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demonstrate that the antitumor effect of PI3Kd inactivation is primarily mediated through the
disruption of Treg function, and correlates with tumor dependence on Treg
immunosuppression. Compared with Treg-specific PI3K6 deletion, systemic PI3Kd
inactivation is less effective at conferring resistance to tumors. We show that PI3Kd
deficiency impairs the maturation and reduces the capacity of CD8* cytotoxic T
lymphocytes (CTLs) to kill tumor cells in vitro, and to respond to tumor antigen—specific
immunization in vivo. PI3K3d inactivation antagonized the antitumor effects of tumor vaccines
and checkpoint blockade therapies intended to boost the CD8* T cell response. These
findings provide insights into mechanisms by which PI3K3 inhibition promotes antitumor
immunity and demonstrate that the mechanism is distinct from that mediated by immune
checkpoint blockade.
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Multiple modes of immunosuppression restrain immune function within tumors. We previously
reported that phosphoinositide 3-kinase  (PI3K3) inactivation in mice confers resistance to a
range of tumor models by disrupting immunosuppression mediated by regulatory T cells (Tregs).
The PI3K4 inhibitor idelalisib has proven highly effective in the clinical treatment of chronic
lymphocytic leukemia and the potential to extend the use of PI3K4 inhibitors to nonhematological
cancers is being evaluated. In this work, we demonstrate that the antitumor effect of PI3Ko
inactivation is primarily mediated through the disruption of Treg function, and correlates with
tumor dependence on Treg immunosuppression. Compared with Treg-specific PI3Kd deletion,
systemic PI3K§ inactivation is less effective at conferring resistance to tumors. We show that
PI3K$ deficiency impairs the maturation and reduces the capacity of CD8* cytotoxic T lymphocytes
(CTLs) to kill tumor cells in vitro, and to respond to tumor antigen-specific immunization in

vivo. PI3Kd inactivation antagonized the antitumor effects of tumor vaccines and checkpoint
blockade therapies intended to boost the CD8* T cell response. These findings provide insights into
mechanisms by which PI3Kd inhibition promotes antitumor immunity and demonstrate that the
mechanism is distinct from that mediated by immune checkpoint blockade.

Introduction

Modulation of the immune response as a therapeutic strategy for cancer has proven to be a successful
approach in some cancers. Studies using checkpoint blockade antibodies against cytotoxic T lymphocyte
antigen 4 (CTLA-4) or the programmed death 1 (PD-1)/programmed death ligand 1 (PD-L1) axis have
focused on the enhancement of CD8* T cell activity (1-3). Anti-CTLA-4 antibody therapy has addition-
ally been reported to deplete regulatory T cells (Tregs) in some contexts (4). We previously reported
that inactivation of phosphoinositide 3-kinase 6 (PI3K$), a central signaling component in leukocytes,
conferred tumor resistance to a variety of tumor types, and that this protective effect could be explained
by a key role for PI3K3 in Tregs (5). The PI3K9 pathway is engaged by the T cell receptor (TCR), the
interleukin 2 (IL-2) receptor, and costimulatory receptors, and its inhibition could equally influence the
effector immune response required for tumor clearance (6, 7). The challenge, therefore, is to define con-
ditions that optimize the beneficial effect of PI3K3 inhibition on Tregs while minimizing adverse effects
on effector T cell (Teff) populations during antitumor immune responses. The PI3K3 inhibitor idelalisib
has recently been approved for the treatment of chronic lymphocytic leukemia (CLL) and follicular
lymphoma (8, 9). In these B cell cancers, PI3K3 plays an important cell-intrinsic role, but may also affect
cells in the tumor microenvironment (10, 11). To fully realize the potential of PI3K3 inhibitors and for
the optimal design of patient stratification and combinatorial therapies, it is imperative to further eluci-
date the impact of PI3K$ inhibition on tumor immunity.

In this report, we show that the efficacy of PI3KS inactivation in restricting tumor growth correlates with
the dependence of the specific tumor on Treg-mediated immunosuppression. Using ovalbumin-expressing
(OVA-expressing) derivatives of cell lines to enable specific characterization of tumor antigen—specific CD8*
T cells, we found that the EL4-OVA lymphoma and MC38-OVA colon carcinoma were impaired in growth
upon both Treg depletion and Treg-specific PI3K3$ deletion, but the Lewis lung carcinoma (LLC-OVA) was
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unaffected in either condition. However, MC38-OVA tumors showed no growth reduction in mice with
systemic PI3K3 inactivation. We found that PI3Ké-deficient CD8* T cells had defects in maturation and
cytotoxicity in vitro, and were impaired in their response to Listeria monocytogenes immunization in vivo. Fur-
thermore, anti-CTLA-4 and anti-PD-L1 treatments failed to synergize with, and were indeed antagonized
by, the loss of PI3K$ function in host cells.

Results

Efficacy of PI3K0 deletion in restricting tumor growth correlates with tumor dependence on Treg-mediated immunosup-
pression. We sought to determine the dependence of the different tumor models on Treg-mediated immu-
nosuppression by transiently depleting Tregs from tumor-bearing mice. For these experiments we used
the following tumor lines expressing OVA as a model antigen: EL4-OVA, MC38-OVA, or LLC-OVA (see
Supplemental Figure 1 for characterization of immune cell infiltrates in each of these tumors; supplemen-
tal material available online with this article; https://doi.org/10.1172/jci.insight.120626DS1). Foxp3P™®
mice, along with C57BL/6 controls, were implanted with EL4-OVA, MC38-OVA, or LLC-OVA tumors; all
mice were then treated with diphtheria toxin (DTx) on days 3, 7, and 10 after tumor injection. Administra-
tion of DTx reduced the proportion of CD4* Foxp3* Tregs among splenic lymphocytes by 65% 24 hours
after injection, with near-complete recovery by 4 days after injection, i.e., prior to the next dose (Figure 1A).

Only in EL4-OVA tumors did we observe a significant reduction in Tregs after DTx administration,
while LLC-OVA and MC38-OVA tumors showed no decrease at the time of tumor collection (Figure 1B).
These differences may reflect the fact that the EL4-OVA tumors were collected 14 days after implantation,
just 4 days after the last dose of DTx, whereas the LLC-OVA and MC38-OVA tumors were allowed to grow
for 18 and 24 days, respectively, at which point Tregs were more likely to have recovered (12).

Nevertheless, transient Treg depletion led to reduced growth of EL4-OVA and MC38-OVA tumors,
whereas LLC-OVA tumor growth was not affected (Figure 1C). These data indicated that Tregs were a non-
redundant component of immunosuppression in EL4-OVA and MC38-OVA tumors, whereas LLC-OVA
tumors likely relied on other factors to evade immune attack.

These results were mirrored in mice with a Treg-specific deletion of PI3K$ (Figure 1D). As has been
previously reported with the parental tumor EL4 (5), FYC-PI3K3" mice showed much reduced growth of
EL4-OVA tumors compared with WT or PI3K§™'% mice (Figure 1D and Supplemental Figure 2). Simi-
larly, FYC-PI3K 3! mice were resistant to MC38-OVA tumors. By contrast, LLC-OVA tumors grew at the
same rate in FYC-PI3K$" mice compared with WT controls. The data confirm that the antitumor effect
of PI3K$ deficiency is exerted through a loss of Treg suppressive function, in a manner that mimics Treg
depletion, such that its efficacy correlates with the dependence of the tumor on Treg immunosuppression.

Systemic PI3KO inactivation negates antitumor effect of Treg dysfunction in MC38-OVA tumors. In PI3K8P%10A
mice, bearing a kinase-inactivating point mutation in PI3K3, EL4-OVA tumors were significantly restricted
in growth, in a similar manner to mice with Treg-specific PI3Kd deletion (Figure 1E and Supplemental
Figure 2). LLC-OVA tumors exhibited no difference in growth regardless of the systemic nature of PI3Kd
inactivation. However, in contrast to Treg-specific deletion, systemic inhibition of PI3K$ did not result in
reduced growth of MC38-OVA cells.

We determined that the unresponsiveness of MC38-OVA tumors to PI3KS inactivation was not due to
an imperviousness of MC38-OVA tumor—infiltrating Tregs to a loss of PI3K3 activity. Indeed, a decrease in
infiltrating Tregs in PI3K$-deficient mice was observed only in MC38-OVA tumors, and not in EL4-OVA or
LLC-OVA tumors (Figure 1F). This implies an additional effect of PI3K§ inactivation, which can negate the
beneficial antitumor effects of PI3K3 loss in Tregs. We considered CD8* T cells to be the most likely culprit.

In vitro cytotoxicity assay shows differential killing in different tumor cells, with a consistent reduction of cytotoxic-
ity in PI3KoP?"4 CD8* T cells. As a functional test for CD8" T cells under PI3K3 inactivation, a cytotoxicity
assay was used to measure OT-I CD8* T cell killing of tumor cells expressing the cognate antigen OVA (see
Methods section for experimental setup). Figure 2A shows an example of the flow cytometric readout from
this assay, showing, from left to right, a near-complete clearance of green (OVA-expressing) tumor cells
by WT OT-I CD8" T cells, a moderate reduction of green cells by PI3K§'%4 OT-I CD8* T cells, and the
original ratio of green and orange (parental) cells incubated without CD8* T cells.

WT OT-I1 CD8" T cells showed greater cytotoxic efficiency than PI3Ké-inactivated OT-I CD8* T cells
in assays with EL4-OVA/EL4 cells (consistent with previous results), MC38-OVA/MC38 cells, or LLC-
OVA/LLC cells (Figure 2B). While PI3K3™'%4 OT-I CD8* T cells were less effective than WT OT-I cells
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Figure 1. Deletion of phosphoinositide 3-kinase & (PI3K3) in regulatory T cells (Tregs) mimics the effects of Treg depletion, but systemic PI3K&
inactivation is less effective. (A) Diphtheria toxin (DTx) was administered i.p. on days 3, 7, and 10 after s.c. tumor injection into the flank on day 0
(n = 6). EL4-0VA, MC38-0VA, and LLC-OVA tumors were removed on days 14, 24, and 18 after implantation, respectively. Proportions of Tregs in the
blood of non-tumor-bearing mice (n = 2) were measured 24 hours after administration, and again immediately before the subsequent dose. (B) Pro-
portion of tumor-infiltrating Tregs in the EL4-0VA, MC38-0VA, and LLC-OVA tumors at the time of collection. (C) Masses of EL4-0VA, MC38-0VA,
and LLC-OVA tumors removed from WT or Foxp3°™® mice as described in A. (D) Masses of EL4-0VA, MC38-0VA, and LLC-OVA tumors removed from
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WT or Foxp3e-PI3K5" mice. (E) Masses of EL4-0VA (n = 10), MC38-0VA (n = 8), and LLC-OVA (n = 8) tumors in WT or PI3K&""* mice. (F) Proportion

of tumor-infiltrating Foxp3* Tregs in WT or PI3K3"%"° mice; representative FACS plots of tumor-infiltrating lymphocytes are shown. Statistical sig-

nificance was determined by multiple t tests with Holm-Sidak correction (B and F) or Mann-Whitney test (C, D, and E). *P < 0.05; **P < 0.01; ***P <
0.001. n.s., not significant.

in eliminating target cells, they were nonetheless capable of a substantial amount of cell killing, especially
when provided with EL4-OVA targets. Both WT and PI3K&P*1%* OT-I CD8* T cells were less efficient at
killing MC38-OVA cells than EL4-OVA cells, and were least efficient at eliminating LLC-OVA cells.

The influence of target antigen affinity on OT-I CD8* T cell cytotoxicity was tested with a panel of
SIINFEKL peptide variants, modified from the native peptide to give varying binding affinities for the OT-I
TCR (13). EL4 cells were pulsed with 10 nM SIINFEKL or its variants (SAINFEKL, A2; STIQFEKL, Q4;
SIITFEKL, T4; SIIVFEKL, V4; SITYNFEKL, Y3), then stained green and plated with untreated EL4 cells,
in the same way as EL4-OVA cells were handled above. Small variations in antigen affinity did not result in
significant changes in the efficiency of OT-I CD8* T cell killing, with or without functional PI3K$ (Figure
2C) — even in EL4 cells presenting SIITFEKL (T4) peptide, which stimulated weaker proliferation than
the A2, Q4, or Y3 peptides (13). SIIVFEKL (V4)-presenting EL4 cells were killed less effectively by WT
OT-IT cells and not at all by PI3K§>?14 OT-I T cells.

We previously reported that pharmacological inhibition of PI3K4$ during the maturation phase of WT
OT-I1 CD8* T cells resulted in a defect in cytotoxicity equivalent to that seen in PI3K8P*1%4 cells (5). We
therefore hypothesized that PI3K§P*1%4 OT-I CD8* T cells might display an altered maturation profile after
stimulation in vitro. WT and PI3K§"'% OT-I CD8* T cells were cultured together with WT bone marrow—
derived dendritic cells pulsed with SIINFEKL peptide, and expression of activation markers measured
at 24-hour intervals (Figure 2D). While WT OT-I CD8" T cells rapidly downregulated CD62L expres-
sion upon stimulation, PI3K3P%1%4 cells did not show a similar change, maintaining high levels of CD62L
expression throughout the culture duration; this could represent an obstacle for the cells to exit lymphoid
organs upon activation in vivo (14).

PI3K§P?104 OT-1 CD8* T cells also expressed less granzyme A than their WT counterparts, while gran-
zyme B expression was similar (Figure 2D). Reduced expression of granzymes A and B was observed in
PI3K8P1%A tumor-infiltrating CD8* T cells from LLC-OVA and MC38-OVA tumors, respectively (Figure
2E), showing that the defective maturation of PI3K&P*1% CD8* T cells in vitro may be equally relevant in
the tumor environment. However, the reduction of granzyme expression was variable and modest — intra-
tumoral CD8* T cells showed no difference in levels of granzyme A in MC38-OVA, or of granzyme B in
LLC-OVA, or of either granzymes A or B in EL4-OVA.

Immunization with OVA-expressing L. monocytogenes revealed a reduced ability of PI3Ko™!* CD8* T cells to
respond to stimulation. As a measure of the CD8" T cell response towards a tumor-specific antigen, OVA-
specific CD8* T cells from EL4-OVA, MC38-OVA, and LLC-OVA tumors were detected using the MHC
class I:SIINFEKL oligomers (Figure 3A). EL4-OVA tumors had a relatively low proportion of CD8* T
cells within the tumor immune infiltrate, of which a small fraction (~5%) were specific for OVA. MC38-
OVA tumors contained a higher proportion of CD8" T cells, but the OVA-specific response remained at
a similarly low level to that induced by EL4-OVA tumors. LLC-OVA tumors were infiltrated with a rela-
tively high proportion of CD8" T cells. Most strikingly, approximately 30% of these infiltrating CD8* T
cells expressed a TCR specific for OVA (representative plots shown in Figure 3A). As was the case for the
other tumor models, the fraction of OVA-specific CD8" T cells within LLC-OVA tumors was not altered in
PI3K$-deficient mice in comparison with WT.

To assess the ability of OVA-specific CD8* T cells in these mice to mount a cytotoxic response against
the OVA-expressing tumor, WT and PI3K &% mice bearing LLC-OVA tumors were immunized with atten-
uated L. monocytogenes — either expressing OVA (LM-OVA) or an irrelevant antigen YFP (LM-YFP) — 3
days after tumor implantation (Figure 3B). Blood was obtained from the mice 7 days after immunization,
and assessed for the presence of anti-OVA response. WT mice mounted a strong CD8" T cell response to
LM-OVA, whereas in PI3K31% mice this response was detectable but significantly reduced.

WT mice receiving the LM-OVA immunization showed a reduction in tumor growth compared with
PI3K3P1% mice (Figure 3C), accompanied by an increase in the fraction of OVA-specific CD8* T cells
within the tumor (Figure 3D). By contrast, LLC-OVA-bearing PI3K3"'° mice immunized with LM-
OVA showed no increase in tumor-infiltrating OVA-specific CD8* cells. The protection of the WT mice
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Figure 2. PI3K§" CD8"* T cells show functional defects. In vitro assays were conducted with 3 biological replicates. (A) CD8* T cell cytotoxic capacity was
measured in an in vitro killing assay, using tumor cells expressing ovalbumin (OVA) protein (stained with CMFDA CellTracker Green) as targets for in vitro-
stimulated OT-1 CD8* T cells, and parental tumor cells (stained with CMRA CellTracker Orange) as controls. Representative FACS plots shows EL4-0VA and
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EL4 cells incubated with, from left to right, WT, PI3K3%"4, or no CD8" T cells. (B) Cytotoxic efficiency measured in WT versus PI3K3*"°4 OT-1 CD8* cells using
EL4-0VA, M(38-0VA, and LLC-0VA cells. (C) Cytotoxic efficiency measured in WT versus PI3K3™° OT-1 CD8* cells using EL4 cells pulsed with SIINFEKL
peptide, and single-amino-acid variants of decreasing binding affinity for the OT-I T cell receptor (TCR). (D) CD62L, granzyme A, and granzyme B expres-
sion measured in in vitro-stimulated WT versus PI3K3™°A OT-I1 CD8* cells. MFI, median fluorescence intensity. (E) Granzyme A and B expression measured
in tumor-infiltrating CD8* T cells from WT vs PI3K3™A mice (n = 8). Statistical significance was determined by multiple t tests with Holm-Sidak correction
(B-D) or the Mann-Whitney test (E). *P < 0.05; **P < 0.01; ***P < 0.001.
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was OVA dependent, since mice that received LM-YFP did not show reduced tumor growth despite
increased CD8* T cell infiltration. These results reveal a defect in the ability of PI3K5P*1°4 CD8* T cells
to respond to external stimuli that enhance antitumor responses, suggesting a more pronounced defect in
CDS8* T cells than previously appreciated.

PI3K6 inactivation antagonized enhancement of Teff responses when combined with checkpoint blockade ther-
apies. We hypothesized that the relief of tumor immunosuppression brought about by PI3K$ inactiva-
tion could be fully exploited by strengthening the weakened CD8" T cell response, using other established
cancer immunotherapies in combination. Antibody therapies against CTLA-4, and against the PD-1/
PD-L1 signaling axis, are both in use in the clinic, having achieved remarkable success in the treatment
of advanced melanoma (15-18). Both approaches aim to block the checkpoint signals that attenuate the
function of activated Teffs, thus releasing Teffs from negative feedback control (19). PD-1/PD-L1 blockade
has previously been shown to effectively reduce growth of EL4-OVA, MC38, and LLC tumors (20-22),
while anti-CTLA-4 has not been as successful, at least as a monotherapy in tumors lacking expression of a
strongly immunogenic antigen (23-25).

PI3K8P°1%4 mice were injected with either LLC-OVA or MC38-OVA tumors, and treated with 3 dos-
es of antibody against CTLA-4 or PD-L1 (Figure 4A). Both tumor types were effectively treated with
anti-CTLA-4 in WT mice, showing greatly reduced growth compared with mice treated with isotype
control. In the absence of host PI3K§ activity, however, anti-CTLA-4 treatment had negligible effect
on tumor growth (Figure 4, B and C). LLC-OVA tumors did not respond to anti-PD-L1 treatment,
whether in WT or PI3K3P*1°A mice (Figure 4D). In MC38-OVA tumors, a similar result was obtained
with anti-PD-L1 antibody treatment as with anti-CTLA-4 — while tumor growth was restricted in
WT mice, in PI3K§-inactivated mice the antibody treatment failed to have a significant effect (Figure
4E). The expression of a number of activation or functional markers was measured on CD8* T cells
and Tregs in MC38-OVA tumors, but we found no clear reason why PI3K3P%'°4 CD8* T cells should
be impaired beyond rescue by combination therapy (Supplemental Figure 3). These results suggest that
host PI3K3 function is required for the efficacy of anti-CTLA-4 and anti-PD-L1 treatment, and that
PI3KS3 inactivation does not synergize with, but rather abrogates the antitumor effects achieved with the
checkpoint blockade therapies.

Discussion

‘We have demonstrated that PI3K3 inactivation attenuates Treg suppressive function, which can unleash a potent
antitumor immune response, conditional upon the dependence of the specific tumor type on Treg immunosup-
pression. However, loss of PI3K$ activity in CD8" cells impairs the effector immune response, which can negate
the beneficial effects of Treg dysfunction, and block the efficacy of checkpoint blockade therapies.

A striking observation that emerged early in this study was the complete independence of LLC-OVA
tumors from Tregs to provide protection against immune attack, such that selective depletion of Tregs
had no impact on tumor progression. This result strongly underscores the idea that the immune response
to different tumors can be highly distinct, which dictates their response to each therapeutic strategy. LLC
tumors are also known to derive immune suppression from cancer-associated fibroblasts (CAFs) (26).
MC38 tumors have been found to be dependent on TAMs for immune evasion (27), suggesting redundancy
between myeloid and Treg-mediated suppression.

Furthermore, the relative susceptibility of the EL4-OVA, MC38-OVA, and LLC-OVA cell lines to CD8*
T cell cytotoxicity indicate cell-intrinsic differences, for example, in the ability to degrade granzyme B (28).
While these differences may be difficult to translate directly to an in vivo setting, they may be important in
explaining why the impaired cytotoxicity of PI3Ké-inactivated CD8* T cells was still sufficient to eliminate
EL4-OVA tumors in PI3K3P%1% mice, whereas this reduced CD8" T cell function could not overcome even
a compromised Treg suppression to kill MC38-OVA tumors.
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Figure 3. Defects in PI3K5-deficient CD8* T cell response abrogate antitumor effect of LM-OVA immunization. (A) OVA-specific CD8* T cell responses in
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tumors. Differences between WT and PI3K3”"* mice were not significant in all tumor types. (B) LLC-OVA tumor-bearing mice were immunized with
attenuated LM-0VA or LM-YFP (both 10 CFU) 3 days after tumor implantation. CD8* T cell responses against the OVA antigen were measured in the blood
7 days after immunization (n = 6). (C) Tumor growth measured in WT and PI3K3'"®* mice receiving PBS control, LM-YFP, or LM-OVA immunization (n =12,
combined 2 experiments). (D) OVA-specific CD8* T cell response in the tumor in response to immunization measured in WT and PI3K&"* mice (n = 6).
Statistical significance determined by multiple t tests with Holm-Sidak correction (A and C) or 2-way ANOVA with Tukey’s multiple comparison (B and D).

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. n.s., not significant.
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The effects of PI3K3 deficiency on effector immune cells have previously been discussed in sev-
eral reports, with somewhat conflicting conclusions. Putz et al. found that PI3K8~~ CD8* T cells had
defective expression of genes critical to cytotoxic function, and accordingly were impaired in their
ability to eliminate tumor cells (29). We have also reported that PI3Kd-inactivated mice have a reduced
CDS8* T cell response to L. monocytogenes infection (30). On the other hand, it was recently reported
that PI3K$ inhibition selectively affected proliferation and viability in Tregs over conventional CD4* T
cells, thus conferring a therapeutic advantage in combination with a tumor peptide vaccine (31). The
relative significance of CD8* T cells and conventional CD4* T cells in the antitumor response likely
varies by tumor type, but we show here that a reduction in CD8* T cell function is in some cases suf-
ficient to abrogate the advantages of Treg impairment. This needs to be considered as PI3K3 inhibitors
are being developed for immunotherapy.
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Figure 4. PI3K5-deficient CD8" T cells fail to respond to checkpoint blockade. (A) Mice bearing LLC-OVA or MC38-0VA tumors received intravenous
injections of antibodies against cytotoxic T lymphocyte antigen 4 (CTLA-4) or programmed death ligand 1 (PD-L1) on days 3, 6, and 10 after tumor injec-
tion (treatment of LLC-OVA tumor with anti-PD-L1 was performed on days 2, 5, and 9 after tumor injection) (n = 6). (B and C) Anti-CTLA-4 antibody
treatment of LLC-OVA (B) and MC38-0VA (C) tumors in WT and PI3K3"" mice; no significant change was observed in tumor-infiltrating CD8* T cells.
(D and E) Anti-PD-L1 antibody treatment of LLC-OVA (D) and MC38-0VA (E) tumors in WT and PI3K&%™°* mice. Only 2 WT tumors were available for

analysis, and no significant changes were found in the CD8"* infiltrate of these tumors. Statistical significance determined by Mann-Whitney test
between antibody-treated and control groups. *P < 0.05; **P < 0.01.

Where idelalisib is already administered as a treatment for CLL, reports of immune-mediated adverse
events provide some insight to the effect of PI3K$ inhibition on the human immune response (32). Both
colitis and hepatotoxicity in idelalisib-treated patients are characterized by increased infiltration of T lym-
phocytes, suggesting an enhancement of the effector immune response (33, 34). Reductions in Treg num-
bers have not been consistently observed in these reports, but considering the imperfect correlation between
numbers and function, as well as the upregulation of Foxp3 in human Teffs upon activation, the specific
effects of PI3K6 inhibition on the human Treg response remain to be determined.

Our results highlight that the mechanism by which PI3K3 inhibition leads to enhanced antitumor respons-
es is distinct, and not necessarily complementary to that elicited using antibodies against CTLA-4 or PD-L1.
Both of these therapies are intended to enhance the CD8" T cell response, but were unable to enhance or com-
pensate for the effects of PI3K3 inhibition. Mechanistically, checkpoint inhibitors may act in part by enhancing
PI3K activity in Teffs. Hence, signaling through CTLA-4 antagonizes Akt activity through the type II serine/
threonine phosphatase PP2A, whereas PD-1 can activate SHP1 to inhibit CD28-dependent PI3K activity (35—
38). Thus, PI3K3 inhibition may antagonize the signaling pathway unleashed by these checkpoint inhibitors.
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The antagonistic relationship between PI3K§ inhibition and checkpoint blockade does not necessarily
preclude combining the 2 therapeutic modalities. Others have reported synergy in the treatment of MC38
tumors with a combination of a small-molecule PI3K3 inhibitor and anti-PD-1 (39), apparently in contrast
with the results shown here. Administration of a PI3K3 inhibitor starting after the tumor becomes palpable
may provide a crucial window of time for CD8* T cells to encounter tumor antigens and become activated
before PI3K3 signaling is shut down. We previously showed an important role for PI3K3 in the early phase
of CD8" T cell maturation, whereas it was no longer necessary for fully activated CD8* T cells to kill target
cells (5). Intermittent dosing with PI3K inhibitors, or dosing PI3K inhibitors sequentially with immune
checkpoint inhibitors, may be strategies worth considering. In fact, the inhibition of PI3K6 during the in
vitro expansion of T cells subsequently used for adoptive cell therapy enhances tumor rejection in mice,
potentially by expanding a subset of CD8" T cells with stem cell-like properties that may allow for a more
persistent attack on the tumors (40-42). The challenge therefore will be to harness this potential to enhance
the durability of the CD8" T cell response while inhibiting Treg-mediated suppression. Our accompanying
report (27) suggests that rather than combining PI3K3 inhibitors with agents that boost T cell costimula-
tion, combinatorial targeting of suppressive cell populations, such as using PI3K$ inhibitors to target Treg
and CSF-1 inhibitors to target suppressive monocytes may be a better strategy, taking advantage of the
multiple immune-suppressive mechanisms employed by cancers.

Methods

Mice. C57BL/6.Babr and B6.SJL.Babr (WT) mice were obtained from the breeding colonies in the Biologi-
cal Services Unit, Babraham Institute. All other mice used in this study were maintained on a C57BL/6
background. p1108P%10A/D910A (PT3K§P?104) mice have an aspartic acid—to-alanine (D910A) point mutation
in the p1103 catalytic domain, rendering it inactive (43). OT-I mice express a transgenic TCR (Va2-Vp5)
specific for the OVA peptide SIINFEKL (OVA 257-264) presented by MHC class TA (H-2Kb) (44), and
homogeneously express CD45.1. The OT-I transgenic TCR was crossed to a PI3Ké-inactivated back-
ground, in the PI3K&P?1%4 x OT-I strain. Foxp3-YFP-Cre (FYC) mice express a YFP-Cre fusion protein
reporter in Foxp3-expressing cells (45). These mice were crossed with a mouse strain harboring loxP sites
flanking alleles 1-9 of the Pik3cd gene, such that p1105 was specifically deleted in Foxp3* cells (FYC x
p1108%" strain) (5). Foxp3P™ mice express the human DTx receptor and an eGFP reporter under the
Foxp3 promoter, allowing specific depletion of Foxp3* cells upon administration of DTx (46).

All mice were maintained under specific pathogen—free conditions in the Biological Services Unit,
Babraham Institute. Mice were matched for age (8—14 weeks) and sex (balanced) in each experiment. Stud-
ies involving administration of treatment substances were blinded for tumor growth measurement. Where
applicable, experimental group sizes are indicated by individual data points.

Tumors. EL4 and EL4-OVA (also known as EG7) cells were obtained from ATCC (47, 48). LLC cells
were obtained from Douglas Fearon (Cancer Research UK Cambridge Institute, Cambridge, United King-
dom) along with the LLC-OVA derivative (26). MC38 and MC38-OVA cell lines were obtained from from
Mark Smyth (QIMR Berghofer, Brisbane, Australia) (49, 50). Cells were maintained in culture in DMEM
with high glucose and L-glutamine (GIBCO) containing 10% FCS (LabTech); EL4-OVA cultures were
supplemented with 400 pug/ml G418 selection antibiotic (Melford Laboratories Ltd) from 48 hours after
thawing. The adherent cell lines (LLC, LLC-OVA, MC38, and MC38-OVA) were dissociated from culture
flasks using Cell Dissociation Buffer (GIBCO).

Suspensions of tumor cells were prepared in sterile PBS (in-house preparation). EL4-OVA or LLC-
OVA cells (5 x 10° each), or 2 x 10° MC38-OVA cells, were administered by subcutaneous injection
under inhaled anesthesia (isoflurane). When tumors became palpable (around day 8 after implantation
for EL4-OVA tumors, or around day 10 for LLC-OVA and MC38-OVA tumors), tumor growth was
monitored by caliper measurements every 2-3 days. Tumor volume (mm?®) was calculated as length x
width?. Mice bearing EL4-OVA tumors were culled between 16 and 17 days after implantation, mice
bearing LLC-OVA tumors between 20 and 22 days, and mice bearing MC38-OVA tumors between 24
and 28 days; where experimental schedules depart from this schedule (e.g., in cases of unexpectedly
aggressive tumor growth) this is indicated in the relevant figure legend. Any mice bearing tumors that
approached or exceeded the terminal size limit during the course of the study were culled and excluded
from the study. A maximum of 1 g of tumor tissue per sample was processed on a gentleMACS Dis-
sociator (Miltenyi Biotec) according to the ‘soft/medium tissue’ protocol from the Tumor Dissociation
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Kit (mouse) (Miltenyi Biotec). Any tumors that did not yield sufficient cells for robust quantification
was excluded from cellular-level analysis.

Depletion of Tregs with DTx. DTx from Corynebacterium diphtheriae (Sigma-Aldrich) was obtained in
lyophilized powder form, and reconstituted in 0.5 ml sterile double-distilled water according to the manu-
facturer’s instructions. Solutions for injection were made up in sterile PBS to a dose of 25 pg/kg, separately
calculated based on average weights of male and female mice in each cohort. To achieve transient depletion
of Tregs in Foxp3P™ mice, DTx was administered to the peritoneum in 100 ul, with mice under inhaled
anesthesia, on days 3, 7, and 10 after tumor implantation.

Flow cytometry. Fluorochrome-conjugated antibodies against CD45 (clone 30-F11), CD4 (clone RM4-5),
CDS8 (clone 53-6.7), CD62L (clone MEL-14), and granzyme A (clone CBA) were purchased from Biole-
gend. Anti-Foxp3 (clone FJK-16s) was purchased from eBioscience, and anti-granzyme B (clone GB11)
was purchased from Invitrogen. Surface stains were carried out in PBS containing 2% FCS for 30 minutes
at 4°C, with the exception of assays including the MHC class I:SIINFEKL tetramer (MBL) or dextramer
(Immudex) (30 minutes at room temperature). Fixation and permeabilization for intracellular staining was
carried out with the Foxp3/Transcription Factor Staining Buffer set (eBioscience), with a 15-minute fixation
at room temperature, followed by intracellular staining in permeabilization buffer for 30 minutes at 4°C.

In assays with unfixed cells, DAPI (4',6-diamidine-2'-phenylindole dihydrochloride, Sigma-Aldrich)
was added to samples at 1 pug/ml prior to analysis on the flow cytometer. In assays where cells are fixed,
Fixable Viability Dye eFluor 780 (eBioscience) was added to the surface stain solution at a 1:3,000 dilution.
Samples were acquired on BD Fortessa analyzers in the Babraham Institute Flow Core Facility. Data col-
lected were analyzed using FlowJo software (Tree Star).

In vitro cytotoxicity assay. Splenocytes from OT-I and PI3K&'%4 x OT-I mice (n = 3 for each group)
were stimulated with SIINFEKL peptide at 10 nM. After 48 hours, CD8* T cells were isolated from the
cultures by MACS negative selection (Miltenyi Biotec). The CD8" T cells were returned to culture with
daily supplement of recombinant human IL-2 (Glaxo-IMB), at a concentration of 20 ng/ml, for an addi-
tional 6 days. Parental tumor cells and OVA-expressing derivatives were stained with, respectively, Cell-
Tracker Orange CMRA and CellTracker Green CMFDA (Molecular Probes). Peptide-presenting EL4 cells
were incubated with the OVA oligopeptide SIINFEKL, and 5 single-amino-acid variants — SAINFEKL,
SHHQFEKL, SIITFEKL, SHVFEKL, and STYNFEKL (Prolmmune ThinkPeptides) — at 10 nM for 1 hour.
Each parental/ OVA-expressing derivative pair (EL4 and EL4-OVA, LLC and LLC-OVA, and MC38 and
MC38-OVA) (10* cells each), and 10° in vitro—activated CD8" T cells were incubated together, giving a
1:1:10 mixture of orange-stained cells (parental), green-stained cells (OVA-expressing), and CD8" T cells.

After 18 hours, the cells were resuspended in Cell Dissociation Buffer (GIBCO) containing 1 pg/ml
DAPI. Once dissociated, samples were acquired on the Fortessa flow cytometer (Beckton Dickinson),
recording CMRA on the 585/15 561 nm channel, CMFDA on 530/30 488 nm, and DAPI on 450/50 405
nm. Cytotoxic efficiency was calculated as a ratio of live (DAPI"), OVA-expressing cells (antigen-presenting
target cells, green) over parental cells, which did not express the OT-I CD8* target antigen (orange), nor-
malized to ratios recorded in wells to which no CD8* T cells were added.

In vitro CD8* maturation assay. CD8" T cells were isolated from spleens and lymph nodes of WT and
PI3K3P?1%4 OT-I mice by MACS negative selection, and cultured together with WT bone marrow—derived
dendritic cells that had been pulsed with 100 pM SIINFEKL peptide for 2 hours, at a 5:1 ratio. Cultures
were maintained at approximately 3 x 10° cells/ml and supplemented with 20 ng/ml recombinant human
IL-2 (Glaxo-IMB) daily from 48 hours onwards. Aliquots were taken at 24-hour intervals for flow analysis.

Vaccination with attenuated OVA-expressing L. monocytogenes. Tumor-bearing mice were inoculated with
attenuated (ActA") LM-OVA to induce a CD8" T cell immune response to OVA, also expressed in tumor cells.
The original stocks of attenuated LM-OVA, as well as a strain of LM expressing an irrelevant antigen (attenu-
ated LM-YFP) were obtained from Hao Shen (University of Pennsylvania, Philadelphia, Pennsylvania, USA)
(51). LM-OVA and LM-YFP (10° CFU per mouse) were administered intravenously in 100 ul, 3 days after
tumor implantation, with attenuated LM-YFP as a control for non—antigen-specific immunization, and with
PBS as a negative control. Samples of blood (50 ul) were obtained from each mouse at 7 days after inocula-
tion, to confirm the presence of a CD8" T cell response against OVA.

Checkpoint blockade treatment. WT and PI3K3P1°A tumor—bearing mice were treated with anti-CTLA-
4 antibody (clone 9H10, Bio X Cell) and anti-PD-L1 antibody (clone 10F.9G2, Bio X Cell). The isotype
controls used in these experiments were, respectively, polyclonal Syrian hamster IgG (Bio X Cell), and rat
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IgG2b (clone LTF-2, Bio X Cell) at a dose of 10 mg/kg, in a volume of 100 pl, separately calculated based
on average weights of male and female mice in each cohort, on days 3, 6, and 10 after tumor implanta-
tion (administered by technicians in the Babraham Institute Biological Support Unit); where experimental
schedules depart from this schedule this is indicated in the relevant figure legend.

Statistics. Statistical analyses of results were carried out using GraphPad Prism. Unless otherwise speci-
fied, the Mann-Whitney (2-tailed nonparametric £) test or multiple ¢ tests (with Holm-Sidak correction for
multiple comparison) was applied to assess significance, with P <0.05 considered significant. Error bars
presented in plots represent standard error of the mean (SEM). Any repeats of experiments are indicated in
figure legends. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Study approval. All protocols involving live animals were approved by the United Kingdom Home
Office (PPL 70/7661) and Babraham Institute Animal Welfare and Ethics Review Board.
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