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Characterization of CD4~ CD8 CD3 ™ T-cell receptor-ap™ T cells in murine
cytomegalovirus infection
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SUMMARY

In this study, we have investigated that after the intraperitoneal infection with murine
cytomegalovirus (MCMYV), the CD3" CD4 CDS8 (double negative; DN) T-cell receptor
(TCR)aB™ T cells increased in peritoneal cavity, liver and spleen in both resistant C57BL/6 and
susceptible BALB/c mice. The total cellular population of these cells showed peak levels around day
5 after infection in all the three investigated organs and the following phenotypical and functional
characteristics emerged. The peritoneal DN TCRaf* T cells expressed highly skewed TCRV(8 on
day 5 after infection compared with the uninfected mice, but those in spleen and liver showed
moderate and low skewed TCRVBS, respectively. The percentages of NK1.1 " DN TCRaB™ T cells
gradually decreased as did modulation of some of their activation markers consistent with an
activated cell phenotype. The peritoneal DN TCRaB ™ T cells on day 5 after infection expressed the
genes of interferon-y (IFN-vy), tumour necrosis factor-a, Eta-1 (early T-cell activation-1) and MCP-
1 (monocyte chemoattractant protein 1) but lacked expression of interleukin-4 (IL-4). After in vitro
stimulation with phorbol 12-myristate 13-acetate and calcium ionophore in the presence of
Brefeldin A, higher frequencies of intracellular IFN-y* DN TCRaf™* T cells were detected in all
three investigated organs of infected mice compared with those of uninfected mice. Stimulation of
peritoneal DN TCRoaB* T cells with plate-bound anti-TCRB monoclonal antibodies showed
proliferation and also produced IFN-y but not IL-4. These results suggest that DN TCRaf ™ T cells
were activated and may have an antiviral effect through producing IFN-y and some macrophage-
activating factors during an early phase of MCMYV infection.

INTRODUCTION

A large proportion of peripheral T cells express T-cell receptor-
af (TCRaf) with CD4 or CDS co-receptors. However, it is also
reported that a small population of TCRaf T cells express
neither CD4 nor CDS as their surface molecules and hence are
termed double-negative (DN) TCRap T cells.' The DN
TCRaB* T cells have been shown to be preferentially
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distributed in the bone marrow, liver and thymus.l’z""7

Recently a group from our laboratory showed that the DN
TCRaB™ T cells were generated extrathymically in the
peritoneal cavity after the intraperitoneal infection of mice
with Listeria monocytogenes.®

The TCR repertoire of these murine CD4~ CD8 TCRauf*
T cells substantially differs from the pool of specificities of
mature single-positive (SP) T cells and are usually interleukin-2
receptor-a. (IL-2Ra; (CD25)", IL-2Rp™, CD44 ", CD62L*.'7
A considerable number of these cells also express the murine
natural killer (NK) cell marker NK1.1.*° It has been reported
that the DN TCRaf* T cells express a TCR with limited
diversity. A major portion of the thymus DN TCRaB ™ T cells
express VB8.%7 The liver DN TCRop* T cells which, it is
suggested, develop in the liver also express VBS8.!° The TCRa.
chain of the DN TCRaf™ T cells in thymus and also in liver
express a Val4-Jo281 rearrangement with a conserved junc-
tional amino acid sequence'' and it is suggested that the DN
TCRaB* T cells with the Val4-Ja281/VP8* TCR are
positively selected in the thymus, liver, or both. Some reports
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also showed that the DN TCRof™ T cells decreased
considerably in both thymus and liver in B,-microglobulin-
deficient mice'®!>13 and these data supported the hypothesis
that the DN TCRoaB* T cells may be positively selected
through the recognition of self major histocompatibility
complex (MHC) class I or class Ib molecules.

Previous reports also showed that the DN TCRoap™ T cell
activity is mainly mediated through cytokines'*!> but they can
also exhibit natural suppressor activity,'®!” cytotoxic T-cell
activity,'® or polyclonal B-cell help.'®*® The experiments into
the antigen specificity of human DN TCRaf* T cells revealed
that they include populations specific for CD1,>""?? allo class I?
and also are mostly self-reactive.>* But the role of the DN
TCRaf™* T cells of different organs against viral infection is
almost unknown and only report made by Openshow claimed
that after intranasal infection of mice with respiratory syncytial
virus (RSV), DN TCRop™" T cells increased in the bronch-
oalveolar lavage associated with other CD4" and CDS8™
conventional T cells.”® In order to investigate the antiviral
immune response of the DN TCRaB™ T cells, we used murine
cytomegalovirus (MCMYV), a B-herpes virus with a similar
pathogenicity pattern to human cytomegalovirus (HCMV),
which is a deadly pathogen in organ transplanted patients and
in those with acquired immune deficiency syndrome. Here, the
immunoregulatory properties of these DN TCRaf* T cells
that reside in the peritoneal cavity, liver and spleen of mice were
extensively investigated after intraperitoneal infection with
MCMYV. We showed that DN TCRaf* T cells increased,
developed an activated cell phenotype with skewed TCRV
region toward TCRVf8 repertoire, preferentially produced
interferon-y (IFN-y) and some macrophage-activating factors
during the early phase of intraperitoneal MCMYV infection. The
implications of the findings are discussed.

MATERIALS AND METHODS

Mice

BALB/c and C57BL/6 mice were purchased from Japan SLC
Inc. (Hamamatsu, Japan). They were maintained in a specific
pathogen-free environment at our institute. All mice were used
at 8-10 weeks of age.

Virus and infection of mice

The Smith strain of MCMV was used in all experiments.
Salivary gland-passed MCMV was prepared by homogenizing
salivary glands of BALB/c mice infected with 1 x 10* plaque
forming units (PFU) of MCMYV 3 weeks before and aliquots of
homogenized supernatants of salivary glands were stored
at —80° in Hanks’ balanced salt solution (HBSS) (Life
Technology, Grand Island, NY).

Cell preparation

The peritoneal exudate cells (PEC) were harvested by lavage of
the peritoneal cavity with 5 ml of ice-cold HBSS, washed and
resuspended in RPMI-1640 medium (Life Technology) supple-
mented with 100 U/ml penicillin G, 100 pg/ml streptomycin,
2 mMm r-glutamine, 0-2% sodium bicarbonate, 5 x 107> ™M
2-mercaptoethanol (2-ME), 25 mm HEPES and 10% heat-
inactivated fetal calf serum (FCS) (RPMI). The cells were
incubated in tissue culture plastic Petri dishes (Greiner,
Frickenhausen, Germany) for 60 min at 37° in a humidified

atmosphere with 5% CO, and non-adherent cells were collected
by mild washing. The single cell suspensions of spleens were
made by passing the spleen through glass slides. The liver
mononuclear cells were harvested using Percol (Sigma
Chemicals, St Louis, MO) gradient concentrations after
passing the liver homogenate tissue through a metal mesh.
The nucleated cells were counted by Turk’s reagent (Wako
Chemicals, Osaka, Japan) using a light microscope.

Flow cytometry assay

Four-colour cytofluorometric analysis was done by FACS
Calibur (Becton Dickinson, San Jose, CA). In all experiments,
approximately 1 x 10° cells (from the single cell suspensions of
non-adherent PEC, processed spleen and liver) were first
treated with non-conjugated culture supernatant obtained
from the 2.4G2 hybridoma to block FcRyII/IIT for about
30 min at 4° and red blood cells (RBC) were lysed by treating
them with RBC-lysing buffer. After washing with fluorescence-
activated cell sorter (FACS) Hanks’ washing buffer [Hank’s
solution ‘Nissui’ (without phenol red) 1%, Na,HCO3; 0-03%,
NaNj; 0-1%, heat-inactivated FCS 5%, and gentamycin 0-1 mg/
ml in double distilled H,O], specific stainings are performed as
described below.

For CD3% DN TCRap™ T cells. Fluorescein isothio-
cyamate (FITC)-conjugated anti-TCR monoclonal antibody
(mAb; H57-597) (Pharmingen, San Diego, CA), phycoerythrin
(PE)-conjugated anti-CD4 and anti-CD8 mAb (Life Technol-
ogy) and allophycocyanin (APC)-conjugated anti-CD3 mAb
(Pharmingen). Dead cells were excluded by staining with
propidium iodide (PI).

For NKI1.1" CD3* DN TCRoaf* T cells. FITC-
conjugated anti-CD3 mAb (Pharmingen), PE-conjugated
anti-NK1.1 mAb (Pharmingen), biotin-conjugated anti-TCRf}
(H57-597) (Pharmingen) followed by streptavidin (SA)- peridin
chlorophyll protein (PerCP) antibody (Becton Dickinson) and
APC-conjugated anti-CD4 and anti-CD8 mAb (Pharmingen).

For TCRVBSY DN TCRoaf™ T cells.  FITC-conjugated
anti-TCRVf8.1,8.2 mAb (F32.1) (Pharmingen), PE-conju-
gated anti-CD4 and anti-CD8 mAb (Life Technology), bio-
tin-conjugated anti-TCRf followed by SA-PerCP antibody
and APC-conjugated anti-CD3 mAb.

For CD3% DN TCRap™ T-cell activation markers.
FITC-conjugated anti-TCR mAb (H57-597), PE-conjugated
anti-CD4 and anti-CD8 mAb, biotin-conjugated anti-CD69, -
CD25, -CD44 and -CD62L (Pharmingen) followed by SA-
PerCP antibody and APC-conjugated anti-CD3 mAbD.

For controls. Cells were stained with FITC-, PE- and
APC-conjugated antibodies, except for the biotin-conjugated
specific surface marker mAbs when only SA-PerCP was added.

Intracellular IFN-y FACS analysis. Intracellular IFN-y
was determined as described by Kadena er «l® Briefly,
peritoneal, liver and spleen cells (1x10° cells/ml) were
incubated for 4 hr at 37° in a humidified atmosphere with
5% CO, in RPMI containing 10 ng/ml phorbol 12-myristate
13-acetate (PMA) (Sigma), 500 ng/ml calcium ionophore
A23187 (Sigma) and 10 pg/ml Brefeldin A (Biomol. Research
Lab. Inc., Plymouth Meeting, PA). Cells were then stained with
non-conjugated anti-FcRyII/IIT (2.4G2), PE-conjugated anti-
CD4 and anti-CD8 mAb (Life Technology), biotin-conjugated
anti-TCRP (H57-597) (Pharmingen) followed by SA-PerCP
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Figure 1. Appearance of DN TCRaf3 T cells in peritoneal cavity, liver and spleen after MCMYV infection. C57BL/6 and BALB/c mice
were infected intraperitoneally with 1 x 10> and 4 x 10* PFU, respectively. The non-adherent PEC, liver and spleen lymphocytes were
harvested on days 0, 3, 5, 7, 10 and 15 after infection and the DN TCRaB ™ T cells were determined by FACS analysis as described in
the Materials and Methods. &squf; and &squ; represent the DN TCRaB™ T cells of C57BL/6 and BALB/c mice, respectively, and
&utrif; and &utri; are for the combined populations of CD4 " and CD8* TCRap* T cells of C57BL/6 and BALB/c mice, respectively.
The figure represents one of the three independent experiments with similar results.

antibody (Becton Dickinson) and APC-conjugated anti-
CD3 mAb (Pharmingen). The cells were washed and fixed
with 0-1 ml Solution A of Cell Perm and Fix (Caltag, San
Fransisco, CA) for about 60 min at room temperature (RT),
washed and resuspended in 50 pl Solution B of Cell Perm and
Fix containing 2 pg/ml FITC-conjugated rat anti-mouse IFN-y
mADb or isotype-matched FITC-conjugated rat immunoglobu-
lin Glk (IgGlk) antibody. All FACS data were analysed using
CELL QUEST software (Becton Dickinson). The DN TCRaf™* T-
cell populations were identified by gating the CD3 " TCRof ™"
cellular constituents obtained from the lymphocytic area of the
side- and forward-scattered diagram and subsequently exclud-
ing the CD4% and CD8* T cells by setting the quadrants. The
total numbers of the DN TCRaf™ T cells and NK1.1* DN
TCRaf™* T cells were calculated by multiplying the total
percentages of their respective cellular populations with the
total nucleated cell number per organ. The CD69-, CD25-,
CD44-, CD62L-positive, IFN-y* and NK1.1* DN TCRop™*
T cells were further gated excluding the CD4" and CD8™
T cells and then the DN-gated cells positive for each surface
marker were determined by using histogram plot analysis.

Enrichment of CD3" DN TCRuf™ T cells and CD4*
TCRaB™ T cells and reverse transcription-polymerase chain
reaction (RT-PCR) analysis of cytokine gene expression

DN TCRaB* T cells obtained from the PEC of naive C57BL/6
mice and those from 5 days after MCM V-infected (18-20 mice
per group) mice were enriched by two-step magnetic bead
treatment. First, CD4% and CD8*% TCRoaB™ T cells were
depleted by sheep anti-rat IgG-coated dynabeads (Oslo,
Norway) using anti-CD4 mAb (GKI1.5) and anti-CD8 mAb
(2.43) and then TCRaB* T cells were positively selected and
separated by using MACS microbeads and a BS separation
column, respectively (Miltenyl Biotec, Gladbach, Germany)
following the instruction of the manufacturers with minor
modifications. Briefly, after in vitro depletion of CD4* and
CD8" T cells by dynabeads, PEC were stained with FITC-
conjugated anti-TCRB mAb (Pharmingen) for 15 min at 4°,
washed with FACS Hanks’ buffer solution and stained with
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anti-FITC microbeads for 30 min at 4°. After washing, the cells
were positively separated by passing the cells through a BS
column using FACS Hanks’ buffer solution as the elution
buffer. The purity of the DN TCRap™ T cells was above 92%.
The peritoneal CD4" T cells were similarly enriched by
depleting the CD8 ™" T cells only using the sheep anti-rat IgG-
coated dynabeads after treating the cells with anti-CD8 mAb
(2.43) and subsequently positively selected and separated by
MACS microbeads and the BS column, respectively. The purity
of the CD4™ T cells was above 98% as determined by FACS
analysis. The mRNA from these separated cells were extracted
by mixing the cells with Trizol Reagent (Life Technology) and
first strand cDNAs were reverse transcribed using Superscript
reverse transcriptase (Life Technology) and random hexamer.
The cDNA was amplified by PCR with cytokines or B-actin
sense and antisense primers. The amount of cDNA was
adjusted by amplification of serially diluted cDNA with B-actin
primers after 30 cycles of PCR and compared the intensity of
the amplified bands obtained from the ethidium bromide-
stained 1-8% gel electrophoresis of the amplified PCR products.
The cytokines used were 1L-4, IL-10, IFN-y, TNF-o, Eta-1
(early T-cell activation-1) and MCP-1 (monocyte chemoat-
tractant protein 1) and their respective sense and antisense
primers are described by Kadena er al.®

In vitro stimulation of the DN TCRaB™ T cells

C57BL/6 and BALB/c mice (18-20 mice per group) were
intraperitoneally infected with MCMYV and their PEC were
aseptically harvested on day 5 after infection. The CD4* and
CD8* T cells of plastic non-adherent cells were magnetically
depleted by sheep anti-rat IgG-coated dynabeads (Oslo,
Norway) after treatment with anti-CD4 mAb (GK1.5) and
anti-CD8 mAb (2.43). The viable cells were counted by
trypan blue exclusion and 1 x 10° cells were cultured in 0-2 ml
RPMI in 96-well, flat-bottomed tissue culture plates (Greiner)
coated 24 hr before with purified anti-TCR mAb (H57-597,
purified by HiTrap Protein G column, Pharmacia Biotech,
Uppsala, Sweden) at a concentration of 50 pg/ml per well in
sterile PBS. After 3 days of culture at 37° in a humidified
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Figure 2. Kinetics of MCMYV-induced down-regulation of the percentages of the NK1.1* DN TCRop™* T cells in C57BL/6 mice.
Mice were infected with 1 x 10° PFU intraperitoneally and non-adherent PEC, liver and spleen lymphocytes were harvested on days 0,
3, 5 and 7 after infection. The histogram profiles show the percentages of the NK1.1* DN TCRaB™ T cells in DN TCRap ™ T-cell-
gated populations as described in the Materials and Methods. The figure represents one of the three independent experiments with

similar results.

atmosphere with 5% CO, 100-pl supernatants from each well
were collected and IFN-y and IL-4 were measured by
conventional enzyme-linked immunosorbent assay (ELISA).
The remaining cultured cells were pulsed with 1 uCi/well
[*H]thymidine (PH]JTdR) and cultured for another 6 hr at 37°
in similar atmospheric conditions. The cells were then
harvested by cell harvester and thymidine incorporation was
determined by liquid scintillation counter.

RESULTS

Appearance of DN TCRep ™" T cells in PEC, liver and spleen
after MCMYV infection

To determine the response of DN TCRaf* T cells against
intraperitonecal MCMYV infection, we first investigated the
appearance of these cells in the three major primary virus-
infected organs, the peritoneal cavity, liver and spleen, of both
resistant C57BL/6 and susceptible BALB/c mice. The kinetic
observation of the DN TCRof™ T cells showed that the
population of these cells increased significantly in all three
virus-infected organs and reached their peak levels around day
5 after MCMV infection (Fig. 1). Interestingly, in all three
organs, their levels declined rapidly by day 7 after infection.
The responses mediated by the DN TCRaB* T cells against
viral infection are thus far different from those of the
conventional CD4* or CD8* TCRaB™ T cells as the later
populations reached their peak levels around day 10 after
MCMYV infection (Fig. 1). Thus, the DN TCRap™ T cells
increased in number in all three virus-infected organs at the
early phase of MCMYV infection.

Down-regulation of NK1.1* DN TCReB™ T cells in MCMV
infection

As a good number of DN TCRaB™* T cells express the NK1.1
surface marker,*° we next examined the fate of NK1.1* DN

150 -

100 S

Cell no. per organ (><103)
a1
o
1

k%

o L |

PEC Liver Spleen

Figure 3. The absolute number of the NK1.1* DN TCRaf* T cells
per organs in C57BL/6 mice after MCMYV infection. Mice were infected
with 1x 10° PFU intraperitoneally and non-adherent PEC, liver and
spleen lymphocytes were harvested on days 0 and 5 after infection. The
absolute numbers of the NK1.1* DN TCRaB™* T cells per organ were
calculated as described in the Materials and Methods. The open and
closed bars represent for the total NK1.1* DN TCRaf* T cells per
organ on day 0 and day 5 after infection, respectively. The figure
represents one of the three independent experiments. **P <0-005;
*P<0-05 (Student’s z-test).
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Figure 4. Kinetics of MCMV-induced up-regulation of TCRVB8-bearing DN TCRaf ™ T cells in C57BL/6 mice. Mice were infected
with 1 x 10° PFU intraperitoneally and non-adherent PEC, liver and spleen lymphocytes were harvested on days 0, 3, 5 and 7 after
infection. The histogram profiles show the percentages of the VB8 DN TCRaB™ T cells of DN TCRaf* T-cell-gated populations as
described in the Materials and Methods. The figure represents one of three independent experiments.

TCRaf™* T cells of the peritoneal cavity, liver and spleen by
FACS analysis in C57BL/6 mice after intraperitoneal MCMV
infection. Down-regulation kinetics of the percentages of the
NKI1.1* DN TCRaB" T cells were found after MCMV
infection in all three organs investigated (Fig. 2). To check
whether this down-regulation was due to the increment of the
NKI1.1" DN TCRop™* T cells after MCMYV infection or not, we
next determined the absolute numbers of the NK1.1* DN
TCRaf™* T cells in all three investigated organs of both
uninfected and infected mice on day 5 after infection as they
showed their peak levels on this time point after intraperitoneal
infection. Interestingly, the absolute number of the peritoneal
NKI1.1" DN TCRoaB™ T cells in infected mice remained at a
level similar to that in the uninfected mice, and the liver
NKI1.1* DN TCRaf™* T cells decreased significantly whereas
splenic NK1.1* DN TCRap ™ T cells increased on day 5 after
MCMV infection compared with those in uninfected mice
(Fig. 3). Thus, MCMV has down-regulatory effects on the
absolute number of NK1.17 DN TCRaf™ T cells in the liver
but not in the PEC and spleen.

Up-regulation of the Vf8.1,8.2-bearing DN TCRof ™ T cells
after MCMYV infection

It was reported that DN TCRop-bearing thymocytes are
distinguishable from the typical TCRaf* T cells and have a
predominantly restricted TCRVPBS repertoire.> Moreover,
after L. monocytogenes infection more than 80% of the DN
TCRaB* T cells of the PEC expressed the TCRVfS
repertoire.”” We next examined the expression of the TCR V8
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repertoire of DN TCRaB ™ T cells obtained from the peritoneal
cavity, liver and spleen of mice after MCMYV infection using
anti-TCRVf8.1,8.2 mAb. The FACS analysis data presented
in Fig. 4 showed that at day 5 after infection, TCRV8.1,8.27"
DN TCRaB ™ T cells increased above two-fold in PEC (> 95%)
compared with the uninfected mice but moderate and low-level
increments were found in spleen and liver, respectively, in
C57BL/6 mice. Similar results were also found for the
DN TCRaB™* T cells in PEC, liver and spleen of BALB/c
mice after MCMYV infection (data not shown). Thus, after
intraperitoneal infection with MCMYV, the TCRV repertoire

Table 1. Modulation of DN TCRaB ™ T-cell surface markers in naive
and MCM V-infected C57BL/6 mice

% Surface markers

Days after
Organ infection CD69 CD25 CD44 CD62L
PEC Day 0 2:41+1-1 054109 8500+77 2445427
Day 5 77-17+7-6%* 14:30 £3-9** 7546 + 14-3 42-81 + 6-7*
Liver Day0 8284+2:0 014+0-1 89:36+47 295404
Day 5 51-58+5-1%* 2:75+0-1** 88:41+0-8 7-04+1-9*
Spleen Day 0 774105  730+33 4347146 699127
Day 5  12-12+2-4* 6621 +4-5** 21-69+1-8* 0-11+0-2*

CS57BL/6 mice were infected intraperitoneally with 1 x 10° PFU. PEC,
liver and spleen cells were collected and percentages of CD69-, CD25-,
CD44- and CD62L-positive DN TCRaf™ T cells were determined by
FACS analysis as described in the Materials and Methods.

*P<0-05; **P<0-005 (Student’s t-test).
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Figure 5. RT-PCR analysis of the cytokine mRNA expression by the
DN TCRoB™ T cells after MCMV infection. C57BL/6 mice (18-20
mice per group) were infected intraperitoneally with 1x10° PFU
MCMYV and plastic non-adherent PEC were harvested on days 0 and 5
after infection. The DN TCRoB* T cells were enriched by using
dynabeads and MACS microbeads as described in the Materials and
Methods. The CD4* T cells were similarly enriched from the non-
adherent PEC of the same mice on day 5 after MCMYV infection and
were used as a positive control. Total RNA from these purified cells
was extracted and the cDNA was amplified by PCR using the specific
cytokine sense and antisense primers. The sense and antisense primers
of B-actin were used as control. The respective cytokine bands of lanes
1, 2 and 3 are for DN TCRaB™ T cells on day 0, DN TCRaB ™ T cells
on day 5 and CD4% T cells on day 5 after MCMV infection,
respectively. The figure represents one of two independent experiments
with similar results.

of DN TCRoaB* T cells of peritoneal cavity skewed
preferentially towards TCRVf38.

Expression of activation markers on DN TCRaf ™ T cells
after MCMYV infection

To determine the activation state of the DN TCRaB™ T cells in
mice after MCMYV infection, we next examined the expressions
of CD69 (early activation marker), CD25 (IL-2Ra), CD44 and
CD62L (Mel-14) by FACS analysis. As the DN TCRaf*
T cells reached their peak levels on day 5 in all the investigated
organs (Fig. 1), we compared the expression of these surface
markers on the DN TCRaB ™ T cells obtained from the mice on
day 5 after MCMYV infection with those of the uninfected mice.
Higher levels of CD69 and CD25 expression were found on the
DN TCRaf* T cells in PEC, liver and spleen of the virus-
infected mice (Table 1). Interestingly, after MCMV infection
the expression of CD69 on the PEC and liver DN TCRof ™"
T cells was found to be different from that on spleen; i.e.
abruptly increased in PEC and liver but moderately increased

(but still statistically significant, P <0-05) in spleen. But in the
case of CD25 expression, an entirely opposite pattern of
distribution was observed; i.e. abruptly increased in spleen but
moderately increased in PEC and liver after viral infection
(Table 1). No major differences were found in the expression of
CD44, the memory and activation marker, in the PEC and liver
DN TCRaB™ T cells between the naive and MCM V-infected
mice, but the splenic DN TCRaB* T cells showed significantly
decreased levels of CD44 expression on day 5 after infection
(Table 1). The CD62L expression on DN TCRap ™ T cells also
showed a differential pattern in the investigated organs on day
5 after infection. The CD62L+ DN TCRaB™ T cells decreased
in spleen but increased in the PEC and liver (Table 1). The DN
TCRaf™* T cells obtained from the PEC, liver and spleen of
BALB/c mice showed the similar results after intraperitoneal
infection with MCMYV (data not shown). These data suggested
that after the viral infection the DN TCRaf* T cells of the
PEC, liver and spleen became the activated cell phenotype and
the activation patterns of the PEC and liver DN TCRof™"
T cells were different from those of the spleen in both C57BL/6
and BALB/c mice.

Cytokine gene expression of the purified DN TCRap ™ T cells
induced by MCMV

To investigate the functional properties of the DN TCRaf*
T cells against MCMYV infection, we next analysed the cytokine
gene expression of the DN TCRaB* T cells by RT-PCR analysis.
As mice were infected intraperitoneally and peritoneal DN
TCRopB " T cells responded well after viral infection, here we only
examined the mRNA expression for some cytokines by the
peritoneal DN TCRaB™ T cells obtained from the mice after
viral infection. The DN TCRaB " T cells were enriched from the
PEC of C57BL/6 mice on days 0 and 5 after MCMYV infection by
depleting the CD4 and CD8 T cells using dynabeads and
subsequently through the positive selection by using MACS
microbeads. The PEC CD4™ T cells were similarly enriched on
day 5 after infection from the same mice and they were used as the
positive control. As shown in Fig. 5, the DN TCRaf™ T cells
expressed higher amounts of IFN-y, TNF-a, MCP-1 and Eta-1
genes than the uninfected DN TCRaf™* T cells. Although we
could not detect the expression of IL-4 either in infected or
uninfected DN TCRop™ T cells, the DN TCRaB™ T cells of
infected mice expressed far less IL-10 than did those of uninfected
naive mice and a traceable level of IFN-y was also expressed by

Table 2. Peritoneal cavity, liver and spleen IFN-y* DN TCRaB™ T-cell frequencies in C57BL/6 and BALB.c mice after MCMYV infection

% IFN-y* DN TCRaB™ T cells

Days after Liver Spleen

MCMV PEC

infection C57BL/6 BALB/c C57BL/6 BALB/c C57BL/6 BALB/c
0 2-:82+0-0 0-05+0-0 ND 0-55+0-2 ND 0-11+0-01
3 870426 3-67+07 2:01+09 3-554+0-5 1:64+0-6 0-87+0-4
5 13-87+0-6* 491+1-7 21-10+0-5%* 1113409 622416 2:5+1-0
7 2:13+17 3-054+09 3:0+17 7-62+0-3 0-65+0-2 0-84+0-5

C57BL/6 and BALB/c mice were infected intraperitoneally with 1 x 10° and 4 x 10> PFU, respectively. PEC, liver and spleen were collected and their
intracellular IFN-y was determined by FACS analysis as described in the Materials and Methods.

ND, not determined; *P <0-05; **P <0-005 (Student’s ¢-test).
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Figure 6. PEC intracellular IFN-y* DN TCRoB " T-cell frequencies induced by MCMYV infection. C57BL/6 and BALB/c mice were
infected intraperitoneally with 1 x 10° and 4 x 10° PFU, respectively. Their peritoneal non-adherent cells (1 x 10%ml) were incubated
for 4 hr at 37° with PMA (10 ng/ml) and calcium ionophore (500 ng/ml) in the presence of Brefeldin A (10 mg/ml). Cells were stained
with mAbs as described in the Materials and Methods. The histogram profiles show the percentages of the IFN-y™ DN TCRaf™
T cells of the DN TCRaf* T-cell-gated populations. The figure represents the data of one mouse out of three or four mice per group
at each time-point in one of the three independent experiments.

the naive DN TCRaf* T cells (Fig. 5). These data, thus, suggest
that DN TCRop ™ T cells shifted to T helper type 1 (Thl) type
from the ThO type, presumably resulting in the activation of
macrophages through the expression of some macrophage-
activating factors and the Thl-type cytokines. Hence, the DN
TCRoB™ T cells may be one of the main effector T-cell
populations to activate macrophages and lead to the develop-
ment of the Thl-type populations, especially during the early
stage of viral infection.

Analysis of intracellular IFN-y-positive DN TCRap ™ T-cell
frequencies induced by MCMYV infection

For further confirmation about the higher amount of IFN-y
gene expression by the DN TCRaft T cells, we next
determined the frequencies of intracellular IFN-y* DN
TCRoB™ T cells harvested from the PEC, liver and spleen of

© 2000 Blackwell Science Ltd, Immunology, 101, 19-29

both C57BL/6 and BALB/c mice on days 0, 3, 5 and 7 after
MCMYV infection. After 4 hr in vitro stimulation with PMA
and calcium ionophore in the presence of Brefeldin A, the
FACS data showed increased frequencies of intracellular IFN-
v* DN TCRop ™" T cells in all three investigated organs of both
C57BL/6 and BALB/c mice on days 3, 5 and 7 after MCMV
infection. Furthermore, significantly higher frequencies of the
intracellular IFN-y* DN TCRaf* T cells were found in
C57BL/6 than in BALB/c mice on day 5 after viral infection in
PEC and liver but not in spleen (Fig. 6 and Table 2). We,
however, again could not detect IL-4* DN TCRof™ T-cell
populations in all the organs investigated from the both strains
of mice on day 5 after MCMV infection after similar in vitro
stimulation (data not shown). Thus, our results suggest that
DN TCRoB™ T cells from both C57BL/6 and BALB/c mice
produced IFN-y* DN TCRoaB* T cells after MCMV
infection. The appearance of the higher frequencies of the
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intracellular IFN-y™ DN TCRaf™* T cells in C57BL/6 mice
than in BALB/c mice may be one of the resistant parameters of
this strain against MCMYV infection.

In vitro stimulation with plate-bound anti-TCRp mAb for
cytokine production and proliferative response of DN TCRaf "
T cells obtained from the MCM V-infected mice

It was reported that after stimulation with plate-bound
anti-CD3 mAb, DN TCRof™ T cells of thymus and spleen
produced large amounts of IL-4, IFN-y and TNF-a but did not
produce detectable amounts of IL-2."> We next determined
their cytokine production and proliferative response after
stimulation with the plate-bound immobilized anti-TCRf
mAb. The non-adherent PEC from C57BL/6 mice on day 5
after MCMYV infection were enriched for DN TCRaf* T cells
by depleting the CD4* and CD8 ™ T cells with magnetic beads.
Then, 10° cells were cultured on the anti-TCRf mAb-coated
96-well plates for 3 days. From the culture supernatants, a
significantly increased amount of IFN-y production was
measured in the anti-TCRB mAb-coated wells over the
uncoated control wells (Fig. 7b). After being pulsed with
1 pCi/well [PH]TdR, the cells cultured in vitro in the anti-TCR B
mAb-coated wells also showed increased proliferation
(Fig. 7a). Again, we could not measure any detectable amount
of IL-4 from the same cultured supernatants by ELISA (data
not shown). Thus, PEC DN TCRaB™* T cells obtained from
the MCMV-infected mice showed functional TCRaf and
developed a Thl phenotype after viral infection.

DISCUSSION

Previous studies have shown that the appearance of the DN
TCRop™ T cells occurred in mice after infection with the

(a) [3H]TdR incorporation

Medium

+anti-TCRf mAb

RSV.> In our present study, we mainly focused on the
characterization of the DN TCRaf ™ T cells appearing in some
major lymphoid organs after intraperitoneal MCMYV infection.
We showed that DN TCRaf™ T cells responded well against
MCMV infection by increasing their cell number and
producing some antiviral cytokines at the early phase of
infection. The pattern of their response is thus particularly
important as most of the conventional T cells are found
effective against viral infection at the late phase of infection. It
is well known that in vivo the first-line defence against viral
infection is the innate immune response and the innate immune
response is mainly mediated by the macrophages and NK cells
against MCMV infection at the early phase of infection.
Reports are also available that cytokine-mediated antiviral
activity (mostly produced by phagocytes and NK cells) is one
of the major parts of innate immunity. Hence, the antiviral
response mediated by the DN TCRaB™ T cells through some
antiviral cytokine production may thus be considered to be a
novel addition to the antiviral innate immune response against
MCMYV infection.

The response of the DN TCRaB* T cells against MCMV
infection appeared to be mostly organ-specific, as the PEC and
liver DN TCRaB* T cells showed activation states different
from the T cells of the spleen. After MCMYV infection the DN
TCRoB™ T cells of PEC and liver preferentially expressed
CD69, that was only moderately expressed by splenic DN
TCRop ™ T cells. It has been reported that DN TCRaf ™ T cells
in PEC and liver generated extrathymically®** and PEC DN
TCRaf ™ T cells showed slightly increased levels of CD44
surface antigen while expressing no IL-2Ra (CD25) or heat-
stable antigen after day 5 of L. monocytogenes infection.?
Unlike L. monocytogenes infection we detected less expression
of CD25 in the PEC and liver DN TCRof ™ T cells but higher
expression in the spleen. CD44 expression decreased on the

(b) IFN-y production
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Figure 7. IFN-y production and proliferative response of the PEC DN TCRaB™* T cells in C57BL/6 mice. Mice were infected with
1 x 10° PFU intraperitoneally and PEC were aseptically harvested on day 5 after infection. The CD4™ and CD8™* T cells from plastic
non-adherent cells were magnetically depleted and 1 x 10° viable cells were cultured in 0-2 ml RPMI in 96-well flat-bottomed tissue
culture plates coated 24 hr before with purified anti-TCR mAb (H57-597). After 3 days culture at 37° 0-1 ml supernatant from each
well was collected and IFN-y was measured by ELISA. The remaining cultured cells were pulsed with 1 pCi/well [*HJTdR and
cultured for another 6 hr at 37°. The cells were then harvested and thymidine incorporation was determined by liquid scintillation
counter. The figure represents one of two independent experiments. *P <0-05 (Student’s z-test).
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splenic DN TCRaB™ T cells whereas no changes were observed
in those of PEC and liver after MCMYV infection. Again, the
expression of CD62L increased in PEC and liver but decreased
in the spleen. These differential activation patterns of the DN
TCRaf™* T cells in different organs may be due to their origin
of development and also to their different developmental
environment. The origin of the DN TCRaf* T cells in the
spleen were not well investigated before and thus further
studies are necessary to confirm the differential activation
phenomena existing in the DN TCRaf* T cells of PEC, liver
and spleen after viral infection.

About the functional characterization of the TCR com-
plexes of DN TCRaB ™ T cells, several reports are available and
show that their TCR are preferentially skewed towards the
TCRVf8 repertoire in normal mice as well as in mice primed
with bacterial antigens or after bacterial infection.5?*%627 In
mice they can recognize bacterial antigen and are self-
reactive.”’ In humans, they can recognize monomorphic CD1
molecules with bacterial products.>” The human DN TCRof ™
T-cell lines were found to lyse macrophages infected with
Mycobacterium  tuberculosis and their cytotoxicity was
mediated through CDl-restricted Fas—FasL interaction but
had no effect on the viability of the Mycobacteria®® The
prominent expansion of the VP8 repertoire in the peritoneal
DN TCRoB™ T cells may show the importance of the
recognition of viral protein by the TCR of the DN TCRaf*
T cells of the peritoneal cavity. Although the actual
phenomenon of viral antigen recognition by DN TCRaf ™"
T cells is still unknown, here we would like to speculate that, as
for other bacterial infections where DN TCRaf™ T cells can
recognize bacterial antigen presented by MHC class I-like non-
monophormic CD1 molecules, viral antigens may also be
recognized by the DN TCRaB™ T cells in a similar manner.
Further analysis, however, is required to elucidate the antigen
specificity of the DN TCRaf* T cells induced by MCMYV.

Both Eta-1 and IFN-y can activate macrophages®>® and it
was shown that macrophages showed an early antiviral
response against the early phase of MCMYV infection.?! IFN-
v itself can exhibit a number of immunoregulatory effects,
including the capacity to stimulate the activation of cytotoxic T
lymphocytes®>** and macrophages.* It is also reported that
IFN-y and TNF-a can inhibit MCMYV replication in culture
systems, and contribute to in vivo protection during MCMV
infection.>>’ The greater IFN-y and TNF-o production by the
DN TCRoaB™ T cells at the early phase of MCMYV infection
may thus play an important part against the viral replication in
vivo and also in the viral clearance, which is mostly mediated by
the cytotoxic T cells at the late phase of infection. Again, the
increased frequencies of intracellular IFN-y* DN TCRop™*
T cells expressed by the different organs in C57BL/6 mice over
BALB/c mice after MCMYV infection may also be one of the
considerable factors in making this strain resistant against this
viral infection. The increased amount of IFN-y mRNA
expression by the peritoneal CD4* T cells of C57BL/6 mice
over BALB/c mice after intraperitoneal MCMYV infection was
also previously reported by our group.® It is also worth noting
that naive DN TCRoB™ T cells expressed IL-10 mRNA and
also expressed a traceable amount of genes for IFN-y.
Although we could not find detectable amounts of IL-
4 mRNA, DN TCRoaB* T cells of virus-infected mice
expressed low but detectable amounts of IL-10 mRNA
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(Fig. 5). Thus, considering only the production of IFN-y and
IL-10 cytokines, it may be possible to conclude that after
MCMYV infection, as in the CD4 T cells, the Thl type of DN
TCRop ™ T cells may be generated from the ThO section of the
DN TCRaB ™" T-cell population.

Unconventional T lymphocytes in the liver and thymus
expressing NK1.1* CD4" TCRop™ermediate were jdentified
by Emoto et al., who reported that after L. monocyto-
genes infection the relative proportion of NKI1.17 CD4%
TCRapiMer™ediate i the liver disappeared by day 4 after
infection with the concomitant abolishing of IL-4 produc-
tion.*® The down-regulation of NK1.1* CD4" TCRof* T
cells after L. monocytogenes infection may facilitate the T-cell
activity against listerial infection through increased levels of
IFN-y production induced by the increased secretion of IL-12
from the Listeria-infected-macrophages. Against the viral
infection, the response of the peritoneal NK1.17 DN TCRoaf™*
T cells may be minimal as their total number remained similar
to that in uninfected mice. On the other hand the decrease of
the liver NK1.1" TCRaf™ T cells may facilitate the generation
of the IFN-y-mediated antiviral responses and at the same time
the increment of the splenic NK1.1 7™ DN TCRaB™ T cells may
have another, different, antiviral immune response which may
persist in the spleen only. Further studies are thus necessary to
clarify the differential appearance of the NKI.1T DN
TCRaB™ T cells in different organs after MCMYV infection.

Finally, the positive response of the DN TCRaB™* T cells
against MCMYV infection may have implications for some
therapeutic phenomena as some DN TCRaB* T-cell clones
were reported to be highly autoreactive. For example, after
concanavalin A activation and stimulation with irradiated
dendritic cell-enriched syngeneic spleen cells, spleen-derived
DN TCRoB™ T-cell clones were found to be highly
autoreactive with functional TCRVB8.1 or V8.2 gene
products.’” Others have reported that the DN TCRap™ T-
cell clones isolated from the rat inguinal lymph nodes of
Mycobacterium tuberculosis-induced adjuvant arthritis showed
marked proliferative responses to syngenic spleen cells and an
intraperitoneal single-dose injection of these autoreactive DN
TCRop™ T-cell clones resulted in marked suppression of
experimental adjuvant arthritis.** The data recently published
also claimed that only the DN TCRaf* T-cell populations can
effectively protect the non-obese diabetic mice from the
spontaneous development of insulin-dependent diabetes melli-
tus through the Th2-associated cytokine IL-4 and/or IL-10
production.!

Hence, we would like to speculate that these unconven-
tional DN TCRaf™ T cells may play an important role in the
regulation of viral infection and their immune response may be
mainly mediated through the activation of macrophages and
Thl-type generation against the early phase of MCMV
infection.
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