




FIGURE 5. Blimp-1 expression is enhanced in both si-tolerant T cells and CD3/CD155-ligated T cells.

(A) Heat map shows representative inhibitory surface molecule genes and transcription factors that are differentially expressed in activated T cells

stimulated by CD3/CD155 ligation or CD3 single ligation (upper left and lower left). Right panels show representative inhibitory surface molecule

genes (shown in Fig. 3B) and transcription factors that are differentially expressed in activated T cells (Activate T) and induced tolerant T cells

(Si-tolerant). (B) Left, Prdm-1 mRNA expression was increased in CD3/CD155-ligated T cells. CD4+ naive T cells were stimulated by cross-linking

for 48 h with anti-CD3 plus anti-CD155 or anti-CD3 plus control Ab. Right, Prdm-1 mRNA expression was also enhanced in (Continued)
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transduce signaling into stimulated T cells to promote newly
expressed TIGIT through their own CD155. As shown in Fig. 4C,
the TIGIT expression level was much higher when stimulated
T cells were cocultured with CD3/CD155-ligated T cells than that
with CD3-ligated ones. This acceleration tendency of TIGIT
expression in the stimulatedT cellswas similar towhen theywere
cocultured with si-tolerant T cells as seen in Fig. 3. In both
cocultures, stimulated naive T cells are very likely to encounter
TIGIT expressed on the coculture partner T cells from the
beginning of stimulation and thereby can receive CD155-mediated
signaling by trans-interaction with the TIGIT molecules. Collec-
tively, these results indicate that TIGIT promotion in stimulated
naive T cells is carried out at least in part through their CD155-
mediated signaling after trans-interaction with TIGIT on their
culture partners, implying that the highly expressed TIGIT itself
seems to play a bridge-like role for promoting new TIGIT
expression serially in the next stimulated naive T cells.

CD155-mediated signaling induces enhancement of
B lymphocyte-induced maturation protein 1 expression
Then, we further questioned whether CD155-mediated signaling
byCD3/CD155 double ligation is also responsible for the serial sup-
pression process as seen in the coculture system shown in Fig. 1.
To address this issue, we compared the gene expression profiles of
naiveCD4+Tcells inCD3/CD155double ligation versusCD3 single
ligation and in coculture with si-tolerant T cells versus in single
culture by the use of microarray analysis after preparing the total
RNA extracts of those T cells of the respective groups (Fig. 3). The
array results showed relatively similar gene expression patterns
of coreceptors and transcription factors between naive T cells
receiving CD3/CD155 double ligation and the coculture in si-
tolerant T cells (Figs. 3B, 5A). This result allows us to propose that
CD155-mediated signaling may be engaged in generating tolerant
state in the stimulated naive T cells.

Because CD155 is known to transduce positive signaling, we
payed attention to the enhanced genes acting downstream
of CD155, which may function to regulate others. In such genes,
the interesting one is Prdm-1 encoding B lymphocyte-induced
maturation protein 1 (Blimp-1), because Blimp-1 is known to be a
transcription repressor to coordinate with other transcription
factors for regulating transcription of cytokines including IL-2 in

effecter T cells in a negative feedback loop (24–27). The mRNA
level of Prdm-1 in stimulated naive T cells was clearly enhanced
both in the si-tolerant T cells and CD3/CD155-ligated T cells in
comparisonwith that inT cells receivingCD3 alone ligation and in
simply culturedTcells (Fig. 5B).TheenhancedBlimp-1 expression
was accompanied by decreased IL-2 expression as shown in
Fig. 5C. These results indicated that CD155-mediated signaling
induces the promotion of gene expression of Prdm-1 in stimulated
naive T cells, whichmay lead to their IL-2 suppression to become
tolerant state. As mentioned in this and previous sections, CD155-
mediated signaling contributes to the promotion of the expression
of Blimp-1 and TIGIT (Figs. 3–5). In bothmolecules, the former is
responsible forproviding suppressionpotential into the stimulated
T cells, and the latter contributes to further transducing CD155-
mediated signaling into the next newly stimulated T cells through
trans-interaction with their CD155. Therefore, trans-interaction
based on the TIGIT-CD155 axis in stimulated naive T cells and
si-tolerant T cells may play an important role for the serial
transmission of tolerant state by providing CD155-mediated
signaling across generations of stimulated T cells.

At the same time, the above results remain unclear in terms of
whether TIGIT is indispensable for CD155-mediated signaling for
promoting TIGIT and Blimp-1 expression because CD155 can
interact with several partners other than TIGIT. To address this,
we used TIGIT KO mice (Supplemental Fig. 4) and prepared
Tcells fromTIGITKOandWTmice touse forCD3/CD155double
ligation culture, in which T cells can receive CD155-mediated
signaling directly without any TIGIT–CD155 interaction. The
Blimp-1 expression levels of KO and WT T cells were equally
elevated in comparison with those of T cells in CD3 alone ligation
(Fig. 5D). Then, each of these CD3/CD155-ligated T cells was
cocultured with stimulated naive T cells on anti-CD3–coated
plates to examine their potential to transduce CD155-mediated
signaling into the coculture partner cells. The results showed that
the expression levels of Blimp-1 and TIGIT were sufficiently high
incoculturewithWTTcells butwere lower inKOTcells (Fig. 5E),
which was presumably due to the presence of other TIGIT
partners such as CD226. Recent studies showed that CD155 also
interactswithCD226, andCD226 competeswithTIGIT for ligand
(23). In fact, surface expression of CD226 on T cells in KO mice
was clearly detectable and was slightly higher than that of WT

si-tolerant T cells. Ac-N represents naive T cells under conventional culture with OVA stimulation for 24 h. Data are representative of three individual

experiments with three mice (left) or four mice (right). (C) Left, Il-2 mRNA expression was increased in CD3/CD155-ligated T cells. Right, Il-2 mRNA

expression was increased in si-tolerant T cells. (D) Prdm-1 mRNA expression was also increased in CD3/CD155-ligated T cells in TIGIT KO mice. The

CD4+ naive T cells of WT or TIGIT KOmice were stimulated by double cross-linking of CD3 and CD155 or CD3 and control rat IgG for 48 h. (E) CD155-

mediated signaling representing TIGIT. Prdm-1 expression was higher in WT stimulated T cells in coculture with WT CD3/CD155-ligated T cells than

that with KO T cells. Upper, CD4 T cells from WT or TIGIT KO mice spleen were stimulated by CD3/CD155 ligation for 48 h. Then, these CD4+ T cells

were cocultured in anti-CD3–coated plates with WT CD4+ naive T cells from GFP-Tg mice, which can be distinguished from pre-CD3/CD155–ligated

T cells. After 48-h coculture, mRNA expressions of GFP+CD4+ T cells from each coculture group were examined. WT mix and KOmix show coculture

with WT CD3/CD155-ligated T cells or KO ones, respectively. Lower, Tigit, Il-2 and Prdm-1 mRNA expressions in activated WT T cells cocultured with

CD3/CD155-ligated T cells from WT or TIGIT KO mice. The graph is shown as mean 6 SEM of three mice. Data are representative of two (D and E)

or three (B and C) independent experiments with three mice per experiment. *p , 0.05,**p , 0.01, ***p , 0.001, unpaired Student t test, two-tailed

(B and C), Tukey test (D and E). N.S., not significant.
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mice (data not shown). Collectively, a TIGITmoleculemay not be
indispensable, but it presumably does play a more effective role in
transducing CD155-mediated signaling to promote expression of
Blimp-1 and TIGIT in stimulated T cells than other CD155
partners do (Fig. 6).

DISCUSSION

For a better understanding of how an unresponsive state is
maintained in a certain subset of Ag-experienced T cells, we
established an in vitro experimental system inwhich, when naive
T cells were cocultured with the already induced tolerant T cells
(first tolerant T cells) upon stimulation, theywere tolerant. Similar
to the initially induced tolerant T cells, these newly induced tolerant
T cells (second generation of tolerant T cells) also have a potential to
lead new stimulated naive T cells to be tolerant by coculture. Based
on these results, we can propose a novel process by which tolerant
state induced in Ag-experienced T cells is serially succeeded into
new activated naive T cells to maintain the long-lasting suppression
across the generations as one process of the regulating mechanisms
in immune responses other than the induced long-lived tolerant
T cells. This proposed scenario is shown in Fig. 6.

For driving this successiveprocess of tolerant state,we showed
in this article that trans-interaction of the TIGIT–CD155 pathway
plays an important role. In this study, we found a new function of
TIGIT that can work as a ligand for transducing signal through its
receptor CD155 expressed on stimulated naive T cells to promote
gene expression of TIGIT (Figs. 3, 4):When stimulated naive T cells
receive CD155-mediated signaling by trans-interaction with TIGIT
on tolerant T cells in the beginning of the stimulation, their TIGIT
expression was enhanced and accelerated to support them to
become the second TIGIT-highest T cells, a status that is then
succeeded by the next stimulatedT cells, serially.We also found that
CD155-mediated signaling by trans-interactionwithTIGIT-induced
Blimp-1 enhancement in stimulated naive T cells when they were
cocultured with si-tolerant T cells or they received CD3/CD155
ligation. Because Blimp-1 is reported to engage in the suppression of
several cytokines including IL-2 (24–27), these results, togetherwith
TIGIT promotion, suggest that CD155-mediated signaling under the
TIGIT–CD155 axis may contribute to the stimulated T cells to
become tolerant in cooperation with serial TIGIT promotion.

Themajority of past reports showed that TIGIT functions as
an inhibitory receptor tomodulate T cell activation (17–19), such
as IL-2 production and cell proliferation, either directly by
induction of TIGIT-mediated signaling after treatment with
agonistic anti-TIGIT Ab or indirectly by binding with its
partner CD155 expressed on DCs that are introduced to be
tolerogenic (22). Taken together with our present results, it is
indicated that TIGIT has a double function to suppress cell
proliferation of T cells, through TIGIT-mediated signaling by
their own TIGIT and through CD155-mediated signaling by
trans-interaction with TIGIT on the adjacent cells. Thereby,
the results of our study are not competing with those past
reports.

TIGIT is reported to express on regulatory T cell subsets
exemplified by Foxp3+Treg cells (28–30), which is consistentwith
the described past observation (17–19, 22) that TIGIT is sub-
stantially engaged inmaintaining a tolerant state in the expressing
regulatory T cells as an inhibitory receptor probably by receiving
negative signaling. However, these reports did not clarify whether
TIGIT renders regulatory T cells to possess suppression capacity
for newly stimulatedT cells. According to our present results of si-
tolerant T cells showing an important role of the TIGIT–CD155
pathway forobtaining suppressive capacity, TIGITonFoxp3+Treg
cells is presumed to function by suppressing activation of newly
stimulated T cells by trans-interaction with their own CD155.

In consideration of the important role of regulatory T cell
populations for regulating immune responses and their therapeu-
tic role for autoimmunediseases aswell as for transplanted tissues,
further study will be required to clarify the cell fate of TIGIT
positive T cells. For instance, TIGIT appears transiently after TCR
stimulation of naive T cells but then gradually decreases after Ag
disappears, but their cell fates are now unclarified: to die by
induced activation cell death, or to be TIGIT-expressing memory
T cells and/or Foxp3+Treg cells. In contrast, our si-tolerant T cells

FIGURE 6. TIGIT-expressing si-tolerant T cells are able to transmit

tolerance to naive T cells receiving Ag stimulation via CD155–TIGIT

pathway.

CD155 on naive T cells interacts with TIGIT on the first si-tolerant cells

with TCR stimulation, resulting in activated CD155 signaling to naive

T cells. Next, TIGIT and Blimp-1 expression in naive T cells is enhanced,

and IL-2 expression is then suppressed, accompanied by enhancement

of Blimp-1 in naive T cells. As a result, naive T cells become the second-

generated si-tolerant T cells. TIGIT-positive si-tolerant T cells are succes-

sively transmitted into naive T cells through de novo TIGIT whose

expression is promoted by trans-interaction with own CD155.
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maintain higher and longer TIGIT expression, which may be
caused by early TIGIT expression through CD155mediated at the
early stage of TCR stimulation. In fact, our preliminary data
showed that antiapoptotic-related genes such as BcL-2 were
highly expressed in si-tolerant T cells induced by CD3/CD155
double ligation in comparison with that of ordinary activation
T cells. At the same time, it should also be elucidated whether
TIGIT high regulatory T cells can be long lived or whether they
disappear after they induce the next generation of tolerant
phenotypic T cells in newly stimulated T cells in an Ag-specific
manner. We are now challenging these issues.
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