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Perturbing DDR signaling enhances cytotoxic
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CAN-2409 is a replication-deficient adenovirus encoding her-
pes simplex virus (HSV) thymidine kinase (tk) currently in
clinical trials for treatment of glioblastoma. The expression
of tk in transduced cancer cells results in conversion of the
pro-drug ganciclovir into a toxic metabolite causing DNA
damage, inducing immunogenic cell death and immune activa-
tion. We hypothesize that CAN-2409 combined with DNA-
damage-response inhibitors could amplify tumor cell death, re-
sulting in an improved response. We investigated the effects of
ATR inhibitor AZD6738 in combination with CAN-2409
in vitro using cytotoxicity, cytokine, and fluorescence-activated
cell sorting (FACS) assays in glioma cell lines and in vivo with
an orthotopic syngeneic murine glioma model. Tumor im-
mune infiltrates were analyzed by cytometry by time of flight
(CyTOF). In vitro, we observed a significant increase in the
DNA-damage marker gH2AX and decreased expression of
PD-L1, pro-tumorigenic cytokines (interleukin-1b [IL-1b],
IL-4), and ligand NKG2D after combination treatment
compared withmonotherapy or control. In vivo, long-term sur-
vival was increased after combination treatment (66.7%)
compared with CAN-2409 (50%) and control. In a tumor re-
challenge, long-term immunity after combination treatment
was not improved. Our results suggest that ATR inhibition
could amplify CAN-2409’s efficacy in glioblastoma through
increased DNA damage while having complex immunological
ramifications, warranting further studies to determine the ideal
conditions for maximized therapeutic benefit.

INTRODUCTION
Glioblastoma (GBM) is the most common malignant primary brain
tumor,1 with a median overall survival of only 14.6 months under
aggressive multimodal treatment including surgery and radiochemo-
therapy.2 Features contributing to therapeutic resistance in GBM
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include infiltrative proliferation and neovascularization, extensive tu-
mor heterogeneity, a low mutational load, and an immunosuppres-
sive microenvironment.3–6 Attempts to overcome these obstacles
include the use of drugs targeting angiogenesis6–9 and EGFR muta-
tions.10,11 Alternating electric fields,12 checkpoint inhibitors,13 neoan-
tigen vaccines,14 and oncolytic viruses15 have been also used. Despite
encouraging results, none of these strategies have proved to be suc-
cessful as single agents, suggesting the need of combination therapies.

CAN-2409 is a suicide-gene system consisting of the herpes simplex
virus thymidine kinase (HSV-tk)-expressing adenovirus CAN-2409
and the pro-drug ganciclovir (GCV). GCV is phosphorylated by
HSV-tk and cellular kinases to GCV triphosphate, which acts as a
nucleoside analog of dGTP. Incorporation of nucleoside analogs
into the actively replicating cells interferes with DNA synthesis
and leads to accumulation of DNA damage, ultimately causing
apoptotic and necrotic cell death.16–22 This effect is delivered in
combination with the immunogenic activity of the adenovirus back-
bone, which induces stimulation of the innate and acquired immune
system, resulting in upregulation of inflammatory cytokines, co-
stimulatory molecules, and recruitment/activation of anti-tumor
effector cells.23,24

In a phase 1 b/2a clinical trial, CAN-2409 treatment in addition to
standard of care (SoC) therapy has been shown to significantly
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prolong overall survival of patients with GBM compared with SoC
alone (CAN-2409 plus SoC 17.1 months versus SoC 13.5 months).25

In this setting, the combination of CAN-2409 with anti-PD-1 led to
increased intratumoral T cell infiltration and a higher percentage of
long-term-surviving animals26 and is currently under investigation
in a phase 1 clinical trial (“Phase I Study of Neoadjuvant CAN-
2409 Plus Immune Checkpoint Inhibitor Combined With Standard
of Care for Newly Diagnosed High-Grade Gliomas,” ClinicalTrials.-
gov: NCT03576612).

DNA-damage response (DDR) signaling is triggered upon occur-
rence of DNA damage. Central upstream regulators of this pathway
are the serine-threonine kinases ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and Rad3-related (ATR). ATM
and ATR are activated by the presence of double-strand beaks
and replication stress and lead to the phosphorylation of the down-
stream targets CHK1 and CHK2. This results in cell-cycle arrest and
enables the repair of DNA lesions before the cells enter mitosis, thus
preventing apoptosis. ATR and ATM inhibitors have been shown to
cross the blood-brain barrier27–29 and are currently under investiga-
tion in several clinical trials as treatment options for numerous can-
cer entities.

As the mode of action of CAN-2409 is mediated by the induction of
DNA damage, we hypothesized that a disruption of DDR signaling
may significantly improve its therapeutic efficacy. In this study, we
investigated the effects of ATR (and ATM) inhibition on the cyto-
toxic and immunogenic components of CAN-2409 both in vitro and
in vivo to determine the significance of this pathway in local gene-
suicide immunotherapies. Our data demonstrated that CAN-2409
induces a DDR response in GBM cells and that co-treatment with
the ATR inhibitor AZD6738 and CAN-2409 leads to synergistic in-
creases in tumor cell death in vitro and improved in vivo survival.
Our data suggest that combination of CAN-2409 with DDR inhibi-
tion should be explored in humans. Further studies are needed to
fully understand the effects of this combination on anti-tumor
immunity.

RESULTS
CAN-2409-induced DNA damage is significantly enhanced by

ATR/ATM inhibition

The ability of CAN-2409 to cause DNA damage has been previously
demonstrated.26 We hypothesized that inhibition of DNA repair
would enhance its tumor-killing effects. To assess this, we measured
the levels of gH2AX, a phosphorylated form of H2AX, indicative of
double-stranded DNA breaks, in the presence of small-molecule se-
lective inhibitors of either the ATM or ATR kinases. CAN-2409
was administered as monotherapy and in combination therapy with
the ATR inhibitor AZD6738 or the ATM inhibitor AZD1390. Com-
bination treatment of CAN-2409 with AZD6738 resulted in signifi-
cantly higher gH2AX levels compared wiht both monotherapies
and untreated control in both the glioma stem cell (GSC)-like line
G9-pCDH (Figure 1A) and an established cell line, U1242 MG (Fig-
ure 1B). For the combination with ATM-inhibitor AZD1390, we
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observed the same dynamics in the GSC lines (Figures S1A and
S1B), while this was not the case for U1242MG cells, where additional
treatment with AZD1390 led to a decrease of gH2AX (Figures S1C
and S1D).

Combination of CAN-2409 and ATR inhibition acts

synergistically in tumor cell killing

Enhanced gH2AX levels after combinatorial treatment with CAN-
2409 and AZD6738 or AZD1390 indicate the potential for increased
tumor cell killing via reinforced and unresolved DNA damage. To
further explore this hypothesis, we performed cell viability assays
with CAN-2409 in combination with AZD6738 or AZD1390.
Combining both CAN-2409 and AZD6738 led to synergistic tumor
cell death in the GSCs and the U1242 MG cells (Figures 1C and
1D) by far exceeding the cytotoxic effect of the monotherapies. This
was not the case for the cells treated with the ATM-inhibitor
AZD1390, where the overall therapeutic effect was far less pro-
nounced, and synergistic activity did not reliably occur across cell
lines (Figures S1C and 1D) for unknown reasons. Considering the su-
perior and consistent results after ATR inhibition, we further
continued our study with the ATR-inhibitor AZD6738. The effect
of the ATR-inhibitor AZD6738 on its downstream target CHK1
was validated by immunoblots that demonstrated a diminished abun-
dance of total and phosphorylated CHK1 after treatment (Figures 1E
and 1F); total CHK1 is probably reduced due to degradation upon
genotoxic stress as demonstrated previously.30 The untreated
U1242_LRP cell line, in contrast to G9_pCDH, already has a high
expression of pCHK1, suggesting elevated basal activation of the
DDR signaling pathway that might account for the differences seen
in the cell lines as outlined above.

Enhancement of efficacy in mouse GBM models by the

combination of CAN-2409 and ATR inhibition

To explore a potential enhancement of CAN-2409 efficacy by addi-
tion of the DNA-damage-repair inhibitor AZD6738 in vivo, we per-
formed a survival study utilizing the immunocompetent syngeneic
GL261 GBM model (Figure 2A). Treatment was started 7 days after
tumor implantation. In the analysis, no difference in median sur-
vival was observed between the control (28.5 days) and the
AZD6738 monotherapy group (29 days); in contrast, both CAN-
2409 and combination treatment resulted in long-term survival
(>125 days) in 50%–66% of the animals. Combination treatment
proved to significantly prolong survival (control versus combination
p = 0.0022) (Figure 2B). Compared with CAN-2409 alone, the com-
bination therapy was more effective: 50% (3/6) of the CAN-2409-
treated animals reached endpoint until day 29, leading to a median
survival of 77 days. 66.7% (4/6) of the animals that were treated
with CAN-2409+AZD6738 were alive when the experiment was
terminated and the curves right censored (day 125 after tumor
cell implantation). Since the survival of >50% of the combination-
treated animals exceeded the experiment termination date, no me-
dian survival for this group can be stated. These results were sup-
ported by our imaging results: the magnetic resonance imaging
(MRI) analysis of all groups in the survival experiment revealed



Figure 1. Increased DNA damage mediates enhanced cytotoxic tumor cell killing after combined treatment with ATRi and CAN-2409

(A and B) B H2AX FACS for the combination of CAN-2409 and ATR inhibitor AZD6738 in G9_pCDH (A) and U1242_LRP (B). H2AX is a surrogate parameter for double-strand

breaks and is significantly enhanced in the combined treatment with CAN-2409 and ATRi compared with control (p < 0.0001 for G9_pCDH and p < 0.0001 for U1242_LRP),

AZD6738 (p < 0.0001 for G9_pCDH and p = 0.0002–0.001 for U1242_LRP), and CAN-2409 (p = 0.0243–0.042 for G9_pCDH and p < 0.0001–p = 0.002 for U1242_LRP),

biological replicates = 2, technical replicates = 3. (C and D) Cell viability assays for the combination of CAN-2409 and ATR inhibitor AZD6738 in G9_pCDH (C) and

U1242_LRP (D) showing synergistic tumor cell killing in the combination treatment compared with CAN-2409 and AZD6738 monotherapy. Synergy calculation was per-

formed with the Chou-Talalay method.31 (E and F) Immunoblots after treatment with CAN-2409 and/or AZD6738. Immunoblots showing protein expression of ATR

downstream target CHK1. AZD6738 attenuates CAN-2409-induced pCHK1 in G9_pCDH (E) and U1242_LRP (F). Total CHK1 is also reduced, possibly due to degradation

upon genotoxic stress.40
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significant progressive tumor growth in both control (3/3) and
AZD6738 (3/3) and slight tumor progression in CAN-2409-treated
(3/3) animals. In contrast, the combination treatment cohort pre-
sented without tumorous lesions in 2/3 imaged animals (Figure 2C).

Long-term-surviving animals were re-challenged with a second
GL261fluc tumor cell implantation into the contralateral hemisphere
without any subsequent therapy with 16- to 18-week-old age-matched
tumor-naïve mice used as controls. While animals treated previously
with CAN-2409 alone exhibited a significantly prolonged survival
compared with untreated controls, we did not observe the same for
combination-treated animals (Figure S2). Animals that underwent
therapy with both CAN-2409 and AZD6738 showed a longer median
survival (56 days) comparedwith control (31 days), but thiswas not sta-
tistically significant.

DDR disruptionmodifies the CAN-2409-induced cytokine profile

Despite gliomas being considered immunologically “cold” tumors,
cytokines play a key role in GBM development and maintenance
and can be classified into pro- and anti-tumorigenic (Figure 3A).
CAN-2409 has been shown to not only initiate tumor cell death but
also induce a T helper type 1 (Th1)-like cytokine profile,23 thereby
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 277
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Figure 2. Treatment with CAN-2409 under

concomitant blockade of the ATR-CHK1 pathway

leads to improved survival in vivo

(A) Experimental setup for in vivo survival study. 100,000

GL261fluc cells were injected stereotactically into the

right hemisphere. 7 days later, CAN-2409/sham was in-

jected into the same location, followed by treatment with

ganciclovir and/or AZD6738 for a total of 7 days. Endpoint

was considered as a weight loss of 20%, onset of

neurological symptoms, or signs of pain and distress.

n = 6 per group. (B) Kaplan-Meier survival curves. No

difference in median survival between untreated control

(28.5 days) and AZD6738 monotherapy (29 days) were

observed, while CAN-2409 treatment resulted in a pro-

longed median survival (77 days) that was enhanced by

AZD6738. More than 50% of the animals that received

combinatorial treatment survived beyond the experiment

termination date (125 days). Combined treatment with

CAN-2409 and AZD6738 significantly prolonged survival

(control versus combination p = 0.0022). Log rank test

was used to determine significance. (C) Prospective MRI

analysis of tumor formation of in vivo survival study. 3

animals per group of the survival study underwent MR imaging 18, 25, and 31 days after tumor implantation. Massive progressive tumor growth was noted in all animals of the

control and AZD6738-treatment cohort. Only slight tumor progression was observed in the CAN-2409 group, while the combination cohort presented possible tumor growth

in one animal only.

Molecular Therapy: Oncolytics
contributing to an anti-tumor immune response. We therefore
investigated the effects of a concomitant ATR inhibition on the
CAN-2409-induced cytokine profile in vitro. Cells were treated with
monotherapies or combination, and after 48 h, the conditionedmedia
were co-cultured with peripheral blood mononuclear cells (PBMCs).
After another incubation period of 72 h, supernatant was harvested
for cytokine analysis (Figure 3B). The pro-tumorigenic cytokines
interleukin 1b (IL-1b; combination versus control p = 0.0043, combi-
nation versus AZD6738 p = 00.0021, combination versus CAN-
2409 p = 0.0061) and IL-4 (combination versus control p = 0.0001,
combination versus AZD6738 p = 0.0002, combination versus
CAN-2409 p = 0.0481) were significantly reduced after combination
treatment compared with untreated control and monotherapies. We
also observed a trend toward diminished expression of the pro-
tumorigenic cytokines IL-6, IL-10, and granulocyte-macrophage col-
ony-stimulating factor (GM-CSF; data not shown). A general
decreasing trend was also observed in the anti-tumorigenic cytokines
interferon gamma (IFN-g), IL-12, and IL-13 (Figure 3C); IL-2 did not
exhibit significant alterations (data not shown). These data suggest
that ATR inhibition could suppress inflammatory cytokines induced
by CAN-2409.

Altered immune cell-tumor cell interaction after combined

treatment with CAN-2409 and ATR inhibition

The immunogenic effects of CAN-2409 are mediated by CD8+

T cells26 and natural killer (NK) cells,31 eventually culminating in
long-term anti-tumor immunity. The NKG2D receptor is expressed
on NK cells and CD8+ T cells; the binding to its ligands MICA/
MICB—which are upregulated on tumor cells as a response to
DNA damage—mediates tumor cell killing.32 After combined
treatment with CAN-2409 and ATR inhibition with AZD6738, the
278 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
expression of MICA/MICB was significantly reduced compared
with control and the monotherapies (Figure 3D).

As shown previously, CAN-2409 leads to an upregulation of PD-L1,26

which mediates T cell exhaustion and thereby therapy resistance. The
efficacy of a combined treatment of CAN-2409 and PD-1 inhibition is
currently being evaluated in a clinical trial (ClinicalTrials.gov:
NCT03576612), therefore characterizing the ATR-induced effects
on the PD-L1 axis was imperative. Targeting the ATR-CHK1
pathway in other cancer models in the context of double-strand break
(DSB)-inducing therapies, however, was shown to attenuate this ef-
fect on PD-L.33 These results could be confirmed in our study, as
DNA damage induced by CAN-2409 combined with ATR-inhibition
led to significantly reduced PD-L1 expression compared with CAN-
2409 monotherapy (Figure 3E). Together, these observations suggest
that ATR influences the immune microenvironment in addition to its
effects on DNA repair. These changes are generally consistent with a
reduction in immune activation in the combination.

ATR inhibition influences abundance and composition of tumor

immune infiltrates

To determine changes of the tumor microenvironment upon disrup-
tion of the ATR-CHK1 pathyway, mass cytometry by time of flight
(CyTOF) of tumor-infiltrating leukocytes (TILs) was performed on
cells extracted from the GL261 tumor-bearing hemispheres of mice
treated with CAN-2409, ATR inhibitor (ATRi), controls, and combi-
nation. Using the PARC clustering algorithm,34 we identified 31 inde-
pendent clusters (Figure 4A) that could be assigned to 8 distinctive
leukocyte populations: CD4+ T cells, CD8+ T cells, double-negative
T cells (DNTs), regulatory T cells (Tregs), NK cells, B cells, neutro-
phils, and macrophages/monocytes (Figure 4B).



Figure 3. Altered cytokine profile and immunostimulatory receptor expression after combination treatment with CAN-2409 and ATRi

(A) Cytokine interplay in theGBMmicroenvironment. Cytokines contribute to the tumormicroenvironment andcanbe characterized into pro- and anti-tumorigenic.Naı̈veCD4+

T cells (blue) can either differentiate into Th2 cells (orange), Th1 cells (green), or Tregs. Th2 cells can produce IL-4, IL-10, IL-6, and IL-1ß, which can foster tumorigenesis, but

also IL-13, which has the opposite effect.53 Th1 triggers production of IFN-g and IL-2, which act anti-tumorigenic. Also, macrophages (pink) and monocytes (red) influence

tumor dynamics depending on the released cytokines. (B) Principle of the immune cell response and cytokine assays. G9_pCDHcells were treatedwith CAN-2409, AZD6738,

or the combination (1), mediumwas changed after 24 h (2), and the cells were incubated for another 48 h. Conditioned supernatant was harvested (3) and further co-cultured

with PBMCs (4). Themediumwas supplementedwithCD3/CD28 activation beads and harvested 72 h later for the cytokine analysis (5), whereas immune cell response assays

receivedCD3/CD28 activation beads 48 h after PBMCseeding, following further incubation time for 72 h before analysis of cell viability. (C) ATR inhibition alters theCAN-2409-

induced cytokine profile. Pro-tumorigenic cytokines IL-1b and IL-4 were significantly reduced after combination treatment compared with untreated control and monothera-

pies.Other pro-tumorigenic cytokines like IL-6, IL-10, andGM-CSFwere also attenuated, aswell as the anti-tumorigenic cytokines IFN-g, IL-12, and IL-13. (D)ReducedMICA/

MICB expression after combined CAN-2409 and ATRi. Flow cytometry data of G9-pCDH and U1242_LRP. Concomitant ATR inhibition with AZD6738 leads to a significant

decrease of MICA/B on both G9_pCDH and U1242_LRP cells. (E) Reduced PD-L1 expression after combined CAN-2409 and ATRi. Flow cytometry data of G9-pCDH and

U1242_LRP showing significant reduction of PD-L1 expression after combinatorial treatment compared with CAN-2409 monotherapy.

www.moleculartherapy.org
We observed significant increases of CD4+ T cells and B cells
as well as a gain of NK cells, Tregs, and DNTs after combined treat-
ment compared with CAN-2409, while the abundance of CD8+

T cells, neutrophils, and macrophages/monocytes was reduced
(Figure 4C).

CD8+ T cells consist of 3 separate subclusters: pC05 (CD86+Ly6c+),
pC19 (CD86+CD39+granzyme B+CD68+Ly6c+CD69+) and pC29
(granzyme B+CD196+VEGFR1+) (Figures 5A, 5B, and S3). Princi-
pally, cluster pC05 is granzyme Blow/Ly6chigh, therefore sharing fea-
tures of central memory T cells (TCMs), while clusters pC19 and
pC29 can be considered more as effector memory cells (TEMs) due
to their high expression of granzyme B (Figure S3). A closer examina-
tion of marker expression (also in accordance with marker expression
in Figure S3) between the subclusters showed reduced expression of
granzyme B as well as the exhaustion markers CD152, PD-1, and
LAG3 after combined treatment over all clusters (Figure 5C). Signif-
icance analysis of microarray (SAM) analysis of the CD8+ T cell pop-
ulation showed significant marker expression changes between treat-
ments for CD45, granzyme B, and CD39, with CD45 and CD39 being
increased in the combination treatment compared with CAN-2409
and a statistically significant reduction of granzyme B in the combi-
nation cohort compared with control or ATRi monotherapy
(Figure 5D).
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 279
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Figure 4. ATRi changes the CAN-2409-associated immune cell composition in vivo

A tSNEmap of CyTOF-identified leukocyte subpopulations of all samples. Plot showing 31 distinct subpopulations of all 16 samples from untreated control, AZD6738, CAN-

2409, and combination animal cohorts. n = 4 per group. (B) tSNE plot of leukocyte populations. CyTOF analysis of all samples showing the distribution and frequency of B

cells, CD4+ T cells, CD8+ T cells, double-negative T cells (DNTs), Tregs, NK cells, macrophages/monocytes, and Neutrophils. (C) Therapy-associated changes in leukocyte

distribution. After combination treatment in relation to CAN-2409, significant increases of CD4+ T cells and B cells as well as a trend toward enhanced NK cells was noted. In

contrast, CD8+ T cells, neutrophils, and macrophages were decreased after CAN-2409 +ATRi.
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CD4+ T cells comprise one cluster only, which is defined as
CD44+CD86+CD73+. After combinatorial treatment, downregulation
of the exhaustion markers PD-1, CD152 (CTLA-4), and LAG3 was
observed. Compared with CAN-2409 monotherapy, combined ATR
inhibition with CAN-2409 is associated with increased expression
of the activation and memory T cell marker CD4435 in combination
280 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
with the simultaneous upregulation of CD69 and the downregulation
of CD62L and CD196, suggesting a shift toward a TEM profile
(Figure 5E).

According to SAM analysis, CD4+ T cells show significant marker
expression changes for CD45, CD38, CD39, and CD152. While the



Figure 5. Combination treatment increases abundance and changes marker expression of CD4+ T cells and B cells

(A) Overlay of T cell clusters on tSNE cell map with focus on CD4+ and CD8+ T cells. CD4+ T cells consist of the two subpopulations pC_06 and pC_14, with the latter being

Tregs, while CD8+ T cells consist of the three subpopulations pC_05, pC_19, and pC_29. (B) Distribution analysis of CD8+ T cell subclusters after treatment. Most abundant

subcluster is pC_05, showing significant changes after combination treatment compared with control (p = 0.0228) and AZD6738 (p = 0.02). (C) Heatmaps for markers of

interest after treatment in CD8+ T cell subclusters. (D) Significantly altered markers in CD8+ T cells. SAM analysis demonstrated significant changes in the expression pattern

of CD39 and granzyme B. Secondary analysis with two-way ANOVA and Dunnett’s multiple comparisons test showed significant changes in expression of granzyme B in

combination compared with control (p = 0.0082) and ATRi monotherapy (p = 0.0001). (E) Heatmap for markers of interest after treatment in CD4+ T cell subclusters.

(F) Significantly altered markers in CD4+ T cells. SAM analysis demonstrated significant changes in the expression pattern of CD38 (combination versus ATRi

p = 0.0264), CD39 (combination versus CAN-2409 p = 0.0421), and CD152 (combination versus control p = 0.0011, combination versus ATRi p = 0.0001, combination

versus CAN-2409 p = 0.0247). (G) Heatmap for markers of interest after treatment in B cell subclusters.
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patterns of CD45, CD38, and CD39 point to increased expression af-
ter combination treatment compared with CAN-2409, the opposite is
observed for CD152 (Figure 5F). A more immunogenic profile,
together with increased CD38 and CD39 might act opposingly, there-
fore no absolute subsumption can be made. These changes indicate
potential dysfunctionality of these cells.
The macrophage population (Figures 6A and 6B) is distributed into
12 subpopulations, among which the clusters pC03 (CD38+CD39+

PD-L1+CD172a+F4/80+CD206+CD86+), pC04 (CD39+PD-L1+Arg-
1+CD86+MHC class II+Ly6 c+), pC07 (CD86+Ly6c+), and pC08
(major histocompatibility complex [MHC] class II+) are considered
the most abundant. After combination treatment with CAN-2409
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 281
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with ATR inhibition, we predominantly observed a reduction of pro-
tumorigenic CD206 and VEGFR1 and an increase of PD-L1, while the
anti-tumorigenic marker CD38 mainly was upregulated and the co-
stimulatorymolecule CD86 reduced (Figure 6C). These changes point
to a less tumorigenic macrophage profile.

Neutrophils clustered into 4 subpopulations, among which pC01 and
pC02 are the most abundant (Figures 6D and 6E) and show differen-
tial marker expression (Figures S2 and 6F). In both subclusters, the
combined treatment with CAN-2409 and AZD6738 is associated
with a reduced expression of CD44, Ly6G, CD172a, F4/80, and
CD62L compared with CAN-2409 monotherapy, while the opposite
was observed for CD196 (Figure 6F).

NK cells comprise one cluster that is defined by elevated expression of
CD45, NK1.1, and Granzyme B (Figures S2 and 6G), with NK1.1 and
granzyme B being downregulated in the combination treatment.
Granzyme B proved to be significantly changed according to SAM
analysis (Figure 6H).

Taken together, the immune cell composition of the tumor microen-
vironment is altered by the combined treatment of CAN-2409 and
ATRi, i.e., an increase of CD4+ T cells, B cells, and NK cells and a
decrease of neutrophils and macrophages, suggesting a more favor-
able immune profile, which is backed by a reduced expression of
exhaustion markers CD152, PD-1, and Lag3 in CD4+ and CD8+
T cells and an overall less pro-tumorigenic macrophage profile
(reduced CD206 and VEGFR1 expression, increased CD38 expres-
sion). However, we also observed an increase in Tregs as well as a
reduction of CD8+ T cells and reduced expression of granzyme B in
NK cells—cells that are crucial for the CAN-2409-mediated effects.
Therefore, the immunogenic alterations caused by the combination
of ATRi and CAN-2409 are complex. After all, the CyTOF data sug-
gest that ATRi blocks, to some extent, the immunostimulatory effects
of CAN-2409 by modulating the immune cell composition and the
functional immune cell status.

DISCUSSION
DDR-signaling disruption—e.g., ATR inhibition—can enhance cyto-
toxic effects of DNA-damage-inducing agents and might thereby
amplify their therapeutic efficiency. On the other hand, DDR
signaling triggers immune activation.36 This study sought to charac-
terize the effect of DDR-signaling disruption with ATR inhibitor
AZD6738 on the efficiency of gene-suicide therapy approaches utiliz-
ing the replication-deficient CAN-2409 with GCV.

CAN-2409 has been shown to significantly prolong survival in pa-
tients with GBM;25 its mode of action includes cytotoxic tumor cell
death by induction of DNA damage and consecutive immunogenic
tumor cell killing by locally recruited and activated immune cells.
AZD6738 (ceralasertib) is a selective ATR inhibitor that is currently
in >30 clinical trials for various malignancies and can be successfully
delivered to the brain,27 therefore making it a promising therapeutic
combination partner for the treatment of GBM.
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In vitro, combined treatment with ATRi and CAN-2409 resulted in
elevated DNA damage, synergistically increased tumor cell killing,
and reduced expression of PD-L1 on tumor cells. Assessment of
immunogenicity revealed complex modifications with significantly
diminished pro-tumorigenic cytokines but also decreased expression
of NK-cell-activating ligand MICA/B. In vivo, CAN-2409, with
concomitant DDR-signaling disruption, proved to significantly pro-
long median survival but did not provide additional survival benefit
in a second tumor-re-challenge experiment. Mass cytometry of
TILs revealed significantly increased abundance of CD4+ T cells
and B cells as well as depleted macrophage and neutrophil
populations.

In our data, we show that DDR-signaling disruption with AZD6738
in combination with CAN-2409 significantly potentiates DNA dam-
age as measured by gH2AX foci and consecutive significant incre-
ments in cytotoxic cell death (Figure 1). This correlates with previous
observations: AZD6738 led to increased tumor cell death in combina-
tion with other DNA-damage-inducing agents like cisplatin,29,37,38

gemcitabine,39 and radiation.40 The combination of CAN-2409 and
AZD6738 successfully prolonged immediate survival in vivo (Fig-
ure 2B) but did not amplify CAN-2409-induced long-term anti-tu-
mor-immunity (2 days), prompting a detailed analysis of immuno-
logical alterations following this treatment regimen.

Cytokine analysis might suggest anti-tumorigenic modifications after
combined treatment with CAN-2409 and ATRi. Both pro-tumori-
genic IL-4 and IL-1b were significantly reduced, and a trend toward
a similar dynamic was seen for IL-6, IL-10, and GM-CSF, suggesting
a fortified anti-glioma response.41–43 On the other hand, we also
observed reduced expression of IFN-g, IL-12, and IL-13, which might
create a less inflammatory microenvironment that could be respon-
sible for the decrease of immune memory as seen in the tumor-re-
challenge experiment. Nevertheless, the corresponding conclusions
have to be treated with caution, as the results gained from in vitro ex-
periments naturally cannot depict the entire complex interactions of
the tumor microenvironment.

Disruption of the ATR-CHK1 signaling cascade under concomitant
DNA-damage-inducing therapies has been shown to alter the tumor
microenvironment by changing proportions of both innate and adap-
tive immune cells. Here, we observed significant increases in T and B
cells, while glioma-propagating neutrophil and macrophage popula-
tions were diminished.

In a model of colorectal cancer and radiation treatment, Vendetti
et al. observed a time-dependent reduction of CD8+ T cells with a
simultaneous increase of the CD8+/Treg ratio and minimized expres-
sion of the exhaustion markers PD-1, LAG-3, and TIM-3.33 Similar
changes on the tumor microenvironment were noted after combina-
torial treatment with AZD6738 and radiation in a hepatocellular tu-
mor model;44 the authors reported that combined treatment resulted
in a higher proportion of CD8+ T cells, while the opposite was
observed for Tregs. Another study investigated the effects of
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combined AZD6738 and radiation in a HPV-induced lung tumor cell
line, which led to an increase of NK cells as well as CD3+ T cells and
Tregs.40 Our data confirm these results as we also noticed a gain of
Tregs, DNTs (CD3+CD4–CD8�), and NK cells (all non-significant).
Other than previously reported, we additionally observed a significant
increment of B cells and CD4+ T cells and a reduced abundance of
CD8+ T cells compared wtih CAN-2409. Previous reports proved
that increased CD4+ T cell proportions in a prostate cancer model af-
ter combined CAN-2409/GCV and radiation45 were associated with
decreased tumor growth. In the context of CAN-2409/GCV-induced
T cell recruitment and activation, B cells were shown to be crucial
mediators.46

Functionally, we observed a predominant shift towards a pro-immu-
nogenic profile in cell populations of both innate and adaptive im-
mune systems after combined treatment. The phenotype of macro-
phages can be classified as pro- and anti-tumorigenic based on
marker expression.47 Here, we observed complex alterations with a
decrease of pro-tumorigenic CD206, arginase-1, and VEGF-R1, while
PD-L1 expression was increased, after combined treatment with
AZD6738. The pro-tumorigenic CD86 was mainly reduced, while
the immunosuppressive CD38 and CD39 were upregulated in the
same condition. Combined CAN-2409 and ATRi also resulted in
an accumulation of NK cells, suggesting enforced immunogenicity;
nevertheless, diminished expression of NK cell activation marker
granzyme B was noticed. In CD4+ T cells, we detected a trend toward
an activated state, including upregulation of CD3848 and downregu-
lation of CD152.49 However, an increase in expression of Treg marker
CD39 was noted,50,51 also corresponding to the observed gain of
Tregs. Concordant to the reports of Vendetti et al.,33 combined treat-
ment with AZD6738 and CAN-2409 was associated with diminished
expression of exhaustion markers PD-1, LAG3, and also CTLA-4
(Figure 5C), underlining either a potential gain in immunogenicity
or reduced activation. Both fluorescence-activated cell sorting
(FACS) and CyTOF data (Figures 3C and 5C) pointed toward a
downregulation of the PD-1/PD-L1 axis after combined treatment
with CAN-2409 and ATR inhibition. Although PD-1/PD-L1
signaling is considered one of the main drivers of T cell exhaustion,
it is relevant for the adequate formation and functioning of CD8+

memory T cells52 and might explain the reduced long-term anti-tu-
mor immunity observed in the in vivo tumor-re-challenge experi-
ment. Also, the changes of and within the CD8+ T cell population
might explain the reduction of inflammation in the tumor microen-
vironment in the combination group. As a limitation, almost all the
animals in the survival study—and at a more distinct manifestation
in the re-challenge experiment—had a triventricular hydrocephalus
that progressed. These alterations might have contributed to the
reduced median survival of combination-treated animals in the
tumor-re-challenge study.

The NKG2D ligands MICA and MICB have been shown to be upre-
gulated upon DNA damage. Although CAN-2409, in combination
with ATR inhibition, leads to an increased DNA damage
(Figures 1A and 1B), we observed reduced levels of MICA and
MICB after this treatment compared with CAN-2409 (Figure 3D).
Friese et al.53 demonstrated that the expression of NKG2D and its
ligand MICA in malignant gliomas is diminished as a result of tumor
growth factor ß (TGF-ß) signaling, which has been shown to be
enhanced by ATM activation as a result of DDR54 and might explain
the observed reduced expression of MICA and MICB, as AZD6738 is
selective for ATR only. The reduced NKG2D levels after combinato-
rial treatment might add to the attenuated in vivo long-term immu-
nity as observed in the in vivo re-challenge experiment.

Taken together, our findings demonstrate that ATR inhibition is a
potent enhancer of CAN-2409 cytotoxic features in vitro and in vivo
and can be a useful therapeutic add on for treatment of GBM. As the
disruption of ATR in context of DSB-inducing immunotherapies has
complex ramifications on composition and function of immune cells,
further studies are required to optimize the therapeutic approach, i.e.,
sequence of therapies, dosage, and combination partners, to fully
exploit the remarkable cytotoxic as well as the immunological anti-
tumor effects.

MATERIALS AND METHODS
Cell culture and reagents

For in vitro experiments, we used the patient-derived GBM stem-like
cell line G9_pCDH,55 as well as the long-term GBM cell line
U1242_LRP. For in vivo studies, murine GBM GL261fluc cells were
used. All cells were cultured at 37�C, 5% CO2, with either Dulbecco’s
modified Eagle’s medium (Life Technologies) containing 10% heat-
inactivated fetal bovine serum, Plasmocin (ant-mpp, Invivogen),
and Primocin (ant-pm1, Invivogen) (i.e., DMEM complete) or with
Neurobasal Medium (Life Technologies) containing B27 (Invitro-
gen), 1% Glutamax (Invitrogen), 20 ng/mL EGF (Peprotech),
20 ng/mL FGF (Peprotech), Primocin (ant-pm1, Invivogen), and
Plasmocin (ant-mpp, Invivogen). Cells were regularly tested for
mycoplasma infection. GCV and the HSV-tk-containing virus
CAN-2409 were provided by Candel Therapeutics (Needham, MA,
USA). CAN-2409 has been described in previous publications.26

For the in vitro experiments, cells were treated with CAN-2409
(multiplicity of infection [MOI] 100), GCV (10 mg/mL), AZD6738,
and AZD1390 (both Selleckchem) at the corresponding half maximal
inhibitory concentration (IC50) for each drug.

Cell viability assays

5,000 tumor cells/well were seeded in complete DMEM. Treatment
with the respective agents or mock was performed at the indicated
concentrations 24 h after seeding. PrestoBlue cell viability reagent
(Invitrogen) was added 96 h after seeding in accordance with the
manufacturer’s instructions, and readout was performed with the
OmegaStar plate reader (BMG Labtech). Each experiment was per-
formed with 2 (consisting of 5 technical replicates) or 3 biological rep-
licates (consisting of 3 technical replicates).

Synergistic or additive treatment effects were assessed in accordance
with previous reports.56–58 In brief, measured cell viability values of
each condition were normalized to the untreated control and thereby
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Figure 6. Combined ATRi and CAN-2409 leads to reduction of macrophages and neutrophils while reducing granzyme B expression in NK cells

(A) Overlay ofmacrophage clusters on tSNE cell map.Macrophages consist of the 12 subpopulations pC_03, pC_04, pC_07, pC_08, pC_09, pC_10, pC_11, pC_15, pC_16,

pC_17, pC_18, and pC_21. (B) Distribution analysis of macrophage subclusters after treatment. Most abundant subcluster is pC_03, showing significant changes after

combination treatment compared with control (p = 0.0035). (C) Heatmap for markers of interest after treatment in macrophage subclusters. (D) Overlay of neutrophil clusters

on tSNE cell map. The neutrophil cluster consists of the 4 subpopulations pC_01, pC_02, pC_30, and pC_31. (E) Distribution analysis of neutrophil subclusters after

treatment. Most abundant subclusters are pC_01 and pC_02, the first showing significant changes after combination treatment compared with ATRi (p = 0.0076) and CAN-

2409 (p = 0.0012). (F) Heatmap formarkers of interest after treatment in neutrophil subclusters. (G) Heatmap for markers of interest after treatment in NK cells. (H) Significantly

altered granzyme B in NK cells. SAM analysis demonstrated significant changes in the expression pattern of granzyme B, with the lowest marker expression after combination

treatment. Secondary statistical analysis with two-way ANOVA and Dunnett’s multiple comparisons test showed significance in the contrast combination versus control

(p = 0.0261).
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converted to percentage values (observed values). Predicted values of
the combinatorial treatments were defined as the arithmetical prod-
uct of the respective monotherapies. To assess synergy in the combi-
nation treatment, observed values of the combinations were
compared with the respective predicted values. A treatment was
determined to be synergistic if the observed value was less than the
predicted value.58
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Flow cytometry (FACS)

1,000,000 G9_pCDH or 500,000 U1242_LRP cells/well were seeded
in complete DMEM in 6-well plates in triplicates and immediately
infected with CAN-2409 MOI 100/well. For all experiments, two bio-
logical replicates or a time course was performed. Treatment with
GCV (10 mg/mL), AZD6738 (IC50), AZD1390 (IC50), or combination
was performed 24 h after seeding. 24 and/or 48 h after treatment, cells
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were harvested, washed, and stained with the corresponding anti-
bodies PD-L1 (Alexa Fluor 647, 750 R&D Systems FAB1561R-025,
5 mL/test) or MICA/MICB (clone 6D4 Alexa Fluor 647, PE/
Cyanine7, Biolegend) and LIVE/DEAD Fixable Violet Dead Cell
Stain Kit (#L34963, Thermo Fisher Scientific) and fixed using 4%
PFA. For intracellular staining with gH2AX(Ser139) (clone 2F3, fluo-
rescein isothiocyanate [FITC], Alexa Fluor 647 Biolegend), cells were
first fixed with 4% PFA followed by antibody staining in permeabili-
zation medium (Thermo Fisher Scientific) for 40 min at room tem-
perature. Flow cytometry was performed with BD Fortessa or BD
Aria, and 10,000 events were counted. Data were analyzed using
FlowJo software (Bio-Rad).

Western blot

G9_pCDH and U1242_LRP cells were seeded and treated under the
same conditions as mentioned above and harvested after 24 or 48 h
of incubation. Treatment with GCV (10 mg/mL), AZD6738 (1 mM),
or combination was performed 24 h after seeding. 24 and/or 48 h after
treatment, cells were harvested. Generation of protein lysates was per-
formed with radioimmunoprecipitation assay (RIPA) lysis and
extraction buffer (Thermo Fisher Scientific) together with Halt Prote-
ase Inhibitor Cocktails (Thermo Fisher Scientific). Protein concentra-
tion was measured with the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Protein segregation with SDS-PAGE was done uti-
lizing 4%–20%Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad)
or 4–20% Criterion� TGX� Gels (Bio-Rad) and 1� Tris/Glycine/
SDS buffer (Bio-Rad), followed by membrane transfer with 1�
Tris/Glycine buffer (Bio-Rad, #1610771) with 20% methanol. The
following primary antibodies (all purchased from Cell Signaling
Technologies) were used: CHK1 (2G1D5, #2360 S), phospho-Chk1
(Ser345) (#2348), and phospho-Chk1 (Ser317) (#2344). As secondary
antibodies, anti-rabbit immunoglobulin G (IgG) HRP-linked anti-
body (#7074 s, Cell Signaling Technologies) and ECL anti-
mouse IgG HRP-linked antibody (#LNA931 V/AH, GE Healthcare)
were used. Alexa Fluor 488-labeled anti-GAPDH served as control
(#sc-365062, Santa Cruz). Analysis was carried out by incubation
with Super Signal West Pico Plus Chemiluminescent Substrate
(#34850, Thermo Fisher Scientific).

Cytokine analysis

200,000 G9_pCDH cells per well were seeded in triplicates and treated
with CAN-2409, GCV, and AZD6738 as indicated. Amedium change
was performed 24 h later. Supernatant media were harvested 48 h
later and co-incubated with 40,000 PBMCs; Dynabeads Human
T-Activator CD3/CD28 beads (Gibco) were added in a 1:1 ratio.
PBMC-conditioned media were harvested 72 h later and stored at
�80�C. Samples were analyzed for their cytokine concentration,
including GM-CSF, IFN-g, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IL-12(p70), IL-13, MCP-1, and TNF-a (HDF13 panel, Eve
Technologies, Calgary, AB, Canada).

In vivo survival studies

For in vivo survival studies, 7- to 8-week-old female albino C57/BL6
mice were purchased from Envigo. After a 2 week settling-in period,
100,000 GL261fluc cells were injected intracranially in 2 mL HBSS
2 mm right lateral, 1 mm frontal to the bregma, and 3 mm deep. 7
or 9 days later, 3 mL CAN-2409 (2 � 108 vector particles [vp]/mL)
sham was injected into the same location. GCV (20 mg/kg
body weight) was administered twice daily intraperitoneally and
AZD6738 (50 mg/kg body weight) once daily orally for a total of
7 days. Each cohort consisted of 6 mice. Animal distribution was
based on body weight and bioluminescence signal. Treatment was
performed in one session, and animals were held in the same space.
Endpoint for sacrificing the mice was considered either a weight
loss equal of more than 20%, onset of neurological symptoms, or signs
of pain and distress. The experiment was terminated 125 days after
tumor implantation, and the curves were right censored.

A tumor-re-challenge experiment was performed with long-term-
surviving animals on day 125 after the initial tumor implantation
(long-term survivors: CAN-2409 n = 3, combination n = 3), and
16- to 18-week-old tumor-naive albino C57/BL6 served as control.
100,000 GL261fluc cells were injected intracranially into the contra-
lateral hemisphere similar to the first surgery. No therapy was admin-
istered. Endpoint criteria were considered again as a weight loss
>20%, onset of neurological symptoms, or signs of pain and distress.
Curves were right censored 63 days after tumor implantation. All an-
imal studies were approved by BWH Center for Comparative Medi-
cine IACUC

Bioluminescence imaging

To verify successful GL261fluc tumor cell implantation, animals un-
der isoflurane anesthesia were injected with 100 mL 30 mg/mL
D-Luciferin (#LUCK-1G, Gold Biotechnology) and imaged using
the Perkin-Elmer IVIS Lumina 3.

MRI

MRI was performed on days 18, 25, and 31 after tumor implantation
to monitor tumor growth and response to therapy in the survival
study. For the tumor-re-challenge experiment with, MR images
were acquired on days 14, 21, and 28 after the second tumor implan-
tation. Mice were anaesthetized with isoflurane for the time of the
MRI study. MRI was performed with the Bruker BioSpec 3 T utilizing
the setup “mouse body RF coil with respiratory monitoring.” Images
were acquired using the T2_TurboRARE sequence with the following
settings: TE: 47.73 ms, TR: 4,993.715 ms, rare factor: 8, averages: 3,
slice thickness: 0.5 mm, slicer orientation: axial, field of view: 20
* 20 mm, and resolution: 0.078 * 0.078 mm. Tumor volume was
analyzed using the JiveX DICOM Viewer (VISUS Health IT
GmbH, Bochum, Germany).

Isolation of murine TILs

For the isolation of TILs, animals were treated as described before and
euthanized 21 days after tumor implantation. The hemisphere
harboring the tumor was collected, and the mouse tumor dissociation
kit (Miltenyi Biotec) was used for isolation of TILs according to the
manufacturer’s instructions. Harvested leukocytes were stored at
�80�C until further use.
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CyTOF

All samples were thawed in a 37�C water bath for 3 min and then
mixed with 37�C thawing media containing: RPMI Medium 1640
(Life Technologies #11875-085) supplemented with 5% heat-inacti-
vated fetal bovine serum (Life Technologies #16000044); 1 mM
GlutaMAX (Life Technologies #35050079); antibiotic-antimycotic
(Life Technologies #15240062); 2 mM MEM non-essential amino
acids (Life Technologies #11140050); 10 mMHEPES (Life Technolo-
gies #15630080); 2.5 � 10�5 M 2-mercaptoethanol (Sigma-Aldrich
#M3148); 20 units/mL sodium heparin (Sigma-Aldrich #H3393);
and 25 units/mL benzonase nuclease (Sigma-Aldrich #E1014).
100 mL aliquots of each sample post-thaw were mixed with PBS
(Life Technologies #10010023) at a 1:1 ratio to be counted by flow cy-
tometry. Between 0.5 and 1.0 � 106 cells were used for each sample.
All samples were transferred to a polypropylene plate to be stained at
room temperature for the rest of the experiment.

The samples were spun down and aspirated. 5 mM cisplatin viability
staining reagent (Fluidigm #201064) was added for 2 min and then
diluted with culture media. 16% stock paraformaldehyde (Thermo
Fisher Scientific #O4042-500) dissolved in PBS was used at a final
concentration of 0.2% formaldehyde for 5 min in order to fix the sam-
ples before staining. After centrifugation, mouse anti-CD16/32 anti-
body Fc-receptor-blocking reagent (BioLegend #101302) was used
at a 1:100 dilution in CSB (PBS with 2.5 g bovine serum albumin
[Sigma Aldrich #A3059] and 100 mg of sodium azide [Sigma Aldrich
#71289]) for 15 min followed by incubation with conjugated surface
antibodies (each marker was used at a 1:100 dilution in CSB unless
stated otherwise) for 30 min. All antibodies were obtained from the
Harvard Medical Area CyTOF Antibody Resource and Core (Boston,
MA, USA).

16% stock paraformaldehyde dissolved in PBS was used at a final con-
centration of 4% formaldehyde for 10 min in order to fix the samples
before permeabilization with the FoxP3/Transcription Factor Stain-
ing Buffer Set (Thermo Fisher Scientific #00-5523-00). The samples
were incubated with SCN-EDTA coupled palladium-based barcoding
reagents for 15 min and then were combined into a single sample.
Samples were incubated in a heparin solution at 100 units/mL PBS
for 15 min. Conjugated intracellular antibodies (each marker was
used at a 1:100 dilution in permeabilization buffer unless stated other-
wise) was added into each tube and incubated for 60 min. Cells were
then fixed with 4% formaldehyde for 10 min.

To identify single-cell events, DNA was labeled for 20 min with an
18.75 mM iridium intercalator solution (Fluidigm #201192B). Sam-
ples were subsequently washed and reconstituted in Maxpar Cell
Acquisition Solution (Fludigm #201241) in the presence of EQ
Four Element Calibration beads (Fluidigm #201078) at a final con-
centration of 1 � 106 cells/mL. Samples were acquired on a Helios
CyTOF Mass Cytometer (Fluidigm). The raw FCS files were normal-
ized to reduce signal deviation between samples over the course of the
acquisition time, utilizing the bead standard normalization method
established by Finck et al.59 The normalized files were then compen-
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sated with a panel-specific spillover matrix to subtract cross-contam-
inating signals, utilizing the CyTOF-based compensation method.60

These compensated files were then deconvoluted into individual sam-
ple files using a single-cell-based debarcoding algorithm.61 From
there, files were uploaded to OMIQ. In OMIQ, events were cleaned
up using Gaussian parameters. These cleaned up files were gated to
remove normalization beads and to select live singlets. Due to the
high variability of cell counts between samples, no downsampling
was performed, and all events were analyzed. These live singlets
were run through a principal-component analysis (PCA) for pre-
embedding for an opt-SNE dimensionality reduction.62 From there,
events were clustered using PARC34 to identify populations based
on marker expression. Statistically different clusters between groups
were identified using the multiclass setting of SAM.39

Data and materials availability

Data are available upon request from sean_lawler@brown.edu. All
relevant data to the study are included in the article or uploaded as
supplemental information. sean_lawler@brown.edu
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