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THE

URNAL or
VIMUNOLOGY:

Cutting Edge: Cell-Extrinsic Immune Regulation by
CTLA-4 Expressed on Conventional T Cells

Chun Jing Wang, Rupert Kenefeck, Lukasz Wardzinski, Kesley Attridge, Claire Manzotti,
Emily M. Schmidt, Omar S. Qureshi, David M. Sansom, and Lucy S. K. Walker

The CTLA-4 pathway is a key regulator of T cell
activation and a critical failsafe against autoimmunity.
Although early models postulated that CTLA-4 trans-
duced a negative signal, in vivo evidence suggests that
CTLA-4 functions in a cell-extrinsic manner. That mul-
tiple cell-intrinsic mechanisms have been attributed to
CTLA-4, yet its function in vivo appears to be cell-
extrinsic, has been an ongoing paradox in the field. Al-
though CTLA-4 expressed on conventional T cells
(Tconv) can mediate inhibitory function, it is unclear
why this fails to manifest as an intrinsic effect. In this
study, we show that Tconv-expressed CTLA-4 can func-
tion in a cell-extrinsic manner in vivo. CTLA-4*"*
T cells, from DO11/rag”’~ mice that lack regulatory
T cells, were able to regulate the response of CTLA4 "~
T cells in cotransfer experiments. This observation pro-
vides a potential resolution to the above paradox and
suggests CTLA-4 function on both Tconv and regula-
tory T cells can be achieved through cell-extrinsic mecha-
nisms. The Journal of Immunology, 2012, 189:
1118-1122.

Ag-specific lymphocytes to effectively control repli-

cating pathogens. Consequently, upon receiving the

correct signals, T cells undergo efficient clonal expansion and
differentiate to acquire effector function. However, for im-
mune homeostasis to be maintained, it is essential that the
decision to embark on a program of rapid cell division is tightly
regulated. A key arbiter in this decision is the T cell protein
CTLA-4, the deficiency of which leads to systemic immune
dysregulation with lymphoproliferation, tissue infiltration, and
death at 34 wk (1, 2). Although the critical importance of
CTLA-4 has been clear for many years, the precise mecha-
nisms underlying CTLA-4 function have been controversial.
The notion that CTLA-4 and CD28 played opposing roles
in regulating T cell activation, with CTLA-4 inhibiting and

F I Y\ he immune system relies on rapid expansion of rare

CD28 promoting responses, arose from studies in which
CTLA-4 was targeted with Abs in vitro (3-6). This concept
received support from the observation that disease in CTLA-
47'" mice was abrogated when the CD28 pathway was
interrupted by blockade (7) or deficiency (8) of their shared
ligands (CD80 and CD86). However, the widely held belief
that CTLA-4 worked via a “negative signal” was called into
question when bone marrow chimeras, containing both wild-
type and CTLA-4~"" cells, were shown to have normal im-
mune systems with no T cell hyperactivation (9). Analysis of
such chimeras following infection showed that CTLA-4~'~
T cells proliferated and differentiated indistinguishably
from CTLA-4*"* cells in the same mice (10—12). This was
surprising because if CTLA-4 acts on the cell that expresses
it, one would expect only CTLA-4"* cells to exhibit the
consequences of such regulation. Instead, these data pointed
to an extrinsic function for the CTLA-4 pathway, such that a
CTLA-4" cell could regulate the response of a CTLA-4™ one.

The emergence of regulatory T cells (Treg), which specialize
in dominant tolerance, reinforced the importance of cell-
extrinsic immune regulation. Reports that Treg constitu-
tively express CTLA-4 (13-15), together with the phenotypic
similarities between CTLA-4-deficient and Treg-deficient
mice, sparked interest in whether this protein might con-
tribute to Treg function. Indeed, it is now established that
CTLA-4 can serve as major mechanism of Treg suppression
(16-22). Although this fits well with an extrinsic function for
CTLA-4, it leaves unresolved how CTLA-4 functions on
conventional T cells (T'conv).

Numerous studies have shown that Tconv-expressed CTLA-
4 can inhibit immune responses (21-25). Such observations
have generally been interpreted as evidence of a cell-intrinsic
function for CTLA-4. To reconcile these observations with the
behavior of CTLA-4~'~ T cells in mixed bone marrow chi-
meras, we recently proposed that conventional T cells might
use CTLA-4 in a cell-extrinsic, rather than cell-intrinsic,
manner (26). However, this hypothesis has not been formally
tested. In this study, we use TCR transgenic T cells to dem-
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onstrate that CTLA-4 expressed on one cohort of Tconv can
regulate a second cohort of Tconv. These results modify our
perspective on CTLA-4 function, suggesting that both Treg
and Tconv may use CTLA-4 cell-extrinsically in vivo.

Materials and Methods
Mice

DO11.10 mice were purchased from The Jackson Laboratory and RAG2™
mice from Taconic Farms. Rat insulin promoter-mice expressing OVA (RIP-
mOVA) mice (from line 296-1B) were a gift from W. Heath (Walter and
Eliza Hall Institute of Medical Research, Melbourne, VIC, Australia). CTLA-
47" mice were a gift from A. Sharpe (Harvard University, Cambridge, MA).
Mice were housed at the University of Birmingham Biomedical Services Unit
and used according to home office and institutional guidelines.

/—

Flow cytometry

Abs were purchased from eBioscience or BD Pharmingen.

Analysis of T cell proliferation
DOI11" T cells were injected i.v. into RIP-mOVA mice. Where indicated,

donor mice were CDZS_/_, rag_/_, or CTLA-4™'~ and recipient mice were
CD28"* or CD287/~. Anti—-CTLA-4 Ab (4F10) or control Ab was injected
as indicated. For pancreas-draining lymph node (PanLN) analysis, cells from
two or more donors were pooled.
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FIGURE 1. Modulation of the T cell response to pancreas-derived Ag by
CD28 and CTLA-4. A total of 1.5 X 10° DO11* T cells (wild-type or
CD28™ /") were injected i.v. into RIP-mOVA recipients. Where indicated
mice were injected with 500 pg anti-CTLA-4 Ab, or control Ab, i.p. on days
1 and 3. On day 4, PanLN and IngLN cells were analyzed by flow cytometry.
Ki67 staining on gated CD4"DO11" T cells is shown. Data are representative
of four independent experiments.
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Control of CTLA-4~"~ disease

Rag ™'~ mice were injected i.v. with CTLA-4 ™'~ lymph node (LN) cells alone
or in combination with wild-type CD4"CD25~ or CD4"CD25" cells. Per-
centage weight loss was determined 3 wk later.

Results and Discussion
Response of CD4 T cells to pancreas-derived Ag is modulated by CD28
and CTLA-4

We have previously shown that T cell responses to tissue-
expressed self-Ag are more readily controlled by CTLA-4
than responses to Ag administered in immunogenic form
(27). In this study, using a second TCR transgenic system, we
examined the response of DO11 T cells to pancreas-expressed
OVA. DOI11 T cells were adoptively transferred into mice
expressing OVA under the control of the rat insulin promoter
(RIP-mOVA), and their proliferative response was examined
4d later. DO11 T cells in the PanLN had proliferated, as
assessed by Ki67 staining, whereas those in the inguinal LN
(IngLN) remained largely undivided (Fig. 1, zop panels).
PanLN proliferation depended on expression of OVA in the
pancreas because DO11 T cells transferred into RIP-mOVA-
negative littermates did not proliferate (data not shown). In-
jection of blocking anti-CTLA-4 Ab increased T cell prolif-
eration in the PanLN, consistent with a role for CTLA-4 in
regulating this stimulation (Fig. 1) (27).

The observation that disease in CTLA-4~'~ mice is pre-
vented by deficiency or blockade of CD80/CD86 indicates
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FIGURE 2. Increased response to pancreas-derived Ag in mice with reduced
Treg. (A) Foxp3 expression in the PanLN of RIP-mOVA mice that were
CD28""* or CD28'™. The percentage of Foxp3" cells within the CD4 gate is
shown. (B) A total of 1.5 X 10° DO11" T cells were injected i.v. into RIP-
mOVA or RIP-mOVA/CD28 '~ recipients. Ki67 expression on gated
CD4"DOI11" T cells isolated from PanLN or IngLN at day 6 is shown. Data
are representative of three independent experiments.
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that CTLA-4 functions to control the CD28 pathway. It
follows that responses that are subject to CTLA-4-regulation
must be dependent on CD28 costimulation. To directly test
whether T cell proliferation to pancreas-derived OVA required
CD28 we compared the response of wildtype and CD28 '~
DOL11 T cells. The proliferative response in the PanLN was
reduced when the T cells lacked CD28 and was not altered by
CTLA-4 blockade (Fig. 1). Collectively these data indicate
that pancreas-expressed Ag is presented in the draining LN
in a manner that is influenced by CD28 and CTLA-4.

Reducing endogenous Treg increases the T cell response to
pancreas-derived Ag

It has recently become clear that CTLA-4 can be used by Treg
to elicit suppressive function (16-22, 28), and we have pre-
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FIGURE 3. Cell-extrinsic regulation of the response to pancreatic Ag by
Tconv-expressed CTLA-4. A total of 10¢ DO11* T cells from DO11/rag '~
(Thyl.17) or DOI1/CTLA4_/_/rag_/_(Thy1.1*) donors were injected i.v.
into RIP-mOVA/CD28™'~ recipients. Cells were injected into separate
recipients or coinjected as a 1:1 mix. Six days later, PanLN and IngLN cells
were analyzed. CTLA4"* and CTLA4 '~ donor cells (within the
CD4'DOI11" gate) were distinguished by Thyl.l1 expression. (A) Ki67
staining for Thyl.1* (CTLA4'") or Thyl.1~ (CTLA4"*) populations
within the CD4'DO11" gate in PanLN is shown. (B) The percentage of
Ki67" cells in multiple experiments. The experiment was repeated twice with
CTLA4 ™™ cells being Thy1.1" and twice with CTLA4™"* cells being Thy1.1"
(with no differences observed). WT, Wild-type.

viously shown that the proliferative response to pancreas-
derived OVA can be diminished by Ag-specific Treg (29).
The ability of CTLA-4 blockade to augment T cell prolifer-
ation in the PanLN could therefore reflect its capacity to
impair the suppressive function of endogenous Treg. To in-
vestigate the role of endogenous Treg, we took advantage of
the fact that CD28-deficient animals have a known Treg
deficit yet remain healthy. We therefore bred RIP-mOVA
mice to a CD287'~ background. Analysis of RIP-mOVA/
CD28 '~ animals revealed significantly reduced proportions
of Treg in peripheral lymphoid organs, including the PanLN
(Fig. 2A). Moreover, DO11 cells adoptively transferred into
RIP-mOVA mice that were CD28 '~ showed increased pro-
liferation in the PanLN, consistent with a role for Treg in
regulating this response (Fig. 2B). Collectively, these experi-
ments suggested that the T cell response to pancreas-derived
OVA was under Treg- and CTLA-4—mediated control; how-
ever, this did not preclude an additional role for CTLA-4
expressed on Tconv in regulating the response.

Cell-extrinsic regulation of the response to pancreatic Ag by
Tconv-expressed CTLA-4

We recently described a novel mechanism of action for CTLA-
4 whereby it physically removes its ligands from adjacent
cells (30). Interestingly, this was a fundamental feature of the
CTLA-4 protein and occurred regardless of whether it was
expressed on Treg or Tconv. This suggested the possibility
that Tconv could also use CTLA-4 to achieve cell-extrinsic
regulation. To test this idea, DO11/ rag_/_ cells from CTLA-
4" and CTLA-4~'" animals were transferred into mice
expressing OVA in the pancreas either alone or as a mixed
population distinguishable by the congenic marker Thyl.
These cells are negative for Foxp3 (18) and therefore comprise
pure populations of conventional T cells. To minimize the
contribution of host Treg, RIP-mOVA/CD28™ '~ recipients
were used. The proliferative response of DO11 T cells in the
PanLN and IngLN was assessed 6 d later (Fig. 3).

When transferred into separate recipients, DO11/ CTLA-4~ "7/
rag '~ cells proliferated more than DO11/rag~’" cells, con-
firming the ability of CTLA-4 to regulate this response. In
contrast, CTLA-4~'~ T cells cotransferred with CTLA-4"'*
cells (that are devoid of Treg) no longer showed an increased
proliferative response to pancreatic Ag. In fact, the response of
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FIGURE 4. Tconv-expressed CTLA-4 is not sufficient to prevent disease
induced by CTLA-4 ™'~ cells. A total of 10-20 X 10° LN cells from 17-d-old
CTLA-4~'" mice were injected i.v. into rag ™'~ mice either alone or with 10°
wild-type (wr) CD4"CD25~ or CD4"CD25" cells. Percentage weight loss is
shown 3 wk later. Mice injected with LN cells from wt mice did not show
weight loss. Data are compiled from two independent experiments with four
recipients per condition.
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the CTLA-4*"* and CTLA-4~"" cells in the same animal was
indistinguishable. Similar results were obtained when prolif-
eration was tracked using a cell division dye (Supplemental Fig.
1A). Although DO11/rag™"™ cells can upregulate Foxp3 after
encounter with tissue Ag in certain settings (31), this was not
observed in our experiments (Supplemental Fig. 1B). These
data therefore provide direct evidence that CTLA-4 expressed
on conventional T cell populations can mediate cell-extrinsic
regulation of Tconv lacking CTLA-4.

CTLA-4""* Tconv are not sufficient to prevent CTLA-4~ =
lymphoproliferative disease

The fact that the proliferative response of wild-type and
CTLA-4~'" T cells was indistinguishable in cotransfer experi-
ments is reminiscent of data obtained from mixed bone mar-
row chimeras (9). This raised the question of whether CTLA-4
expressed on Tconv alone can protect from disease induced by
CTLA-4 deficiency. To test this, we took advantage of the fact
that CTLA-4~'~ lymphocytes can transfer disease to rag™'~
recipient mice (18). LN cells from CTLA-4~"" donors were
injected into rag~’~ mice either alone or in the presence of
CTLA-4-sufficient CD4"CD25 " or CD4'CD25" cells. As
expected, CTLA-4~'" lymphocytes induced wasting disease,
and this was prevented by coinjection of CTLA-4—sufficient
CD4CD25" cells. However, recipients of CTLA-4—sufficient
CD4"CD25 " cells showed similar weight loss to recipients of
CTLA-4~"" cells alone (Fig. 4). In a second model, involving
transfer of CTLA-4~'~ bone marrow, CTLA-4—sufficient
CD4°CD25 " cells provided partial protection, whereas
CD4"CD25" cells were fully protective (Supplemental Fig. 2).
Collectively, these data suggest that although CTLA-4 can
elicit extrinsic immune regulation when expressed on Tconv,
Treg-expressed CTLA-4 more efficiently regulates systemic
autoimmunity.

Multiple cell-intrinsic mechanisms have been ascribed to
CTLA-4 (reviewed in Refs. 32 and 33), and it has been tacitly
assumed that one or more of these accounts for the actions
of CTLA-4 on Tconv. However, in this paper, we provide
evidence that CTLA-4 expressed on Tconv can function in a
cell-extrinsic manner. This implies that Tconv can themselves
contribute to immune regulation, perhaps self-regulating
clonal expansion. Our experiments focus on the response of
T cells to tissue-expressed Ag that is naturally presented in the
absence of adjuvant or immunization. Responses to self-Ags
may be particularly susceptible to CTLA-4-dependent regu-
lation, likely due to the low levels of costimulatory ligands on
Ag-bearing APC in the absence of inflammation [as originally
postulated by Thompson and Allison (34)].

The inability of Tconv-expressed CTLA-4 to control disease
induced by CTLA-4~"" cells is consistent with Treg being the
dominant population for eliciting CTLA-4-dependent regu-
lation and Tconv playing a secondary role. This may reflect the
distinct kinetics of CTLA-4 expression on Treg and Tconv,
with constitutive expression only in the former. Indeed, trans-
genic expression of CTLA-4 in Tconv under the control of the
IL-2 promoter could protect CTLA-4 '~ mice from death for
over 12 mo (22). Because IL-2 is secreted within a few hours of
T cell stimulation (35) whereas CTLA-4 induction takes
~2 d (3), the early appearance of CTLA-4 on Tconv in this IL-
2 transgenic system could conceivably account for the greater
protection. In contrast, naturally controlled expression of
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CTLA-4 in Tconv (in mice lacking CTLA-4 specifically in
Treg) was only able to extend the lifespan by a few weeks (16).
The relative role of CTLA-4 in Treg and Tconv may also be
influenced by the nature of the T cell response; one could
envisage that upregulation of CTLA-4 on high-affinity Ag-
specific T cells could elicit feedback regulation of clone size,
whereas Treg-expressed CTLA-4 may be more important for
preventing autoimmunity.

In summary, this study demonstrates that similar to Treg,
Tconv can use CTLA-4 extrinsically to regulate T cell responses.
Similar data have recently been obtained in a separate experi-
mental system [see companion article (36)]. These findings
obviate a requirement to postulate differing functions for
CTLA-4 in Treg and Tconv and instead suggest a similar
mechanism of action in both populations. This moves us to-
ward a scenario in which intrinsic effects may not need to be
invoked to explain the function of CTLA-4 in either the Tconv
or the Treg compartment.
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