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Fig. 1. PTEN is required to maintain IDO-induced T,.4 activation. (A) Analysis of peripheral T,ogs from LNs of normal mice without tumor or from
TDLNs and tumor of mice with B16F10 tumors, gated on CD4"Foxp3™ T,egs. (B) Proposed model for regulation of Akt by IDO and the PD-1—PTEN pathway
during T4 activation, based on data from figs. S2 to S8. (C and D) T,egs from PTEN"™9-KO mice or wild-type (WT) controls were activated in vitro for 2 days
with IDO™ DCs from TDLNS, using the coculture system described in fig. S2A. (C) Tyegs Were analyzed for phosphorylation of Akt by FACS at the end of
activation. (D) After activation, T,eqs Were re-sorted and tested in readout assays for their ability to maintain FoxO3a and PD-1. (E) E) PTEN"™9-KO Tregs OF WT
(parental) control T,egs were activated either with IDO* DCs from TDLNs or using conventional anti-CD3 mitogen with IDO blocked. After 2 days, Tregs Were
re-sorted and tested in readout assays for functional suppressor activity, as in fig. S2A. Each point is the mean of triplicate cocultures; error bars show SD
(most are less than £5%, smaller than the symbols). *P < 0.01 by analysis of variance (ANOVA) versus PD-1/L blockade (all other groups not significant
versus PD-1/L blockade). (F and G) WT T,eqs Were activated with either IDO* TDLN DCs or conventional aCD3 mitogen and then sorted and tested for
functional suppressor activity (F) in the presence of PTEN inhibitor VO-OHpic. Mean of triplicate cocultures; SD bars are smaller than the symbols; *P < 0.01
by ANOVA versus no VO-OHpic. (G) In parallel experiments, the re-sorted T,.qs Were recovered at the end of the suppression assay and assessed for their
level of Akt phosphorylation and detectable FoxO3a expression by FACS. Panels are representative of three to five independent experiments each.
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which can be up-regulated in tumors by the immunoregulatory en-
zyme indoleamine 2,3-dioxygenase (IDO), as we have shown (22).
IDO promotes tolerance and immunosuppression in the immune sys-
tem (23), and it can directly activate Treg in tumors (22, 24). These
same PD-1" Eos™ Thegs also coexpressed PTEN phosphatase (Fig. 1A,
right-hand panels).

To help elucidate the connection between IDO, PD-1, and PTEN
in activated Tegs, we used the in vitro culture system shown in fig. S2.
Resting Thegs Were activated by coculture with IDO-expressing dendri-
tic cells (DCs) and activated effector cells. After initial activation by
IDO, the T\eg then became strictly dependent on PD-1 to maintain
their functional activity (fig. S2A). We hypothesized that the IDO and
PD-1 pathways might converge at the level of Akt kinase. In most T cells,
high Akt signaling is required for normal activation; however, Tiegs are
unusual in that they must keep Akt signaling low during activation or
else they will lose their suppressive phenotype (25). PD-1 is known to
inhibit Akt via the activation of PTEN phosphatase (26, 27), but the
effect of IDO on Akt was unknown. We found that IDO inhibited
phosphorylation of Akt on Ser*”* (fig. S2B). Ser*”” is the target of the
mTOR TORC2 complex; consistent with this, pharmacologic inhibition
of mTOR could fully substitute for IDO during T, activation (fig. S2C).
In vivo, administration of an IDO inhibitor drug to tumor-bearing mice
increased pAkt*’> phosphorylation in Thegs (fig. S3). Thus, both IDO
and PD-1 appeared to restrain excessive Akt signaling in activated Treg,.

The phosphorylation status of Akt is only a proxy marker and is
very labile. We sought a more stable biomarker that might reflect the
longer-term impact of dysregulated Akt signaling on the overall T,
phenotype. The transcription factor FoxO3a is important in Ty,
function (28), and it is sensitive to the activity of Akt (29-31). In the
short term, phosphorylation by Akt drives nuclear exclusion of FoxO3a
and blocks its function (32), but in the long term, overactivity of Akt
leads to degradation of FoxO3a (33). Fluorescence-activated cell sorting
(FACS) analysis of T,y showed that FoxO3a expression was highly
bimodal, with some T,y expressing none and some having strongly
positive expression (fig. S4). In vitro, after activation cocultures, the
fraction of Thegs that became FoxO3a-positive tracked with the sup-
pressor activity controlled by IDO and mTOR (fig. S5A), whereas on
a cell-by-cell basis, those T g that expressed PD-1 also coexpressed
FoxO3a (Fig. 5B). Functionally, Tregs from FoxO3-deficient mice (28)
were selectively unable to mediate the form of suppressor activity cre-
ated by the IDO and PD-1, even though conventional CD3-induced
T activity remained intact (fig. S5C). Thus, although FoxO3a itself
was not unique or restricted only to IDO and PD-1 (29, 30), we hy-
pothesized that loss (down-regulation) of FoxO3a could be an inform-
ative biomarker for loss of the suppressive Tr; phenotype of interest.

IDO and PD-1 acted sequentially. IDO up-regulated expression of
PD-1 on the T, via a process requiring tryptophan depletion and sig-
naling via the amino acid-sensitive GCN2 kinase (34) (figs. S6 and S7,
A to C). PD-1 was then required to maintain the IDO-induced acti-
vation state (fig. S8). If the PD-1 pathway was blocked, then Akt phos-
phorylation rapidly became high, FoxO3a was lost, and suppression
activity was abrogated. On the basis of these findings, we hypothesized
the model shown in Fig. 1B, in which IDO and PD-1 sequentially act
to maintain the suppressive T,; phenotype. The key implication of this
model was that maintenance of the suppressive phenotype required
continuous, ongoing control of Akt: If this control was disrupted, then
the suppressive phenotype was rapidly lost. Thus, the critical leverage
point for continued suppression became PD-1 signaling via PTEN.
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Maintenance of the T4 activation state by PTEN

PTEN is an important target for multiple upstream pathways, because
it inhibits phosphatidylinositol 3-kinase (PI3K) and thus limits phos-
phorylation of Akt (26, 27). In addition to PD-1, PTEN is also down-
stream of neuropilin-1, a potent activator of Tyeg (29). To assess the
role of PTEN, we crossed mice bearing a floxed PTEN allele (35) with
Bac-transgenic mice expressing a Cre-GFP (green fluorescent protein)
fusion protein under the Foxp3 promoter (36). This Cre strain deletes
in ~95% of Foxp3™ T, (36). Consistent with this, our PTEN'™8.KO
mice expressed Cre-GFP in ~95% of Foxp3" cells and showed no de-
tectable PTEN expression in Foxp3" Tiegs from tumors or tumor-
draining lymph nodes (TDLNG) (fig. S9). The phenotype of this particular
Cre/lox intercross was somewhat less penetrant than other PTEN-
deficient strains that have been described (20), in that our mice were
healthy when young and did not develop spontaneous autoimmunity
until later in life (which is an important advantage for tumor studies).
However, even in our young, healthy PTEN""*6-KO mice, the Tjeg
were unable to control phosphorylation of Akt at Thr**® during T,
activation in vitro (Fig. 1C) and could not maintain the activated
FoxO3a" PD-1" suppressive phenotype after re-sorting (Fig. 1, D
and E). This was not due to a global defect in all T, activity, be-
cause conventional CD3-induced T, activity remained intact in these
mice (Fig. 1E). Thus, the defect in PTEN'"8-KO Tregs Was a selective
one, but—at least in the case of IDO—it profoundly compromised their
ability to maintain the activated T, phenotype.

We next asked whether PTEN could be pharmacologically targeted.
PTEN inhibitor drugs are under active preclinical investigation for their
neuroprotective and cardioprotective effects; we tested VO-OHpic,
a high-affinity small-molecule inhibitor of PTEN (37), for its ability to
block suppression by IDO-activated Ty, in vitro (Fig. 1F). In the ab-
sence of any Tyee, VO-OHpic had no effect on the readout T cells
(neither toxic nor stimulatory). When control CD3-activated T,ee, were
added, VO-OHpic had no effect on their ability to suppress. However,
when the same T, were activated by IDO, VO-OHpic fully blocked
their suppressor activity, in a dose-dependent fashion. This was ac-
companied by progressive increase in phosphorylation of Akt in the
Tregs and progressive loss of detectable FoxO3a (Fig. 1G). (In these
studies, Thr’®® was the direct target of PTEN—PI3K, and there was
no IDO in the system to inhibit phosphorylation of Ser*’*; hence, both
increased together as the T,y became activated.)

Failure to create a suppressive tumor microenvironment in the
absence of PTEN-T,egs

We next tested the effect of PTEN'™8-KO hosts on tumor growth.
Aggressive melanoma tumors implanted in PTEN""8-KO hosts grew
much slower than the same tumors implanted in wild-type parental
strains (Fig. 2A). Slower growth was also seen with E.G7 (EL4-OVA)
and LLC tumors (fig. S10). Analysis of immune cells infiltrating the
tumors (Fig. 2B) showed that wild-type hosts contained many PTEN™
Thegs that also coexpressed FoxO3a and PD-1, consistent with a sup-
pressive phenotype. In contrast, the Tyeg in PTEN'™8_.KO tumors did
not express FoxO3a or PD-1; instead, they appeared unstable, with many
expressing proinflammatory markers such as interleukin-2 (IL-2),
CDA40L, and IL-17 (Fig. 2B, lower panels, and fig. S11). All of these “re-
programmed” T, continued to express residual Foxp3 (Fig. 2B, bottom
graph), thus showing that they were derived from former T The pres-
ence of these unstable, reprogrammed T is consistent with our previous
descriptions of T, reprogramming in tumors when IDO is blocked
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Fig. 2. Tumors in PTEN"™9-KO hosts lose the ability to create a suppressive intratumoral milieu. (A) Growth of B16F10 tumors in PTEN"™9-KO hosts
and WT B6 hosts. Pooled data from four experiments, n = 6 to 8 tumors per time point. *P < 0.05 versus WT, and all points thereafter. (B to D) Analysis of
tumor-infiltrating immune cells in B16F10 tumors after 10 days of tumor growth in either PTEN™9-KO or parental Foxp3-GFP-Cre hosts: (B) Tregs (O CD8™ T
cells, and (D) CD11c" DCs. Representative of a total of nine experiments on days 10, 15, and 22. Intracellular cytokines were measured after 4 hours of
activation with phorbol 12-myristate 13-acetate (PMA)/ionomycin. (E) Tumors were implanted on one side of PTEN"™9-KO hosts; then, on day 14, the
phenotype of T cells and DCs within the tumor was compared with pooled contralateral LNs, distant from the tumor. (F) Carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled pmel-1 cells, recognizing tumor-associated gp100, were transferred into WT or PTENT™9-KO hosts after a single dose of
cyclophosphamide (CTX) to release tumor antigens. (G) PTEN"9-KO hosts or WT controls were implanted with B16F10 tumors or B16-OVA tumors bearing
a nominal antigen. Mice then received a mixture of two CFSE-labeled responder cells: pmel-1 recognizing gp100 and OT-I recognizing OVA. Mice were
then vaccinated against only the gp100 antigen, and tumors were analyzed 4 days later for evidence of epitope spreading (OT-I activation). (E) to (G) are
representative of at least three experiments each.
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(22, 38). Similar unstable ex-Trg have been described during au-
toimmunity in mice with targeted deletion of PTEN in T,.g (20).

The tumor-infiltrating CD8* T cells in PTEN""8-KO hosts ap-
peared more activated (Fig. 2C). Fewer CD8" cells were PD-1" (im-
plying an “exhausted” phenotype) and more had an activated phenotype
expressing CD103", CD69", and interferon-y (IFN-y). DCs in tumors
from PTEN""8-KO mice also showed a more activated phenotype
(Fig. 2D). More DCs expressed an activated myeloid DC phenotype
of Ly6c"CD11b"CD103", which has been associated with antitumor
immune surveillance (39). Many of these CD103" DCs produced IL-6
(bottom panels). This was significant because, as we will show, IL-6
proved to be a key driver of T, reprogramming. Similar changes were
seen when E.G7 lymphoma tumors were grown in PTEN"6-KO hosts
(fig. S12).

These inflammatory changes were physically localized only to the
tumor and TDLNs (Fig. 2E). Elsewhere in these (young, healthy)
PTEN"™8.KO hosts, the T cells and DCs appeared normal. This was
informative, because it showed that the tumor became a potent local
stimulus for inflammation when the host lacked the PTEN-T,, pathway.

In PTEN""8.KO hosts, antigen-specific CD8" T cells became
aware of tumor-associated antigens after chemotherapy. Mice with
established B16F10 tumors were treated with a single dose of CTX to release
tumor antigens and then received a CFSE-labeled cohort of resting
pmel-1 T cells, reactive with a tumor-associated gp100 antigen. In
PTEN"™.-KO hosts, the resting pmel-1 cells became activated and
proliferated in tumors, whereas proliferation was suppressed in
wild-type hosts (Fig. 2F). Similarly, when tumor-bearing mice were
treated with T cell adoptive transfer and antitumor vaccination,
PTEN'™8-KO hosts supported generalization of the immune re-
sponse to new, additional T cells, recognizing antigen derived only
from the tumor (Fig. 2G). No such epitope spreading occurred in
wild-type hosts. (In all of these studies, the readout T cells were
purified by negative selection, because this was important to prevent
artifactual activation, as shown in fig. S13.) Thus, taken together, in
PTEN"™8.KO hosts, tumors were unable to create their usual sup-
pressive tumor microenvironment and instead were regarded by
the immune system as spontaneously inflammatory and immunogenic.

Reconfiguration of the suppressive microenvironment in
established tumors

We next asked whether a similar antitumor inflammatory response
could be induced in wild-type mice by pharmacologic inhibition of
PTEN. This was a more demanding setting because the tumor had
already established a suppressive milieu. Administering PTEN inhib-
itor by itself had no effect on growth of established tumors; however, if
mice also received immunotherapy (vaccine plus pmel-1 T cells), then
blocking PTEN had a potent effect, allowing rapid regression of tu-
mors (Fig. 3A). Similar results were seen with ovalbumin (OVA)-
expressing EL4 tumors and anti-OVA vaccine (Fig. 3B).

Analysis of treated tumors revealed that phosphorylation of Akt in
Treqs remained low when tumors received only vaccine/T cells alone,
but Akt phosphorylation became high when the PTEN inhibitor was
added (Fig. 3C, red histograms). Phosphorylation was increased at
both Thr'®® and Ser*”” sites. This is the expected pattern during activa-
tion of conventional (non-T,,) CD4" cells (40), but it should not occur
in Tege which need to keep Akt activity low. Thus, blocking PTEN
caused dysregulated control of Akt in Tyeg. (Notably, the Tyeg were
analyzed after 4 days of treatment; thus, Akt phosphorylation reflected
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the whole process of activation and destabilization, over and above the
direct effects of the PTEN inhibitor on Thr’®))

Consistent with their inability to control Akt activity, intratumoral
Thegs in PTENT™8.KO mice lost detectable FoxO3a and PD-1 (Fig.
3C, dot plots). They also became destabilized and up-regulated pro-
inflammatory IL-2 and CD40L (that is, underwent reprogramming).
As a biologic control for these effects, we included the PI3K-8 inhibitor
CAL-101 (41), which inhibits T, activity but does not affect PTEN.
When tested in our in vitro model, CAL-101 inhibited T, activation as
expected, but it was not selective, inhibiting both IDO-induced and CD3-
induced suppression (fig. S14). In vivo, CAL-101 did not increase Akt
phosphorylation in Tieg, did not cause loss of FoxO3a and PD-1, and
did not drive T, destabilization and reprogramming (Fig. 3C). In our pre-
vious studies of T, reprogramming, we had shown that TCR-mediated
activation is strictly required for reprogramming to occur (22, 38, 42).
Thus, CAL-101 appeared to inhibit all T, activation (41), including
the “destabilizing” activation that was required to drive reprogramming,
whereas VO-OHpic allowed activation, but in a destabilizing fashion.

Further characterization of the tumor milieu after VO-OHpic
treatment showed that vaccine-specific OT-I cells were suppressed
when PTEN was active but were able to proliferate and up-regulate
granzyme B when PTEN was blocked (Fig. 3D). Tumors also con-
tained more activated, proinflammatory Ly6c"CD11b" myeloid DCs
when PTEN was blocked, and the DCs expressed more CD86 and less
PD-L1 (Fig. 3D, lower panels). The contribution of the immuno-
therapy regimen (T cells and vaccine) was important, because success-
ful transformation of the tumor microenvironment required both
vaccine-activated T cells and inhibition of PTEN (Fig. 3E).

Finally, we noted that the PTEN inhibitor itself had no effect on a
normal vaccine response in the absence of tumor (fig. S15A). The
same was true for genetic ablation of PTEN (fig. S15B): In the absence
of a suppressive tumor, ablating PTEN had no effect on the response
to vaccine. Thus, the effect of PTEN inhibition was to reverse the spe-
cific tumor-induced suppression, rather than to nonspecifically aug-
ment all immune responses.

PTEN-T,oqs and tolerance to apoptotic cells

PTEN* Thegs were crucial for tumors, but it was not clear what role
these cells normally played in the immune system. Other strains of
mice with Tys-specific deletion of PTEN develop a spontaneous lupus-
like autoimmunity as they age (20). Such “lupus-prone” phenotypes
can reflect an inability to maintain tolerance to apoptotic cells (43).
We have previously shown that apoptotic cells are potent inducers
of IDO, and IDO-deficient mice fail to create tolerance to apoptotic
cells and instead develop lupus autoimmunity (23). We triggered ap-
optosis in EL4 tumor cells by in vitro treatment with staurosporine for
4 hours, and then injected the apoptotic tumor cells into normal,
tumor-free mice. Apoptotic tumor cells drove extensive up-regulation
of IDO in draining LNs (DLNs) (Fig. 4A). This IDO expression was
functionally important, because mice treated with an IDO inhibitor
became responsive to antigen from the apoptotic cells, whereas re-
sponses were suppressed if IDO was active (Fig. 4B). Apoptotic tumor
cells elicited a prominent population of PTEN" T, expressing FoxO3a"
and PD-17 in local DLNs, and induction of these Tregs Was blocked by
the IDO inhibitor (Fig. 4C). When T4, were sorted from DLNS after
challenge with apoptotic cells, these T,,, mediated potent, spontaneous
suppression ex vivo, in the PD-1-dependent fashion characteristic of
IDO-induced activation (Fig. 4D). In contrast, Tyegs from resting LNs
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Fig. 3. Vaccination drives rapid reconfiguration of the suppressive tumor microenvironment when PTEN is blocked. (A and B) WT C57BI/6 mice
with established B16F10 tumors (A) or E.G7 tumors (B) were treated with tumor-specific T cells (pmel-1 or OT-I) plus cognate vaccine, with or without
VO-OHpic [10 mg kg ' day ' intraperitoneally (ip)] as indicated. Each curve represents pooled data from a total of 6 to 22 tumors in three to five
independent experiments, measured serially. *P < 0.01 versus all other curves by ANOVA. (C) B16F10 tumors received vaccine and pmel-1 cells as in
(A), with or without either VO-OHpic or CAL-101 (PI3K-8 inhibitor, 30 mg kg ' day ' ip). Tumors were harvested 4 days after vaccine and stained for Akt
phosphorylation in gated GFP* Teqs and for evidence of T,y destabilization and reprogramming. Representative of five experiments. (D) Effect of VO-OHpic
on intratumoral OT-I responses and activation of tumor-associated DCs in mice with E.G7 tumors, treated with OT-l/vaccine as in (B), with or without
VO-OHpic. Similar results were seen using B16F10 with pmel-1/hgp100 vaccine. (E) Requirement for both VO-OHpic and activated OT-I/vaccine to suc-

cessfully drive T,.4 destabilization and DC activation in established E.G7 tumors. (D) and (E) are representative of at least three experiments each.

showed no spontaneous suppressor activity. [Readout assays in these
experiments were driven by cognate antigen, with no CD3 mitogen,
and under these conditions, resting Tyeg, do not show spontaneous
suppression (14).] Thus, apoptotic tumor cells appeared to directly
elicit the IDO-induced, PD-1-dependent PTEN* FoxO3a" PD-1*
form of T, activation.

To test whether these T, were mechanistically controlled by
PTEN, we treated mice with the PTEN inhibitor during exposure
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to apoptotic cells, and we compared wild-type hosts to PTEN'"%-
KO hosts (Fig. 4E). When wild-type mice received VO-OHpic at the
time of challenge, apoptotic cells elicited no FoxO3a"PD-1" T, (Fig.
4E, top row). Instead, the apoptotic cells now induced inflammatory
CD11b"CD103" myeloid DCs, and the readout OT-I T cells were able
to respond to antigens from apoptotic cells (lower rows). Similar results
were seen when genetically defined PTEN™™5-KO mice were challenged
with apoptotic cells (Fig. 4E, right-hand plots). In these PTEN""8-KO mice,
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