L T

/

1\

=y

Activation of the Hippo pathway by CTLA-4 regulates
the expression of Blimp-1 in the CD8™ T cell

James E. D. Thaventhiran®', Anja Hoffmann®", Lukasz Magiera®<, Maike de la Roche®, Holger Lingel®,

Monika Brunner-Weinzierl®, and Douglas T. Fearon®<?2

2Department of Immunology, Division of Infection and Immunity, University College London, Royal Free Hospital, London NW3 2QG, United Kingdom;
PDepartment of Medicine, University of Cambridge School of Clinical Medicine, Cambridge CB2 2QH, United Kingdom; “Cancer Research UK Cambridge
Research Institute, Li Ka Shing Centre, Cambridge CB2 ORE, United Kingdom; “Cambridge Institute for Medical Research, University of Cambridge, Cambridge
CB2 0XY, United Kingdom; and ®Department of Experimental Pediatrics, University Hospital, Otto-von-Guericke University Magdeburg, 39120 Magdeburg,

Germany

Contributed by Douglas T. Fearon, June 1, 2012 (sent for review April 27, 2012)

During the primary response, the commitment of the CD8* T cell to
Blimp-1 expression and the terminal differentiation that Blimp-1
induces must be timed so as not to impair the process of clonal
expansion. We determined whether the Hippo pathway, which
links cell-cell contact to differentiation in other cell lineages, con-
trols Blimp-1 expression. Activating the CD8* T cell with antigen
and IL-2 causes expression of the core Hippo pathway compo-
nents, including the pivotal transcriptional cofactor Yap. Contact
between activated CD8* T cells induces Hippo pathway-mediated
Yap degradation and Blimp-1 expression; a Hippo-resistant, stable
form of Yap suppresses Blimp-1 expression. Cytotoxic T lympho-
cyte antigen 4 (CTLA-4) and CD80 comprise the receptor-ligand
pair that mediates contact-dependent Hippo pathway activation.
In vivo, CD8" T cells expressing Hippo resistant-Yap or lacking
CTLA-4 have diminished expression of the senescence marker,
KLRG1, during a viral infection. The CTLA-4/Hippo pathway/
Blimp-1 system may couple terminal differentiation of CD8" T cell
with the magnitude of clonal expansion.

uring the first week of a viral infection, virus-specific CD8*

T cells must coordinate two interdependent but mutually
exclusive processes: rapid replication to generate the precursors
of effector cells and development of effector cells from these
precursors. These two cellular responses must be appropriately
timed, because full effector differentiation, so-called terminal
differentiation, is associated with the diminution or loss of rep-
licative function. If terminal differentiation occurs too early
during the process of clonal expansion, then paradoxically, the
rate at which effector cells would be generated would be in-
sufficient for host defense. The ability of the CD8" T cell to
suspend terminal differentiation until clonal expansion has oc-
curred is documented by the observation that CD62L'°, CD127"
CDS8™ T cells specific for Listeria monocytogenes did not appear
until day 4 postinfection (1). Conversely, inappropriate delay of
terminal differentiation would also impair control of an infection.
Recent studies that have focused on identifying the determi-
nants of terminal differentiation of the CD8" T cell have ad-
vanced our understanding of this developmental step. The
transcriptional repressor, Blimp-1, and the T-box transcription
factors, T-bet (2) and Eomesodermin (Eomes) (3), have been
shown to regulate the differentiation of effector CD8* T cells.
Absence of Blimp-1 is associated with virus-specific CD8* T cells
having impaired cytolytic function, lower expression of the se-
nescence-associated marker killer cell lectin-like receptor Gl
(KLRG1), and enhanced development of the central memory
phenotype (4, 5). The acquisition of effector functions [but
maintenance of replicative function in both CD4* (6) and CD8*
(7) T cells] is consistent with the capacity of Blimp-1-deficient
CD8* T cells to express IFN-y and cytolytic activities, although
at suboptimal levels. These loss-of-function studies (4, 5) in-
dicate that Blimp-1 is required for terminal differentiation by the
activated CD8™" T cell, which it for two other lymphocytic line-
ages, the B (8) and NK (9) cells. T-bet promotes Blimp-1 ex-
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pression in the natural killer (NK) cell (9), and a similar role may
be expected in the CD8* cell, because T-bet— (2) and Blimp-1-
deficient (4, 5) CD8" T cells have similar differentiation phe-
notypes. Moreover, in vitro studies have shown that T-bet ex-
pression enables signaling by the IL-2 receptor to induce Blimp-1
transcription (10). Although T-bet levels are always higher in
terminally differentiated, KLRG1™" cells than at other stages of
differentiation, it may be that the ratio of T-bet and Eomes is
also critical (11). Eomes shares with T-bet a capacity to mediate
the development of effector function (12), but it differs from T-
bet in being necessary for the development of memory CD8* T
cells having secondary proliferative capability (3) in response to
the mammalian homolog of the target of rapamycin (mTOR)
(13) or T-cell factor (TCF-1) (14) signaling.

The extracellular signals that regulate the expression of these
transcription factors include antigen and the cytokines IL-2, IL-
12, IL-21, and IL-27 (15-19). The inflammatory cytokines, IL-
12 and IL-27, are produced by dendritic cells and cells of the
innate immune system that have been stimulated by microbial
products, whereas IL-2 and IL-21 are secreted by antigen-
stimulated CD4* and CD8* T cells. Although both types of
cytokines may increase during the course of an infection and
therefore, provide temporal elements by which the CD8™ T cell
could time its commitment to terminal differentiation, these
signals also would be coupled to the extent of microbial repli-
cation, which may not reflect the magnitude of clonal expan-
sion. IL-2, acting in a paracrine manner, could meet the re-
quirement of being directly correlated with the number of
antigen-stimulated T cells, but this cytokine has dual functions
in promoting the development of both terminally differentiated
effector cells and replication-competent memory cells (20-24).
Thus, neither inflammatory- nor T-cell-derived cytokines are
likely to be the ultimate determinants of Blimp-1 expression and
terminal differentiation.

In multiple cell types of invertebrates and vertebrates, termi-
nal differentiation is directed by a highly conserved develop-
mental system, termed the Hippo pathway. The Hippo pathway
is triggered when replicating cells come into contact with each
other, enabling a receptor-ligand pair to activate a serine/threonine
kinase cascade (25). This activation results in the phosphoryla-
tion and proteosomal degradation of the transcriptional cofac-
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tor, Yap, which permits differentiation to proceed (26). A po-
tential role for the Hippo pathway in regulating the expression
of Blimp-1 and Eomes is suggested by the independent obser-
vations that Blimp-1 and the Hippo pathway, respectively, are
required for the normal differentiation of skin (27, 28) and that
Yap, by interacting with the transcription factor TEA domain
(TEAD), induces Eomes expression in trophoectoderm (29, 30).
Because cell-cell contact triggers the Hippo pathway, the like-
lihood of which would be proportional to the relative frequency
of the interacting cells, this pathway would fulfill the hypothetical
requirement of linking the magnitude of clonal expansion by
activated CD8™ T cells to their commitment to terminal differ-
entiation. Accordingly, we have examined the role of the Hippo
pathway in regulating Blimp-1 expression by the CD8* T cell.

Results

Kinase Cascade of the Hippo Pathway Is Assembled by the Activated
CD8* T Cell and Regulates the Expression of Blimp-1. Purified OT-I
cells were incubated with SIINFEKL peptide alone or IL-2 for
24 h and then assessed for expression of the components of the
Hippo pathway. Resting CD8" T cells expressed only Mstl
protein, although mRNA for WW45, Latsl, and Mobl was
detected. The presence of WW45, Lats1, and Mobl protein re-
quired signaling both through the T-cell receptor (TCR) and IL-
2 receptor, indicating IL-2—-dependent posttrancriptional regu-
lation of these components. Transcription and translation of
TEAD1 and TEAD3, two transcription factors of the Hippo
pathway, occurred in cells receiving both TCR and IL-2 receptor
signals (Fig. 1).

The expression of Yap was more complex insofar as stimu-
lating OT-I cells with TCR and IL-2 induced the rapid appear-
ance of mRNA but not the protein (Fig. 2 A and B). The
appearance of Yap mRNA after only 15 min TCR stimulation
suggested that it was released from a preformed pool, which was
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Fig. 1. Expression of core components of the Hippo pathway by OT-I cells.
(A) Immunoblot analysis of components of the Hippo pathway in whole-cell
lysates prepared from naive OT-I cells and OT-I cells stimulated for 24 h with
0.1 nM SIINFEKL peptide alone or with IL-2 (TCR + IL-2). (B) Bar graph
showing the mRNA levels of these components in identically treated samples
of OT-I cells relative to those levels for CD3e (given an arbitrary level of one).
*P < 0.05; ***P < 0.001. Data presented are the mean + SEM (n = 3).
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Fig. 2. The regulation of Yap expression in OT-I cells. (A) Bar graph showing
the mRNA levels, relative to the levels for CD3g, for Yap in naive OT-I cells
and OT-I cells stimulated for timed intervals with 0.1 nM SIINFEKL peptide in
the absence or presence of actinomycin D. Data presented are the mean +
SEM. (B) Immunoblot analysis of Yap in whole-cell lysates prepared from
naive OT-l cells and OT-I cells stimulated for 24 h with 0.1 nM SIINFEKL
peptide alone (TCR) or together with IL-2 (TCR + IL-2). (C) Levels of Yap
protein (Lower) and Yap mRNA levels (Upper) in whole-cell lysates prepared
from naive Thy1.2* OT-I cells and Thy1.2* OT-I cells that had been stimulated
with SIINFEKL peptide and IL-2 for 24 h alone or in the presence of 10-fold
excess of nonactivated Thy1.1* C57BL/6 CD8* T cells. The Thy1.2* OT-I cells
were recovered by MACS purification, and Yap protein and mRNA were
assessed. Data presented are the mean + SEM. (D) Immunoblot analysis using
antihemagglutin (anti-HA) of whole-cell lysates prepared from retrovirally
transduced OT-I cells that expressed ectopic WT Yap tagged with HA (Yap-
HA) and Yap in which serine 112 had been mutated to alanine (Yap S112A-
HA) or serine-382 had been mutated to alanine (Yap S382A-HA). Lysates
were cultured for 48 h with IL-2. ***P < 0.001.

consistent with actinomycin D having no inhibitory effect (Fig.
24). We considered whether the absence of Yap protein in an-
tigen and IL-2-stimulated cells could be caused by its degrada-
tion secondary to contact between activated cells. Adding
resting, polyclonal naive CD8* T cells to interfere with this
process permitted the detection of Yap in the activated OT-I
cells (Fig. 2C). Yap mRNA in the recovered CD8" T cells was
not increased by the addition of naive T cells, suggesting that the
appearance of Yap protein reflected its stabilization rather than
increased production (Fig. 2C). To show that the absence of Yap
in contacting activated CD8" T cells was caused by its phos-
phorylation at serine-382 of the phosphedegron domain, we
transduced activated OT-I cells with hemagglutin (HA) -tagged
WT Yap-HA, Yap S112A-HA, in which the serine mediating
cytoplasmic retention after phosphorylation was mutated to al-
anine, and Yap S382A-HA, respectively. After additional culture
of the transduced cells for 48 h in IL-2, only Yap in which serine-
382 had been substituted with alanine was present (Fig. 2D).
Therefore, as in other cell types, contact between activated
CD8™ T cells triggers the serine-kinase cascade that leads to
phosphorylation and degradation of Yap.

CTLA-4-CD80 Is the Receptor-Ligand Pair Mediating Activation of the
Hippo Pathway. The receptor and its ligand that triggers the
Hippo pathway are expressed by activated but not resting CD8*
T cells (Fig. 2C). Among the membrane proteins induced by
activation of the CD8" T cell are CD80 and its receptor, CTLA-
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Fig. 3. The role of CD80/86 in triggering the Hippo pathway during contact between activated CD8* T cells. (A) Bar graph showing the mRNA levels of CD80
and CD86 relative to the levels of CD3e¢ in naive OT-l cells and OT-I cells stimulated for 24 h with 0.1 nM SIINFEKL peptide alone (TCR) or together with IL-2
(TCR + IL-2). Data presented are the mean + SEM. (B) Naive and TCR + IL-2-stimulated OT-I cells were also assessed by FACS for membrane expression of CD80
and CD86 (shaded histogram, isotype control; black line, specific antibody). (C) Immunoblot analysis of Yap in cell lysates prepared from naive OT-I cells or OT-
| cells that had been stimulated for 24 h with SIINFEKL peptide in the absence or presence IL-2 and the presence of isotype control antibodies or blocking
antibodies to CD80 and CD86. (D) Analysis by confocal microscopy of Yap expression by naive OT-I cells or OT-I cells that had been stimulated for 24 h with
SIINFEKL peptide and IL-2 in the presence of isotype control antibodies or blocking antibodies to CD80 and CD86 (green, anti-Yap; blue, DAPI). (Scale bars:

50 pm.) ***P < 0.001.

4. We assessed the requirements for the expression of the pre-
ferred ligand for CTLA-4, CDS80 (31), by culturing OT-I cells
with SIINFEKL peptide alone and combined with IL-2. Al-
though a low level of CD80 transcription and protein was found
in the naive, resting CD8" T cell, TCR and IL-2 signaling in-
creased CD80 mRNA by more than 1,000-fold, leading to robust
expression of CD80 protein (Fig. 3 4 and B). The other potential
ligand for CTLA-4, CD86, was relatively unaffected by T-cell
activation. The possibility that CD80 and CD86 had a role in
activation of the Hippo pathway was examined by including
blocking antibodies to these proteins in cultures of activated OT-
1 CD8* T cells. Yap protein was shown by immunoblot analysis
in lysates of OT-I cells that had been activated with antigen and
IL-2 in the presence of these blocking antibodies but not lysates
of similarly activated cells in the absence of anti-CD80/86 (Fig.
3C). Blocking CD80/86 did not lead to the appearance of Yap
protein in OT-I cells activated by the TCR alone, indicating that
expression of the protein required both TCR and IL-2 stimula-
tion. The stabilization of Yap protein and inhibition of Hippo
pathway activation by blocking CD80/86 was confirmed by con-
focal analysis of the activated CD8™ cells, in which nuclear Yap
was shown (Fig. 3D). Because all CD80 in these cultures was on
CD8* T cells, with no contaminating MHC class II-expressing
cells (ST Appendix, Fig. S14), we conclude that Yap stability was
controlled by interaction between the activated OT-I cells.
CD80 and CD86 have two receptors, CD28 and CTLA-4. We
excluded CD28 from having a role in Hippo pathway activation
by showing that its ligation on activated CD8" T cells, on which
CD80/86 had been blocked, did not lead to the loss of Yap
protein (SI Appendix, Fig. S1B). We focused, then, on the
requirements for the expression at the plasma membrane of the
other receptor for CD80, CTLA-4. Although ligation of the TCR
on OT-I cells induced a greater than 100-fold increase in CTLA-
4 mRNA, optimal CTLA-4 protein, as assessed by immunoblot
analysis of cell lysates, required the addition of IL-2 (Fig. 4 4 and
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B). Expression at the plasma membrane of CTLA-4 also is
a regulated event and can be suppressed by the addition of
nonactivated CD8" T cells (Fig. 4C). The role of soluble factors
secreted by activated CD8* T cells in regulating plasma mem-
brane expression of CTLA-4 was excluded by the use of transwell
chambers. When noncontacting, activated CD8* T cells were
separated by a semipermeable membrane from contacting, ac-
tivated CD8™" T cells, the former maintained low plasma mem-
brane expression of CTLA-4, despite the latter having high
expression (Fig. 4D).

Having determined the conditions for optimal expression of
CTLA-4, we could assess whether its specific ligation by beads
coated with CTLA-4 antibody activated the Hippo pathway in
CD8* T cells, in which this triggering event was otherwise
blocked by anti-CD80/86 antibodies. Ligation of CTLA-4 by this
means induced serine and threonine phosphorylation of Mstl
and Latsl, respectively (Fig. 54). To evaluate phosphorylation of
Yap by activated Latsl, we retrovirally introduced the degrada-
tion-resistant Yap S382A mutant into CD8™ T cells. Ligation of
CTLA-4 by the immobilized anti-CTLA-4 induced phosphory-
lation of serine-112 in these cells (Fig. 5B). Ligation of CTLA-4
also caused, in a dose-response manner, the loss of Yap protein,
which was shown both by immunoblot analysis of cell lysates and
confocal analysis of anti-Yap-stained cells (Fig. 5 C and D). The
essential role of CTLA-4 in Hippo pathway activation was con-
firmed with loss-of-function experiments by the use of CTLA-47~
OT-I cells, which had been purified from healthy, young mice
and thus, had a naive, CD62Lhi phenotype (SI Appendix, Fig.
S2). Activation of these cells with antigen and IL-2 did not in-
duce the loss of Yap protein, which was observed with WT OT-I
cells (Fig. 5E). The possibility that the inability of CTLA-4~"~
T cells to activate the Hippo pathway may contribute to the
immunopathology associated with this deficiency is supported
by the finding that, in CTLA-47~ mice, the proliferating CD4™*
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Fig. 4. Plasma membrane expression of CTLA-4 requires contact between activated CD8* T cells. (A) Bar graph showing the mRNA levels of CTLA-4 relative to
the levels for CD3e in naive OT-I cells and OT-I cells stimulated for 24 h with 0.1 nM SIINFEKL peptide alone (TCR) or together with IL-2 (TCR + IL-2). Data
presented are the mean + SEM. (B) Immunoblots showing CTLA-4 and actin protein in lysates of naive OT-I cells and OT-I cells stimulated for 24 h with 0.1 nM
SIINFEKL peptide alone (TCR) or together with IL-2 (TCR + IL-2). (C) FACS analysis of CTLA-4 expression by TCR- and IL-2-stimulated Thy1.2* OT-I cells that had
been cocultured for 30 h alone or with increasing numbers of resting polyclonal Thy1.1* CD8* T cells. The numbers represent the proportion of intact and
detergent-permeabilized Thy1.2* cells, respectively, showing specific staining with anti-CTLA-4. (D) FACS analysis of CTLA-4 expression by TCR and IL-2—-
stimulated Thy1.2* OT-I cells that had been cultured in the top compartment of a transwell chamber in which the bottom compartment contained activated
Thy1.2* OT-I cells cocultured with 100-fold excess polyclonal CD8* T cells. The numbers represent the proportion of intact, nonpermeabilized Thy1.2* cells

staining with anti-CTLA-4. *P < 0.05; ***P < 0.001.

and CD8™ T cells in lymph nodes showed nuclear Yap protein
(Fig. 5F).

Blocking the Hippo Pathway Suppresses CD8* T-Cell Differentiation.
We assessed the role of the Hippo pathway on the expression of
two transcription factors that regulate the differentiation of the
CD8* T cell. Eomes is necessary for the maintenance of the
replicative potential of memory CD8" T cells in secondary
responses, and Eomes expression is maintained in activated
CTLA-47~ CD8" T cells (32). In contrast, Blimp-1 is required
for terminal differentiation and replicative senescence of the
CD8™ T cell (4, 5). The effects of Hippo pathway activation in
other cell types can be prevented by ectopic expression of Yap
5SA, a form of the protein in which the five serine targets of the
Lats1/2 kinase have been mutated to alanine. Indeed, the sta-
bilization of endogenous Yap in activated CD8* T cells by
blocking CD80/86 and ectopically introducing Yap 5SA into
CD8"' T cells led to comparable intracellular levels of Yap
protein (SI Appendix, Fig. S3). Therefore, the finding that ec-
topic Yap 5SA maintained the levels of Eomes protein (Fig. 64)
and mRNA (SI Appendix, Fig. S4A) in activated CD8* T cells,
without affecting the levels of T-bet mRNA (S Appendix, Fig.
S4B), indicates that the Hippo pathway negatively regulates
Eomes, which may impair the replicative potential of the anti-
gen-experienced CD8" T cell.

We assessed the role of the Hippo pathway in regulating
Blimp-1 by the use of Prdm18™* CD8" T cells, in which the
expression of Blimp-1 is reported by the GFP-modified PrdmI
allele. Ectopically expressing Yap 5SA in these cells repressed
the appearance of GFP" cells after in vitro activation, which
contrasts the response of activated cells that had been trans-
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duced with the control vector that became GFP* (Fig. 6B). The
capacity of Yap 5SA to suppress Blimp-1 transcription was
confirmed by the demonstration of a fourfold lower level of
Blimp-1 mRNA in activated CD8" T cells expressing Yap 5SA
than the vector control cells (Fig. 6C).

The capacity of Yap 5SA to maintain Eomes expression and
suppress Blimp-1 expression by CD8" T cells in vitro predicts
that it may suppress terminal differentiation of the activated
CD8* T cell in vivo. To assess this prediction, we infected mice
with a modified form of murine y-herpesvirus-68 that expresses
ovalbumin (y-MHV-68/OVA). This virus induces senescent
Blimp-1* cells that can be distinguished from nonsenescent
Blimp-1~ antigen-experienced cells by their expression of
KLRG1 (SI Appendix, Fig. S4C) (33, 34). OT-I cells, which had
been transduced with a control vector or retrovirus expressing
Yap 5SA, were adoptively transferred into mice that were then
infected with y-MHV-68/OVA. Terminal differentiation of the
transferred CD8" T cells during the peak of the primary re-
sponse at day 11 was suppressed by Yap 5SA, which was in-
dicated by the diminished expression of KLRG1 (Fig. 6E) and
the enhanced expression of CD127 (SI Appendix, Fig. S4D)
without a change in the magnitude of their clonal expansion (S
Appendix, Fig. S4E).

Because the ligation of CTLA-4 triggers the Hippo pathway,
CTLA-47~ T cells should resemble WT T cells expressing Yap
5SA in their response to stimuli that induce Blimp-1. Indeed,
activation of the purified, naive CTLA-47~ OT-I cell with anti-
gen and IL-2 was associated with diminished expression of
Blimp-1 relative to the response of WT OT-I cells (Fig. 6D).
Moreover, these cells, after adoptive transfer to WT mice, also
had diminished expression of KLRG1 (Fig. 6F) and enhanced
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antibodies to CD80 and CD86 and incubated for 1 h with beads bearing isotype control antibody or antibody to CTLA-4. Blots were developed with antibodies
specific for phosphothreonine-183 of Mst1 and phosphoserine-909 of Lats1. Staining of actin is shown as a loading control. (B) Immunoblot analysis with
antiphosphoserine-112 of Yap of lysates from activated OT-I cells expressing Yap S382A-HA that had been cultured in the presence of blocking antibodies to
CD80 and CD86 and incubated for 1 h with beads bearing isotype control antibody or antibody to CTLA-4. HA staining is shown as a loading control. (C)
Immunoblot analysis of WT Yap in cell lysates from OT-I cells activated in the presence of antibodies to CD80 and CD86 and incubated for 3 h with beads
bearing various ratios of isotype control antibody and antibody to CTLA-4. Staining of actin is shown as a loading control. (D) Analysis by confocal microscopy
of anti-Yap-stained OT-I cells that had been activated in the presence of blocking antibodies to CD80 and CD86 and incubated for 3 h with beads bearing
isotype control antibody or antibody to CTLA-4 (green, anti-Yap; blue, DAPI). (Scale bars: 50 um.) (E) Immunoblot analysis of Yap protein in lysates from CTLA-
47~ OT-l cells and WT OT-I cells that had been activated with SIINFEKL peptide and IL-2 for 24 h. (F) Analysis by confocal microscopy of Yap protein in CD8*

and CD4" cells from the lymph nodes of CTLA-47/~ and CTLA-4™* 16- to 20-d-old mice. (Scale bars: 10 ym.)

expression of CD127 (SI Appendix, Fig. S4F) at the peak of the
primary response to y-MHV68/OVA infection without a change
in the magnitude of their clonal expansion (SI Appendix, Fig.
S4G). Thus, maintaining the expression of endogenous Yap in
the activated CD8" T cell by deletion of the Hippo pathway
receptor, CTLA-4, has the same phenotypic consequences as
introduction of the Hippo pathway-resistant Yap SSA. The
present finding that the Hippo pathway links the expression of
a gene that mediates differentiation, Blimp-1, to the population
density of activated CD8" T cells is reminiscent of quorum
sensing in bacteria and allows us to propose the following model.
In the early phase of the immune response, replication will drive
clonal expansion, because the low frequency of antigen-specific
CD8* T cells makes contact between them improbable and
CTLA-4 is not surface-expressed. Only when replication has
increased their numbers will contact between activated cells and
triggering of the Hippo pathway be likely to occur, which then
will create a steady state wherein the rates of differentiation and
replication are balanced.

Discussion

The present study finds that the Hippo pathway provides the
activated CD8" T cell with a means for regulating Blimp-1
expression that is independent of other cell types. Because
triggering of the Hippo pathway is mediated by contact be-
tween activated CD8* T cells, this mechanism for controlling
Blimp-1 expression would be linked to the frequency of acti-
vated CD8™ T cells within a larger population of nonactivated
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T cells, which would be a measure of the magnitude of clonal
expansion in, for example, a lymph node. Thus, the Hippo
pathway has the requisite properties to allow replicating CD8*
T cells to select the appropriate time for Blimp-1 expression
and terminal differentiation.

The naive CD8" T cell differs from other cell types in which
the Hippo pathway has been studied in that Mstl is the only
member of the core components of the pathway that is expressed
constitutively (Fig. 14). The need of the naive CD8" T cell to
express Mstl is consistent with other findings that Mst1 has bi-
ological activities independent of the Hippo pathway (35).
WWi45, Latsl, Mobl, and Yap were all posttranscriptionally
regulated, requiring both antigen and IL-2 for their expression
(Figs. 1 and 2), indicating that the growth factors of clonal ex-
pansion rapidly establish the core Hippo pathway in the CD8* T
cell. The essential role for IL-2 in the protein translation of the
core Hippo components and the CTLA-4/CD80 receptor-ligand
pair (Figs. 3 and 4) indicates that IL-2, by inducing both Yap and
the serine kinases involved in its degradation and nuclear ex-
clusion, can have the opposing functions of suppressing or per-
mitting Blimp-1 expression. This dual role for IL-2 in the Hippo
pathway is reminiscent of its capacity to promote the de-
velopment of both memory and terminally differentiated CD8™
T cells (20-24).

The Hippo pathway was activated in purified CD8* T cells
that were cultured in the presence of antigen and IL-2, which was
indicated by the loss of Yap protein secondary to its phosphor-
ylation at serine-382 (Fig. 2D), indicating that no other cell types
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Fig. 6. Preventing Hippo pathway activation in CD8" T cells affects Blimp-1 expression and differentiation. (4) OT-1 CD8* T cells were transduced with the Yap
5SA-expressing retrovirus or the pMig vector control and analyzed for Eomes protein by staining of permeabilized cells with anti-Eomes relative to naive,
unstimulated OT-I cells 16 h after restimulation with IL-2 and SIINFEKL peptide. Numbers represent the Eomes-specific mean fluorescence intensity + SEM. (B)
Prdm19%"* CD8* T cells that had been transduced with control pMig (black line) or the pMig vector-expressing Yap 5SA (red line) and WT CD8* T cells
transduced with pMig (shaded) were restimulated for 48 h with anti-CD3e and IL-2 and assessed for GFP fluorescence. Numbers are the GFP-specific mean

fluorescence intensities + SEM. (C and D) OT-I cells transduced with a retrovirus expressing the Lats-resistant Yap 5SA or pMig control vector (C) and CTLA-

4+/+

or CTLA-47/~ OT-l cells (D) were analyzed for Blimp-1 mRNA 48 h after restimulation with IL-2 and SIINFEKL peptide. The levels of Blimp-1 mRNA relative to the
levels of naive unstimulated OT-I cells are shown. Data presented are the mean + SEM. (E and F) Thy1.2* OT-l cells that had been transduced with the Yap 5SA-
expressing retrovirus or control pMig (), and Thy1.2* CTLA-47"~ OT-I cells or CTLA-4*'* OT-I cells (F) were adoptively transferred to Thy1.1* C57BL/6 mice, and
2 d later, the mice were infected with y-MHV-68/OVA. On days 8 and 11 postinfection, peripheral blood Thy1.2* OT-I cells were assessed for expression of
KLRG1. Numbers represent the percentage KLRG1* cells (means + SEM). *P < 0.05.

were required for this process. The appearance of Yap protein in
activated CD8* T cells after the addition of nonactivated CD8*
T cells (Fig. 2C) suggested that contact between the activated
CD8* T cells triggers the Hippo pathway.

Two independent studies reported that activation of lympho-
cyte function-associated antigen 1 (LFA-1) in lymphocytes in-
volved Mstl (36) and CTLA-4 (37), respectively, which raised
the possibility that a Hippo core component and this lymphocyte
receptor were in a common pathway. A triggering role for
CTLA-4 was consistent with the up-regulation of CD80 by an-
tigen- and IL-2-stimulated CD8™" T cells (Fig. 3 4 and B), which
induced Hippo pathway activation, and the absence of CD80 and
CDS86 on resting CD8™ T cells, which did not have this function
(Fig. 2C). More importantly, blocking antibodies to CD80 and
CD86 suppressed Yap degradation in contacting activated CD8*
T cells (Fig. 3 C and D), which identified CD28 and CTLA-4 as
the only two candidates for the Hippo pathway receptor. CTLA-
4 was formally shown to be a Hippo pathway receptor by the
ability of immobilized anti-CTLA-4, an unambiguous ligand for
CTLA-4, to induce the phosphorylation of Mst1, Lats1, and Yap
(Fig. 5 4 and B); the degradation of Yap (Fig. 5 C and D) by the
stability of Yap in activated CTLA-4~~ CD8" T cells in vitro
(Fig. 5E) and in vivo (Fig. 5F); and the inability of agonistic anti-
CD28 to induce degradation of Yap (SI Appendix, Fig. S1B).

Two interactions between activated CD8* T cells, therefore,
may be required for Hippo pathway activation. The first in-
teraction involves undefined membrane components and leads to
CTLA-4 expression at the plasma membrane of the antigen- and
IL-2-stimulated cells (Fig. 4 C and D), which may indicate how,
during the early phase of clonal expansion when the low fre-
quency of activated CD8* T cells would make contact between
them unlikely, the ligation of CD28 is favored over CTLA-4 by
CD80 and CD86 on antigen-presenting cells. The second in-
teraction involves CD80 and possibly, CD86 on one cell and
CTLA-4 on the other cell, which initiates the Hippo pathway
kinase cascade. Effects of T-cell-T-cell interactions involving
CD80 and CTLA-4 have been observed in vivo (38) and sug-
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gested previously to induce anergy (39). Furthermore, these ac-
tivated T-cell-T-cell interactions have been directly visualized in
vivo and shown to occur through stable, multifocal synapse-like
structures (40) to which the microtubule-organizing complex
polarizes. Of interest in this regard is the observation that
CTLA-4 localizes to the microtubule-organizing complex (41).

Blocking the transcriptional consequences of Hippo pathway
activation by expressing Yap 5SA at physiological levels (S
Appendix, Fig. S3) enhanced expression of Eomes and sup-
pressed expression of Blimp-1 (Fig. 6 A-C), indicating that the
Hippo pathway enables contact between activated CD8™ T cells
to regulate the expression of these two transcription factors that
are involved in terminal differentiation. Two prior studies ex-
amining the in vivo phenotype of Blimp-17/~ CD8™ T cells both
showed impaired KLRG1 and enhanced CD127 expression,
despite having conflicting conclusions regarding secondary mem-
ory responses (4, 5). The present finding that Yap 5SA or CTLA-
4 deficiency suppresses the development of the terminally differ-
entiated KLRG1*/CD127" CD8" T cell during a viral infection
(Fig. 6 E and F and SI Appendix, Fig. S4 D and F) is consistent
with the ability of Yap 5SA or CTLA-4 deficiency to suppress
Blimp-1 expression in vitro.

The relationship between the finding that CTLA-4 is the
triggering receptor of the Hippo pathway leading to Blimp-1
expression and the phenotypic characteristics of the CTLA-47/~
mouse may be complex. For example, the CTLA-4~~ mouse has
massive lymphoproliferation (42, 43), and maintaining Yap ex-
pression in hepatocytes causes an apparently similar phenotype
of marked hepatomegaly (25). However, the Yap SSA-expressing
CD8" T cell and the CTLA-4~~ CD8" T cell responding to
a viral infection showed mainly impaired markers of terminal
differentiation (Fig. 6 E and F and SI Appendix, Fig. S4 D and F)
and not excessive clonal expansion (SI Appendix, Fig. S4 E and
G). The marked lymphoproliferation of CTLA-4~~ mice, how-
ever, may reflect the effects of persistent stimulation of effector
cells by self-antigen caused by the loss of regulatory function by
CD4* Foxp3™ T cells, whereas control of a viral infection would
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diminish the availability of antigen and terminate clonal expan-
sion. Furthermore, with regard to whether the primary role of
the Hippo pathway is to control proliferation or differentiation,
recent reports emphasize the latter function. Overexpression of
Yap in murine intestine or chick neural tubes results in loss of
differentiated cells (44, 45), and loss of WW45 leads to defective
terminal differentiation in skin, intestine, and lung epithelia (46).
Our results, moreover, are consistent with a previous study of
CTLA-4—deficient CD8™ T cells in mixed bone marrow chimeric
mice, which reported no difference in clonal expansion between
WT and CTLA-47~ CD8% T cells (47, 48); unfortunately,
markers of terminal differentiation, such as KLRG1 and CD127,
were not evaluated. The relevance of the present studies to the
question of the function of CTLA-4 on the CD4* Foxp3™ T cell
may be that, in its absence, there is impaired Hippo pathway-
mediated terminal differentiation and acquisition of regulatory
function, which has been shown for Blimp-17~/~ regulatory T cells
(17). At the very least, the present finding of a cell-intrinsic
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function for CTLA-4 in the activation of a conserved, ancient
developmental pathway, when coupled with the recent demon-
stration of its cell extrinsic function of transendocytosis of CD80
and CD86 (49), is additional evidence of the range of biological
activities of CTLA-4 that account for its central role in the
immune system.

Materials and Methods

The details of the mice strains used and their maintenance are contained in
S1 Materials and Methods. Similarly, the preparation of tissue samples and
cell culture, the antibodies used, the retroviral transduction, and the y-MHV-
68/0OVA infection are described there. Also included in this section are the
protocols fro the qRT-PCR, immunoblot, flow cytometry and confocal assays.
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