (destroyed after cloning) in the intron downstream from
this exon, followed by a Frt-flanked Neor cassette (a gift from P. Zhang, Baylor College of
Medicine, Houston, TX). The 8-kb XbaI-PstI genomic fragment of Mekk3 with the above
Loxp sequences, the Frt-flanked Neor cassette, and a 1.6-kb XbaI-PstI genomic sequence as
the short arm was ligated to a PGK-TK cassette, then subcloned into the pBluescript-SKII to
create the conditional Mekk3-targeting vector. Locations of the Southern blot probe (shaded
oval) and the P1 and P2 primers for PCR genotyping that amplify fragments with the sizes
of 1392, 1499, and 579 bp for the wild-type (WT), the flox, and the Δflox allele,
respectively, are indicated. The locations of the loxp (filled arrowhead) and Frt (open
diamond) sequences in the targeting vector and the targeted locus are shown. The sizes of
BamHI fragments that are detected by the Southern blot probe in the WT (17 kb), flox-Neor

(10 kb), and flox (8 kb) alleles are also shown. ROSA-Flp indicates a knock-in mouse line
with the Flp gene being knocked in to the rosa26 locus, whereas the Lck-Cre indicates a
transgenic mouse line with a cre gene specifically controlled by a T cell-specific promoter,
the Lck promoter. E14, E15, and E16 are exons of the Mekk3 gene where the targeting event
occurs.

The first step was to create embryonic stem (ES) cells targeted on the Mekk3 locus with the
two-loxp sequences flanking exon 15 (flox), but still containing the neomycin selection
marker that we called the flox-Neor allele. ES cells were cultured, transfected with the
targeting vector, and selected, as previously described (48,54). The targeted ES cells were
used to generate mice with germline transmission of this targeted allele. We bred these mice
to a ROSA-Flp mouse line to delete the neomycin gene sandwiched between the two Frt
sequences, resulting in the generation of the Loxp sequence knock-in mice that flank exon
15 (see diagram in Fig. 1A). We named the knock-in allele as the Mekk3 flox allele, and the
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knock-in mice as Mekk3flox/+ (one knock-in allele and one WT allele). Mekk3flox/flox (both
knock-in alleles) mice are generated by breeding Mekk3flox/+ mice to each other. MEKK3
germline KO (Mekk3+/−) mice (48) were bred with Lck-Cre transgenic mice (The Jackson
Laboratory) to obtain Lck-Cre-Mekk3+/− mice. These mice were bred with Mekk3flox/flox

mice to obtain Lck-Cre-Mekk3f/− (Mekk3 T-KO, also called the f/− mice throughout this
work) and Lck-Cre-Mekk3f/+ (normal control littermate (NCL), or f/+ mice throughout this
work) mice. All of the mice described above were backcrossed with C57BL/6 mice (The
Jackson Laboratory) for more than 10 generations to obtain a pure C57BL/6 background.

Mice
C57BL/6-Ly5.2 mice were obtained from The Jackson Laboratory. B6.PLThy1a/Cy and OT-
II/Thy1.1 transgenic mice were obtained from T. Chi (Yale University, New Haven, CT).
ROSA26-EYFP transgenic mouse is a gift from F. Costantin (Columbia University, New
York, NY). OT-II transgenic mouse is a gift from D. Chen (M.D. Anderson Cancer Center,
Houston, TX). OTII mice were bred with Mekk3f/f mice to generate OT-II-Mekk3f/f mice,
which in turn bred to Lck-Cre-Mekk3+/− mice to generate OT-II-Lck-Cre-Mekk3f/− (OT-II
Mekk3 T-KO mice) and OT-II- Lck-Cre-Mekk3f/+ (OT-II normal littermate control mice).
MHC class II KO mice (homozygous null for H2-Ab1, H2-Aa, H2-Eb1, H2-Eb2, H2-Ea)
were obtained from D. Rothstein (Yale University, New Haven, CT). All mice were on
C57BL/6 background. All mice were used between 6 and 10 wk of age, and were housed in
a pathogen-free animal care facility at M.D. Anderson Cancer Center or Yale University. All
mouse experiments were approved by Institutional Animal Care and Use Committee of
M.D. Anderson Cancer Center, and Yale University.

Cell preparation and Western blot analysis
Lymphocytes from thymus, spleen, and lymph nodes (LN) were lysed for 15 min on ice in
cell lysis buffer (25 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 1 mM PMSF, 1 mM Na3VO4, and protease inhibitor mixture). Total cell
lysates were resolved by 8 or 10% SDS-PAGE gels for immunoblot analysis with an anti-
MEKK3 mAb or an anti-tubulin Ab (BD Biosciences).

Lymphocyte staining and flow cytometry
Lymphocytes were isolated from thymuses, spleens, and LN of 6- to 10-wk-old mice. For
cell surface staining, cells were washed in FACS buffer (2% FCS PBS with 0.09% NaN3),
and then incubated with one of the following Abs alone or in combination, as indicated:
anti-CD3 PEcy5.5, anti-CD69 PE, anti-CD4 PECy7, anti-CD8 Pacific Blue, anti- CD62L
allophycocyanin, anti-CD62L PE, anti-CD44 Alexa750 (eBioscience), anti-CD5 PE, and
anti-CD127 PE (IL-7R) (BD Biosciences), in FACS buffer on ice for 30 min. Cells were
then washed two more times with FACS buffer, and fixed in 1% paraformaldehyde in PBS
before being analyzed with a LSRII machine (BD Biosciences). For intracellular staining of
phospho-ERK1/2 and phospho-p38, cells were first stained with surface markers, as
mentioned above, and then fixed with Fix/Perm Medium A (Caltag Laboratories) for 30 min
at room temperature. After washing, cells were incubated with anti-phospho-ERK1/2 (1:50)
and anti-phospho-p38 (1:50) (Cell Signaling Technology) in Fix/Perm Medium B (Caltag
Laboratories) for 60 min at 4°C, followed by incubation with goat anti-rabbit Alexa647
(1:200; Molecular Probes) for 30 min at 4°C. For intracellular staining of Foxp3, a Foxp3-
allophycocyanin staining kit (BD Biosciences) was used. For intracellular staining of Bcl-2,
cells were fixed and permeabilized with Fix/Perm kits (BD Biosciences) before being
stained with an anti-Bcl-2 PE Ab. Stained cells were analyzed by a LSR II machine (BD
Biosciences). Postacquisition analysis was performed with FLowJo software (Tree Star).
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T cell differentiation
Spleen CD4 T cells were first enriched by AutoMACS (Miltenyi Biotec), according to
manufacturer’s instructions. The enriched CD4+ cells were stained with anti-CD4 FITC,
anti-CD62L allophycocyanin, and anti-CD44 PE (BD Biosciences). CD4+CD62L+CD44low

naive T cells were sorted on a BD FACS Aria cell sorter. Purified naive CD4 T cells were
then stimulated with plate-bound anti-CD3 (1 μg/ml) plus 1 μg/ml anti-CD28 in 24-well
plate, in the presence of 50 U/ml rIL-2 (PeproTech) in T cell medium (RPMI 1640, 10%
FBS, 1× antibiotics (Sigma-Aldrich), and 50 μM 2-ME). For Th1 differentiation, anti-IL-4
(5 μg/ml; Pierce) and IL-12 (10 ng/ml; PeproTech) were added to the culture. For Th2
differentiation, anti-IFN-γ (5 μg/ml; Pierce) and IL-4 (10 ng/ml; PeproTech) were added to
the culture. Cells were cultured for 7 days before harvesting for immunoblotting analysis.

T cell stimulation and proliferation
Thymocytes were stimulated with different concentrations of plate-bound anti-CD3 (clone
145-2C11). Cells were stimulated in 96-well plate at 2 × 105 cells/well in T cell medium
(RPMI 1640, 10% FBS, 1× antibiotics, and 50 μM 2-ME). An anti-CD28 (clone 37.51) was
added to the medium at 1 μg/ml when indicated. The plates were incubated in a 37°C CO2
incubator. Supernatant was collected at 24 h to measure the production of IL-2 by ELISA.
For CD4 T cell stimulation, total splenocytes were used as APCs after depletion of T cells
using CD90.2 positive selection kit (Stem-Cell Technologies). Purified CD4 T cells were
mixed with APCs at 1:1 ratio. Mixed cells were plated onto 96-well plates at 2 × 105 cells/
well in T cell medium in the presence of indicated concentrations of soluble anti-CD3 (clone
145-2C11) Ab. For proliferation assay, cells were pulsed with 1 μCi of [3H]thymidine
(PerkinElmer) per well during the last 8 h of a 72-h culture period. The cells were then
harvested with a Tomtec cell harvester and counted with a beta plate liquid scintillation
counter. All results are expressed as means ± SDs of triplicate cultures.

CFSE labeling
Splenocytes/Lymphocytes (1 × 107 cells/ml) were labeled with 5 μM CFSE (Invitrogen) in
0.1% BSA/PBS for 15 min at 37°C. Labeling was terminated by adding 10 vol of T cell
medium and washed twice. Labeled cells were resuspended in serum-free RPMI 1640 for
i.v. injection, or in T cell medium for in vitro stimulation.

Mixed adoptive transfer
For lymphopenic induced proliferation assay, C57BL/6-Ly5.2 (CD45.1-positive) mice were
sublethally irradiated (600 rad) 24 h before transfer. C57BL/6.PLThy1a/Cy (Thy1.1) and
C57BL/6 (congenic for Thy1.2) LN cells were mixed at 1:1 ratio. Mixture was labeled with
CFSE. Five million mixed LN cells were injected into sublethally irradiated recipient mice
i.v. Three or 7 days after transfer, spleen and mesenteric LN were harvested from recipient
mice for flow cytometry analysis. For T cell survival and homing experiments, CD4 single-
positive (SP) thymocytes were purified by depleting of CD8-positive cells in the thymus
using CD8+-positive selection beads (BD Biosciences). Purified CD4SP thymocytes from
Mekk3 T-KO or its littermate control (Thy1.1−CD45.2+) were mixed with CD4SP
thymocytes from Thy1.1 mice at ~1:1 ratio, respectively. Mixture was transferred into
C57BL/6-Ly5.2 mice. One, 3, or 7 days after transfer, spleen and LN were harvested from
recipient mice for flow cytometry analysis. For the mixed bone marrow transplant
experiment, bone marrow cells from f/− (CD45.1−CD45.2+) mice were mixed with bone
marrow cells from WT C57BL/6-ly5.2 (CD45.1+CD45.2−) mice, and transferred into
lethally irradiated (1000 rad/10 Gy) C57BL/6-ly5.2 mice. Mice were sacrificed 8 wk later,
and donor cells in the thymus and spleen were analyzed by FACS staining for congenic
markers.
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In vitro activation-induced cell death and IL-7 protection assays
Thymocytes were seeded at 106 cells/well in 2 ml of T cell medium with 10% FBS into six-
well plates precoated with 10 μg/ml control IgG or anti-CD3 (clone 2C11) Ab/ml and
incubated for 12 and 24 h or with 0.5 μg of anti-Fas Ab (clone jo-2; BD Biosciences)/ml for
12 and 24 h. For IL-7-mediated protection assay, total splenocytes were seeded onto 24-well
plates at 106 cells/well in 1 ml of T cell medium containing either no murine rIL-7 or with
murine rIL-7 at 10 ng/ml (Peprotech). Cells were collected at indicated time points, and
stained with annexin V-PE (BD Biosciences) and 7-aminoactinomycin D (7-AAD;
eBioscience).

T cell-dendritic cell (DC) coculture
CFSE-labeled T cells (4 × 105) were mixed with bone marrow-derived dentritic cells
(BMDCs) (2 × 106) in 24-well plates. BMDCs were generated and matured following a
previously described method (55).

OVA immunization
CFSE-labeled OT-II T cells were transferred into C57BL/6-Ly5.2 mice i.p. and immunized
24 h later with an OVA/CFA mixture at the base of the tail. The OVA/CFA mixture was
prepared by mixing OVA (1 mg/ml) and CFA (1 mg/ml) in PBS and vortexed for 4 h at
room temperature. Each mouse received one single s.c. injection of 100 μl OVA/CFA
mixture. Three days later, splenocytes were collected from the recipient mice for flow
cytometry analysis.

Results
Generation of Mekk3 T cell conditional KO (T-KO) mice

We previously generated germline Mekk3 KO mice and demonstrated that MEKK3 is
required for early embryonic development (48,49). To investigate MEKK3 function in T
cells, we generated Mekk3 floxed mice and Mekk3 T cell conditional KO mice (Fig. 1, A–C).
MEKK3 is expressed in splenocytes, thymocytes, and LN (Fig. 1D), in FACS-sorted
CD4−CD8− double-negative (DN), CD4+CD8+ double-positive (DP), CD4+CD8− CD4SP,
and CD4−CD8+ CD8SP thymocytes (Fig. 1E), and in FACS-sorted peripheral CD4, CD8 T
cells, in vitro differentiated Th1 and Th2 T cells, and B cells (Fig. 1F). However, the
expression of MEKK3 was efficiently ablated in the thymocytes, and purified CD4−, CD8-T
cells from Mekk3 T-KO mice, but not the NCL mice (Fig. 1G). In addition, MEKK3
expression in B cells from the Mekk3 T-KO mice was similar to that observed in the NCL
mice. Furthermore, using a ROSA26R-EYFP reporter mouse, we confirmed that the cre
gene was expressed only in T cell lineage in the Lck-Cre transgenic mice starting at the DN
stage (56) (supplemental Fig. S1).4 Together, these data show that we successfully deleted
MEKK3 in the T cell lineage in which MEKK3 is stably and ubiquitously expressed in both
naive and differentiated effector T cells.

MEKK3 is not required for the development of major subsets of T cells in thymus
We first analyzed the thymus of Mekk3 T-KO mice. No difference in thymic cellularity was
found between the Mekk3 T-KO and NCL mice (supplemental Table S1).4 Nor did we found
any significant change in the number and the percentage of DN, DP, CD4SP, or CD8SP
thymocytes (Fig. 2, A and B). Expression of other T cell markers, including CD3, CD69, and
CD44, was also not affected (supplemental Fig. S2).4 The development of T regulatory cells
(CD4+CD8−CD25+Foxp3+) also appeared normal in the Mekk3 T-KO mice (supplemental

4The online version of this article contains supplemental material.
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Fig. S3).4 Furthermore, we found no difference in TCR-induced cell proliferation and IL-2
production between the Mekk3 T-KO and NCL mice (Fig. 2, C and D). Finally, the TCR-,
CD95-, and dexamethasone-induced cell death of thymocytes from the Mekk3 T-KO and
NCL mice was also similar (Fig. 2E). Together, these results suggest that MEKK3 may not
be required for thymic T cell development.

Reduction of peripheral T cell number in Mekk3 T-KO mice
We next examined the peripheral T cells from the Mekk3 T-KO mice. Anatomical analysis
of Mekk3 T-KO mice revealed a striking reduction in the size of the spleen as compared
with that of control littermates (Fig. 2F). This phenotype was accompanied by a significant
reduction in total numbers of T cells. Total numbers of CD4 and CD8 T cells were
significantly reduced (58 and 66% reduction for CD4 and CD8 T cells, respectively) (Fig.
2G). The percentages of CD4 and CD8 T cells in the Mekk3 T-KO mice were also reduced
as compared with that from their WT littermates (Fig. 2H). Together, the above results
suggest a role of the MEKK3 pathway in regulating peripheral T cell homeostasis.

MEKK3 is required for T cell homeostatic proliferation and survival
To test whether deletion of MEKK3 in T cells causes any homeostatic defect, we examined
whether Mekk3 KO T cells were able to proliferate and expand in a lymphopenic
environment. Same numbers of LN cells from either Mekk3 T-KO mice or NCL mice were
mixed with WT Thy1.1 T cells and transferred into sublethally irradiated C57BL/6-Ly5.2
recipient mice (CD45.1) after being labeled with CFSE dye. Before transfer, the ratios of
mixed donor T cells were verified by flow cytometry (Fig. 3, A and C). Seven days after
transfer, the donor T cells from the spleen and LN were analyzed. The number of Mekk3 KO
CD4 (Fig. 3B) and CD8 (Fig. 3D) T cells that were recovered from the spleen and LN of
recipient mice was dramatically reduced as compared with the Thy1.1 T cells. In contrast,
the number of the NCL T cells in the recipient spleen and LN remained comparable to that
of the Thy1.1 T cells (Fig. 3, B and D). These results thus strongly suggest that MEKK3
plays a critical role in maintaining peripheral CD4 and CD8 T cell numbers in lymphopenic
hosts, and the reduction of peripheral T cells in the Mekk3 T-KO mice may be due to an
impaired homeostatic T cell survival.

The proliferation of donor T cells was assessed by CFSE dilution. Whereas the WT CD4 T
cells divided similarly to the cotransferred Thy1.1 counterparts, interestingly, the slower
proliferating population, but not the f.p. population, of the Mekk3 KO CD4 T cells divided
much less in the recipient as compared with its cotransferred Thy1.1 counterparts (Fig. 3B,
lower graphs). Up to four distinct CFSE peaks were observed in the slow proliferating
Thy1.1 CD4 T cells or NCL CD4 T cells (39% of the cells that divided once, 21% divided
twice, and 6% divided three times, respectively, for the Thy1.1 CD4 T cells). In contrast,
only one CFSE dilution peak containing ~20% of the cells could be detected in the slow
proliferating Mekk3 KO CD4 T cells. This reduced CFSE dilution in Mekk3 KO CD4 T cells
was observed as early as day 3, and became clearer at day 5 after transfer (Fig. 3E). The
Mekk3 KO CD8 T cells, however, appeared to be able to divide as well as the WT T cells
(Fig. 3D, bottom graphs).

To further confirm that the defects in peripheral homeostasis of Mekk3 KO CD4 and CD8 T
cells are intrinsic to the Mekk3 gene deletion, we conducted mixed bone marrow transfer
experiments. As shown in Fig. 3F, we found that in the presence of WT T cell competition,
the recovery of Mekk3 KO CD4 and CD8 T cells was significantly reduced in the periphery,
but not in the thymus, consistent with our conclusion that MEKK3 is required for peripheral
T cell homeostasis.
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MEKK3 is not required for Ag- or anti-TCR/CD3-induced proliferation
In the above adoptive transfer experiments, we found that the f.p. subset of CD4 T cells
appeared not requiring MEKK3 for proliferation in contrast to the slower proliferating
subset (Fig. 3B, lower graphs). It is believed that the T cell subsets that undergo slower
proliferation are responding to the homeostatic/lymphopenic signals, whereas the subset of
CD4 T cells that undergo fast proliferation is induced by either commensal bacteria Ags or
by high-affinity self Ags. Some of those cells could also be effector memory cells (1,4).

These results, therefore, seem to suggest that MEKK3 may be required only for homeostatic
proliferation signals, but not for antigenic stimulation. Indeed, when we examined the
purified Mekk3 KO CD4 T cells isolated from either the spleen or LN for their responses to
anti-TCR/CD3 stimulation, we found no difference between the NCL and Mekk3 KO T cells
(Fig. 4, A and B). We further examined the induction of Mekk3 KO CD4 T cell proliferation
by foreign Ag stimulation using the Mekk3 KO OVA-specific OT-II TCR-transgenic CD4 T
cells in vivo and in vitro. We found that Ag OVA induced similar T cell proliferation of
both WT and Mekk3 KO OT-II T cells (Fig. 4, C and D). These results thus indicate that the
MEKK3 pathway may be specifically used by T cells for the homeostatic proliferation, but
not Ag-driven proliferation.

To further test whether MEKK3 may be required for spMHC-driven homeostatic
proliferation, we used a DC-T cell coculture assay described previously for non-Ag-driven T
cell proliferation in vitro by syngeneic DCs (25). As shown in Fig. 4E, when cocultured with
syngeneic DCs, the percentage of dividing WT CD4 T cells (19.32%) was almost double the
percentage of dividing Mekk3 KO T cells (9.92%). In the absence of syngeneic DCs, neither
WT nor Mekk3 KO CD4 T cells were able to proliferate. These results thus suggest that
MEKK3 is required for mediating the spMHC-induced TCR signals for T cell homeostasis.
Consistent with these results, we found that when WT or Mekk3 KO CD4 T cells were
transferred into the MHC class II-deficient mice, similar numbers of WT and Mekk3 KO
donor T cells were recovered (supplemental Fig. S4).4

MEKK3 regulates CD44 expression in naive CD4 T cells
It has been previously shown that when naive CD4 T cells undergo a homeostatic/
lymphopenic proliferation, there is a concurrent up-regulation of CD44 expression from low
to medium-high (23,57). This concomitant CD44 up-regulation was not accompanied by up-
regulation of other T cell activation markers such as CD69 and CD25, or down-regulation of
CD62L (25,26), suggesting that this CD44 up-regulation is a process of T cell homeostasis
response. We thus examined the CD44 levels in naive (CD62Lhigh) CD4 and CD8 T cells
from the spleens of NCL and Mekk3 T-KO mice. Whereas we did not find any significant
differences in the expression of T cell surface activation markers such as CD69, CD25,
CD62L, and CD5 between NCL and Mekk3 KO CD4 T cells (supplemental Fig. S5 and S6),
4 the levels of CD44 expression on the surface of Mekk3 KO naive CD4 cells were
consistently reduced (Fig. 5, A–C). When CD62Lhigh CD4 naive T cells were arbitrarily
divided into CD44low, CD44medium, or CD44high subsets (Fig. 5A), Mekk3 T-KO mice had
significantly more CD62LhighCD44low, but much less CD62LhighCD44medium CD4 T cells
when compared with the NCL mice (Fig. 5, A and B). Because up-regulation of CD44
expression in naive CD4 T cells is suggested to associate with homeostatic proliferation of
CD4 T cells in the periphery, these results further support a role of MEKK3 in CD4 T cell
homeostasis. Interestingly, analysis of CD8 T cells from the NCL and Mekk3 T-KO mice
(supplemental Fig. S7)4 did not show any difference in CD44 expression, indicating that
MEKK3 is differentially involved in CD4 and CD8 T cell homeostasis.
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We next examined up-regulation of CD44 expression in naive CD4 T cells transferred to
lymphopenic mice using the same mixed transfer protocol described above. As shown in
Fig. 5, C and D, 3 days after transfer, the percentage of Mekk3 KO CD44low T cells that had
not been divided (no CFSE dilution) was higher (29.66%) than that of WT CD4 T cells
(17.13%). In contrast, at this time point, we did not observe any difference in CD62L
expression between the control and Mekk3 KO CD4 T cells (Fig. 5, E and F). Furthermore,
7 days posttransfer, the percentage of Mekk3 KO CD44low cells was even higher, whereas
almost all WT cells up-regulated their CD44 level (Fig. 5, G and H).

MEKK3 is not required for T cell trafficking/homing
In addition to the defects in proliferation, problems in trafficking and homing to secondary
lymphoid organs may also account for the decreased numbers of Mekk3 KO CD4 and CD8
T cells in the spleens and LN of the recipient mice described above. To address this
possibility, we conducted the mixed transfer experiment and determined the recovery of
Mekk3 KO T cells at early time points (24–72 h) following the transfer. To avoid the
contribution of cell number change due to cell proliferation, nonirradiated mice were used as
recipient hosts because LIP does not occur in nonlymphopenic host. As shown in Fig. 6, A
and B, there was no difference in trafficking or homing of Mekk3 KO CD4 T cells to spleen
at 24 and 72 h. As expected, no proliferation of either WT or Mekk3 KO T cells was
observed, as indicated by the lack of CFSE dilution (Fig. 6B). Similarly, no difference in
trafficking and homing to LN was detected between NCL and Mekk3 KO T cells either (data
not shown). Similar results were found for CD8 T cells (supplemental Fig. S8).4 Thus, these
results indicate that MEKK3 may not play a role in T cell trafficking or homing to the
secondary lymphoid organs.

MEKK3 is required for survival of naive T cells
Although Mekk3 KO CD4 T cells were able to home to spleen and LN between day 1 and 3,
at day 7 posttransfer, there was a significant reduction of Mekk3 KO CD4 T cells as
compared with the cotransferred WT Thy1.1 cells (Fig. 6, A and C). Because neither WT nor
Mekk3 KO T cells proliferated under this condition, as indicated by the lack of CFSE
dilution, this result indicated that MEKK3 is required for naive CD4 T cell survival in the
periphery. Consistent with this hypothesis, a significant increase in the numbers of Mekk3
KO CD4 T cells that had undergone apoptosis as compared with the control cotransferred T
cells was detected at day 7 after transfer (Fig. 6D). We also examined the survival of donor
CD8 T cells in lymphorepleted hosts (nonirradiated hosts) and found that Mekk3 is required
for CD8 T cell survival (supplemental Fig. S8).4 Together with the results from Fig. 3, these
data demonstrate that MEKK3 is required for survival of naive CD4 and CD8 T cells.

MEKK3 is not required for IL-7-dependent naive T cell survival
IL-7 was shown to play a key role in protecting naive T cells from dying in the periphery
under homeostatic conditions (30,32,33). We did not find any significant differences in the
expression of IL-7R between NCL and Mekk3 KO CD4 T cells (supplemental Fig. S6).4 To
further determine whether the IL-7 signaling is MEKK3 dependent, we comparatively
examined the survival of control WT T cells and Mekk3 KO CD4 T cells (Fig. 6E) and CD8
T cells (Fig. 6F), either in the absence or presence of IL-7 for 4 days. In the absence of IL-7,
Mekk3 KO T cells died at a rate identical with that of WT T cells. Addition of IL-7 to the
culture rescued both WT and Mekk3 KO CD4 and CD8 T cells from dying to similar levels
(Fig. 6, E and F). These results thus suggest that MEKK3 plays a critical role in maintaining
the peripheral T cell survival in an IL-7-independent manner.

Wang et al. Page 9

J Immunol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MEKK3-dependent lymphopenic proliferation and survival require ERK1/2, but not p38
MAPKs

MEKK3 has been shown to be a potent upstream activating kinase for several MAPKs,
including JNK, ERK1/2, p38, and ERK5, in innate immune cells and also in nonimmune
cells, but its role as an activator of MAPKs in T cells has not been fully studied. To
determine whether MEKK3 is involved in activating MAPKs during T cell homeostasis, we
examined ERK1/2 and p38 activation in T cells undergoing homeostatic proliferation. We
stained the mixed WT and Mekk3 KO T cells isolated from the recipient mice 5 days after
transfer with either an anti-p-ERK1/2 or an anti-p-p38 Ab, and analyzed the levels of active
ERK1/2 or p38 by multicolor flow cytometry. As shown in Fig. 7, there was a clear
reduction in active ERK1/2 in the Mekk3 KO CD4 (Fig. 7A) and CD8 (Fig. 7B) T cells as
compared with that in the control cotransferred WT T cells. Under the same staining
condition, very little difference in the level of active p38 was detected between the WT and
Mekk3 KO T cells. This result demonstrates that MEKK3 is essential to activate ERK1/2
pathway in response to homeostatic cues. Given the well-documented function of ERK1/2 in
regulating cell proliferation and survival, it also suggests that the MEKK3-mediated
proliferation and survival of T cells in lymphopenic host are through the activation of
ERK1/2 pathway.

Discussion
T cell homeostasis is a critical process for maintaining a balanced and effective adaptive
immunity. Although it has been known for quite some time that both TCR-mediated
recognition of spMHC ligands and cytokines are important regulators of T cell homeostasis,
the intracellular signal transduction pathways that are responsible for mediating these
homeostatic signals are not fully understood. In our present study, we demonstrated that
MEKK3, a highly conserved member of MAP3K, is selectively used by T cells to mediate
the spMHC-induced TCR signals.

MEKK3 is a ubiquitously expressed Ser/Thr protein kinase in both immune and nonimmune
cells. In the T cell lineage, we show that it is expressed as early as the DN stage. Except in
DP thymocytes, where its expression seems reduced to some extent, MEKK3 is highly
expressed in all other subsets of both naive and differentiated CD4 and CD8 T cells.
Whereas these expression results strongly suggest an important role of MEKK3 in T cell
function, it should be noticed that MEKK2, a closely related homologue of MEKK3, also is
coexpressed with MEKK3 in the same cells (data not shown). This suggests that MEKK2
may compensate for some of the MEKK3 functions in Mekk3 KO T cells, and thus may
partially explain the relatively normal thymus development in Mekk3 T-KO mice. Although
all the major subsets of thymocytes are relatively unchanged in Mekk3 T-KO mice, we
found a small, but seemingly consistent accumulation of DN3 (CD4−/CD8−CD25−/CD44+)
subset of thymocytes (data not shown). In fact, this is the stage when a major deletion of
MEKK3 by the Lck-Cre begins (supplemental Fig. S1).4 Accumulation of DN3 cells has
been suggested to indicate an insufficient pre-TCR signal at this stage (58). We do not know
whether this mild defect in Mekk3 T-KO mice is due to the inefficient Mekk3 deletion at this
time, or is due to the compensation of MEKK2 expression. Nevertheless, the MEKK3-
deficient thymocytes seem to be able to develop through this stage and undergo normal DP
and CD4 and CD8 SP cell development.

Despite relatively normal thymus development, the CD4 and CD8 T cells in the spleen and
LN of Mekk3 T-KO mice were found significantly reduced. These results lead us to believe
that the MEKK3-mediated signaling pathway in T cells may be a critical regulatory circuit
for T cell homeostasis. Indeed, by using a mixed adoptive transfer protocol, we have
provided strong evidence that MEKK3 is absolutely required for peripheral T cell
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homeostasis. When the MEKK3-deficient CD4 and CD8 T cells were adoptively
cotransferred with the congenic Thy1.1 CD4 and CD8 T cells into lymphopenic recipient
mice, they were severely impaired in their ability to undergo homeostasis in lymphopenic
hosts as compared with the cotransferred Thy1.1 T cells. In contrast, the T cells from the
NCL mice (Lck-Cre-Mekk3f/+) proliferate and survive to the same extent as the Thy1.1 T
cells. Interestingly, the reduction of CD4 and CD8 T cells is accompanied sometimes by the
reduction of total splenocyte number, resulting in a visibly smaller spleen in size (Fig. 2F).
Because Mekk3 is only deleted in T cells, these results may suggest that defective T cell
function may also impair the homeostasis of other immune cells such as DCs, B cells, or
stromal fibroblastic reticular cells in the periphery.

Although our results show that both CD4 and CD8 T cells require MEKK3 for peripheral
homeostasis, the function of MEKK3 in these two subsets of T cells may differ. For CD4 T
cells, we found that both LIP and T cell survival were severely impaired. In contrast, CD8 T
cells did proliferate in the lymphopenic hosts. We do not know what accounts for this
difference, but it has been known that CD8 T cells generally proliferate more vigorously
under lymphopenic condition (34,59). It is also possible that MEKK3 may be dispensable
for the proliferation program in CD8 T cells. Alternatively, other MAP3Ks such as MEKK2
may partially compensate the lost of function of MEKK3 in these cells. However, despite
their ability to proliferate, Mekk3 KO CD8 T cells, like Mekk3 KO CD4 T cells, were unable
to maintain peripheral homeostasis, suggesting that both CD4 and CD8 T cells require
MEKK3 for survival.

TCR interaction with spMHC and common γ-chain cytokines such as IL-7 and IL-15 are
two essential factors required for peripheral T cell homeostasis. In our study, we found that
MEKK3 may not be required for IL-7-mediated survival response because IL-7 appears to
protect both the WT and Mekk3 KO T cells equally well in vitro. In this regard, we did not
find any significant difference in expression of prosurvival molecule Bcl-2 between the WT
and Mekk3 KO T cells (supplemental Fig. S6).4 This seems to be consistent with our
unpublished result showing that MEKK3 is not strongly activated by IL-7 in T cells. In
contrast, MEKK3 is activated by TCR stimulation, indicating that MEKK3 may be required
to transduce the TCR signals (data not shown). The requirement of MEKK3 in the TCR
signal transduction is strongly supported by the observation that in Mekk3 KO T cells, the
activity of a known MEKK3 target, ERK1/2 MAPK, was attenuated under the lymphopenic
conditions (Fig. 7).

Although defects in proliferation and survival of Mekk3 KO T cells are most likely the major
causes for their defects in maintaining their peripheral numbers, other possibilities, such as
defects in their ability to traffic and home to the secondary lymphoid organs, may also lead
to the decrease in the peripheral T cell numbers. However, this seems not the case, because
similar numbers of the Mekk3 KO T cells or the NCL T cells and the cotransferred Thy1.1 T
cells were recovered within the first 3 days of transfer under nonlymphopenic conditions in
which neither WT nor Mekk3 KO T cells underwent proliferation. Furthermore, we found
that when cocultured with syngeneic DCs in vitro in the absence of Ag, the Mekk3 KO CD4
T cells also proliferated poorly as compared with the control WT T cells (Fig. 4E). These
results thus strongly suggest that MEKK3 is required for transducing the TCR signals
induced by spMHC for both CD4 and CD8 T cells to undergo homeostatic/lymphopenic
proliferation and survival. Because homeostatic/lymphopenic proliferation and survival of
naive T cells may impact the memory T cell development, it would be interesting to test
whether there is a defect in the development of memory T cells in Mekk3 T-KO mice in the
future.
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One surprising result from this study is that the Ag-induced CD4 T cell proliferation does
not require MEKK3. We tested it in several ways by using either plate-bound anti-CD3 Ab,
soluble anti-CD3 Ab in the presence of T-depleted spleen APCs, or the exogenous Ag OVA
(or OVA peptide) to activate MEKK3-deficient OT-II transgenic T cells. In all these cases,
the purified naive Mekk3 KO CD4 T cells displayed the same level of proliferation as the
CD4 T cells from NCL mice. Consistently, the f.p. population in the LIP assay ( f.p. in Fig.
3B), whose proliferation is believed to be controlled by high-affinity commensal bacterial
Ags or high-affinity self Ags, was not affected by MEKK3 deletion. These results suggest
an interesting possibility that the MEKK3 pathway may be selectively used by T cells to
transduce relatively weak TCR signals initiated by the spMHC ligands in noninfectious
conditions. To date, there is no well-established system for studying the difference in TCR
response triggered by self Ags and foreign Ags. Our Mekk3 conditional KO mice are likely
to be a useful tool for further dissecting the signaling events that are induced by the spMHC
ligands.

What are the underlying mechanisms that may account for the difference between the
spMHC ligand-induced T cell responses vs the foreign Ag-induced T cell responses? It is
known that the homeostatic proliferation induced by spMHC ligands usually does not alter
the expression of several classical T cell activation markers such as CD69, CD25, and
CD62L. However, it does up-regulate the T cell activation marker CD44 that is more often
used as a marker for memory T cells. It was shown that under lymphopenic conditions,
CD44 is up-regulated after one round of LIP (14). However, whether CD44 up-regulation is
also associated with normal physiological T cell homeostasis remains unclear. In our study,
we found that in Mekk3 T-KO mice, there is a significant increase of CD44low naive CD4 T
cells (CD62Lhigh) (Fig. 5). This result suggests that the CD44 level in naive CD4 T cell
population may be gradually up-regulated under the slow process of homeostasis. This
process seems to require MEKK3 function because, as shown in our mixed transfer
experiments, the Mekk3 KO CD4 T cells had the reduced ability to up-regulate their CD44
level, and were also unable to proliferate under these conditions as compared with their
cotransferred counterparts (Fig. 5). It is unclear at the moment whether it is the inability of
Mekk3 KO T cells to proliferate that prevents the CD44 up-regulation or the result of the
defects in CD44 up-regulation that impairs Mekk3 KO T cells’ ability to proliferate. Our
results support the notion that CD44 expression is associated with the process of T cell
homeostasis in CD4 T cells. It should be noted though that the CD44 expression in Mekk3
KO CD8 T cells was not affected. We do not know the underlying reason for this difference
between the CD4 and CD8 T cells. However, given the differential requirement for MEKK3
for lymphopenia/homeostasis-induced proliferation between CD4 and CD8 T cells, this
result seems to link the cell proliferation potential with the ability of CD44 up-regulation.

How would the T cell homeostasis defects in Mekk3 T-KO mice affect the overall adaptive
immunity in these mice, and how would alteration in T cell numbers affect the repertoire of
peripheral T cells? It would be easy to predict that the Mekk3 T-KO mice would have a
reduced immune response due to its reduced peripheral T cell numbers. However, because
the Ag-mediated proliferation of Mekk3 KO T cells remains intact, the Mekk3 KO mice may
be able to partially overcome the deficit in the number of peripheral T cells. Instead, the
generation and maintenance of memory pool of peripheral T cells may be affected. It is
possible that MEKK3 is also required for maintaining memory T cell homeostasis. Finally,
because the Mekk3 T-KO mice are chronically lymphopenic, it is possible that these mice
may select certain high-affinity autoreactive T cells that may lead to the development of
autoimmune diseases. Future studies in these areas with our Mekk3 T-KO mice should prove
to be fruitful.
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FIGURE 1.
Conditional ablation of MEKK3 in T cell lineages. A, A diagram showing the Mekk3 gene
locus (WT allele), the targeting vector, the Loxp sequence-targeted allele containing the
neomycin resistant gene (flox-Neor allele), the Loxp sequence-targeted allele with the Neor

gene deleted by ROSA-Flp (flox allele), and the T cell conditionally deleted allele by Lck-
Cre (Δflox allele). See Materials and Methods for detail. B, Southern blot analysis of
genomic DNAs isolated from the tails of a WT mouse, a heterozygous mouse with one WT
allele and one flox allele (flox/+), and a heterozygous mouse with one flox-Neor and one flox
allele (flox/flox-Neor), as indicated. The DNAs were digested with BamHI enzyme, and the
Southern probe is shown in A above. C, PCR genotyping of the Mekk3 conditionally
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targeted mice. DNAs were prepared from total thymocytes isolated from Mekk3flox/+ (flox/
+), Mekk3flox/− (flox/−), Lck-Cre-Mekk3flox/+, and Lck-Cre- Mekk3flox/− mice, as indicated.
+, Indicates MEKK3 WT allele; −, indicates the Mekk3 germline KO allele generated from
our previous study (48). (See supplemental Materials and Methods4 for detailed description
of Southern blot and PCR genotyping.) D–F, Immunoblot analysis of MEKK3 expression in
total lymphocyes isolated from spleen, LN, and thymus (D), or in purified subsets of
thymocytes (E), or in purified naive CD4 T cells, CD8 T cells, in vitro differentiated Th1
and Th2 cells, and purified B cells (F), using an anti-MEKK3-specific mAb. The α-tubulin
level was determined as loading controls. DN, DP, CD4SP, and CD8SP are DN, DP,
CD4+CD8− SP, and CD8+CD4− SP thymocytes, respectively. G, Detection of MEKK3
deletion in T cells from the Mekk3 T-KO mice. Total thymocytes (Thy) or purified CD4,
CD8, and B cells isolated from either NCL mice (f/+) or Mekk3 T-KO mice (f/−) were
examined for MEKK3 expression by immunoblotting with an anti-MEKK3 mAb, as
described above in D.
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FIGURE 2.
Analyses of T cell development in Mekk3 T-KO mice. A, Total thymocytes were prepared
from a pair of 8-wk-old NCL (f/+) and Mekk3 T-KO (f/−) mice, and analyzed by multicolor
flow cytometry using PerCP anti-CD4 and FITC anti-CD8 Abs. Numbers in the graphs
show percentages of each gated subset of thymocytes. B, A bar graph shows the summary of
the percentages of the DN, DP, CD4SP, and CD8SP thymocytes determined by flow
cytometry described above in A. Data represent the mean ± SD of results from analyzing 12
pairs of 6- to 10-wk-old NCL (f/+) and Mekk3 T-KO (f/−) littermates. C and D, Thymocytes
from NCL (f/+) and Mekk3 T-KO (f/−) mice were stimulated with indicated concentrations
of plate-bound anti-CD3 Ab together with soluble anti-CD28 Ab. Cell proliferation (C) and
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IL-2 production (D) were determined by [3H]thymidine incorporation and an ELISA,
respectively. E, Thymocytes from NCL (f/+) and Mekk3 T-KO (f/−) mice were either
untreated (0 h) or treated with 10 μg/ml plate-bound anti-CD3 Ab, or 0.5 μg/ml anti-Fas Ab,
or 50 nM dexamethasone (DEX) for 12 or 24 h, as indicated. The samples were stained for
CD4, CD8, annexin V, and 7-AAD, and analyzed on gated CD4+CD8+ DP population by
flow cytometry. The annexin V and 7-AAD DN cells are considered as viable cells. The
relative survival rate is calculated as the percentage of remaining annexin V and 7-AAD DN
cells after treatment normalized to that at time zero that arbitrarily set as 100%. Data are
representative of four independent experiments. F, A picture showing the sizes of spleens
from an 8-wk-old Mekk3 T-KO mouse (f/−) and its NCL (f/+). G, Scatterplots showing the
total numbers of CD4 and CD8 T cells in spleen and LN from Mekk3 T-KO (f/−) and NCL
(f/+) mice. Data shown are results from 10 pairs of 6- to 10-wk-old NCL (f/+) and Mekk3 T-
KO mice (f/−). The p values were calculated using double-tail paired Student’s t test. H, Dot
plots show flow cytometry analysis of CD4 and CD8 T cells from the spleen (top) and LN
(bottom) of an 8-wk-old NCL (f/+) and a Mekk3 T-KO (f/−) mouse. The numbers next to the
gated cells are percentages of CD4 or CD8 T cells in the spleen and LN. These numbers are
used to calculate the total number of CD4 and CD8 T cells in spleen and LN shown in G
above.
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FIGURE 3.
MEKK3 is required for LIP and survival. A, Lymphocytes from LN prepared from NCL (f/
+) or Mekk3 T-KO (f/−) were mixed at ~1:1 ratio with the lymphocytes from the Thy1.1
congenic C57BL/6 mice. The numbers shown in the graphs are the percentages of the NCL
CD4 T cells, Mekk3 KO CD4 T cells, and their respectively mixed Thy1.1 CD4 T cells, as
determined by multicolor flow cytometry before transfer. The mixed cells were also labeled
with 5 μM CFSE before transfer. B, Multicolor flow cytometry analyses of the donor CD4 T
cells from the spleens and LN of recipient mice at day 7 after transfer using Abs against
CD45.2, CD4, CD8, and Thy1.1. The CD45.2-positive cells (donor cells) were gated and
analyzed for CD4+/Thy1.1− and CD4+/Thy1.1+ populations, as indicated (upper graphs).
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The numbers next to the gated cells indicate the relative percentages of donor NCL CD4 T
cells, the Mekk3 KO CD4 T cells, and the cotransferred Thy1.1 CD4 T cells. The gated
CD4+/Thy1.1− and CD4+/Thy1.1+ populations from the upper panels were further analyzed
for CFSE dye dilution, as shown by histograms in the middle panels. The solid line shows
the CFSE dilution of Thy1.1 CD4 T cells, whereas the shadowed areas are for the
cotransferred NCL or Mekk3 KO T cells. Bottom two graphs, Show the expanded CFSE
dilution peaks of Mekk3 KO T cells (f/−) from spleen and LN, as indicated by the arrows.
The f.p. cells are indicated. C, Same as A, except the staining was for CD8 T cells. D, Same
as B, except the staining was for CD8 T cells. E, Analysis of CFSE dilution of donor CD4 T
cells under lymphopenic condition at days 3 and 5. Donor T cells were mixed, labeled with
CFSE, transferred to irradiated recipient mice, and analyzed at day 3 or 5, as indicated after
transfer and as described above in A and B. The numbers show the relative percentages of
the cells divided more than once. F, Bone marrow cells isolated from Mekk3 T-KO and WT
control (C57BL/6-Ly5.2) mice were mixed at roughly 1:1 ratio before being transferred into
lethally irradiated C57BL/6-Ly5.2 mice. Eight weeks later, the ratios of WT
(CD45.1+CD45.2−) and Mekk3 KO T cells (KO) (CD45.1−CD45.2+) were analyzed by flow
cytometry on gated thymic CD4SP, CD8SP, and DP cells, and splenic CD4, CD8, and non-
T (CD4−CD8−) cells, respectively, as indicated. The numbers in the graphs show the
percentages of the gated cells in each analysis.
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FIGURE 4.
MEKK3 is not required for Ag-induced proliferation. A, Naive CD4 T cells (CD4+/CD62L+)
were purified by FACS sorting from either NCL (f/+) or Mekk3 T-KO (f/−) mice. Equal
numbers of each sorted cells were stimulated for 3 days in triplicates with different
concentrations of plate-bound anti-CD3 Ab, as indicated. [3H]Thymidine was added during
the last 12 h of culture before harvesting. Average [3H]thymidine incorporation was
determined by scintillation counting. The data shown are a representative of three
independent experiments from three pairs of NCL and Mekk3 T-KO mice. B, The purified
naive CD4 T cells were labeled with 5 μM CFSE before being stimulated with either no Ab,
or with 0.1, 0.3, and 1 μg of anti-CD3 Ab in the presence of T cell-depleted C57BL/6
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splenocytes as APCs. CD4 T cells were analyzed 3 days later for CFSE dilution. The solid
lines in the graphs show CFSE dilutions of NCL CD4 T cells (f/+), whereas the shaded areas
represent the CFSE dilutions of Mekk3 KO CD4 T cells (f/−). C, Splenocytes from NCL (f/
+) and Mekk3 T-KO (f/−) OT-II transgenic mice were labeled with CFSE and stimulated
with anti-CD3 Ab (1 μg/ml), OVA (20 μg/ml), or OVA323–339 peptide (OT2p,
ISQAVHAAHAEINEAGR) (5 μg/ml), as indicated. CFSE dilution was analyzed by flow
cytometry on gated CD4+TCRvβ5+ cells at day 3. D, CD4 T cells from NCL (f/+) and
Mekk3 T-KO (f/−) OT-II transgenic mice were mixed at 1:1 ratio with CD4 T cells from
Thy1.1/OT-II transgenic mice, and then labeled with CFSE. Ten million mixed OTII cells
were transferred via i.v. into C57BL/6-Ly5.2 recipient mice. The recipient mice were
immunized with OVA 24 h later, and splenocytes from the recipient mice were collected for
flow cytometry analysis at day 3. The CD4+CD45.2+TCRvβ5+ positive cells (donor cells)
were gated and analyzed for Thy1.1− and Thy1.1+ populations, as indicated (upper graphs).
The numbers next to the gated cells show the relative percentages of the donor NCL CD4 T
cells, Mekk3 KO CD4 T cells, and the cotransferred Thy1.1 OT-II T cells. The gated CD4+/
Thy1.1− and CD4+/Thy1.1+ populations from the upper panels were further analyzed for
CFSE dilution, as shown by histograms in the lower panels. The solid line shows the CFSE
dilution of Thy1.1 CD4 T cells, whereas the shadowed areas are for the cotransferred NCL
or Mekk3 KO OT-II T cells. Data are representative of three independent experiments with
three pairs of recipients. E, CFSE-labeled f/+ or f/− CD4 T cells (4 × 105) were cultured in
24-well plates alone or with BMDCs (2 × 106). Cell proliferation was assayed at day 5 by
CFSE dilution on gating CD4+ T cells. The numbers in the graphs show the percentages of
CD4 T cells that were divided in coculture condition. In the absence of DCs, no cell division
was detected in either f/+ or f/− CD4 T cells.
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FIGURE 5.
MEKK3 regulates naive CD4 T cell CD44 expression. A, Spleen CD4 T cells from NCL (f/
+) and Mekk3 T-KO mice (f/−) were analyzed for their CD44 and CD62L expression by
flow cytometry. The plots shown are for gated CD4 T cells. The numbers in the figure show
percentages of the gated CD4 T cells. The CD62Lhigh population was divided into three
subpopulations designated as CD44high, CD44medium, and CD44low based on their CD44
levels, as indicated. B, A bar graph shows the average ratios of CD44low to CD44medium

naive (CD62Lhigh) CD4 T cells from NCL (f/+) and Mekk3 T-KO (f/−) mice. Data represent
mean ±SD of the results from analysis of 11 pairs of 6- to 10-wk-old mice. C and H,
Analysis of CD44 expression in donor CD4 T cells from the recipient mice. C, E, and G,
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CFSE-labeled Thy1.1 LN T cells were mixed with Mekk3 KO T cells (f/−) at ~1:1 ratio and
transferred into sublethally irradiated C57BL/6-Ly5.2 mice, as described in Fig. 3. Recipient
mice were analyzed at day 3 or 7, as indicated. CD44 (C and G) expression, CD62L (E)
expression, and CFSE dye dilution of the transferred (donor) CD4 T cells (by gating on the
CD4+CD45.2+ donor population) are shown. Thy1.1 and Mekk3 KO donor T cells are
distinguished by gating on Thy1.1+ and Thy1.1− (f/−) populations. The numbers next to the
gated cells in the plots are percentages of CD44low or CD62Llow cells, respectively. D, F,
and H, Bar graphs show the percentages of CD44low (D and H) and CD62Llow (F) T cells to
the total donor Thy1.1 (■) or Mekk3 KO (f/−) T cells (□), as indicated. Data are
representative of three independent experiments, with three pairs of recipient mice in each
experiment.
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FIGURE 6.
MEKK3 is not required for T cell homing and IL-7-mediated T cell survival. A, Purified
CD4+ SP thymocytes from Thy1.1 mice were mixed at ~1:1 ratio with purified CD4+ SP
thymocytes from Mekk3 T-KO (f/−) or NCL (f/+) mice, respectively. The mixed cells were
transferred into nonirradiated C57BL/6-Ly5.2 mice, as described in Fig. 3. The donor CD4
T cells (CD45.2+) in the spleen and LN were analyzed by flow cytometry at days 1, 3, and 7,
respectively, for their recovery relative to the cotransferred Thy1.1 CD4 T cells. The relative
recovery is calculated by the following formula: For f/− cells, ([(f/−)%/(Thy1.1)%] after
transfer)/([(f/−)%/(Thy1.1)%] before transfer); for f/+ cells, ([(f/+)%/(Thy1.1)%] after
transfer)/([(f/+)%/(Thy1.1)%] before transfer). B and C, Flow cytometry graphs show the
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percentages of NCL (f/+) or Mekk3 KO (f/−) donor CD4 T cells relative to the cotransferred
Thy1.1 CD4 T cells before transfer, at day 3 (B), and day 7 (C) after transfer. The CFSE
labeling at day 7 was also shown (C). D, Flow cytometry plots show the percentages of the
apoptotic cells in adoptively transferred Thy1.1, NCL (f/+), and Mekk3 KO (f/−) CD4 T
cells, as determined by annexin V staining. The cells shown in the plots are gated on donor
CD4 T cells (CD45.2+). The Thy1.1+ and Thy1.1− (f/+ or f/−) cells are also shown.
Numbers shown in the plots are percentages of annexin V-positive cells. E and F, Spleen
CD4 (E) or CD8 (F) T cells were cultured with 10 ng/ml IL-7 or with medium alone for 1, 2,
and 4 days before being assessed for their survival by 7-AAD and annexin V double
staining. The 7-AAD and annexin V DN cells at the beginning of culture were set arbitrarily
as 1. Relative survival rate was calculated as the percentage of 7-AAD and annexin V DN
cells at each time point normalized to day 0 (beginning of culture), which was set as 100%.
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FIGURE 7.
MEKK3 is required for ERK1/2, but not p38 activation in lymphopenic host. A, Splenocytes
prepared from the Thy1.1 and the Mekk3 T-KO (f/−) mice were mixed at ~1:1 ratio, CFSE
labeled, and transferred into sublethally irradiated C57BL/6-Ly5.1 mice, as described in Fig.
3. The donor CD4 T cells from the spleen of recipient mice were isolated at day 5 after
transfer and analyzed for the pERK1/2 and p-p38 level by flow cytometry. The donor T cells
were first gated for their CD45.2+ expression, and were further analyzed for the Thy1.1
marker. The numbers shown in the plots (upper panel) are percentages of donor Thy1.1 and
Mekk3 KO (f/−) CD4 T cells, respectively. The gated cells in the upper plot (indicated by
the arrowed lines) were further analyzed for their p-ERK1/2 and p-p38 activity (histograms
in the middle and lower panels). The grey lines show the second Ab staining, the solid lines
show the staining for Thy1.1 cells, and the shadowed areas show the staining for Mekk3 KO
CD4 T cells, respectively. B, Same as A, except for CD8 T cells. Data are representative of
three independent experiments, with three recipient mice in each experiment.
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