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Introduction

Summary

The c-Jun N-terminal kinase (JNK) signalling pathway appears to act as a
critical intermediate in the regulation of lymphocyte activation and prolif-
eration. The majority of studies on the importance of JNK are focused on
its role in T helper responses, with very few reports addressing the mecha-
nisms of JNK in governing CD8 T-cell-mediated immunity. By using a
well-defined mousepox model, we demonstrate that JNK is involved in
CD8" T-cell-mediated antiviral responses. Deficiency of either JNKI or
JNK2 impaired viral clearance, subsequently resulting in an increased sus-
ceptibility to ectromelia virus in resistant mice. The impairment of CD8
responses in JNK-deficient mice was not directly due to an inhibition of
effector T-cell expansion, as both JNK1 and JNK2 had limited effect on
the activation-induced cell death of CD8" T cells, and only JNK2-deficient
mice exhibited a significant change in CD8" T-cell proliferation after
acute ectromelia virus infection. However, optimal activation of CD8" T
cells and their effector functions require signals from both JNKI and
JNK2. Our results suggest that the JNK pathway acts as a critical interme-
diate in antiviral immunity through regulation of the activation and effec-
tor function of CD8" T cells rather than by altering their expansion.
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activation and expansion of virus-immune CTL enables

CD8" cytotoxic T lymphocytes (CTL) play a pivotal role
in immune responses against cancers and intracellular
pathogens. During viral infections, CTL exert their effector
function through at least two mechanisms; by direct kill-
ing of infected cells and through the release of cytokines
that induce a systemic antiviral state. CTL responses are
initiated by the recognition of virus-derived peptide—
MHC class I complexes on professional antigen-presenting
cells by the T-cell receptor (TCR) on CD8" T cells. Addi-
tionally, co-stimulatory signals such as ligation of CD28
are necessary for full activation and clonal expansion of T
cells." TCR and CD28 signalling leads to the activation of
a protein kinase cascade and numerous transcription fac-
tors, including nuclear factor-xB, nuclear factor of acti-
vated T cells, and activator protein-1.% This is followed by
the induction of interleukin-2 (IL-2) synthesis, resulting

the host to produce large numbers of effector cells which
are necessary to successfully control the pathogen.™®
Cytotoxic T lymphocyte-mediated immunity is particu-
larly important in eliminating or ameliorating viral infec-
tions, especially those that demonstrate resistance to other
immune responses or cause T-cell dysfunction.” For this
reason, there has been increasing interest in understanding
the mechanisms that are involved in the regulation of the
effector functions, differentiation and homeostasis of CTL.
The mitogen-activated protein (MAP) kinase pathway has
been implicated in the proliferation, differentiation and
death of mammalian cells.® The activation of MAP kinases
is a common event during infections by various viruses,
including cytomegalovirus,” herpes virus,'>"'
Epstein—Barr virus'>'* and hepatitis B virus."> The c-Jun
N-terminal kinases (JNK), also known as stress-activated
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rotavirus,

Abbreviations: B6, C57BL/6; ECTV, ectromelia virus; JNK, c-Jun N-terminal kinase; PLN, popliteal lymph node; SDC, syngeneic
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protein kinases, are one of the major components of MAP
kinases.'®'” Both of the ubiquitously expressed isoforms,
JNK1 and JNK2, have been found to be important media-
tors of intracellular signalling during immune responses.'®
In T lymphocytes, the JNK pathway is synergistically acti-
vated by TCR and CD28 ligation. Numerous studies have
been conducted to identify the role of JNK in T-cell devel-
opment and activation over the past decades. The impor-
tance of JNK has been best documented for CD4" T cells
after in vitro stimulation (reviewed in ref. 18), while JNK
signalling mechanisms in CTL responses have only been
investigated in a limited number of studies.'”*'
Ectromelia virus (ECTV) is an orthopoxvirus and a
natural mouse pathogen that causes an infection termed
mousepox; it is the classical animal model for the study
of biologically relevant CD8 T-cell responses (ref. 22-26,
and reviewed in ref. 27). C57BL/6 (B6) mice are resistant
to acute ECTV infection and generate potent cell-medi-
ated responses and a robust T helper type 1 (Thl)
response.z‘l’26 Activation of JNK has been shown in recent
infection studies using the orthopox virus vaccinia.”®?’
Earlier findings indicated that in addition to the T helper
response, CTL responses may also be modulated by JNK
signalling (reviewed in ref. 18). Considering the very lim-
ited information concerning the role of JNK in biologi-
cally relevant CTL responses during viral infections,® we
studied in detail whether the JNK pathway within CD8"
T cells is activated in vivo. Additionally, the individual
roles of JNK1 and JNK2 in CD8" T-cell activation and
antiviral immunity during ECTV infection were assessed.

Materials and methods

Mice

B6 mice were bred and supplied by the Nankai University
Animal Centre (Tianjin, China). JNK1-deficient (JNK1 /)
and JNK2~/~ mice have been described previously.30’3 !
These mice are on the B6 background. JNK1~/~.OT-1 or
JNK2/7.0T-1 mice were generated by intercrossing
B6JNK1 '~ or B6JNK2 '~ and B6.OT-1 mice, which
express the transgenic TCR (Va2Vf5) specific for the SI-
INFEKL peptide of ovalbumin (OVA) in the context of
MHC class I (H-2K), as described previously.?' Genotypes
of JNK deficiency were verified by PCR, and the expression
of Va2Vf5 was verified by FACS. Age-matched female
mice were used at 6-8 weeks. All mice were maintained
under specific pathogen-free conditions and the animal
experiments were conducted with approval from the Ani-
mal Care and Use Committee of Nankai University.

Viruses
Plaque-purified ECTV Moscow strain [American Type Cul-

ture Collection (ATCC) VR1374] and recombinant ECTV-
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OVA (expressing the SIINFEKL peptide) were propagated
in BS-C-1 cells (ATCC CCL26) as previously described.?®
Viruses were purified by gradient centrifugation before use.

Infection and viral titration

Mice were inoculated subcutaneously (s.c.) with a single
injection of virus into the left hind footpad under anaesthe-
sia as described previously,”® unless noted otherwise. In sur-
vival experiments, mice were infected s.c. with either
1 x 10° or 1 x 10° plaque-forming units (PFU) of ECTV.
To obtain enough lymphocytes from the popliteal draining
lymph nodes (PLN), in some experiments, mice were inoc-
ulated s.c. with 1 x 10°> PFU of ECTV into both hind foot-
pads (5 x 10* PFU/30 pl into each footpad), and animals
were kept for < 8 days to limit suffering. The subcutaneous
route was used in most of the experiments to resemble nat-
ural infection.’*”® However, an intravenous (i.v.) injection
of 1 x 10° PFU ECTV-OVA through the tail vein was cho-
sen in the in vivo proliferation assay to allow stronger and
more efficient stimulation of the donor cells. Animals were
monitored twice daily, and at different time-points post
infection (p.i.), tissue was processed as previously
described.*® For virus titration, BS-C-1 cells were cultured
under standard tissue culture conditions in minimum
essential medium (Gibco Invitrogen, Carlsbad, CA) with
2 mM L-glutamine and 10% heat-inactivated fetal calf serum
(Trace Biosciences, Castle Hill, NSW, Australia), and the
plaque assay was performed as previously described.*®

Flow cytometry

All antibodies used for FACS were purchased from BD
Pharmingen (San Jose, CA). Annexin V was purchased
from eBioscience (San Diego, CA) and B8R, ,; tetramer
was synthesized at the Biomolecular Resources Facility of
the Australian National University as described else-
where.”® Surface and intracellular staining was performed
using a standard protocol. For Western blotting, the cell
lysates with 30 pg of protein were subjected to 10% SDS—
PAGE and transferred onto 0-2-pm PVDF transfer mem-
brane (Millipore, Billerica, MA). After blocking with 5%
non-fat milk for 2 hr, blots were incubated overnight at
4° with anti-J]NK (1 :1000) or anti-phospho-JNK
(1 : 1000) antibodies followed by horseradish peroxidase-
conjugated secondary antibodies (all purchased from Cell
Signaling Technology, Danvers, MA). Signals were devel-
oped by using the enhanced chemiluminescence method
according to the manufacturer’s protocol (Pierce, Rock-
ford, IL) and visualized by autoradiography.

Cytotoxic T lymphocytes assay
Antiviral CTL responses were measured ex vivo using lym-

phocytes from the spleens and PLN of individual animals
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at different time-points p.i. A Non-Radioactive Cytotoxic-
ity Assay Kit (Promega, Madison, WI) was used according
to the manufacturer’s instructions. ECTV-infected and
uninfected MC57G cells (ATCC CRL-2295) were used as
targets to detect the MHC class I-restricted killing.

CD8" cell enrichment, adoptive transfer and prolifera-
tion assay

CD8" T cells were isolated by negative selection using
cell sorting from the spleens of uninfected B6.0T-1,
JNKI1/7.0T-1 or JNK27/".OT-1 mice as previously
described.”® Purified naive CD8" T cells were then
labelled with 5 mm CFSE (Molecular Probes, Eugene,
OR), and 1 x 10° cells were transferred into the lateral
tail vein of each of the uninfected recipient wild-type
(WT), INK1~/~ or JNK2~/~ mice. One day after the cell
transfer, each recipient was infected intravenously with
1 x 10° PFU of ECTV-OVA. At 24, 48 and 72 hr p.i,
the proliferation of donor CD8" cells within the spleen

© 2014 John Wiley & Sons Ltd, Immunology, 142, 603-613

of recipient mice was quantified based on CFSE dilution
as described previously.*®

Ex vivo stimulations and cytokine measurement

CD4" and CD8" T cells were isolated, respectively, by nega-
tive selection using cell sorting from spleens of ECTV-
infected mice on day 8 p.i. Syngeneic dendritic cells (SDC)
were enriched with a pan-DC Isolation kit (Miltenyi Biotec,
Auburn, CA) from spleens of uninfected B6 mice as
described previously.>* Purity of the isolated cells was deter-
mined by FACS analysis. To assay IL-2 and interferon-y
(IFN-y), SDC were pulsed with 500 nm of B8R peptide (syn-
thesized at Sangon Co. Ltd., Shanghai, China) for 3 hr.
CD8" T cells (1 x 10° cells) were either co-cultured with
B8R-pulsed SDC at a ratio of 10 : 1 (T : DC) for 6 hr or
stimulated with anti-CD3 (5 pg/ml; Pharmingen) plus CD28
(1 pg/ml; Pharmingen) for 24 hr. To assay Th cytokines,
SDC were infected with ECTV at a multiplicity of infection
of 10 per cell for 3 hr. CD4" T cells were pre-treated with
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20 um SP600125 (Calbiochem, Billerica, MA) or left
untreated for 45 min, then 1 x 10° cells were cultured with
ECTV-infected SDC at a ratio of 10 : 1 (T : DC) for 24 hr.
Supernatants of identical cultures were collected and
analysed in triplicate for cytokines using specific ELISA Kkits
(eBioscience) per the manufacturer’s instructions.

Statistical analysis

Data were analysed using the GraPHPAD PrisM 5 software
(San Diego, CA) as indicated.

Results

Mice deficient in JNK1 or JNK2 are susceptible to
ECTYV infections

To address the potential effect of JNK in ECTV infection,
we initially investigated whether deficiency of JNKI or
JNK2 impacts on the recovery of resistant B6 mice.
Groups of JNK1 /7, INK2~/~ and WT mice were infected
s.c. with 1 x 10° PFU of ECTV for a preliminary survival
assay. Consistent with a previous study,”® all WT mice
recovered from infection, whereas a proportion of
JNKI1 /= and JNK2~/~ mice succumbed to the virus
(Fig. 1a). To further investigate the susceptibility of JNK-
deficient mice to ECTV infection, survival analysis was
conducted with a higher dose (1 x 10° PFU) of virus.
While only nine of 40 WT mice succumbed to mousepox
at this dose, 30 of JNK1 '~ and 37 of JNK2~/~ mice (out
of 60 mice for each strain) died. Significant differences in
mortality were observed when comparing WT with either
the JNK1 7/~ (P=0:0061) or JNK2/~ group
(P = 0-0001). Although the mortality of JNK2™/~ mice
was approximately 10% higher than that of JNK1 /'~
mice, the difference was not statistically significant
(Fig. la). These data suggest that deficiency in the JNK
signalling pathway causes a defect in the capacity of the
host to efficiently control ECTV infection, especially at a
higher dose of virus. Therefore, 10° PFU was chosen in
our subsequent studies.

In a separate experiment, INKlf/f and ]NK27/ ~ mice
as well as their WT littermates, were infected s.c. with
1 x 10° PFU of ECTV. On the days indicated (Fig. 1b),
groups of five mice from each strain were killed and
organs were harvested for determination of virus titre.
Virus was detectable in the livers and spleens of all three
strains as early as day 2 p.i., with the lowest titres in the
WT mice. The viral titres in this group plateaued on day
6 p.i. and became undetectable in most WT mice by day
10. Viral clearance was delayed in both JNK1~/~ and
JNK2~'~ mice with consistently increasing titres until day
8 p.i., which were 0-5-3-0 log;q PFU higher than that seen
in the WT mice (P < 0-05, Fig. 1b and see Supporting
information, Fig. S1). There was no significant difference
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in virus titres between the JNK1~/~ and JNK2~/~ groups.
The majority of JNK-deficient mice died before day 14,
and in those that recovered, the virus was eventually
cleared from the target organs between days 16 and 18
p.i

Cytotoxic T lymphocytes are of primary importance in
the clearance of ECTV (reviewed in ref. 35, and our previ-
ous studies*®). The increased susceptibility of JNK-deficient
mice to ECTV infection is possibly a result of defects in
CTL responses. However, previous studies have suggested
an effect of JNK- or c-Jun-dependent signalling on vaccinia
virus infection and antigen expression.”*** Consequently,
we wanted to distinguish whether the increased susceptibil-
ity of JNK-deficient mice to ECTV infection is intrinsic to
a defect in T cells or related to a failure in viral replication.
To address this, we performed a survival analysis on trans-
genic OT-1 mice infected with ECTV expressing OVA
peptide (SIINFEKL).*® Groups of B6.OT-1, JNK1~/~.OT-1
and JNK2~/7.OT-1 mice were infected s.c. with either 10°
PFU or 10° PFU of ECTV-OVA (Table 1). Using 10° PFU,
all JNK-deficient OT-1 mice recovered from infection of
ECTV-OVA in contrast to JNK-deficient mice, which
exhibited 20% mortality after ECTV infection (Fig. 1a). At
10° PFU, both JNK1/~.OT-1 and JNK2~/".OT-1 mice
showed a significantly reduced mortality to ECTV-OVA
infection compared with WT JNK-deficient mice given
ECTV (Fig. la). The mortality of B6 mice infected with
ECTV-OVA at 10°> PFU was comparable to those infected
with ECTV at the same dose (Fig. 1a). However, all OT-1
mice recovered from infection with 10° PFU ECTV-OVA.
These results indicate that an impaired CTL response,
rather than an increased virus replication, is the principle
cause of the increased susceptibility of JNK-deficient mice
to ECTV.

JNK1 and JNK2 exert distinct roles in the expansion
of CD8" T cells during a primary ECTV infection

An increased JNK activity or phosphorylation of c-Jun
has been found primarily in peripheral CD4" T cells dur-
ing TCR-mediated activation in vitro.”®*” To address the
potential role of JNK in CTL responses to a viral infec-
tion, we first analysed the phosphorylation status of JNK
in CD8" T cells upon infection with ECTV in vivo. A
striking increase in total and phosphorylated JNK was
detected by Western blot analysis using purified CD8" T
cells from virus-infected B6 mice compared with unin-
fected controls (Fig. 2a). This suggests that JNK plays a
role in the induction of the CTL response to ECTV infec-
tions.

After an ECTV infection, CTL become activated and
undergo rapid expansion. To investigate if JNK1 and/or
JNK2 play a role in the expansion and activation of
virus-immune CTL in vivo during an acute ECTV infec-
tion, groups of WT, JNK1~/~ and JNK2~/~ mice were

© 2014 John Wiley & Sons Ltd, Immunology, 142, 603-613
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Table 1. Effect of ectromelia virus-OVA on mortality rate and survival time of OT-1 mice with c-Jun N-terminal kinase deficiency

Dose Total no. No. of Survival
(PFU/mouse)’ Strain of mice of mice dead mice time (days) Mortality (%) MTD (days)2
10° B6.WT 10 0 > 21 0 -
B6.0T-1 10 0 > 21 0 -
JNK1~/~.0T-1 10 0 > 21 0 -
JNK27/7.0T-1 10 0 > 21 0 -
10° B6.WT 15 1 7 27 95 + 2.5
2 9
1 13
B6.0T-1 15 0 > 21 0 -
JNK1~/~.0T-1 15 1 7 20 80 + 1-0
1 8
1 9
JNK2~/~.0T-1 15 2 7 27 80 + 1-4
1 8
1 10

1 .
Infection route, subcutaneous.

*MTD, mean time to death. Values represent mean + SD. Differences in mortality were analysed by chi-square test, and differences in MTD were

assessed by Student’s t-test.

infected s.c. with ECTV. Lymphocytes from the spleens
and PLN of the mice were analysed by FACS on days 0, 4
and 8 p.i. Deficiency of JNK had minimal effects on both
total spleen cells (see Supporting information, Table S1)
and the ratio of CD8" and CD4" subpopulations in the
spleens of uninfected mice (Fig. 2b and see Supporting
information, Fig. S2). An increase in the number of
splenocytes was found in all infected mice. Furthermore,
the total number of splenocytes in JNK2 ™/~ mice were
slightly higher (P > 0-05) when compared with that in
WT and JNK1~/~ mice on day 8 p.. (Table S1). The
JNK1~/~ mice had fewer CD8" T cells than WT in the
spleens and PLN on day 4 and day 8 p.i., but the differ-
ences were not significant. JNK2 '~ mice showed a signif-
icant increase of CD8" T cells in the PLN on day 4 p.i.
(P <0-01), and in the spleens on day 8 p.i. (P < 0-05)
when compared with WT (Fig. 2b). The number of CD4"
T cells in the spleens of INK1~/~ or JNK2~/~ mice was
not different compared with WT controls at all time-
points p.i. (Fig. S2b). The CD4 : CD8 ratio in the spleens
of JNK2™/~ mice was significantly decreased (P < 0-05)
when compared with both WT and JNK1~/~ mice on
days 4 and 8 p.i. (Fig. S2¢).

JNK1-deficient CD8* T cells have been reported to
exhibit impaired proliferation capacity in vitro after anti-
CD3 and anti-CD28 stimulation.'” In the present study,
we performed an in vivo proliferation assay to investigate
whether JNKs were required for optimal proliferation of
CD8" T cells during viral infections (see Supporting
information, Fig. S3). The proliferation of donor CD8"
cells in the spleens of recipient mice at 24, 48 and 72 hr
p.i. are summarized in Fig. 2(c). JNK1~'~ mice showed
remarkably delayed proliferation compared with WT

© 2014 John Wiley & Sons Ltd, Immunology, 142, 603-613

mice. The level of CD8" T-cell proliferation in JNK1~/~
mice was significantly lower (P < 0-01) than WT at 24 hr,
but reached control levels after 48 hr p.i. JNK2~/~ CD8"
T cells exhibited a dramatic increase in proliferation upon
ECTV infection in vivo. As summarized in Fig. 2(d), sig-
nificantly (P < 0-05) higher numbers of CFSE" cells were
among the divided cell populations (generations 3-5) in
JNK2 ™/~ recipients (48% at 48 hr, 55% at 72 hr),
whereas fewer dividing cells were found in WT (37% at
48 hr, 46% at 72 hr) and JNK17/~ (30% at 48 hr, 44%
at 72 hr) recipients.

Activation-induced cell death (AICD) of T cells is a
critical mechanism for the maintenance of peripheral
homeostasis in the immune system. It has been reported
that the JNK inhibitor SP600125 prevents AICD of CD8"
cells in vitro.® To distinguish the individual roles of
JNK1 and JNK2 in apoptosis of activated CD8" T cells
during an acute infection with ECTV, splenocytes were
harvested on day 8 p.i., stained with annexin V and analy-
sed by FACS. We found that both JNK1~/~ and JNK2~/~
mice had marginally lower numbers of apoptotic cells
among the CD8" CD44™ T-cell cohort compared with
their WT littermates (Fig. 3a). To further determine
AICD in TCR-mediated activation, CD8" T cells from
acute ECTV-infected mice were re-stimulated with anti-
CD3 plus anti-CD28 antibodies ex vivo for 24 hr, and
stained with annexin V. Boosted ECTV-activated CD8" T
cells by anti-CD3 plus anti-CD28 showed apoptotic pro-
files in all three strains (Fig. 3a,c). Interestingly, AICD of
ECTV-activated CD8" T cells in WT mice was signifi-
cantly reduced by the JNK inhibitor SP600125 (P < 0-01,
Fig. 3b,c). A defect of the entire JNK function resulted in
significantly lower levels of AICD when compared with
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Figure 2. Expansion of CD8" T cells in c-Jun N-terminal kinase (JNK) -deficient mice after acute ectromelia virus (ECTV) infection. (a) JNK
was activated in CD8" T cells. CD8" cells were isolated from popliteal lymph nodes (PLN) of virus-infected mice by positive-selection using
MACS beads at the indicated time points post-infection (p.i.), and Western blot was performed for phospho-JNK and pan-JNK. Results shown
are representative of more than five independent experiments. (b) Compartments of T cells in JNK-deficient mice after acute ECTV infection.
JNK1~/~, JINK2~/~ and wild-type (WT) mice were infected subcutaneously with ECTV. On day 0, 4 or 8 p.i., spleens and PLN were harvested
from groups of five mice for each strain, and T cells were analysed by FACS. Total number of CD8" T cells in the spleens and PLN are shown.
Data represent average value of each group and are representative of three independent experiments. (c, d) Proliferation of CD8" T cells in JNK-
deficient mice after acute ECTV infection. CD8" cells were isolated from the spleens of uninfected B6.0T-1, JNK1~/~OT-1 or JNK27/~OT-1
mice. Cells were labelled with CFSE, and 1 x 10° cells were transferred into naive WT, JNK1 ™/~ or JNK2 ™/~ recipients, respectively, followed by
intravenous infection with ECTV-OVA. At 24, 48 or 72 hr p.i., spleens were harvested from groups of three recipient mice for each strain.
Splenocytes from each recipient were analysed by FACS, and CFSE intensity was used to determine cell proliferation. (c) Mean percentage of each
generation (among CD8" CFSE" cells). 0, parent generation; 1-5, daughter generations. (d) Summary histograms of CD8" T-cell proliferation.
Only generation 3 and later were considered as specific proliferation cells. Data are representative of two independent experiments with similar
results. Results in (b—d) are expressed as mean + SEM. *P < 0.05; **P < 0-01, Mann—Whitney U-test.

Hence, we investigated the role of JNK for inducing the
cytotoxic effector function of CD8" T cells in vivo. Antiv-
iral cytolytic activity was detected as early as day 4 p.i. in
the spleen and PLN from WT mice, peaked on day 8
(splenocytes) and day 7 (PLN cells) and persisted up to
day 12 p.i. In contrast, cytolytic activity of both JNK1~/~

either intact JNK or a single deficiency of each JNK iso-
form.

Both JNKI1 and JNK2 are required for effector
functions of ECTV-immune CD8" T cells

Cytotoxic T lymphocyte effector functions are known to
be crucial in recovery from acute ECTV infections.
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and JNK2~/~ splenocytes and PLN was delayed and sig-
nificantly lower than that of WT (Fig. 4a). The extent of

© 2014 John Wiley & Sons Ltd, Immunology, 142, 603-613



JNK in antiviral CTL responses

(a) WT JNK1-= JNK2-
107 10°T
10° 10%4
1024, 10%
] D8
10’ 10" %
1001 5 iy 1001 s 1001 ;
10° 10" 10% 10® 10* 10° 10' 10> 10° 10* 10° 10' 10> 10° 10* (b) SP600125
10* 10* 10* 10*
3 3] 3
|1o 10 D8 10
102 251 10 205 216 + 102
3 Py
1 1 ),
810 10" 3 810
10° 5 10° 10° 10°

| 10° 10' 102 10° 10* 10° 10' 10 10° 10* 10°
AnnexinV = =———

() 30
| wT
2 [J UNK1--
o © 201 [ JNK2+
S &
£ <
T Q
o 9
& % 10 4
a
(&)
0.

D8

|_10°1o‘ 102 10° 10%
AnnexinV. —
30
20
10
0

D8 + Ab SP600125

Figure 3. Activation-induced cell death (AICD) of CD8" T cells in c-Jun N-terminal kinase (JNK) -deficient mice after acute ectromelia virus
(ECTV) infection. JNK1~/~, JNK2~/~ and wild-type (WT) mice were infected subcutaneously (s.c.) with ECTV. (a) On day 8 post-infection
(p.i.), spleens were harvested from groups of five mice for each strain. Lymphocytes were isolated and cultured with either PBS (D8) or CD3 plus
CD28 (D8 + Ab) for 24 hr, and then stained with CD8, CD44 and Annexin V. (b) Spleen cells from WT mice in (a) were pre-incubated with
SP600125 for 45 min, then cultured with CD3 plus CD28 for 24 hr and stained with CD8, CD44 and Annexin V. The dot plots are gated on
CD8" T cells, and the numbers are the percentages among CD44" cells. Data represent average values of each group and are representative of
three independent experiments. (c) Summary histograms of AICD of CD8" T cells. Results are expressed as mean £ SEM. **P < 0-01 versus WT

in D8 + Ab group, Mann—Whitney U-test.

the cytolytic activity corresponds with the changes of
virus titres seen in the target organs (Fig. 1b and Fig. S1).

We then investigated the phenotype of the responding
CD8" T cells from the mice with or without JNK. Spleno-
cytes were analysed by FACS on day 8, the peak of the
anti-ECTV CTL response. Similar to the cytolytic activity,
striking differences in lytic granule production of CD8" T
cells were found between the spleens of WT and JNK-
deficient mice. The percentage of cytolytic CD8" T cells
(Granzyme B") in the spleens of JNK1~/~ mice was sig-
nificantly lower (P < 0:001) than that of the WT mice,
and even lower than in JNK2~/~ mice (Fig. 4b). This was
consistent with the level of expression of the CD8" T
cells’ activation marker CD44 which is highly expressed
on effector/memory T cells. A significantly lower percent-
age of CD8" T cells from JNK1~/~ mice had acquired a
CD44" phenotype on day 8 p.i. compared with those of
WT, and the reduction of CD44™-expressing CD8* T
cells in the JNK2~/~ mice was even more pronounced
(see Supporting information, Fig. S4). However, a differ-
ent picture of CD8" T-cell activation was noted when IL-
2 receptor o (IL-2Ra; CD25), another activation marker,
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was analysed. The percentage of activated CD8" T cells
that expressed CD25 was significantly (P < 0-01) reduced
in the JNKI1 /= mice, but only moderately reduced
(P = 0-065) in JNK2~/~ mice, as compared to WT con-
trols (Fig. 4c).

The antigen-specific CD8" T cells were quantified by
MHC I tetramer or intracellular IFN-y staining (Fig. 4d).
The number of IFN-y* CD8" T cells in spleens of JNK2 ™/~
mice were about 10-fold lower than in the other two
strains. Quantification by MHC I tetramer binding of the
immunodominant ECTV epitope B8R, »,>° also showed a
significant decrease (approximately 10-fold, P < 0-05) of
virus-specific CTL in JNK2~/~ mice when compared with
WT, mirroring the IFN-y expression. Although the propor-
tions of IFN-y" CTL were comparable between the JNK1 '~
and WT mice, the average number of K®/B8R-specific CD8"
T cells in the JNK1~/~ mice showed a moderate reduction
(P > 0-05).

To determine whether a deficiency of JNK may impair
the production of function-related cytokines by CD8" T
cells during an ECTV infection, we further examined the
production of IL-2 and IFN-y by CD8" T cells from the
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Figure 4. Activation and effector functions of CD8" T cells in c-Jun N-terminal kinase (JNK) -deficient mice during ectromelia virus (ECTV)
infection. (a) JNK1~/~, JNK2~/~ and wild-type (WT) mice were infected subcutaneously (s.c.) with ECTV. Virus-specific cytotoxic T lymphocyte
(CTL) responses in the spleens and popliteal lymph nodes (PLN) were measured at the indicated time-points. Results are expressed as

mean £ SEM of lysis values from five individual mice for each group at an effector : target ratio of 33 : 1. The results are representative of two

independent experiments. (b—d) JNK1~/~, JNK2™~/~ and WT mice (1 = 5 per group) were infected s.c. with ECTV. On day 8 p.i., the activation

of CD8" T cells was determined by staining splenocytes with anti-CD8 plus indicated antibodies. The dot plots are gated on total spleen cells (b)

or CD8" T cells (c), and the numbers are the percentages of Granzyme B (Gzm B)- or CD25-positive cells among CD8" T cells. Data represent

average value of each group and are representative of three independent experiments. The symbols in (d) show the total number of specific

CD8" T cells in spleens. Each symbol represents an individual mouse and bars represent the means. (e) Purified CD8" T cells (1 x 10° cells)

from the spleens of mice in (b) were either co-cultured with B8R peptide-pulsed syngeneic dendritic cells for 6 hr (D8 + P) or stimulated with
anti-CD3 plus anti-CD28 for 24 hr (D8 + Ab). Cytokines in the supernatants were measured by ELISA. Results are expressed as mean 4+ SEM
(n =5 per group) and are representative of three independent experiments. *P < 0-05; **P < 0-01, Mann—Whitney U-test.

mice after ECTV infection. CD8" T cells were isolated
from the spleens of ECTV-infected JNK1/~, JNK2 /-
and WT mice on day 8 p.i. Cells were either co-cultured
with B8R peptide-pulsed SDC for 6 hr, or stimulated
with anti-CD3 plus anti-CD28 for 24 hr. Yields of IL-2
and IFN-y in the supernatants were measured by ELISA.
In accordance with their inability to undergo ECTV-
induced activation, CD8" T cells from ECTV-infected
JNK1~/~ mice produced significantly less (P < 0-05) IFN-y
than WT, and there was an even greater reduction in the
production of IFN-y in CD8" T cells from the JNK2 '~
mice (Fig. 4e). Interestingly, IL-2 production by CD8" T
cells was similar in the JNK1~/~ and WT mice and signif-
icantly higher in the JNK2™'~ mice (P < 0-05). Boosting
of CD8" T cells in the presence of CD3 plus CD28 anti-
bodies ex vivo caused a dramatic increase of IFN-y and
IL-2 production in all strains of mice. In particular, the
IFN-y production by JNK2~/~ CD8" T cells was signifi-
cantly higher than that of JNK1™/~ CD8" T cells
(P < 0-05, Fig. 4e).
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JNK1 and JNK2 mediate differentiation of Th
responses during ECTV infection

Numerous in vitro studies have described an important
role for JNK in the differentiation and activation of effec-
tor Thl and Th2 cells upon either mitogenic stimulation
or TCR ligation.'"®***"*® However, the necessity of JNK
to the Th responses in vivo is still unknown. Therefore,
we investigated the specific role of JNK in the polariza-
tion of Th responses in vivo during ECTV infection.
JNK2™/~ CD4" T cells exhibited a significant defect in
Thl cytokine production (P <0-01 for IFN-y and
P < 0-05 for IL-12, respectively), whereas JNK1~/~ CD4"
T cells showed normal production when compared with
WT controls (Fig. 5a). However, there was a highly sig-
nificant enhancement in the production of Th2 cytokines
(IL-4, IL-5) in the JNK1~/~ CD4" T cells (Fig. 5a). Nei-
ther JNK1 nor JNK2 deficiency had any effect on IL-2
production by CD4" T cells. Ex vivo administration of
JNK inhibitor SP600125 significantly reduced IFN-y and
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Figure 5. Production of T helper (Th) cytokines in c-Jun N-terminal
kinase (JNK) -deficient mice during primary ectromelia virus
(ECTV) infection. JNK1~/~, JNK2~/~ and wild-type (WT) mice
(n =5 per group) were infected subcutaneously (s.c.) with ECTV.
On day 8 post-infection (p.i.), CD4" T cells were isolated from
splenocytes. (a) Splenic CD4" T cells (1 x 10° cells) were co-cul-
tured with ECTV-infected syngeneic dendritic cells (SDC). Superna-
tants were collected after 24 hr for cytokine measurement. (b)
Splenic CD4" T cells (1 x 10° cells) from WT mice were pre-incu-
bated with SP600125 for 45 min, then cultured with ECTV-infected
SDC for 24 hr. Cytokines in the supernatants were measured by
ELISA. Results are expressed as mean 4+ SEM and are representative
of three independent experiments. *P < 0-05; **P < 0-01 versus
WT, Mann-Whitney U-test.

increased IL-4 production by WT CD4" T cells
(P <0-05), but had no effect on IL-2 production
(Fig. 5b).

Discussion

Initiation of an immune response is partially mediated by
the cellular stress due to an infection. Among the stress-
activated protein kinases, both JNKI and JNK2 are
involved in the development and maturation of T-cell
functions. CTL responses are of primary importance in
the recovery of acute viral infections. However, our
understanding concerning the role of the JNK pathway in
governing antiviral CTL responses is limited. The only
other study to address this issue used a mouse model of
lymphocytic choriomeningitis virus infections.”® The
study found reduced expansion of CD8" T cells, a
decreased virus-immune CTL fraction and increased
AICD in JNK1 '~ mice during the primary acute but not
secondary latent infection. This study also showed an
increased expansion of virus-immune CD8" T cells in
JNK2~'~ mice during both primary and secondary infec-
tions. Although defects of lymphocytic choriomeningitis
virus-immune CTL responses were different between
JNK1~/~ and JNK2~'~ mice, both strains showed equiva-
lent CTL-mediated virus-specific killing and viral clear-
ance when compared with WT mice. The authors
concluded that JNK signalling may play a role in control-
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ling the number (magnitude) rather than the functional-
ity of CD8" T cells, and activated CD4" T cells may be
responsible for the enhanced antiviral response in JNK2 '~
mice.

Our studies presented here, using the classical ECTV
acute viral infection model, clearly implicate the involve-
ment of both JNK1 and JNK2 in the cytotoxic CD8" T-
cell-mediated recovery from a primary infection. We ini-
tially attributed the impairment of viral clearance in JNK-
deficient mice to an impairment of expansion of CD8" T
cells. However, our subsequent studies indicate that the
mechanisms underlying these results were more complex.
Unlike the previous study, which observed a hypo-prolifer-
ation in JNK1~/~ CD8" T cells after stimulation with anti-
CD3 plus anti-CD28 in vitro,"® our in vivo proliferation
assays showed that, although the proliferation of CD8" T
cells was delayed, the absolute number of CD8" T cells in
the spleens and PLN of JNK1 ™/~ mice was only slightly less
than those in WT mice, 48 hr p.i. JNK2 deficiency resulted
in an increased proliferation of CD8" T cells during ECTV
infection, data that are consistent with previous studies
pointing to an inhibitory role of JNK2 in CD8" T-cell pro-
liferation.">*” Despite the divergent roles that JNK1 and
JNK2 play in CD8" T-cell proliferation, both caused a
defect in preventing AICD among CD8" T cells, either acti-
vated in vivo by ECTV or after in vitro CD3 plus CD28
stimulation. Therefore, the impairment of viral clearance
in JNK-deficient mice is not determined by the magnitude
of peripheral CTL expansion. Our data demonstrate that
cytotoxicity was delayed and reduced, and there was a sig-
nificant reduction of IFN-y production by CD8" T cells in
both JNK1~/~ and JNK2~/~ mice. Absence of either JNK1
or JNK2 resulted in a decreased absolute number of virus
(B8R) -specific CD8" T cells, as well as a dramatic reduc-
tion of lytic granule-producing CTL in spleens. The chan-
ged phenotype of the CTL correlated directly with the
impaired viral clearance and increased susceptibility to
ECTV infection in JNK-deficient mice.

Interleukin-2 has an important role in the survival and
expansion of T cells, and its synthesis is a hallmark of T-
cell activation. The magnitude and duration of IL-2Ra
expression on activated CD8" T cells controls their ability
to ligate IL-2, and so modulates their cytolytic capacity
and expansion.*”*! Although IL-2 production by acti-
vated CD8" T cells was comparable between JNK1 /-
and WT mice, expression of IL-2Rx was significantly less
on JNK1~/~ CD8" T cells than controls. This is consis-
tent with the in vitro study'® and may be associated with
the delayed proliferation and impaired effector functions
of virus-immune CTLs in JNK1 '~ mice after ECTV
infection. The loss of JNK2 caused significantly increased
production of IL-2 by CD8" T cells, which may possibly
explain the observed hyper-proliferation of these cells.
However, in light of the moderately reduced expression
of IL-2Ra on JNK2~/~ CD8" T cells, it remains to be
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determined whether IL-2a does serve a critical function
in the control of CTL responses in JNK2~/~ mice.

The Th1/Th2 differentiation decides the effector
responses against pathogens. During ECTV infection,
resistant B6 mice generate an early Thl response, which
is associated with potent cell-mediated immunity leading
to effective viral clearance, whereas susceptible mice such
as BALB/c generate a Th2 response associated with weak
CTL activity and poor virus control.*»** QOur present
study demonstrates that the generation of a Thl response
in B6 mice after ECTV infection requires JNK2 but not
JNK1. Production of IFN-y in Th cells was diminished by
either JNK2 deficiency or a pan-JNK inhibitor, suggesting
that JNK2 exerts most of the control among JNK signal-
ling in Th1 differentiation.”® In synergy with JNK2 signal-
ling, which promotes the type 1 Th responses, JNK1 may
act as an inhibitor of the Th2 response during mousepox.
Th cells from B6 WT mice produced only small amounts
of Th2 cytokines, such as IL-4, IL-5 and IL-10, during
ECTV infection (ref. 26 and present study). JNK1 defi-
ciency, either by genetic knockout or application of phar-
macological inhibitors, resulted in a remarkable increase
of Th2 cytokines. These data would in part explain the
dysfunction of CTL in JNK-deficient mice. Given that
there were a Th1 diminution in JNK2 /™ mice and a Th2
bias in JNK1~/~ mice, it was therefore not surprising that
deficiency of either JNK1 or JNK2 resulted in significant
reductions in CTL responses directed against ECTV.

Altogether, our findings provide further understanding
as to the functional diversity of JNK in the regulation of
antiviral immunity. Given the importance of JNK signal-
ling in controlling primary CTL responses against viruses,
it will be necessary to investigate the role of this pathway
in memory T-cell differentiation, maintenance and pro-
tective immunity development upon re-infection. Cur-
rently, such studies are in progress to address the
mechanisms of JNK control for the homeostasis of CD8"
T cells and development of memory CTL.
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Figure S1. Ectromelia virus titres in the spleen and
liver. Experiment was performed as described in Fig. 1b.

Figure S2. Compartments of splenic T cells in c-Jun
N-terminal kinase (JNK) -deficient mice after acute
ectromelia virus infection.

Figure $3. Proliferation of CD8" T cells in c-Jun N-ter-
minal kinase (JNK) -deficient mice after acute ectromelia
virus infection.

Figure S4. Activation of CD8" T cells in c-Jun N-ter-
minal kinase (JNK) -deficient mice during ectromelia
virus infection.

Table S1. Total number of splenocytes in ectromelia
virus-infected mice (x 10°%).
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