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The atypical MAPK ERK3 controls positive selection of thymocytes
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Introduction

Summary

Extracellular signal-regulated kinase 3 (ERK3 )is an atypical member of the
mitogen-activated protein kinase (MAPK) family. We have previously
shown that ERK3 is expressed during thymocyte differentiation and that its
expression is induced in mature peripheral T cells following activation of
ERK1/2 by T-cell receptor (TCR) signalling. Herein, we have investigated
whether ERK3 expression is required for proper T-cell selection. Using a
knock-in mouse model in which the coding sequence of ERK3 is replaced by
the gene encoding for the f-galactosidase reporter, we show that ERK3 is
expressed by double-positive (DP) thymocytes undergoing positive selec-
tion. In ERK3-deficient mice with a polyclonal TCR repertoire, we observe a
decrease in positive selection. This reduction in positive selection was also
observed when ERK3-deficient mice were backcrossed to class I- and class
II-restricted TCR transgenic mice. Furthermore, the response of DP thymo-
cytes to in vitro TCR stimulation was strongly reduced in ERK3-deficient
mice. Together, these results show that ERK3 expression following TCR sig-
nalling is critical for proper thymic positive selection.

Keywords: mitogen-activated protein kinases; positive selection; thymus.

differentiate into CD4" or CD8" single-positive (SP) thy-
mocytes depending on their MHC specificity. SP thymo-

The generation of T cells in the thymus is mediated by a
complex biological mechanism that combines differentia-
tion, proliferation, death, selection and lineage commit-
ment. Stem cells seed the thymus and differentiate into
immature CD4~ CD8  double-negative (DN) thymo-
cytes. These must first rearrange successfully the T-cell
receptor i (TCR-f) locus and express the pre-TCR
(B-selection) in order to differentiate into CD4" CD8*
double-positive (DP) thymocytes." The DP thymocytes
rearrange the TCR-o genes and start expressing the con-
ventional TCR. As TCR rearrangement creates a wide
diversity of TCR sequences, DP thymocytes must undergo
an education process to preserve thymocytes expressing a
useful TCR (positive selection) while eliminating thymo-
cytes with an autoreactive TCR (negative selection). Prop-
erly educated DP thymocytes will then further

cytes exit as naive T cells into the peripheral lymphoid
organs.>

Positive selection is the result of DP thymocytes per-
ceiving an MHC-restricted signal via their TCR. As a con-
sequence these will up-regulate TCR expression levels.
They will also increase the expression of CD69 and CD5.
Therefore, using CD5 expression, DP thymocytes can be
divided into three DP thymocyte subsets.* DP1 thymo-
cytes, which express low levels of the TCR and CD5, rep-
resent pre-selection thymocytes. The DP1 thymocytes that
will receive a positive selection signal will become DP2
thymocytes that bear a high level of CD5 and intermedi-
ate level of the TCR. Some of these DP2 will become
DP3 thymocytes expressing high levels of TCR and inter-
mediate levels of CD5. Interestingly, DP1 and DP2 thy-
mocytes can generate both CD4SP and CDS8SP

Abbreviations: Ab, antibody; DN, double negative; DP, double positive; ERK, extracellular signal-regulated kinase; MAPK, mito-
gen-activated protein kinase; MHC, Major Histocompatibility Complex; PBS, Phosphate Buffered Saline; SP, single positive;

TCR, T-cell receptor
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thymocytes while DP3 thymocytes will only give rise to
CD8 T cells. This suggests that a different window and
signalling threshold exists for the selection of thymocytes
into the CD4 or CD8 lineage.”

The mitogen-activated protein kinases (MAPKs) extra-
cellular signal regulated kinase 1 (ERK1) and ERK2 are
activated upon stimulation of cells with a broad range of
extracellular signals including antigens.”® Activated
ERK1/2 translocate to the nucleus to mediate the phos-
phorylation of transcription factors allowing cellular
responses to occur.” The ERK1/2 MAPKs are rapidly
phosphorylated in thymocytes and mature T cells follow-
ing TCR activation. The activation of ERK1/2 is essential
for proper T-cell differentiation events, as mice lacking
ERK1 and ERK2 show a severe thymic differentiation
defect.*® Indeed, ERK1 and ERK2 double-deficient thy-
mocytes show a blockade at the f-selection checkpoint,
indicating that ERK1/2 activation by the pre-TCR is
essential for the transition from DN to DP.? Furthermore,
deletion of ERK1 and ERK2 in DP thymocytes severely
impairs positive selection and the subsequent generation
of SP thymocytes and mature T cells.® Moreover, differ-
ential strength and kinetics of ERK1/2 activation allow
for the discrimination between positively and negatively
selecting ligands by DP thymocytes.>'®'" Low and sus-
tained ERK1/2 activation occurs during positive selection
whereas high and short ERK1/2 activation is observed
during negative selection.™®'" In contradiction to these
observations, it was shown that ERK1/2 activation is not
necessary for negative selection to occur.'

Other members of the ERK family have been
described'” but their roles in T-cell differentiation are ill-
defined. ERK3 is another member of the MAPK family
with highest homology to ERK1/2.">'* ERK3, and its par-
alogous protein ERK4, are considered to be atypical
MAPKs because they lack the conserved Thr-Xaa-Tyr
motif in the activation loop and possess a long C-termi-
nal extension.'»'* The signalling events leading to ERK3
activation and its substrates or partners are still largely
unknown. ERK3 is constitutively phosphorylated by
group I p-21-activated kinases'>'® in resting cells and its
phosphorylation status does not change in response to
various extracellular signals.'”

We have previously shown that ERK3 expression is
induced via ERK1/2 in mature T cells following TCR stim-
ulation.'® We also reported that Erk3 is transcribed during
thymic T-cell differentiation with the highest level of
expression in DN and DP thymocytes.'® Inactivation of the
Erk3 gene leads to a reduction in thymic cell number that is
caused by a twofold reduction in DP thymocyte number
because of their reduced survival during the rearrangement
of the TCR-« chain.'” Indeed, introduction of a transgene
encoding for a rearranged TCR rescues DP thymocyte
number."” However, in this study, we did not evaluate the
contribution of Erk3 to thymic selection events.
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The induction of ERK3 expression by the classical
MAPK ERK1/2 and the known key roles of ERK1/2 dur-
ing thymic T-cell differentiation and positive selection
have led us to investigate whether ERK3 expression is
induced following thymic positive selection and if its
induction is required for proper T-cell selection. We
show that ERK3 is expressed by pre- and post-selection
DP thymocytes. In the absence of ERK3 expression, we
observe a decrease in positive selection both in mice with
a polyclonal repertoire of TCRs and in TCR transgenic
mice. Together these results show that ERK3 expression
by DP thymocytes is critical for proper thymic positive
selection.

Material and methods

Mice

Erk3-deficient mice were described previously.”* Erk3"~
mice on a 129/SvEv background and Erk3"~ mice on a
C57BL/6 background were bred together to obtain Erk3"'~
F, mice. These F; mice were then bred with one another to
obtain Erk3"* and Erk3~'~ F, embryos. OT-I*' and OT-
I TCR transgenic mice on a C57BL/6 and Ragl ™'~ back-
ground, referred to respectively as OT-I and OT-II mice,
were provided by Taconic (Hudson, NY). These mice were
bred with Erk3"/~ mice on a C57BL/6 background. The
progeny was inter-crossed to obtain Erk3*'* or Erk3~/~
OT-I and OT-II Ragl-deficient E18.5 embryos.

Antibodies and flow cytometry

Anti-CD4 (RM4-5), anti-CD8 (53-6.7) and anti-CD69
(H1.2F3) antibodies were bought from BD Biosciences
(Mississauga, ON, Canada). Anti-TCR-f (H57-597) and
anti-CD5 (53-7.3) antibodies were purchased from Bio-
legend (San Diego, CA).

Thymi from E18.5 embryos were dissociated and cell
staining was performed as previously described® followed
by acquisition on a FACSCanto (BD Biosciences). Data
analysis was performed using FrowJo (TreeStar, Ashland,
OR).

p-galactosidase staining

Fluorescein digalactopyranoside (FDG; Sigma-Aldrich,
Oakville, ON, Canada) staining was performed as previ-
ously described.'® Briefly, cells were surface stained and
re-suspended in PBS. Warmed FDG (7-5 mm) was added
to cells while gently vortexing. The reaction was stopped
by adding ice-cold PBS and cells were kept on ice for
5 min. After centrifugation, cells were re-suspended in
PBS supplemented with 10% horse serum and incubated
at 15° for 15-20 min to enhance [3-galactosidase activity
before flow cytometry analysis.

© 2014 John Wiley & Sons Ltd, Immunology, 145, 161-169
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In vitro thymocyte stimulation cytes, the differentiation stage in which positive and nega-

tive selection occurs. More precisely, Erk3 expression was
Twenty-four-well plates were coated with 1 pg/ml of P 4 P

purified anti-CD3 antibodies (Cedarlane, Burlington, ON,
Canada; clone 145-2C11); 2 x 10° thymocytes were stim-
ulated for 24 hr. Cells were harvested and stained with
corresponding antibodies.

found in cells that have undergone positive selection,
which can be identified based on their increased levels of
TCR, CD69 or CD5 expression. Therefore ERK3 expres-
sion during DP thymocyte positive selection indicates that
it may play a role in this process.

Statistical analysis Reduced positive selection of polyclonal thymocytes

Statistical analyses for differences between groups were in the absence of ERK3
performed using a Mann—Whitney U-test. Data are pre-
sented as mean £+ SEM. All tests were two sided, and
P < 0-05 was considered statistically significant.

The expression of ERK3 during thymocyte positive selec-
tion led us to evaluate whether ERK3 deficiency affects
thymic selection events. Since Erk3™'~ mice die at birth,?°
we used thymi from E18.5 embryos to study thymic

Results T-cell selection. The use of immature thymi explains their
unusual TCR, CD69 and CD5 profile (compare Fig. 1,
ERK3 is expressed during positive selection where adults were used, to Fig. 2). Moreover, no CD8SP

thymocytes are detectable in E18.5 thymi (Fig. 2a) and
the CD8" CD4" thymocytes represent immature interme-
diate SP thymocytes (Fig. 2a) that are on their way to
become DP thymocytes and as such they do not express
the TCR (data not shown). We have previously published
that ERK3 deficiency reduces DP and CD4SP thymocyte
numbers.!® However, in these experiments, we did not

We have recently shown that ERK3 expression is induced
following TCR stimulation in mature T cells'® and that
ERK3 is expressed during thymocyte differentiation.”® We
therefore investigated whether ERK3 was expressed in
thymocytes undergoing positive selection during thymic
differentiation. To do so, we took advantage of a mouse
in which the Erk3 coding sequence is replaced by the
LacZ reporter.”” To identify cells transcribing Erk3, we
measured [-galactosidase activity using the fluorescent
substrate FDG. This approach correlates well with data
obtained by RT-quantitative PCR (not shown). As shown
in Fig. 1, Erk3 transcription is detectable in DP thymo-

evaluate whether ERK3 influences positive selection of
thymocytes. To test if positive selection is impaired in
absence of ERK3, we analysed the expression of cell
surface markers that are associated with positive selection.
As shown in Fig. 2(b) and (d), ERK3-deficient DP,
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Figure 1. Erk3 expression is induced during positive selection. Erk3*'~ thymocytes were stained with fluorescein digalactopyranoside (FDG) to
detect Erk3 transcription. Erk3""*
thymocytes, pre-selection DP thymocytes (CD697) and post-selection DP thymocytes (CD69"). Representative of three independent experiments.
(b) The expression of extracellular signal-regulated kinase (ERK3; FDG) is shown for DP1 (TCR" CD5"), DP2 (TCR™ CD5") and DP3
(TCR™ CD5™) thymocytes. Bold numbers on histograms represent the FDG mean fluorescence intensity (MFI) of Erk3*'~ thymocytes while
numbers in parenthesis represent the FDG MFI of Erk3*'* thymocytes.

thymocytes served as negative controls. (a) Histograms show FDG expression on total double-positive (DP)
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Figure 2. Defective positive selection of extracellular signal-regulated kinase 3 (ERK3) -deficient polyclonal thymocytes. (a) Representative CD4/
CD8 thymic profile of Erk3*'* and Erk3™'~ E18.5 thymi. The percentage of cells within the different thymic subsets is indicated on the FACS dot
plots. (b) T-cell receptor (TCR) and CD69 expression is shown for double-positive (DP), CD4* CD8" and CD4 single-positive (SP) Erk3*" and
Erk3™'~ thymocytes from E18.5 embryos. The percentage of TCR* CD69" cells is indicated on the FACS profile. (¢) TCR and CD5 expression
on DP thymocytes is shown for Erk3*"* and Erk3™'~ mice. The percentage of DP1 (TCR" CD5"), DP2 (TCR™ CD5M) and DP3 (TCR"™ CD5™)
thymocytes is indicated on the FACS dot plot. (d) Compilation of the frequency of Erk3"* and Erk3~'~ TCR"™ CD69" thymocytes within the dif-
ferent thymocyte subsets. (¢) Compilation of the frequency of DP1, DP2 and DP3 thymocytes in Erk3*'* and Erk3™'~ thymi. The line represents
the mean and the error bars are the standard error of the mean (SEM). Each dot represents one individual mouse. The statistical significance was
determined with a Mann—Whitney U-test (*P < 0-05; **P < 0-01). The results of three independent experiments are shown.

CD4" CD8" and CD4SP thymocytes show reduced up-
regulation of TCR and CD69 expression. Furthermore,
we also observed a statistically significant reduction in the
production of DP2 post-selection thymocytes in the
absence of ERK3 and a tendency (P = 0-134) for a reduc-
tion in DP3 thymocytes (Fig. 2c and e), again illustrating
a defect in positive selection. These observations suggest
that ERK3 may contribute to positive selection events.

Impaired positive selection of MHC class II-restricted
OT-II TCR transgenic thymocytes in absence of ERK3

Although the results presented above suggested a role for
ERK3 during positive selection, it was important to rule
out any other possible defect that could lead to a reduc-
tion in the generation of SP thymocytes. We have previ-
ously shown that ERK3 is necessary for the proper
survival of DP thymocytes to allow them to test different
TCR-u chain rearrangements.'” This could directly influ-
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ence positive selection by limiting the chance of a DP
thymocyte to express a TCR permissive to positive selec-
tion. To bypass this problem, we have introduced already
rearranged TCR-a and TCR-f transgenes into the
ERK3-deficient background. As previously shown,'’
introduction of the OT-II TCR specific for ovalbumin in
the context of the MHC class II molecule I-A" restores
thymic cellularity and DP thymocyte number allowing us
to study further steps in T-cell differentiation (Fig. 3).
One striking effect of ERK3 deficiency was to reduce the
generation of OT-II CD4SP thymocytes (Fig. 3). To test
the possibility that this was the result of impaired positive
selection, we evaluated the expression on DP thymocytes
of cell surface markers that are induced following positive
selection. As shown in Fig. 4(a) and (c), ERK3-deficient
OT-II DP thymocytes show a severe reduction in the
TCRM CD69" subsets, indicating that ERK3 affects posi-
tive selection of DP thymocytes. We also confirmed that
ERK3 deficiency affects positive selection by measuring

© 2014 John Wiley & Sons Ltd, Immunology, 145, 161-169
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Figure 3. Impaired generation of CD4 single-positive (SP) thymocytes
expressing the MHC class II-restricted OT-II T-cell receptor (TCR) in
the absence of extracellular signal-regulated kinase 3 (ERK3). CD4/
CD8 FACS profiles (a) are shown for OT-II Erk3"'* and OT-II Erk3 ™’
" mice. The percentage of each gated population is indicated on the
dot plot. A representative FACS profile out of six independent experi-
ments is shown. Total thymocyte numbers (b), double-positive (DP)
thymocytes, CD4™ CD8" thymocytes and CD4SP thymocytes frequen-
cies (c) are shown for OT-II""* and OT-II"'~ mice. The line represents
the mean and the error bars are the standard error of the mean (SEM).
Each dot represents one individual mouse. The statistical significance
was determined with a Mann—Whitney U-test (¥*P < 0-05). The results
of three independent experiments are shown.

ERK3 regulates positive selection

CD5 up-regulation (Fig. 4b and d). These results indicate
that ERK3 expression is required for proper positive
selection of MHC class II-restricted thymocytes.

Positive selection of MHC class I-restricted OT-I TCR
transgenic thymocytes is strongly reduced by ERK3
deficiency

We then investigated whether ERK3 was also required for
the positive selection of MHC class I-restricted thymo-
cytes. To do this, the ERK3 deficiency was introduced
into the OT-I TCR transgenic mice, which express a TCR
specific for ovalbumin in the context of the MHC class 1
molecule K. The introduction of an already rearranged
TCR transgene accelerated thymic differentiation, allow-
ing us to study CD8SP thymocyte differentiation in E18.5
thymi. As shown in Fig. 5, the generation of CD8SP thy-
mocytes was severely impaired in the absence of ERK3
and as a consequence the proportion of DP thymocytes
was increased. The few CD8SP thymocytes that were
present did not express the TCR (Fig. 6a) and so proba-
bly represent cells at the intermediate step of differentia-
tion between DN and DP. To further demonstrate that
the reduced generation of CD8SP thymocytes was a con-
sequence of defective thymocyte-positive selection, we
have analysed the expression of markers that are induced
following positive selection. As shown in Fig. 6(a) and
(c), DP thymocytes from Erk3 '~ mice were severely
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gle-positive (SP) Erk3** and Erk3™'~ OT-II Erk3—/—
thymocytes. The percentages of TCR" CD69"
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TCR and CD5 expression on OT-II DP thymo-
cytes are shown for Erk3*'* and1 Erk3’l/ ~ mice. © oP CD4SP
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Figure 5. Generation of SP8 thymocytes from the MHC class I-
restricted OT-I T-cell receptor (TCR) transgenic mice is impaired in
absence of extracellular signal-regulated kinase 3 (ERK3). CD4/CD8
FACS profiles (a) are shown for OT-1 Erk3"* and OT-1 Erk3 ™'~ mice.
The percentage of each gated population is indicated on the dot plot.
Representative results out of five experiments are shown. Total thymo-
cytes numbers (b), double-positive (DP) thymocytes, CD4" CD8' thy-
mocytes and CD8 single-positive (SP) thymocytes frequencies (c) are
shown for OT-1 Erk3*'* and OT-I Erk3 ™'~ mice. The line represents the
mean and the error bars are the standard error of the mean (SEM).
Each dot represents one individual mouse. The statistical significance
was determined with a Mann—Whitney U-test (*P < 0-05;
*#*P < 0-001). The results of four independent experiments are shown.

impaired in their ability to up-regulate TCR-f and CD69,
indicating that they did not properly perceive the positive
selection signal. Moreover, there was also a severe reduc-
tion in the generation of DP2 and DP3 thymocytes
(Fig. 6b and d), again indicating defective positive selec-
tion in the absence of ERK3. In conclusion, ERK3 is nec-
essary for the proper positive selection of both MHC
class I- and class II-restricted thymocytes.

The response of DP and SP thymocytes to TCR
stimulation is decreased in the absence of ERK3

The experiments described above were done in germline
Erk3™~ mice in which all thymic cell types are ERK3
deficient. Hence, it was possible that ERK3 deficiency was
affecting thymocyte differentiation in a non-thymocyte
autonomous fashion. For example, ERK3 deficiency could
affect the composition of thymic antigen-presenting cells
or their ability to present self-peptide MHC ligands to
thymocytes. However, preliminary characterization of the
thymic epithelial cells did not show any difference in
MHC cdlass I and class II expression between Erk3*'" and
Erk3~'~ mice (data not shown). Although these data sug-
gest that the defective positive selection that we observe
in the absence of ERK3 was not the result of an impair-
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ment of thymic epithelial cells, we further evaluated the
response of isolated thymocytes to in vitro TCR stimula-
tion. This was possible because DP thymocytes placed at
37° in single cell suspensions increase surface TCR
expression”* both in Erk3™* and Erk3™'~ mice (see Sup-
porting information, Fig. S1), compensating for TCR
expression differences observed in vivo (Fig. 6). OT-I thy-
mocytes from Erk3™* and Erk3™'~ mice were stimulated
with anti-CD3 antibodies for 24 hr and then stained to
analyse the up-regulation of activation markers. As shown
in Fig. 7, DP and CD8SP thymocytes deficient for ERK3
failed to properly up-regulate the expression of CD5 and
CD69 following TCR triggering. Similar results were
obtained after stimulation with anti-CD3 antibodies of
OT-II Erk3~'~ thymocytes (see Supporting information,
Fig. S2). These results indicate that an intrinsic ERK3
deficiency in thymocytes leads to an impairment in their
ability to respond to TCR signalling, which then decreases
thymic positive selection.

Discussion

In this study, we have demonstrated that ERK3 deficiency
affects thymic positive selection, a critical step of T-cell dif-
ferentiation for the generation of a useful repertoire of
mature T cells. Although positive selection was affected in
Erk3™'~ mice with a polyclonal repertoire, ERK3 deficiency
did not completely abolish the generation of CD4SP thy-
mocytes. This suggests that another molecule might be
playing a similar role during thymic T-cell differentiation.
The lack of detectable expression of ERK4 (M. Marquis, S.
Meloche and N. Labrecque, unpublished results), the clos-
est homologue of ERK3, rules out functional redundancy
between ERK3 and ERK4 during thymic differentiation.
Furthermore, defects in positive selection are often more
difficult to observe in a polyclonal repertoire. Indeed,
change in the affinity of the selected repertoire might occur
in ERK3-deficient mice to compensate for the lack of this
signalling pathway. Moreover, our study of positive selec-
tion using TCR transgenic mice shows an almost complete
block in T-cell differentiation, indicating that ERK3 is a
critical effector of positive selection and further supporting
the possibility of a change in the repertoire selected in non-
TCR transgenic Erk3 '~ mice. Therefore, our results iden-
tify ERK3 as a new key player involved in the positive selec-
tion of thymocytes.

We have previously shown that ERK3 deficiency affects
the survival of DP thymocytes.'” The reduced DP thymo-
cyte survival is probably not responsible for the lack of
positive selection because the introduction of TCR transg-
enes restores DP thymocyte survival.'? This is also illus-
trated by the fact that in TCR transgenic mice, ERK3
deficiency did not affect thymic cell number. However, it
is still possible that ERK3 promotes the survival of posi-
tively selected thymocytes. We believe that this is unlikely

© 2014 John Wiley & Sons Ltd, Immunology, 145, 161-169



Figure 6. Impaired positive selection of extra-
cellular signal-regulated kinase 3 (ERK3) -defi-
cient OT-I thymocytes. (a) T-cell receptor
(TCR) and CD69 expression is shown for dou-
ble-positive (DP), CD4" CD8" and CD8 sin-
gle-positive (SP) OT-1 Erk3** and Erk3™'~
thymocytes. The percentage of TCR" CD69"
cells is indicated each FACS profile. (b) TCR
and CD5 expression on DP thymocytes is
shown for OT-I Erk3"" and Erk3™'~ mice.
The percentages of DP1 (TCR" CD5'°), DP2
(TCR™ CD5") and DP3 (TCRM CD5™) thy-
mocytes are indicated on each FACS dot plot.
(c) Compilation of the frequency of OT-I
Erk3*'* and Erk3~'~ TCRM CD69" thymocytes
within the different thymocyte subsets. (d)
Compilation of the frequency of DP1, DP2
and DP3 thymocytes in OT-I Erk3"* and
Erk3™'~ thymi. The line represents the mean
and the error bars are the standard error of
the mean (SEM). Each dot represents one indi-
vidual mouse. The statistical significance was
determined with a Mann—Whitney U-test
(*P < 0-05; **P < 0-01; ***P < 0-001). The
results of four independent experiments are
shown.

Figure 7. Defective up-regulation of CD69 and
CD5 expression in OT-I T-cell receptor (TCR)
transgenic thymocytes lacking extracellular sig-
nal-regulated kinase 3 (ERK3) after TCR stim-
ulation. OT-I thymocytes were incubated for
24 hr with (black line) or without (filled grey
histogram) anti-CD3 antibodies for stimula-
tion. The expression of CD69 (a) and CD5 (c)
is shown for double-positive (DP) and CD8
single-positive (SP) thymocytes. (b) Compila-
tion of the mean fluorescence intensity (MFI)
of CD69 on CD69" thymocytes (top panel)
and percentage of CD69" cells (bottom panel).
(d) Compilation of the MFI of CD5 expression
by unstimulated and stimulated cells is shown.
The bar graphs represent the mean and the
error bars are the standard error of the mean
(SEM). The results of two independent experi-
ments are shown.
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because we have not observed a difference in OT-I and
OT-II thymocyte survival following 24 hr of in vitro cul-
ture with or without anti-CD3 stimulation between
Erk3™* and Erk3™'~ mice (data not shown). Further
studies are required to definitively rule out a role for
ERKS3 in the survival of post-selected thymocytes.

We have previously shown that ERK3 expression is
induced by the classical MAPK ERK1/2 in mature T
cells."® The fact that ERK3 is already expressed in DP thy-
mocytes, even within the DP thymocytes that have not
undergone positive selection, suggests that its expression
is induced by pre-TCR signalling, which activates ERK1/
2. The fact that ERK1/2 signalling is essential'® for the
induction of ERK3 expression suggests that ERK3 is an
effector of the ERK1/2 signalling pathway during T-cell
differentiation in the thymus. Moreover, the phenotype of
ERK3-deficient mice parallels the one observed in ERK1/2
double-deficient mice where positive selection is severely
impaired by the absence of ERK1/2.® Hence, it is tempt-
ing to speculate that ERK3 is one of the effectors mediat-
ing the lack of positive selection in ERK1 and ERK2
knock-out mice. Further studies are needed to address
that very important question because only one effector
(Early growth response protein 1) of the ERK1/2 signal-
ling pathway during thymocyte differentiation has been
identified.®

Previous work from our laboratory has also shown that
the thymic epithelium contributes to the decreased genera-
tion of SP thymocytes in the absence of ERK3.'” However,
we do not think that ERK3 deficency in the epithelium is
responsible for the defective positive selection phenotype
because we could recapitulate the results with in vitro stim-
ulation of thymocytes. Furthermore, the reduced response
of ERK3-deficient thymocytes in vitro to anti-TCR stimula-
tion suggests that ERK3 expression controls the outcome of
TCR signalling during thymic selection events. As anti-
TCR stimulation probably induces a strong TCR signal,
this raises the possibility that ERK3 will also contribute to
TCR signalling during negative selection. Further studies
should reveal whether ERK3 directly contribute to early
TCR signalling events or if it only contributes as a down-
stream effector of the classical MAPK signalling pathway.

In conclusion, our results demonstrate that the atypical
MAPK ERK3 controls thymocyte positive selection and
they suggest that ERK3 might act as a direct downstream
effector of the ERK1/2 signalling pathway. A better under-
standing of the molecular pathway controlling the positive
selection of the T-cell repertoire is essential to improve
T-cell reconstitution in immune-compromised patients.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. T-cell receptor expression is up-regulated on
OT-I Erk3"* and OT-1 Erk3™'~ double-positive thymo-
cytes after incubation at 37°.

Figure S2. Defective up-regulation of CD69 and CD5
expression in OT-II T-cell receptor (TCR) transgenic thy-
mocytes lacking extracellular signal-regulated kinase3 after
TCR stimulation.
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