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Introduction

The association of programmed death 1 (PD-1) and programmed
death ligand 1 (PD-L1) generates an immune checkpoint that is
frequently co-opted by tumor cells to evade cytotoxic immune
cells (1, 2). PD-1lis a cell surface coinhibitory molecule expressed
on activated CD4* and CD8 T cells, B cells, monocytes, natural
killer cells, and some dendritic cells (3). Elevated expression
of PD-1 is associated with a dysfunctional phenotype known
as T cell exhaustion (4). PD-L1 is a transmembrane protein
that is undetectable in most normal tissues, but is induced by
inflammatory cytokines, especially type I and type II IFNs (5-8).
Accordingly, PD-L1 expression is increased after ionizing radia-
tion (IR), and this may limit antitumor immunity and facilitate
relapse (9). PD1/PD-L1 immune checkpoint blockade induces
responses in 12%-18% of non-small cell lung cancer and head
and neck cancer patients (10-12).

Radiation therapy is integrated into the management of many
cancers, and while the effects of radiation within the target vol-
ume are well described with DNA damage leading to cell death
and senescence (13), the effects of radiation on immune responses
are variable in preclinical models, and clinical data are sparse.
Radiation can augment CD8" T cell responses within the tumor
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DNA-damaging chemotherapy and radiation therapy are integrated into the treatment paradigm of the majority of cancer
patients. Recently, immunotherapy that targets the immunosuppressive interaction between programmed death 1 (PD-1)
and its ligand PD-L1has been approved for malignancies including non-small cell lung cancer, melanoma, and head and
neck squamous cell carcinoma. ATR is a DNA damage-signaling kinase activated at damaged replication forks, and ATR
kinase inhibitors potentiate the cytotoxicity of DNA-damaging chemotherapies. We show here that the ATR kinase inhibitor
AZD6738 combines with conformal radiation therapy to attenuate radiation-induced CD8* T cell exhaustion and potentiate
CD8* T cell activity in mouse models of Kras-mutant cancer. Mechanistically, AZD6738 blocks radiation-induced PD-L1
upregulation on tumor cells and dramatically decreases the number of tumor-infiltrating Tregs. Remarkably, AZD6738
combines with conformal radiation therapy to generate immunologic memory in complete responder mice. Our work
raises the possibility that a single pharmacologic agent may enhance the cytotoxic effects of radiation while concurrently
potentiating radiation-induced antitumor immune responses.

microenvironment through increased MHC class I and neoanti-
gen expression (14-17). Radiation can also augment immunosup-
pressive aspects of the tumor microenvironment by recruiting reg-
ulatory T cells (Tregs) and inducing PD-L1 expression (9, 18, 19).
Nevertheless, radiation therapy and immunotherapy are consid-
ered a promising combination, and anti-PD-L1 antibody increases
the efficacy of radiation through a T cell-dependent mechanism
in syngeneic mouse models of breast and colon cancer (9), mela-
noma (20), and glioblastoma (21), and in genetically engineered
mouse models (GEMMs) of Kras-mutant lung cancer (22). Fur-
thermore, acquired resistance to radiation therapy can be reversed
by anti-PD-L1 antibody (19).

ATR is an essential DNA damage-signaling kinase activated
at damaged replication forks and resected DNA double-strand
breaks (23-25). ATR kinase inhibitors sensitize cancer cells to
cisplatin and IR in tissue culture (26-30). ATR kinase activity is
also increased by hypoxia, and ATR kinase inhibitors sensitize
radiation-resistant hypoxic cells to radiation (30-33). Two ATR
kinase inhibitors, AZD6738 (34) and M6620 (formerly VX970,
VX822) (35), have advanced to the clinic, and patients are cur-
rently being enrolled into 10 trials of AZD6738 (e.g., ref. 36).
AZD6738 is an ATP-competitive, orally bioavailable pharma-
ceutical that inhibits ATR kinase activity with an IC_, of 0.001
uM in vitro, while showing no significant inhibition of 442 other
kinases at 1 uM (34, 37). AZD6738 has a significantly higher IC,
against PI3Ks in vitro (IC,; 6.8 uM against PI3K3 and >50 uM
against PI3Ka, PI3K, and PI3Ky; unpublished observations). In


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/9
https://doi.org/10.1172/JCI96519

The Journal of Clinical Investigation

RESEARCH ARTICLE

-#-- \/ehicle
AZD6738 1 ‘ l - - AZDG738
£ -~ IR(2Gyx2)
b Gy IR £ -+- AZD6738 + IR
y
g
3
o
[ I >
Day 1 3 5 Response g
e
Cc .
Vehicle AZD6738
2000 2000
Tumor free: Tumor free:
1500{0/12 1500{0/10
A # D Complet E
) ? omplete responses
1000 3 1000 i P P Rechallenge
> 1000
g 500 # 5001 ¥ ] = AzD6738 + IR 2000, , -+ Naive
g/ 0 -I"i - 0 !'.‘.!‘--‘-:sl:av (OE & [ AZD6738 +IR
g 1 6 11162126 1611162126 g 750 € 1500l
E ° £ ie
S IR (2 Gyx2) AZD6738 + IR € 500 e
5 2000 2000 S 5 100 o
E Tumor free: Tumor free: z ] L.
£ 150010/12 1500{2/14 2 250 e Y
5 g 500 2y
1000 1000 5 L%
v Oi L ";”f
500 500 : 1 5 9 1317 21 25 29 0t
Day 1 8 15 22 29 36 43
0 (= : D
1 6 1116 21 26 1 6 1116 21 26 il

Day

Figure 1. AZD6738 potentiates radiation in syngeneic CT26 tumors and promotes immunologic memory following complete responses. (A) Schematic
showing schedules of the ATR kinase inhibitor AZD6738 and targeted radiation (IR). AZD6738 (75 mg/kg) was administered approximately 40 minutes
before IR on days 1-2 and alone on day 3. (B and C) Response of CT26 over time to treatment with AZD6738, IR, or the combination of AZD6738 plus

IR. Data represent mean tumor volumes + SEM (B) or individual tumor volumes (C) from 2 independent experiments. n per arm (mice) = 12 vehicle, 10
AZD6738,12 IR, 14 AZD6738 + IR. **P < 0.01, unpaired, 2-tailed t test comparing change in tumor volume from day 1to day 20 for AZD6738 + IR vs. IR.
Statistical significance not shown for other time points. (D) Complete responses of CT26 tumors over time to treatment with AZD6738 plus IR. (E) Tumor
growth following rechallenge of complete responder mice with CT26 cells in the contralateral flank compared with tumor growth in CT26-naive control

mice. (D and E) Data represent individual tumor volumes. n per arm (mice)

cells, AZD 6738 inhibits ATR kinase-dependent phosphorylation
of CHKI1 Ser345 with an IC, of 0.074 pM, but does not sig-
nificantly inhibit the related PI3K-related kinases ATM, DNA-
PK, and mTOR (IC,, >5 uM) (37). We have previously shown
that AZD6738 does not sensitize mice to total-body irradiation
(38). Here we show that, quite unexpectedly, AZD6738 combines
with conformal radiation to potentiate CD8" T cell activity in the
tumor microenvironment in a syngeneic and a genetically engi-
neered mouse model of cancer.

Results

AZD6738 plus radiation generates a CD8* T cell-dependent response
in a syngeneic model of colorectal carcinoma. Kras®>® CT26 mouse
colorectal tumors grown on the flanks of BALB/c mice were
treated with the ATR kinase inhibitor AZD6738 (75 mg/kg) on
days 1-3 and 2 Gy conformal radiation on days 1-2 (Figure 1A)
(39). AZD6738 was administered approximately 40 minutes
before radiation on days 1-2, and pharmacokinetic analysis con-
firmed distribution of AZD 6738 in the plasma, lungs, and tumors
of CT26 tumor-bearing mice (Supplemental Figure 1, A and B;
supplemental material available online with this article; https://
doi.org/10.1172/JCI96519DS1).

=4 AZD6738 + IR complete responders, 5 naive controls.

Following treatment with vehicle or AZD6738, the designated
tumor volume endpoint was reached by day 15, and AZD6738 alone
had no impact on tumor growth (Figure 1, B and C). At day 15, radi-
ation alone resulted in 47.6% mean tumor growth inhibition (TGI)
relative to vehicle control (mean change in tumor volume from day
1+ SEM: 362.9 + 64.7 mm? radiation vs. 693.1 + 85.4 mm? vehicle,
P =0.029), while AZD6738 plus radiation resulted in 78.0% TGI
relative to vehicle control (152.4 + 36.1 mm? AZD6738 plus radia-
tion vs. vehicle, P = 0.0001). AZD6738 plus radiation resulted in
58.0% TGI relative to radiation alone at day 15, but this difference
did not reach statistical significance (P = 0.13). By day 20, when the
radiation-alone arm reached the experimental endpoint, AZD6738
plus radiation significantly inhibited tumor growth relative to radi-
ation alone (65.0% TGI, 260.0 +77.3 mm?® AZD6738 plus radiation
vs. 743.4 + 132.5 mm?® radiation, P = 0.0036) (Figure 1B). Since the
AZD6738 plus radiation arm had not reached the endpoint at day
20, and we noted regression of several tumors at this time point, we
monitored tumor growth for an additional 6 or 8 days. Two of four-
teen mice exhibited complete responses to AZD6738 plus radiation
in this time frame (Figure 1C).

Given that the delayed impact of AZD6738 on radiation is sim-
ilar to the delayed impact of anti-PD-L1 antibody on radiation (9,
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Figure 2. CD8* T cells are required for maximal efficacy of AZD6738 plus radiation in CT26 tumors. (A-D) Response of CT26 over time to treatment with
AZD6738, IR, or the combination of AZD6738 plus IR in CD8-depleted BALB/c (A and B) and athymic nude (C and D) mice. Dose and time of administra-
tion of AZD6738 were the same as in Figure 1. (A and B) Response in CD-depleted BALB/c mice, with 250 pg anti-CD8 antibody («CD8) administered on
days 1-2. Data represent individual tumor volumes (A) or mean tumor volumes + SEM (B) from 2 independent experiments. n per arm (mice) = 9 vehicle,
8 AZD6738, 8 IR, 10 AZD6738 + IR. ***P < 0.001, ANOVA with Holm-Sidak multiple-comparisons test comparing change in tumor volume from day 1to
day 15 for AZD6738 + IR vs. AZD6738 and AZD6738 + IR vs. IR. Statistical significance not shown for other comparisons/time points. (C and D) Response
in athymic nude mice. Data represent individual tumor volumes (C) or mean tumor volumes + SEM (D) from 1 experiment. n per arm (mice) = 7 vehicle,

7 AZD6738, 8 IR, 8 AZD6738 + IR. Unpaired, 2-tailed t test comparing change in tumor volume from day 1to day 14 for AZD6738 + IR vs. IR. Statistical

significance not shown for other time points.

19, 22), and that AZD6738 does not radiosensitize CT26 cells in
vitro (Supplemental Figure 2), we hypothesized that the improved
efficacy of AZD6738 plus radiation is mediated by the immune
system. To test this, we first assessed whether AZD6738 plus
radiation treatment resulted in protection of complete responder
mice against CT26 tumor rechallenge. We collected complete
responder mice over the course of several independent treatments
with AZD6738 plus radiation (initial treatment responses shown
in Figure 1D). We rechallenged these mice with CT26 cells in the
contralateral flank following a tumor-free period of 37-92 days.
All complete responder mice rejected CT26 tumors upon rechal-
lenge, while previously tumor-naive BALB/c mice exhibited nor-
mal tumor growth (Figure 1E). Therefore, AZD6738 plus radiation
promotes immunologic memory in complete responder mice.
PD-1/PD-L1 blockade potentiates radiation in a CD8" T cell-
dependent manner in the CT26 model (19). To determine whether

jci.org  Volume128 Number3  September 2018

improved antitumor responses and immunologic memory follow-
ing treatment with AZD6738 plus radiation are mediated by CD8*
T cells, we depleted cytotoxic T cells using anti-CD8 antibody.
Pilot studies with 2 different dosing schedules of anti-CD8 anti-
body revealed that depletion of CD8* T cells significantly accel-
erates growth of CT26 tumors (Supplemental Figure 3, A-D). As
this confounds comparisons of treatments in nondepleted versus
CD8-depleted mice, we evaluated responses across treatments
in CD8-depleted mice. Tumors in vehicle control mice reached
the experimental endpoint by day 12, at which time radiation
alone resulted in 33.7% TGI relative to vehicle (675.0 * 56.6 mm?
radiation vs. 1,018.0 * 41.7 mm?® vehicle, P = 0.0024) (Figure 2, A
and B). AZD6738 plus radiation resulted in 54.8% TGI relative to
vehicle (460.4 +28.7 mm?® AZD6738 plus radiation vs. vehicle, P <
0.0001) and 42.5% TGI relative to AZD6738 alone (42.5% TGI,
vs.801.1+109.5mm? AZD6738, P=0.0024). AZD6738 plus radia-
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Figure 3. AZD6738 attenuates radiation-induced PD-L1 expression in CT26 tumors. (A) Schematic showing schedules of IR, AZD6738, and time points for
tumor PD-L1 expression analyses. Dose and time of administration of AZD6738 were the same as in Figure 1. (B) Representative histograms of PD-L1expres-
sion on CT26 tumor cells at day 5 for the designated treatments and isotype control, and corresponding quantitation of the fold change in PD-L1 median flu-
orescence intensity (MFI) relative to the average MFI of vehicle controls (within a given experiment). Data from 4 independent experiments (3 for AZD6738),
each with 1-4 mice per arm. n = 10 vehicle, 7 AZD6738, 9 IR, 8 AZD6738 + IR. (€) Quantitation of fold change in PD-L1 MFI following treatment in vitro with
AZD6738 (300 nM), 6 Gy IR, AZD6738 plus IR, or DMSO control. Data represent 6 independent biological replicates. (D) Quantitation of the percentage of
tumor-infiltrating CD8* T cells expressing IFN-y or IFN-y and TNF-a following stimulation with PMA/ionomycin at day 5. Data from 3 independent experi-
ments (1 for AZD6738), each with 1-3 mice per arm. n = 6 vehicle, 3 AZD6738, 5 IR, 5 AZD6738 + IR. (B-D) Mean and SD bars shown. *P < 0.05, **P < 0.01,
**¥*P < 0.0001, ANOVA with Tukey’s multiple-comparisons test. Brackets not shown for comparisons that were not statistically significant.

tion resulted in 31.8% TGl relative to radiation alone at day 12, but
this difference did not reach statistical significance (P = 0.058).
By day 15, at which time all remaining treatment arms reached
the experimental endpoint, AZD6738 plus radiation significantly
inhibited tumor growth relative to AZD6738 alone (39.9% TGI,
869.7 £ 59.6 mm?® AZD6738 plus radiation vs. 1,519.0 * 175.6 mm?®
AZD6738, P = 0.0009). While AZD6738 plus radiation resulted
in 23.9% TGI relative to radiation alone at day 15, this difference
only trended toward, but did not reach, statistical significance
(P=0.054) (Figure 2B).

We also evaluated treatment responses in CT26 tumor-
bearing athymic nude mice, which are deficient in all mature T
lymphocytes. We observed even greater accelerated CT26 tumor
growth in nude mice, as vehicle- and AZD6738-treated tumors
reached the experimental endpoint by day 11 (Figure 2, C and D).
At this time, only AZD6738 plus radiation resulted in statistically
significant TGI relative to vehicle control (39.8% TGI, 627.7 + 65.1
mm?® AZD6738 plus radiation vs. 1,043.0 + 97.0 mm? vehicle, P =
0.017). AZD6738 plus radiation resulted in 21.9% TGI relative to
radiation alone, but this difference did not reach statistical signif-
icance (P = 0.49). By day 14, AZD6738 plus radiation resulted in

19.5% TGl relative to radiation alone, but again, the difference did
not reach statistical significance (0.23) (Figure 2D).

AZDG6738 attenuates radiation-induced PD-L1 expression in
CT26 tumors. Radiation induces PD-L1 expression on tumor
cells in vivo, and PD-1/PD-L1 blockade synergizes with radi-
ation in some syngeneic models and GEMMs of cancer (9, 19,
22). We examined tumor PD-L1 expression by flow cytometry at
days 5 and 9 following treatment with AZD6738 on days 1-3 and
2 Gy radiation on days 1-2 (Figure 3A and Supplemental Figure
4, A and B). At day 5, radiation increased PD-L1 on CD45" cells
in vivo 2.30-fold * 0.76-fold (mean fold change in PD-L1 medi-
an fluorescence intensity [MFI] + SD) compared with vehicle
controls (P < 0.0001). AZD6738 attenuated radiation-induced
PD-L1 (1.05-fold * 0.31-fold increase AZD6738 plus radiation vs.
2.30-fold * 0.76-fold radiation, P < 0.0001) (Figure 3B). By day 9,
radiation-induced tumor PD-L1 returned to near vehicle control
levels (1.36-fold + 0.21-fold change radiationvs. 1.0-fold + 0.19-fold
vehicle), while tumor PD-L1 in AZD6738 plus radiation mice was
elevated (1.81-fold *+ 0.30-fold increase AZD6738 plus radiation
vs. vehicle, P = 0.0002, or AZD6738 plus radiation vs. radiation,
P=0.027) (Supplemental Figure 4C).
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Figure 4. AZD6738 impacts T cell infiltration in CT26 tumors following radiation. (A) Schematic showing schedules of IR and AZD6738 treatments and
time points for tumor-infiltrating lymphocyte (TIL) analyses. Dose and time of administration of AZD6738 were the same as in Figure 1. (B) Quantitation
of the number of TIL CD8" cells per 10 cells stained at days 5, 9, and 12. (C) Quantitation of the number of TIL Tregs per 10 cells stained at days 5 and 9.
(D) CD8*/Treg ratios at days 5, 9, and 12. (B-D) Data from 3 independent experiments per time point, each with 1-3 mice per arm. n at day 5 = 7 per arm;
n at day 9 = 6 vehicle, 4 AZD6738, 7 IR, 7 AZD6738 + IR; n at day 12 = 6 per arm (7 IR). Mean and SD bars shown. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, ANOVA with Tukey’s multiple-comparisons test. Brackets not shown for comparisons that were not statistically significant.

DNA double-strand breaks induce PD-L1 expression in
human cancer cells in vitro (40). Consistent with this report, radi-
ation increased cell surface expression of PD-L1 on murine CT26
cells in vitro (1.63-fold * 0.14-fold increase radiation vs. DMSO
control, P < 0.0001), and this increase was attenuated by 300 nM
AZD6738 (1.17-fold * 0.16-fold increase AZD6738 plus radiation
vs. radiation, P < 0.0001), indicating that the impact of AZD6738
on radiation-induced PD-L1 expression is, at least in part, cell
intrinsic (Figure 3C).

Radiation-induced PD-L1 expression in CT26 cells in vivo
has been attributed to CD8* T cell-secreted IFN-y (19). We exam-
ined the competency of tumor-infiltrating T cells to elicit IFN-y,
TNF-a, and IL-2 following stimulation with phorbol 12-myristate
13-acetate (PMA) and ionomycin at day 5. Compared with radi-
ation alone, AZD6738 plus radiation reduced the percentage
of CD8* T cells that produced only IFN-y following stimulation
(4.5% +2.9% AZD6738 plus radiation vs. 13.2% * 6.4% radiation,
P=0.028) (Figure 3D). In addition, radiation alone increased the
percentage of all IFN-y-competent (IFN-y* and IFN-y*'TNF-a")
CD8* T cells at day 5 relative to all other treatment arms (27.1% +
11.8% radiation vs.13.1% * 4.3% vehicle, P=0.026;vs.9.3% +3.7%
AZD6738, P = 0.019; vs. 10.0% + 5.0% AZD6738 plus radiation,
P =0.009) (Figure 3D). In contrast, we observed no significant
differences among treatment groups in the IFN-y competency
of CD4* effector (CD4* Eff) T cells (Supplemental Figure 5A).

jci.org  Volume128 Number3  September 2018

Radiation also increased IL-2 production by infiltrating CD8* T
cells in comparison with unirradiated controls (1.84-fold * 0.34-
fold increase radiation vs. 1.26-fold * 0.33-fold vehicle, P= 0.039;
vs. 0.99-fold + 0.14-fold AZD6738, P = 0.01), but the difference
between radiation and AZD6738 plus radiation did not reach
statistical significance (Supplemental Figure 5B). No significant
differences in IL-2 production by CD4" Eff T cells were observed.

Collectively, our data suggest that AZD6738 attenuates both
cell-intrinsic PD-L1 upregulation and IFN-y-driven upregula-
tion of PD-L1 following radiation. To test whether attenuation of
radiation-induced PD-L1 expression by AZD6738 directly con-
tributes to the response of CT26 tumors to AZD6738 plus radi-
ation, we generated PD-L1-knockout CT26 cells using CRISPR
(Supplemental Figure 6A). In line with published literature (41),
these cells were poorly tumorigenic in vivo, negating the possibil-
ity of experimentation, but reaffirming the importance of PD-L1/
PD-1-mediated T cell suppression for the growth of syngeneic
tumors (Supplemental Figure 6B).

AZDG6738 impacts T cell infiltration in CT26 tumors follow-
ing radiation. We enumerated CT26 tumor-infiltrating T cells at
days 5, 9, and 12 following treatment with AZD6738 on days 1-3
and 2 Gy radiation on days 1-2 (Figure 4A). Radiation alone did
not impact the numbers of infiltrating CD8* or CD4" Eff T cells
compared with vehicle control (Figure 4B and Supplemental Fig-
ure 7A). AZD6738 alone and AZD6738 plus radiation reduced
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Figure 5. AZD6738 impacts proliferating splenic and tumor-infiltrating T cells in CT26 tumor-bearing mice. (A) Quantitation of the percentages of pro-
liferating (Ki67*) splenic and tumor-infiltrating (TIL) CD8* T cells at days 5, 9, and 12. (B) Representative contour plots depicting Ki67* expression on splenic
and TIL CD8* T cells for the designated treatment groups at day 12. (C) Representative contour plots depicting Ki67* expression on splenic and TIL Tregs for
the designated treatment groups at day 5. (D) Quantitation of the percentages of proliferating (Ki67*) splenic and TIL Tregs at days 5 and 9. (B and D) Data
from 3 independent experiments per time point, each with 1-3 mice per arm. n at day 5 = 7 per arm; n at day 9 = 6 vehicle, 4 AZD6738, 7 IR, 7 AZD6738 + IR;
n at day 12 = 6 per arm (7 IR). Mean and SD bars shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA with Tukey's multiple-comparisons test.

Brackets not shown for comparisons that were not statistically significant.

infiltrating CD8* T cells at day 5 compared with radiation alone
(126.0 * 17.7 cells AZD6738 vs. 195.3 + 50.3 cells radiation, P =
0.035;105.6 + 29.5 cells AZD6738 plus radiation vs. radiation, P =
0.0047). At day 9, CD8" T cell infiltration was reduced in tumors
treated with AZD6738 compared with radiation alone (120.3 *
38.8 cells AZD6738 vs. 310.9 * 135.7 cells radiation, P = 0.022),
while infiltration in tumors treated with AZD6738 plus radiation
was not different from that in radiation- or vehicle-treated tumors.
At day 12, AZD6738 plus radiation increased CD8* T cell infiltra-
tion compared with vehicle and AZD6738 alone (262.2+158.7 cells
AZD6738 plus radiation vs. 59.3 £ 27.1 cells vehicle, P= 0.0067; vs.

75.2 £ 29.2 cells AZD6738, P = 0.013) (Figure 4B). AZD6738 plus
radiation led to reduced CD4* Eff infiltration at days 5 and 9, but
no differences were observed at day 12 (Supplemental Figure 7A).

Striking reductions in infiltrating Tregs were observed at day 5
in tumors treated with AZD6738 or AZD6738 plus radiation (11.2
+ 2.6 cells AZD6738 vs. 21.1 * 6.2 cells vehicle, P = 0.001; and vs.
19.4 +5.0 cells radiation, P = 0.0067; 7.0 £ 0.7 cells AZD6738 plus
radiation vs. vehicle, P < 0.0001, and vs. radiation, P < 0.0001).
At day 9, both radiation-treated tumors and tumors treated with
AZD6738 plus radiation exhibited reduced Treg infiltration com-
pared with vehicle-treated tumors (9.2 * 4.1 cells radiation vs. 14.8
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Figure 6. AZD6738 impacts CD8* T cell activation in CT26 tumor-bearing mice. (A) Representative contour plots depicting CD62L and CD44 expression
on spleen and tumor-infiltrating (TIL) CD8* T cells for the designated treatment groups at day 5. (B) Quantitation of the percentage of splenic CD8* T cells
with naive (T, CD62L"CD44"), central memory (T,,,, CD62L"CD44"), or effector memory (T,,,, CD62L°CD44") phenotypes at day 5. (C) Quantitation of the
percentage of TIL CD8* T cells with T, or T, phenotypes at days 5 and 9. (D) Quantitation of the percentage of tumor-infiltrating (TIL) CD8" T cells that
express PD-1at days 5 and 9. (B-D) Data from 3 independent experiments per time point, each with 1-3 mice per arm. n at day 5 =7 perarm; nat day9=6
vehicle, 4 AZD6738, 7 IR, 7 AZD6738 + IR. Mean and SD bars shown. *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA with Tukey’s multiple-comparisons test.

Brackets not shown for comparisons that were not statistically significant.

+3.2 cells vehicle, P=0.033; 8.2+ 3.2 cells AZD6738 plus radiation
vs. vehicle, P = 0.01) (Figure 4C). No differences in Treg infiltra-
tion were observed at day 12 (Supplemental Figure 7B).

Despite the decrease in infiltrating CD8* T cells, AZD6738
plus radiation led to an elevated CD8/Treg ratio at day 5 (15.1
+ 3.8 AZD6738 plus radiation vs. 8.1 + 4.8 vehicle, P = 0.021)
(Figure 4D). At day 9, both radiation alone and AZD6738 plus
radiation resulted in elevated CD8*/Treg ratios (35.1 * 10.1
radiation vs. 13.7 * 4.5 vehicle, P = 0.0003; 25.6 + 6.6 AZD6738
plus radiation vs. vehicle, P = 0.045) (Figure 4D). At day 12, only
AZD6738 plus radiation resulted in an elevated CD8*/Treg ratio
compared with vehicle control (24.5 * 14.5 AZD6738 plus radi-
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ation vs. 5.7 + 2.9 vehicle, P = 0.0084) (Figure 4D). The CD4*
Eff/Treg ratio was also elevated at day 5 following AZD6738
plus radiation, but no differences were observed at days 9 or 12
(Supplemental Figure 7C).

AZDG6738 impacts proliferating splenic and tumor-infiltrating T
cells in CT26 tumor-bearing mice. We next examined proliferating
(Ki67*) splenic and tumor-infiltrating T cell populations. At day
5, radiation alone increased the percentage of splenic CD8'Ki67*
T cells compared with all other treatments (11.6% * 2.7% radia-
tion vs. 8.9% * 1.4% vehicle, P = 0.042;vs. 7.2% * 1.2% AZD6738,
P =0.0005; vs. 8.4% *+ 1.2% AZD6738 plus radiation, P = 0.012)
(Figure 5A). No differences in tumor-infiltrating CD8*K67* T cells
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Figure 7. AZD6738 attenuates coexpression of CD8* T cell exhaustion markers and promotes CD8* T cell effector function in CT26 tumors following
radiation. (A) Representative contour plots depicting PD-1and LAG-3 expression on splenic and tumor-infiltrating (TIL) CD8* T cells for the designated
treatment groups at day 12. (B) Quantitation of the percentage of TIL CD8* T cells that coexpress PD-1and LAG-3 or PD-1and Tim-3 at day 12. Data from 3
independent experiments per time point, each with 1-3 mice per arm. n at day 12 = 6 per arm (7 IR). (C) Representative contour plots depicting IFN-y and
TNF-a expression by splenic and tumor-infiltrating (TIL) CD8* T cells for the designated treatment groups following stimulation with PMA/ionomycin at
day 12. (D) Quantitation of the percentage of TIL CD8* T cells that elicit IFN-y or IFN-y and TNF-a following stimulation with PMA and ionomycin at days 9
and 12. Day 9 data from 1 experiment with the IR/AZD6738 + IR arms and vehicle/AZD6738 arms staggered and harvested/stained on separate days. n at
day 9 = 5 per arm (4 IR). Day 12 data from 3 independent experiments, each with 1-3 mice per arm, with harvesting/staining for all arms performed on the
same day within a given experiment. n at day 12 = 5 vehicle, 6 AZD6738, 6 IR, 7 AZD6738 + IR. (B and D) Mean and SD bars shown. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ANOVA with Tukey’s multiple-comparisons test. Brackets not shown for comparisons that were not statistically significant.

were observed at this time point. At day 9, compared with vehicle
control, AZD6738 plus radiation increased the percentages of both
splenic and tumor-infiltrating CD8'Ki67* T cells (spleen: 22.9% *
5.4% AZD6738 plus radiation vs. 11.5% * 3.5% vehicle, P= 0.0095;
tumor: 80.5% * 6.9% AZD6738 plus radiation vs. 68.6% * 7.6%
vehicle, P = 0.03) (Figure 5A). At day 12, splenic CD8"Ki67* T cells
were increased following AZD6738 plus radiation compared with
all other treatments (18.5% * 4.9% AZD6738 plus radiation vs.
8.6% * 1.2% vehicle, P = 0.0001; vs. 10.1% * 3.3% AZD6738, P =
0.0008; vs. 11.8% * 2.2% radiation, P = 0.0053) (Figure 5, A and

B). At this time point, tumor-infiltrating CD8*Ki67* T cells were
reduced in radiation-alone-treated mice compared with mice
treated with AZD6738 or AZD 6738 plus radiation (63.3% +10.9%
radiation vs. 77.9% + 5.2% AZD6738, P = 0.014;vs. 77.9% *+ 2.6 %
AZD6738 plus radiation, P = 0.014) (Figure 5, A and B).

AZD6738 alone and AZD6738 plus radiation reduced the
percentage of splenic Ki67* Tregs at day 5 (spleen: 8.9% * 1.5%
AZD6738 vs. 21.2% + 2.3% vehicle, P = 0.0001; and vs. 24.7% +
6.4% radiation, P < 0.0001; 12.4% * 5.5% AZD6738 plus radia-
tion vs. vehicle, P = 0.0051; and vs. radiation, P = 0.0001) (Figure
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t test. (G) *P < 0.05, ANOVA with Tukey’s multiple-comparisons test. Brackets not shown for comparisons that were not statistically significant.

5, C and D). Similar effects of AZD6738 alone and AZD6738 plus
radiation on tumor-infiltrating Ki67* Tregs were observed at day 5
(14.1% +2.7% AZD6738 vs. 40.3% + 2.7% vehicle, P < 0.0001; and
vs. 40.3% * 4.5% radiation, P < 0.0001; 15.2% + 3.9% AZD6738
plus radiation vs. vehicle, P < 0.0001; and vs. radiation, P <
0.0001) (Figure 5, C and D). The reverse was observed at day 9,
with a greater percentage of tumor-infiltrating Ki67* Tregs follow-
ing treatment with AZD6738 or AZD6738 plus radiation (65.3%
jci.org  Volume 128

Number9  September 2018

+ 4.6% AZD6738 vs. 45.8% * 6.7% vehicle, P = 0.0004; and vs.
44.6% * 6.3% radiation, P=0.0002; 67.1% * 6.2% AZD6738 plus
radiation vs. vehicle, P < 0.0001; and vs. radiation, P < 0.0001)
(Figure 5D). Differences in splenic Ki67* Tregs at day 9 were not
statistically significant, and no differences in splenic or tumor-
infiltrating Ki67* Tregs were observed at day 12 (Figure 5D and
Supplemental Figure 8A). Splenic and tumor-infiltrating Ki67*
CD4" Eff T cells exhibited similar trends to Tregs in response to
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AZD6738 alone and AZD6738 plus radiation at each time point,
although with reduced magnitude, with the exception that mice
treated with AZD6738 plus radiation exhibited an increase in
splenic Ki67* CD4* Eff T cells at day 9 similar to that observed in
splenic CD8" T cells at this time point (Supplemental Figure 8B).

AZD6738 impacts CD8* T cell activation in CT26 tumor-bearing
mice. We determined the activation and memory status of splenic
and CT26 tumor-infiltrating CD8" and CD4" Eff T cells. At day 5,
AZD6738 alone and AZD6738 plus radiation increased the per-
centage of splenic CD8" naive T (T,) cells compared with vehicle
and radiation alone (67.1% * 5.0% AZD6738 vs. 60.1% * 3.5%
vehicle, P = 0.011; and vs. 60.9% * 3.5% radiation, P = 0.029;
66.8% *+ 3.1% AZD6738 plus radiation vs. vehicle, P = 0.015; and
vs. radiation, P = 0.041) (Figure 6, A and B). In addition, AZD6738
alone and AZD6738 plus radiation reduced the percentage of
splenic CD8" effector/effector memory T (T, ) cells at this time point
(5.9% *+1.0% AZD6738 vs. 8.7% * 1.1% vehicle, P = 0.0031;5.5% *
1.1% AZD6738 plus radiation vs. vehicle, P= 0.0008; and vs. 7.8% *
1.9% radiation, P = 0.021) (Figure 6, A and B). No significant differ-
ences in splenic CD8* central memory T (T, ) cells were observed at
day 5. AZD6738 plus radiation resulted in an increased percentage of
tumor-infiltrating CD8" T, , but not T, , cells compared with vehi-
cle and AZD6738 alone at day 5 (8.0% + 1.5% AZD6738 plus radia-
tion T, vs. 4.0% * 1.9% vehicle T, P = 0.0038; vs. 5.0% * 1.7%
AZD6738 T, P=0.04) (Figure 6, A and C).

At day 9, the percentage of tumor-infiltrating CD8" T, cells
was reduced following radiation alone relative to AZD6738 plus
radiation (1.4% * 0.6% radiation T, vs. 4.4% * 2.1% AZD6738
plus radiation T, P=0.0027) (Figure 6C and Supplemental Fig-
ure 9A). Radiation resulted in a small but statistically significant
reduction in the percentage of tumor-infiltrating CD8" T, cells
compared with vehicle and AZD6738 plus radiation (82.5% =*
3.0% radiation T, vs. 89.5% % 2.2% vehicle, P=0.0022;vs. 87.6%
+2.7% AZD6738 plus radiation T,,, P = 0.021) (Figure 6C and
Supplemental Figure 9A). However, this reduction in the percent-
age of tumor-infiltrating CD8" T, cells with radiation was associ-
ated with reduced CD44 fluorescence intensity and an increased
percentage of CD8* T cells with a CD62LP°CD44" expression phe-
notype (Supplemental Figure 9, B and C). By day 12, the tumor-
infiltrating CD8* T cells from mice treated with radiation alone
and with AZD6738 plus radiation were predominantly of the T,
phenotype, and no differences were observed between these 2
treatment groups (Supplemental Figure 9D). No differences in
splenic CD8" T, T, or T, cells were observed at day 9, while
AZD6738 plus radiation led to reduced splenic T cells and
increased splenic CD8" T, cells at day 12 (Supplemental Figure
9E). No significant differences in activation or memory status
of splenic or tumor-infiltrating CD4" Eff T cells were observed
among treatments at any time point (Supplemental Figure 10,
A and B).

Expression of the inhibitory immune checkpoint receptor
PD-1on T cells is induced upon T cell receptor (TCR) ligation,
and PD-1 expression marks the activation of antigen-specific
T cells (42, 43). We examined expression of PD-1 on tumor-
infiltrating CD8* and CD4" Eff T cells. At day 5, both AZD6738
alone and AZD6738 plus radiation reduced the percentage of
tumor-infiltrating CD8'PD-1* T cells compared with vehicle
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control (9.8% * 4.8% AZD6738 vs. 44.8% * 21.3% vehicle,
P = 0.0016; and 13.6% * 9.9% AZD6738 plus radiation vs.
vehicle, P = 0.005) (Figure 6D). At day 9, radiation alone, but
not AZD6738 plus radiation, resulted in a significant increase
in tumor-infiltrating CD8'PD-1* T cells compared with all
other treatment groups (75.0% * 7.7% radiation vs. 49.4% *
16.6% vehicle, P = 0.022; and vs. 39.4% *+ 13.9% AZD6738,
P = 0.0042; and vs. 41.4% *+ 17.6% AZD6738 plus radiation,
P=0.0016) (Figure 6D).

At day 12, radiation alone and AZD6738 plus radiation result-
ed in an increased percentage of tumor-infiltrating CD8'PD-1* T
cells compared with vehicle control (96.7% * 3.2% AZD6738 plus
radiation vs. 86.6% *+ 8.9% vehicle, P = 0.015; and 96.9% + 2.0%
radiation vs. vehicle, P = 0.01) (Supplemental Figure 11A). How-
ever, CD8" T cells from the tumor-infiltrating lymphocytes (TILs)
of mice treated with AZD 6738 plus radiation exhibited significantly
reduced PD-1 MFI compared with all other treatment groups (Sup-
plemental Figure 11B). We also noted reduced PD-1 MFI at day 9 on
CD8* T cells from mice treated with AZD6738 plus radiation com-
pared with vehicle control (Supplemental Figure 11B).

In contrast, AZD6738 alone and AZD6738 plus radiation did
not reduce the percentage of tumor-infiltrating, PD-1-expressing
CD4*Eff T cells at day 5 or day 9 (Supplemental Figure 11C). At day
12, AZD6738 plus radiation resulted in an increased percentage
of PD-1* CD4" Eff T cells compared with vehicle control (52.1% *
10.6% AZD6738 plus radiation vs. 37.8% + 3.8% vehicle, P= 0.007)
(Supplemental Figure 11C).

AZD6738 attenuates coexpression of CD8" T cell exhaustion
markers in CT26 tumors following radiation. Dysfunctional
exhausted T cells are characterized by the elevated expression of
PD-1, LAG-3, and Tim-3 (44-47). Tumor-infiltrating PD-1- and
LAG-3-coexpressing CD8" T cells were significantly reduced
in mice treated with AZD6738 plus radiation compared with
AZD6738 alone and radiation alone (33.9% *3.9% AZD6738 plus
radiation vs. 47.5% * 4.8% AZD6738, P = 0.021; and vs. 47.7% *
11.8% radiation, P = 0.015) (Figure 7, A and B). In contrast, both
radiation alone and AZD6738 plus radiation increased PD-1- and
Tim-3-coexpressing CD8* T cells compared with vehicle control
(Figure 7B and Supplemental Figure 12A). However, we noted
significantly reduced PD-1 and Tim-3 MFI on tumor-infiltrating
CD8'PD-1"Tim-3* T cells from mice treated with AZD6738 plus
radiation compared with all other groups (Supplemental Fig-
ure 12B). Similarly, we noted significantly reduced PD-1 MFI on
tumor-infiltrating CD8'PD-1'LAG-3* T cells following AZD6738
plus radiation treatment compared with all other treatments
(Supplemental Figure 12C).

In contrast, while a smaller overall proportion of tumor-
infiltrating CD4" Eff T cells coexpressed PD-1and LAG-3 (as com-
pared with tumor-infiltrating CD8" T cells), PD-1'LAG-3* CD4*
Eff T cells were increased in the tumors treated with AZD6738
alone and with AZD6738 plus radiation (7.9% *2.3% AZD6738 vs.
2.5% + 0.7% vehicle, P=0.0001; and vs. 5.1% * 2.1% radiation, P =
0.035;7.1% +1.1% AZD6738 plus radiation vs. vehicle, P= 0.0006)
(Supplemental Figure 12D). Tumor-infiltrating PD-1- and Tim-
3-coexpressing CD4+ Eff T cells were also increased following
treatment with AZD6738 alone or AZD6738 plus radiation com-
pared with treatment with vehicle control (10.4% * 4.1% AZD6738
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vs. 3.9% + 0.7% vehicle, P = 0.029; 16.1% * 5.1% AZD6738 plus
radiation vs. vehicle, P < 0.0001; and vs. 8.9% * 3.6% radiation,
P=0.013) (Supplemental Figure 12B).

AZD6738 promotes CD8" T cell effector function in CT26
tumors following radiation. We determined whether the effects of
AZD6738 plus radiation on CD8* T cell activation and coexpres-
sion of exhaustion markers correlated with increased effector
function at the later time points by examining production of IFN-y,
TNF-0, and IL-2 following stimulation with PMA and ionomy-
cin at days 9 and 12 (Figure 7, C and D, and Supplemental Figure
13A). Both radiation alone and AZD6738 plus radiation increased
the percentage of tumor-infiltrating CD8" T cells that produced
IFN-y alone at day 9, but these differences did not reach statisti-
cal significance (Figure 7D). In contrast, AZD6738 plus radiation
increased the percentage of tumor-infiltrating CD8* T cells that
coproduced both IFN-y and TNF-a (13.2% * 7.2% AZD6738 plus
radiation vs. 1.9% *+ 0.6% vehicle, P = 0.0016; and vs. 3.5% + 1.2%
AZD6738, P = 0.0057; and vs. 5.5% * 1.3% radiation, P = 0.041)
(Figure 7D). In addition, IL-2 production (measured as fold change
in MFI over unstimulated spleen control) was increased following
AZD6738 plus radiation compared with AZD6738 alone or vehicle
control (2.6-fold * 0.7-fold AZD6738 plus radiation vs. 1.6-fold *
0.2-fold AZD6738, P = 0.006; and vs. 1.6-fold + 0.2-fold vehicle,
P = 0.0061) (Supplemental Figure 13A). At day 12, the effects of
AZD6738 plus radiation on CD8* T cell effector function were
more striking. While production of IFN-y alone was increased
among all treatments compared with vehicle control (30.3% *
2.1% AZD6738 plus radiation vs. 9.6% * 3.2% vehicle, P < 0.0001;
26.6% * 4.1% AZD6738 vs. vehicle, P= 0.0004; and 20.8% + 9.8%
radiation, P = 0.019), AZD6738 plus radiation also significantly
increased the percentage of tumor-infiltrating CD8* T cells that
produced IFN-y alone compared with radiation alone (AZD6738
plus radiation vs. radiation, P = 0.03) (Figure 7, C and D). More-
over, while AZD6738 alone and AZD6738 plus radiation increased
coproduction of IFN-y and TNF-o by the tumor-infiltrating CD8*
T cells compared with vehicle control (15.2% * 4.7% AZD6738
vs. 6.7% t 3.9% vehicle, P = 0.024; 18.7% * 3.5% AZD6738 plus
radiation vs. vehicle, P = 0.001), only AZD6738 plus radiation
resulted in increased coproduction of IFN-y and TNF-a compared
with radiation alone (AZD6738 plus radiation vs. 8.8% + 5.5% radi-
ation, P = 0.0038) (Figure 7, C and D). As at day 9, IL-2 production
was increased following AZD6738 plus radiation compared with
vehicle control (2.2-fold * 0.2-fold AZD6738 plus radiation vs. 1.6-
fold + 0.4-fold vehicle, P=0.026) (Supplemental Figure 13A). Taken
together, these data support that treatment with AZD6738 plus
radiation promotes increased CD8* T cell effector function at the
later time points compared with treatment with radiation alone.

In stimulated CD4* Eff T cells, radiation alone and AZD6738
plus radiation both increased coproduction of IFN-y and TNF-a
at day 9 (5.2% * 1.2% radiation vs. 0.9% * 0.2% vehicle, P =
0.037; and 7.7% * 3.9% AZD6738 plus radiation vs. vehicle, P =
0.0007; and AZD6738 plus radiation vs. 1.6% * 0.5% AZD6738,
P = 0.0016) (Supplemental Figure 13B). IL-2 was significantly
increased following only AZD6738 plus radiation compared
with AZD6738 alone and vehicle control (2.6-fold + 0.5-fold
AZD6738 plus radiation vs. 1.9-fold = 0.4-fold AZD6738, P =
0.42; vs. 1.3-fold * 0.2-fold vehicle, P = 0.0004) (Supplemental
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Figure 13, B and C). No significant differences in IFN-y produc-
tion, IFN-y and TNF-a coproduction, or IL-2 production by tumor-
infiltrating CD4* Eff T cells were observed among treatments at
day 12 (Supplemental Figure 13, B and C).

AZD6738 plus radiation genervates a CD8" T cell-dependent
response in a GEMM of lung adenocarcinoma. We evaluated the
impact of AZD6738 on radiation in a GEMM of Kras®'?P/Twist1-
driven, luciferase-expressing lung adenocarcinoma (48). We
treated mice with AZD 6738 (75 mg/kg) approximately 90 minutes
prior to 3 Gy of hemithoracic radiation (IR) on days 3-7 and 10-14
(5 days on, 2 days off, 5 days on) (Figure 8A). The dose and sched-
ule of radiation were selected to mimic a clinically relevant hyper-
fractionated dosing schedule used in the treatment of non-small
cell lung cancer. Micro-CT scans on day O were used to stratify
mice into treatment groups and to quantify response (measured as
the percentage change in tumor volume from day 0) on days 14, 21,
and 35 (Figure 8A and Supplemental Figure 14A).

Radiation treatment groups exhibited mean tumor regression,
while mock radiation treatment groups exhibited mean tumor
growth (Figure 8, B and C, and Supplemental Figure 14, B and C).
At day 14, radiation alone and AZD6738 plus radiation resulted in
similar tumor regression (mean * SD: 32.7% * 12.9% regression
radiation vs. 45.6% * 29.1% regression AZD6738 plus radiation,
P = 0.41) (Supplemental Figure 14C). At day 35, AD6738 resulted
in significantly greater tumor regression than radiation alone
(66.2% * 14.4% regression AZD6738 plus radiation vs. 9.9% *
15.2% regression radiation, P = 0.03) (Figure 8C). While AZD6738
alone reduced tumor growth compared with vehicle control at
day 35 (26.6% *+ 45.7% growth AZD6738 vs. 233.4% * 109.2%
growth vehicle, P < 0.0001), AZD6738 plus radiation resulted in
a significantly greater antitumor response than AZD6738 alone
(P=0.0002) (Figure 8C).

We observed continued tumor regression from the end of
treatment (day 14) until day 35 in mice treated with AZD6738 plus
radiation, while mice treated with radiation alone exhibited tumor
regrowth during this time. As the delayed impact of AZD6738
on radiation is similar to that observed in the syngeneic CT26
model, and is consistent with the delayed impact of anti-PD-L1
therapy on radiation (9, 19, 22), we hypothesized that the response
to AZD6738 plus radiation is CD8* T cell dependent. Depletion of
CD8" T cellsinthe GEMM of lung adenocarcinoma did not abolish
the efficacy of AZD6738 alone or radiation alone (54.3% * 38.8%
growth AZD6738 plus anti-CD8 vs. 232.4% *+ 136.2% growth vehi-
cle plus anti-CD8, P < 0.0001; 11.5% *+ 19.9% regression radiation
plus anti-CD8 vs. growth vehicle plus anti-CD8, P< 0.0001). How-
ever, in CD8-depleted mice, AZD6738 plus radiation provided
no benefit over radiation alone or AZD6738 alone (5.6% + 16.7%
regression AZD6738 plus radiation plus anti-CD8 vs. regression
radiation plus anti-CD8, P = 0.83; and vs. growth AZD6738 plus
anti-CD8, P = 0.084) (Figure 8D). Therefore, AZD6738 plus a
clinically relevant fractionated schedule of radiation induces a
CD8* T cell-dependent antitumor immune response in a GEMM
of Kras®?’/Twist1-driven lung adenocarcinoma.

Asa proofof concept, we sought to demonstrate that AZD 6738
treatment modulates pulmonary-infiltrating lymphocytes (PILs)
in mice bearing Kras®?’/Twist]l lung tumors. During the course
of our work, Herter-Sprie et al. demonstrated synergy of PD-1
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blockade with two 8.5-Gy fractions of targeted radiation in a
GEMM of Kras®?-driven lung adenocarcinoma (22). Therefore,
we treated mice with 8.5-Gy fractions of hemithoracic radiation
(right lung) on days 1-2 and AZD6738 (75 mg/kg) on days 1-3 (Fig-
ure 8E). Because of limitations in available Kras®??/Twist1 tumor-
bearing mice, AZD6738 alone was evaluated only at day 5, and
radiation alone and AZD6738 plus radiation were evaluated only
at day 9. A cohort of untreated control mice was used for compari-
sons with treatment arms at both time points.

At day 5, AZD6738 alone did not result in significant differ-
ences in PIL CD45* immune cells, activated CD8* (CD8*CD44")
T cells, Tregs, or activated CD4* effector (CD4*CD44" Eff) T
cells, compared with untreated control (Supplemental Figure
15, A and B). We also observed no significant differences in the
CD8'CD44'/Treg or CD4'CD44" Eff/Treg ratios among PIL T
cells (Supplemental Figure 15C). However, as observed in the
syngeneic CT26 model, AZD6738 treatment alone resulted in
significant reductions in both the splenic and PIL proliferating
(Ki67*) Treg populations (as a percentage of CD45* immune cells)
in Kras®?’/Twist] tumor-bearing mice (spleen, 0.12% * 0.03%
AZD6738 vs. 0.50% * 0.17% untreated control, P = 0.0013; PIL,
0.26% * 0.10% AZD6738 vs. 1.05% * 0.39% untreated control,
P = 0.0033) (Figure 8F). AZD6738 treatment alone also signifi-
cantly reduced splenic and PIL proliferating CD8*CD44" T cells
(spleen, 0.15% * 0.03% AZD6738 vs. 0.35% * 0.14% untreated
control, P = 0.019; PIL, 0.24% * 0.07% AZD6738 vs. 0.48% +
0.13% untreated control, P = 0.0086) and CD4*CD44" Eff T cells
(spleen, 1.5% + 0.2% AZD6738 vs. 2.4% * 0.7% untreated control,
P =0.03; PIL, 2.5% * 0.4% AZD6738 vs. 4.0% + 1.3% untreated
control, P = 0.04) (Supplemental Figure 15, D and E).

At day 9, neither radiation alone nor AZD6738 plus radiation
resulted in significant differences in PIL CD45" immune cells,
activated CD8* (CD8'CD44") T cells, Tregs, or activated CD4*
effector (CD4*CD44" Eff) T cells, compared with untreated con-
trol (Supplemental Figure 16, A and B). However, AZD6738 plus
radiation increased the percentage of PIL CD4*CD44" Eff T cells
compared with radiation alone (14.6% *1.5% AZD6738 plus radi-
ation vs. 10.9% * 1.7% radiation, P = 0.0097) (Supplemental Fig-
ure 16B). While we observed no significant differences in the PIL
CD8*CD44"*/Treg ratio with either treatment, radiation alone, but
not AZD6738 plus radiation, resulted in a significant decrease in
the CD4*CD44" Eff/Treg ratio compared with untreated control
(3.5 £ 1.3 radiation vs. 6.1 + 1.2 untreated control, P = 0.013) (Sup-
plemental Figure 16C).

We also examined proliferating (Ki67*) T cell populations in
the spleen and PILs at day 9. AZD6738 plus radiation treatment
resulted in a statistically significant increase in splenic, but not
PIL, Ki67* Tregs compared with untreated control (spleen, 0.85%
+ 0.09% AZD6738 plus radiation vs. 0.50% * 0.17% untreated
control, P = 0.0051) (Supplemental Figure 16D). No significant
differences among treatments were observed in splenic or PIL
proliferating CD4*CD44" Eff T cell populations at this time point
(Supplemental Figure 16E). Importantly, treatment with AZD6738
plus radiation led to a significant increase in PIL, but not splenic,
proliferating CD8'CD44* T cells compared with both radiation
alone and untreated control (PIL, 1.03% * 0.37% AZD6738 plus
radiation vs. 0.51% *+ 0.13% radiation vs. vehicle, P=0.029; and vs.
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0.48% * 0.13% untreated control, P = 0.02) (Figure 8G). Lastly, we
examined expression of the inhibitory receptors PD-1, LAG-3, and
Tim-3 on PIL CD8*CD44" T cells. LAG-3 expression was largely
absent from PIL CD8*CD44" T cells, and therefore was not quanti-
tated. AZD6738 plus radiation resulted in a modest but not statis-
tically significant increase in PD-1-expressing CD8*CD44" T cells
(Supplemental Figure 16F). This modest increase is unsurprising
as expression of PD-1, though an inhibitory receptor, also indi-
cates T cell activation (42, 43), and the observed increase in prolif-
erating CD8*CD44'Ki67+ T cells is consistent with an increase in
activated CD8" T cells. Importantly, AZD6738 plus radiation did
not increase PD-1- and Tim-3-coexpressing CD8'CD44* T cells
(Supplemental Figure 16F).

Discussion

The ATR kinase inhibitor AZD6738 combines with conformal
radiation therapy to generate durable, CD8* T cell-dependent anti-
tumor responses in both a syngeneic mouse model and a GEMM
of Kras-mutant cancers. In the syngeneic CT26 model, CD8" T
cell-independent mechanisms likely also contribute to the overall
antitumor response, as we observed a strong trend toward greater
tumor growth inhibition with AZD6738 plus radiation compared
with radiation alone (P = 0.054) in the CD8-depleted mice (Figure
2B). However, our data clearly demonstrate that CD8" T cells are
required for maximal efficacy of AZD6738 plus radiation in CT26
tumors. The antitumor responses in the syngeneic CT26 model
are associated with attenuation of radiation-induced CD8 T cell
exhaustion and potentiation of CD8" T cell activity in the tumor
microenvironment following radiation. Moreover, AZD6738 com-
bines with radiation to generate immunologic memory in com-
plete responder mice in the syngeneic CT26 model. These find-
ings are unexpected and important.

One mechanism through which AZD6738 likely impacts
CD8" T cell-dependent immune responses following radiation is
immune checkpoint disruption. AZD6738 attenuated radiation-
induced PD-L1 expression on CT26 cells at day 5, and this likely
contributes to the augmented CD8" T cell-dependent antitumor
responses that manifest later. AZD6738 attenuated cell-intrin-
sic radiation-induced PD-L1 upregulation on CT26 cells in vitro,
and this is consistent with recently published human cancer cell
line data (40). In addition, AZD6738 transiently reduced IFN-y-
competent CD8* T cells in the tumor microenvironment at day 5,
likely attenuating IFN-y-driven adaptive upregulation of PD-L1
following radiation (8, 9, 19). We noted that AZD6738 treat-
ment led to increased naive and decreased effector/effector
memory splenic CD8" T cells, as well as reduced the percentage
of tumor-infiltrating CD8'PD-1* T cells, at day 5. Collectively,
these data suggest that AZD6738 causes a transient reduction
in activated CD8" T cells, which likely explains the reduction in
tumor-infiltrating, IFN-y-competent CD8* T cells at day 5.

AZD6738 plus radiation led to an increase in proliferating
tumor-infiltrating CD8* T cells in CT26, as well as an increase in
proliferating pulmonary infiltrating CD8* T cells in the GEMM,
at day 9. In CT26, this was followed by increased numbers of
tumor-infiltrating CD8" T cells at day 12. Importantly, AZD6738
suppressed radiation-induced coexpression of T cell exhaustion
markers in CT26 at day 12 and significantly increased IFN-y and
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TNF-a coproduction at days 9 and 12, as well as production of
IFN-y alone at day 12, signifying that AZD6738 plus radiation
promotes an increase in functional tumor-infiltrating CD8* T
cellsatthese later time points. We were unable to evaluate PD-L1
changes in the GEMM. We also did not observe evidence of
radiation-induced T cell exhaustion in the GEMM. This is likely
afunction of the low immunogenicity of GEMMs compared with
syngeneic models, as well as the abbreviated radiation regimen
used for our immune profiling experiments. While it is unclear
whether our mechanistic findings of immune checkpoint dis-
ruption in the syngeneic CT26 model extend to the GEMM, the
CD8*-dependent antitumor responses achieved with AZD6738
combined with a hyperfractionated, clinically relevant radiation
regimen in the GEMM are consistent with the potentiation of
CD8* activity in the tumor microenvironment by AZD6738 fol-
lowing radiation.

CD8* T cell-produced IFN-y is known to drive upregulation of
PD-L1in CT26 tumors (19), and consistent with this, we observed
elevated CT26 tumor PD-L1 expression at day 9 following treat-
ment with AZD6738 plus radiation. This indicates that T cell-
mediated cytokine signaling in the tumor microenvironment can
subsequently drive tumor cell PD-L1 upregulation in the absence
of ATR kinase inhibition, and provides the rationale for the use of
sequential PD-1 blockade after AZD6738 treatment to preserve T
cell function and prevent PD-1/PD-Ll-mediated T cell suppres-
sion. As PD-1 ligation is not required for the development of T
cell exhaustion, the decreased development of exhausted T cells
may be occurring through means independent of the reduction of
tumor PD-L1 expression, further implicating a role for this combi-
nation in immune potentiation (49).

A second mechanism through which AZD6738 likely impacts
CD8" T cell-dependent immune responses is by decreasing
tumor-infiltrating Tregs. At day 5, AZD6738 alone as well as
AZD6738 plus radiation reduced both total and proliferating
Tregs in CT26 tumors, but only modestly reduced total CD8*
T cells while not altering the percentage of proliferating CD8" T
cells. Expectedly, the suppression of Tregs following AZD6738
exposure was transient, and proliferating Tregs were increased at
day 9 in tumors treated with AZD6738 alone and with AZD6738
plus radiation, while Treg numbers increased to levels compa-
rable with those in tumors treated with radiation alone. Despite
this, AZD6738 plus radiation resulted in elevated CD8*/Treg
ratios relative to vehicle control at each time point, accompanied
by increases in total and/or proliferating CD8" T cells at the later
time points. This persistent positive CD8*-to-Treg balance likely
promotes increased activity of infiltrating CD8* T cells in the
tumor microenvironment. Suppression of proliferating Tregs by
AZD6738 also was evident in the spleens of CT26 tumor-bearing
mice and the spleens and pulmonary infiltrate of Kras®'?"/Twist1
tumor-bearing mice, indicating that these effects of AZD6738
are systemic and not specific to the TILs. Our observations are
important as neoadjuvant treatment with AZD6738 may decrease
the number of Tregs in cancer therapy.

It is currently unclear whether AZD6738 impairs the prolifer-
ation of Tregs or selectively kills existing proliferating Tregs. Sim-
ilarly, it is unclear why AZD6738 reduced activated CD8* T cells
at the early time point in the CT26 model. A recent report demon-
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strated that activated CD8" T cells are more susceptible to killing
by WEE1 and Chk1/2 inhibition, although the effects were more
substantial in vitro than in vivo (50). As Chk1 is a direct target of
ATR, it may be that AZD6738 selectively kills recently activated,
and still rapidly dividing, CD8* T cells. Alternatively, AZD6738
may transiently impair activation or clonal expansion of CD8* T
cells by AZD6738. In either case, AZD6738 may effectively delay
the adaptive immune response following radiation, which, in turn,
is associated with improved CD8* T cell activity and antitumor
responses at later time points.

The clinical significance of our findings is high, as 10 clinical
trials of the ATR kinase inhibitor AZD6738 in combination with
either chemotherapy or radiation are currently enrolling patients
(36). These trials were designed to test hypotheses that ATR kinase
inhibitors potentiate DNA-damaging chemotherapy and radiation
(34, 38). While it is currently unknown whether our findings will
extend beyond Kras-mutant cancers, our work raises the exciting
possibility that AZD6738 plus radiation may enhance antitumor
immune responses leading to immunologic memory and lasting
antitumor immunity.

Methods
Supplemental Methods are available online with this article; https://
doi.org/10.1172/JCI96519DS1.

Cell lines and reagents. CT26 cells were purchased from ATCC.
AZD6738 was provided by AstraZeneca and dosed by oral gavage as pre-
viously described (34, 38). Anti-CD8 antibody («CD8, clone YTS 169.4,
BioXCell) was diluted in 1x PBS and administered i.p. (100 pl volume).

Mice and treatments. Female BALB/c and athymic nude mice (6-8
weeks old) were purchased from The Jackson Laboratory and Envigo,
respectively. CT26 cells (5 x 10%) in RPMI were injected s.c. into the
right hind flank or, for tumor rechallenge, into the contralateral (left)
hind flank of complete responder and tumor-naive BALB/c mice.
Treatment was initiated once tumors reached approximately 60-90
mm? (response experiments) or 90-150 mm? (TIL experiments). Mice
received 2 fractions of 2 Gy (6 mV photon energy, 2 cm field) on days
1-2. For CD8 depletion, aCD8 (250 pg) was administered on days 1-2.
Tumors were measured twice weekly with calipers, and volumes cal-
culated as volume = (length x width?) /2. The response endpoint was
designated as the day in which more than 1 tumor within a given treat-
ment group reached 1,000 mm?, and the endpoint day for a given treat-
ment group was retained in repeat experiments. The change in tumor
volume was calculated as (Tf - Ti), where Tf is the final tumor volume
at a given time point and Ti is the tumor volume at day 1. Mean tumor
growth inhibition (TGI) was calculated as TGI = (1 - (mean Tf - mean
Ti)/(mean Cf - mean Ci) x 100, where Tf and Cf represent the final
tumor volumes of treatment and control arms, respectively, and Tiand
Ci represent the initial tumor volumes of treatment and control arms,
respectively. For calculation of TGI for AZD6738 plus radiation versus
radiation alone, radiation alone was treated as the control (Cf and Ci).

Male and female transgenic FVB/N mice with Kras®?°/Twistl
(CCSP-rtTA /tetO-Kras2P / Twist1-tetO -luc)
were generated as previously described (48). Doxycycline (2 mg/ml)

lung adenocarcinoma

drinking water was administered for the duration of the studies. For
CD8 depletion, aCD8 (250 pg) was administered on days 3, 6, 10, and
13.Imaging and irradiation were performed using a Small Animal Radi-
ation Research Platform (SARRP, Xstrahl). All micro-CT images were
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quantified by a board-certified radiation oncologist (Phuoc Tran), and
the percentage tumor volume growth was determined for 1-3 tumors
per mouse (48). For pulmonary-infiltrating lymphocyte (PIL) analy-
ses, Kras®?P/Twist] mice received two 8.5-Gy fractions of hemitho-
racic (right lung) radiation (6 mV photon energy) in a customized field
(Varian Medical Systems Inc.). At day 5 (AZD6738 alone) or day 9 (radi-
ationand AZD6738 plus radiation), mice were euthanized and perfused
with 1x PBS via the left ventricle, and lungs and spleens were harvested.
For irradiated mice, only the irradiated right lung cranial, middle, and
caudal lobes were collected. One group of untreated control mice was
compared with treatment cohorts at both time points.

Tumor PD-L1 and TIL analyses by flow cytometry. Spleens and CT26
tumors or Kras®’/Twist] lungs were harvested into RPMI/10% FBS
at the specified time points. Spleens were mechanically dissociated
between frosted glass slides. Tumors and lungs were injected with 1.5-2
ml digestion solution consisting of 50 ug/ml Liberase DL research grade
(Roche) and 10 U/ml DNase I (Sigma) in RPML. Tissues were incubated
3-5 minutes at room temperature, chopped into small pieces, incubated
in a total volume of 5 ml digestion solution for 15 minutes at 37°C, dis-
sociated between frosted glass slides, and filtered through 70-pm cell
strainers (Corning) to generate single-cell suspensions. Red blood cells
were lysed with 1 ml rbe lysis buffer (150 mM NH,Cl, 10 mM NaHCO,,
0.1 mM EDTA) for 30-40 seconds at room temperature, and lysis was
quenched with 4 ml RPMI. Cell suspensions were counted using a Cel-
lometer Auto T4 (Nexcelom) or Scepter (Millipore) and were seeded
at 1.3 x 10° to 2 x 10° cells (equal density within a given experiment) in
96-well round-bottom plates for staining. For cytokine analyses, cells
were stimulated overnight with PMA (100 ng/ml; Sigma-Aldrich) and
ionomycin (500 ng/ml; Fisher Scientific). GolgiPlug (1:1,000; BD Bio-
sciences) was added to the existing medium, and cells were cultured an
additional 3.5-4 hours before staining. Cells were stained for 15 min-
utes at 4°C in FACS buffer (2% FBS/1x PBS) with antibodies to surface
antigens, stained for 10 minutes at 4°C in 1x PBS with eFluor780 viabil-
ity dye (eBioscience), fixed and permeabilized for 15 minutes at room
temperature in Fixation/Permeabilization reagent (eBioscience), and
stained for 45 minutes at room temperature in 1x Permeabilization Buf-
fer (eBioscience) with antibodies to intracellular proteins. Cells were
washed in FACS buffer before surface staining, viability dye staining,
and fixation, and washed with 1x Permeabilization Buffer before and
after intracellular staining. The following antibodies (clones) were pur-
chased from BioLegend: Ki67 A647 (16A8), Tim-3 PE (RMT3-23), CD8a
PE-Cy7 (53-6.7), CD45 A488 (30-F11), CD44 PerCP-Cy5.5 (IM7), PD-1
BV421 (29F.1A12), CD4 BV510 (GK1.5), IFN-y A647 (XMG1.2), TNF-o
BV421 (MP6-XT22), LAG-3 BV650 (C9B7W), CD45 BV785 (30-F11),
PD-L1 PE (10F.9G2), IgG2b « isotype control (RTK4530). The follow-
ing antibodies (clones) were purchased from BD Biosciences: CD25
PE-CF594 (PC61), TCRpB PE-Cy7 (H57-597), CD8a BB515 (53-6.7),
LAG-3 BV650 (C9B7W), CD62L BV786 (MEL-14), IL-2 PE-Cy7 (JES6-
5H4), CD4 BV650 (GK1.5). Foxp3 A700 (FJK-16s) antibody was pur-
chased from eBioscience. Uncompensated data were collected using
an LSRFortessa cytometer with FACSDiva software (both BD Biosci-
ences). Compensation and analyses were performed using FlowJo
v10 software. OneComp eBeads (eBioscience) were used for single-
color compensation controls for LAG-3, Tim-3, PD-1 (CT26 day 12
and Kras®?"/Twist1), and Foxp3 (CT26 cytokine and Kras®?P/Twist]).
Splenocytes were used for all other compensation controls. Gating strat-
egies are included in the supplementary material (Supplemental Figure
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4A for CT26 tumor PD-L1 expression, Supplemental Figures 17 and 18
for T cell immune profiling and T cell cytokine production, respective-
ly, in CT26 tumor-bearing mice, and Supplemental Figure 19 for T cell
immune profiling in Kras®?®/Twist] lung adenocarcinoma mice). Data
represented as the number per 10* cells stained were calculated by mul-
tiplication of the number of cells stained by the percentage of total events
above threshold (after exclusion of any unstable portions of the run).

Analysis of CT26 PD-L1 expression in vitro. CT26 cells were treated
with AZD6738 (300 nM) or DMSO vehicle (0.25%) immediately before
receiving 6 Gy radiation in a '¥’Cs irradiator at a rate of 327 ¢cGy/min.
Cells were stained for 30 minutes at 4°C with anti-PD-L1 PE (10F.9G2)
or IgG2b « isotype control (RTK4530), both purchased from BioLeg-
end and used at 1:100. Analyses were performed using an Accuri C6
cytometer and CFlow software (both BD Biosciences). Following SSC-A
versus FSC-A gating and doublet exclusion (SSC-H vs. SSC-A), back-
ground-corrected PD-L1 median fluorescence intensity (PD-L1 MFI -
isotype control MFI for each treatment condition) was determined.

Statistics. For CT26 treatment response and CD8 depletion exper-
iments, statistical significance was determined by comparison of the
change in tumor volume (from day 1) at a given time point by ANOVA
with Holm-Siddk multiple-comparisons test (family-wise signifi-
cance 0.05, all pairwise comparisons performed) at time points with
more than 2 groups remaining on study, or by unpaired, 2-tailed # test
(95% confidence level) at time points with only 2 groups remaining.
For CT26 response experiments, statistical significance is graphically
displayed only for comparisons at the final measurement time point.
For Kras®'?’/Twist] lung adenocarcinoma treatment response and
CDS8 depletion experiments, statistical significance was determined
comparing percentage tumor growth (from day O) at a given time
point by ANOVA with Holm-Sidak multiple-comparisons test (family-
wise significance 0.05, all pairwise comparisons performed). For all
CDS8 depletion experiments, only pairwise comparisons among CD8-
depleted treatment groups were performed. For immune profiling
and in vitro experiments, statistical significance was determined by
ANOVA with Tukey’s multiple-comparison tests (95% confidence
level), except for Kras®?"/Twist] T cell immune profiling at day 5
(AZD6738 alone vs. untreated control), which was determined by
unpaired, 2-tailed ¢ test (95% confidence interval). Data are reported
as mean * SD, except for CT26 treatment response data, where
changes in tumor volume from day 1 are reported as mean + SEM. All
statistical analyses were performed in GraphPad Prism 7.

Study approval. Experimental procedures were approved by the
University of Pittsburgh and Johns Hopkins University Animal Care
and Use Committees and performed in accordance with the relevant
guidelines and regulations.
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