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ABSTRACT
Background  Intratumoral viral oncolytic immunotherapy 
is a promising new approach for the treatment of a variety 
of solid cancers. CAN-2409 is a replication-deficient 
adenovirus that delivers herpes simplex virus thymidine 
kinase to cancer cells, resulting in local conversion of 
ganciclovir or valacyclovir into a toxic metabolite. This 
leads to highly immunogenic cell death, followed by a local 
immune response against a variety of cancer neoantigens 
and, next, a systemic immune response against the 
injected tumor and uninjected distant metastases. CAN-
2409 treatment has shown promising results in clinical 
studies in glioblastoma (GBM). Patients with GBM are 
usually given the corticosteroid dexamethasone to manage 
edema. Previous work has suggested that concurrent 
dexamethasone therapy may have a negative effect in 
patients treated with immune checkpoint inhibitors in 
patients with GBM. However, the effects of dexamethasone 
on the efficacy of CAN-2409 treatment have not been 
explored.
Methods  In vitro experiments included cell viability 
and neurosphere T-cell killing assays. Effects of 
dexamethasone on CAN-2409 in vivo were examined using 
a syngeneic murine GBM model; survival was assessed 
according to Kaplan-Meier; analyses of tumor-infiltrating 
lymphocytes were performed with mass cytometry (CyTOF 
- cytometry by time-of-flight). Data were analyzed using 
a general linear model, with one-way analysis of variance 
followed by Dunnett’s multiple comparison test, Kruskal-
Wallis test, Dunn’s multiple comparison test or statistical 
significance analysis of microarrays.
Results  In a mouse model of GBM, we found that high 
doses of dexamethasone combined with CAN-2409 led 
to significantly reduced median survival (29.0 days) 
compared with CAN-2409 treatment alone (39.5 days). 
CyTOF analyses of tumor-infiltrating immune cells 
demonstrated potent immune stimulation induced by 
CAN-2409 treatment. These effects were diminished 
when high-dose dexamethasone was used. Functional 
immune cell characterization suggested increased 
immune cell exhaustion and tumor promoting profiles after 
dexamethasone treatment.
Conclusion  Our data suggest that concurrent high-
dose dexamethasone treatment may impair the efficacy 

of oncolytic viral immunotherapy of GBM, supporting 
the notion that dexamethasone use should be balanced 
between symptom control and impact on the therapeutic 
outcome.

BACKGROUND
Glioblastoma (GBM) is the most common 
malignant primary brain tumor, and patient 
survival remains poor despite multimodal 
standard therapy consisting of maximum 
surgical resection and concomitant radio-
chemotherapy.1 Many novel therapeutic 
approaches that are being explored in cancer 
are focused on harnessing the patient’s 
immune system to target tumor cells. These 
include immune checkpoint inhibition,2 
vaccines against tumor antigens,3 chimeric 
antigen receptor (CAR) T-cell therapies,4 
intratumoral viral oncolytic immunothera-
pies,5 6 and small molecule immune stimula-
tory ligands.7

GBM is characterized by abnormal angio-
genesis and disruption of the blood–brain 
barrier, often resulting in cerebral edema, 
which can cause significant morbidity. This 
may necessitate antiedema therapy using 
dexamethasone, which suppresses the 
patient’s immune system.8 In comparison 
to other corticosteroids, dexamethasone 
shows greater potency, a prolonged half-life, 
reduced mineral corticoid activity and good 
brain penetration.9 The effects of dexameth-
asone on malignant glioma cell growth and 
patient survival have remained controversial, 
and evidence of efficacy or optimal dosing is 
scarce.

Until now, studies have mainly examined 
the influence of corticosteroids on the effi-
cacy of standard of care (SOC) in GBM. 
Retrospective analyses revealed compromised 
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survival in patients with higher dexamethasone treat-
ment.10 11 Under treatment with tumor-treating fields, 
dexamethasone significantly shortened overall survival in 
a dose-dependent manner.12 In recent human immuno-
therapy trials, dexamethasone treatment was associated 
with reduced survival5 and tumor-infiltrating lympho-
cyte (TIL) responses against cognate peptide antigen.13 
Steroid use limited survival in the context of systemic 
immune checkpoint blockade in mouse models of 
GBM.14 It has also been suggested that dexamethasone 
may have a negative impact on the response to immune 
checkpoint inhibitor treatment in patients with GBM.15 
Effects of dexamethasone have been shown to reduce 
the potency of an oncolytic adenovirus,16 but despite its 
frequent concurrent use, the effects of dexamethasone 
on local intratumorally administered viral immunothera-
pies have not been examined thoroughly in the context 
of GBM.

CAN-2409 is a non-replicating serotype 5 adenovirus 
expressing the herpes simplex virus thymidine kinase 
(HSV-TK) gene. Intratumoral injection of CAN-2409 is 
combined with a course of systemic treatment with ganci-
clovir (GCV) or valacyclovir to induce both immunogenic 
tumor cell death and a local immune response against 
the tumor, followed by a systemic immune response.15 17 18 
CAN-2409 treatment is currently being evaluated in clin-
ical trials in various solid tumors, including GBM. Previous 
work has shown encouraging survival data in a phase II 
study in newly diagnosed patients with GBM undergoing 
SOC.6

This study sought to investigate the impact of high-
dose dexamethasone treatment on the effectiveness of 
local immunotherapies, using CAN-2409 treatment as a 
model. First, we examined the effects of dexamethasone 
on T-cell responses against tumor cells exposed to CAN-
2409 in vitro using coculture assays. Next, we used immu-
nocompetent murine GBM models to evaluate the effects 
of high-dose dexamethasone and observed a negative 
effect of high-dose dexamethasone treatment on survival 
in mice treated with CAN-2409. Our data support the view 
that dexamethasone use should be limited to maximize 
the potential for immunotherapies in GBM.

MATERIALS AND METHODS
Cell culture and reagents
For in vitro experiments, we used the patient-derived 
GBM stem-like cell line G9_pCDH19 with Neurobasal 
Medium (Life Technologies) containing B27 (Invit-
rogen), 1% Glutamax (Invitrogen), 20 ng/mL epidermal 
growth factor (EGF) (Peprotech), 20 ng/mL fibroblast 
growth factor (FGF) (Peprotech), Primocin (Invivogen) 
and Plasmocin (Invivogen), and the GBM cell lines 
U1242_LRP and U87_GFP cultured in Dulbecco’s modi-
fied Eagle’s Medium (Life Technologies), containing 
10% heat-inactivated fetal bovine serum, Plasmocin and 
Primocin. For in vivo studies, GL261fluc cells were used 
(PerkinElmer). U1242 was a kind gift from James van 

Brooklyn20 and U87 was purchased from American Type 
Culture Collection (ATCC). All cells were cultured at 
37°C, 5% CO2. Cells were regularly PCR-tested for myco-
plasma infection. GCV and CAN-240921 were provided 
by Candel Therapeutics. For the in vitro experiments, 
cells were treated with CAN-2409 (MOI 100–500), GCV 
(10 µg/mL) and dexamethasone (West-Ward, 1–10 µM).

Cell viability assays
Cells were seeded in quintuplicate at 5000 cells/well in 
96-well plates and treated as indicated. PrestoBlue cell 
viability agent (Life Science Technologies) was added 96 
hours after seeding, and measured with an OmegaStar 
plate reader (BMG Labtech).

PBMC and CD8+ T-cell preparation
Peripheral blood mononuclear cells (PBMCs) were 
acquired from healthy donor blood using the Ficoll-
Paque PLUS gradient method (GE Healthcare). CD8+ 
T cells were isolated from PBMCs with the CD8+ T Cell 
Isolation Kit, human (Miltenyi Biotec) and activated 
using 1:1 Dynabeads Human T-Activator CD3/CD28 for 
T Cell Expansion and Activation (Gibco) and human 
interleukin (IL)-2 at 10 ng/mL (Peprotech).

T-cell killing assays
A single cell suspension of GBM cells was seeded at 750 
cells/well (G9_pCDH, U87_GFP, U1242_LRP) in trip-
licate or quintuplicate in ultralow-attachment 96-well 
plates (Corning) and incubated for 48 hours to allow 
sphere formation. CD8+ T cells were added together with 
the indicated therapies. For the T-cell killing assays with 
IL-12, 10 ng/mL of human recombinant IL-12 (R&D 
Systems) was added. Cells were incubated for another 
6 days. Microscope images of the spheres were taken daily 
(Nikon TI, ×4 magnification), and the sphere area was 
measured using ImageJ.

Animal studies
For the survival study, female albino C57/BL6 mice 
7–8 weeks old were purchased from Envigo. A total of 
100 000 GL261fluc cells were injected intracranially in 
2 µL Hanks’ balanced salt solution (HBSS) 2 mm right 
lateral, 1 mm frontal to the bregma, and 3 mm deep. 
Nine days later, 3 µL of CAN-2409 (2×108 vector parti-
cles/μL) respectively sham were injected into the same 
location. GCV (20 mg/kg bodyweight) was adminis-
tered two times per day, and dexamethasone (10 mg/kg 
bodyweight) once per day intraperitoneally for a total 
of 7 days. Control cohort animals did not receive any 
treatment. Successful tumor implantation was verified 
by bioluminescence imaging using the PerkinElmer IVIS 
Lumina 3. Each cohort consisted of 6 animals (total: 24 
animals). Animals were distributed to the separate groups 
based on bioluminescence signal and body weight and 
were treated in the same session, and located in the same 
space in adjacent cages. The study endpoint was consid-
ered as a weight loss of 20%, onset of neurological symp-
toms, or signs of pain and distress. For the generation of 
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TILs, animals 13–14 weeks old of the same strain under-
went the same aforementioned procedures; to optimize 
the immune cell yield, the injection of CAN-2409 was 
performed 7 days after tumor implantation. All animal 
experiments and procedures described in this study were 
approved by Brigham and Women’s Institutional Animal 
Care and Use Committee. Animals’ sample size was deter-
mined with the resource equation method.22

MRI
For the purpose of MRI, mice were anaesthetized with 
isoflurane and MRI was performed using a BioSpec 3T 
(Bruker). The set-up ‘mouse body RF coil with respira-
tory monitoring’ was used. Images were acquired using 
the T2_TurboRARE sequence with the following settings: 
echo time: 47.73 ms, repetition time: 4993.715 ms, Rare 
Factor: 8, Averages: 3. Slice thickness: 0.5 mm, slicer 
orientation: axial. Field of View: 20 mm×20 mm, Resolu-
tion: 0.078 mm×0.078 mm. Images were extracted using 
the Horos open source medical image viewer V.3.3.6, 
tumor volume was analyzed with the JiveX DICOM viewer 
(VISUS Health IT GmbH, Bochum, Germany).

Isolation of murine tumor-infiltrating leukocytes
The tumor-bearing right hemisphere was collected from 
each mouse on day 20 after tumor implantation. Each 
treatment cohort consisted of 4 animals (total: 16). 
A tumor dissociation kit for mouse (Miltenyi Biotec) 
was used for isolation of tumor infiltrating leukocytes 
according to the manufacturer’s instructions. Harvested 
leukocytes were stored at −80°C until further use.

Mass cytometry (CyTOF)
All samples were thawed in a 37°C water bath and mixed 
with thawing media containing RPMI Medium 1640 (Life 
Technologies) supplemented with 5% heat-inactivated 
fetal bovine serum (Life Technologies), GlutaMAX (Life 
Technologies), antibiotic–antimycotic (Life Technolo-
gies), Minimum Essential Media (MEM) non-essential 
amino acids (Life Technologies), HEPES (4-(2-hydro
xyethyl)-1-piperazineethanesulfonic acid) (Life Tech-
nologies), 2-mercaptoethanol (Sigma-Aldrich), sodium 
heparin (Sigma-Aldrich), and benzonase nuclease 
(Sigma-Aldrich). Aliquots of each sample post-thaw were 
mixed with PBS (Life Technologies) at a 1:1 ratio to be 
counted by flow cytometry. Between 0.5 and 2.0×106 cells 
were used for each sample. The samples were spun down 
and aspirated. Cisplatin viability staining reagent (Flui-
digm) was added. Samples were fixed with 0.2% form-
aldehyde before staining. After centrifugation, mouse 
anti-CD16/32 antibody Fc-receptor blocking reagent 
(BioLegend) was used in cell staining buffer (CSB) (PBS 
with BSA (Sigma Aldrich) and sodium azide (Sigma 
Aldrich)) for 15 min followed by incubation with conju-
gated surface antibodies (each marker was used at a 
1:100 dilution in CSB, unless stated otherwise) for 30 min. 
Samples were stained (see online supplemental figure 5 
for used markers), CD115, PD-1 and vascular endothelial 

growth factor receptor (VEGFR) were not detectable. All 
antibodies were obtained from the Harvard Medical Area 
CyTOF Antibody Resource and Core (Boston, Massachu-
setts, USA).

Samples were fixed with 4% formaldehyde before 
permeabilization with the FoxP3/Transcription Factor 
Staining Buffer Set (ThermoFisher Scientific) and 
were incubated with SCN (thiocyanate)–EDTA-coupled 
palladium-based barcoding reagents for 15 min and then 
combined into a single sample. Samples were incubated 
in a heparin solution for 15 min. Conjugated intracellular 
antibodies (each marker was used at a 1:100 dilution in 
permeabilization buffer, unless stated otherwise) were 
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 iridium intercalator solution (Fluidigm). 
Samples were subsequently washed and reconstituted in 
Maxpar Cell Acquisition Solution (Fludigm) in the pres-
ence of EQ Four Element Calibration beads (Fluidigm) 
at a final concentration of 1×106 cells/mL. Samples were 
acquired on a Helios CyTOF Mass Cytometer (Fluidigm). 
Raw FCS files were normalized to reduce signal devia-
tion over time, using the bead standard normalization 
method established by Fink et al.23 The normalized files 
were then compensated with a panel-specific spillover 
matrix to subtract cross-contaminating signals, using the 
CyTOF-based compensation method.24 These compen-
sated files were then deconvoluted into individual sample 
files using a single-cell-based debarcoding algorithm.25 
Files were uploaded to OMIQ. In OMIQ, events were 
cleaned up using Gaussian parameters and then gated 
to remove normalization beads and to select live singlets. 
The latter were run through a principal component anal-
ysis for pre-embedding for an opt-SNE dimensionality 
reduction.26 From there, events were clustered using 
PARC27 to identify populations based on marker expres-
sion. Statistically different clusters between groups were 
identified using the multiclass setting of significance anal-
ysis of microarrays (SAM),28 followed by statistical testing 
with Kruskal-Wallis rank-sum test with Dunn’s multiple 
comparison; p values were adjusted with the Benjamini-
Hochberg method. Differences in the separate leukocyte 
populations after treatment were assessed using a general 
linear model (GLM). For this, cell counts by group were 
exported and analyzed in the R package edgeR using the 
quasi-likelihood negative binomial generalized log-linear 
model. This was performed using the functions estima-
teDisp for dispersion estimation, glmQLFit to fit to the 
GLM, and glmQLFTest to run F-Tests on the fitted model.

Statistics
All statistical analyses were performed with GraphPad 
Prism V.8.3.0. One-way analysis of variance (ANOVA) 
with Dunnett’s multiple comparison’s test was applied 
for statistical testing for neurosphere assays and statis-
tical testing with a GLM and non-parametric Kruskal-
Wallis test with Dunn’s multiple comparison test for 
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comparison of leukocyte population abundance. Leuko-
cyte subcluster comparison was analyzed with two-way 
ANOVA and Dunnett’s multiple comparison’s test. 
For analysis of survival outcomes, data were analyzed 
according to Kaplan-Meier; comparison of survival curves 
was performed with the log-rank test. Significance is indi-
cated with asterisks.

RESULTS
Dexamethasone attenuates suicide gene therapy mediated by 
CAN-2409/GCV cytotoxicity in vitro
CAN-2409 is a non-replicating adenovirus expressing the 
HSV-TK gene. After intratumoral injection of CAN-2409 
in vivo, systemic treatment with GCV results in the forma-
tion of a toxic metabolite, a nucleotide analog, under the 
influence of local expression of HSV-TK (figure 1A). At 
the same time, the adenoviral serotype 5 capsid protein 
will induce a strong proinflammatory response as a result 
of upregulation of proinflammatory cytokines, adhesion 
molecules and chemokines.29 Together, these effects 
induce a specific T-cell response against the injected 
tumor and uninjected metastases.30 31

We wanted to determine if dexamethasone could limit 
the activation of T cells against tumor cells exposed 
to a cytotoxic stimulus in vitro, as has been shown, for 
example, with radiation-induced toxicity. To test this, we 
performed 3D cell proliferation assays with CAN-2409/
GCV in GBM neurosphere models with patient-derived 

GBM cells (G9_pCDH, figure  1B and online supple-
mental figure 1C) and an established cell line (U87_GFP, 
figure 1C and online supplemental figure 1C) in the pres-
ence or absence of T cells.

In the absence of T cells, dexamethasone at high doses 
(10 µM/DEXhigh) was associated with a small but significant 
increase in tumor sphere area compared with CAN-2409/
GCV monotherapy in both cell lines (CAN-2409/GCV vs 
CAN-2409/GCV +DEXhigh, p=0.001–0.187), while the lower 
dose (1 µM/DEXlow) did not seem to have a consistent rele-
vant impact (CAN-2409/GCV vs CAN-2409/GCV+DEXlow, 
p=0.004–0.026, with 66% of all assays being not statisti-
cally significant). CAN-2409/GCV in combination with 
activated CD8+ T cells led to further enhancement of cell 
killing, and dexamethasone significantly abrogated this 
effect, increasing the sphere area at low and high doses in 
the patient-derived G9 GBM cell line (CAN-2409/GCV vs 
CAN-2409/GCV+DEXlow, p≤ns−0.008; CAN-2409/GCV vs 
CAN-2409/GCV +DEXhigh, p≤0.02–0.0007), whereas in the 
U87 neurospheres, this was only the case at higher doses 
(CAN-2409/GCV vs CAN-2409/GCV  +DEXlow ns, CAN-
2409/GCV vs CAN-2409/GCV +DEXhigh, p≤ns−0.008) (data 
not shown). These data show that GBM sphere growth 
with T cells in the presence of dexamethasone closely 
resembles its effects in the absence of T cells, suggesting 
an almost complete abrogation of the additional immune-
mediated effect of CAN-2409/GCV by dexamethasone, 
particularly in the patient-derived G9 cell line.

Figure 1  Dexamethasone interferes with CAN-2409/GCV cytotoxic and immunogenic effect. (A) Mechanism of CAN-2409/
GCV. After intratumoral injection of CAN-2409, HSV-TK is expressed in tumor cells and metabolizes the administered prodrug 
GCV, inducing DNA damage. This results in (1) apoptotic and necrotic tumor cell death and hence leads to (2) immune cell 
activation. (B,C) Dexamethasone reduces the immunogenic effect of CAN-2409/GCV. For T-cell killing assays, G9_pCDH 
(B,C) and U87_GFP (D,E) were cocultured with either activated CD8+ T cells, CAN-2409/GCV, dexamethasone 1 µM/10 µM or 
the combination as indicated and imaged daily for 6 days. Sphere area was normalized to sphere size on day 0. Images on 
day 5 show a smaller sphere size between CAN-2409/GCV and combination of both ±CD8+ T cells. Addition of CD8+ T cells is 
associated with reduced sphere size and fluorescence intensity (×4 magnification, scale bar=500 µm). GCV, ganciclovir.
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These data show that CAN-2409/GCV potently stimu-
lates the tumor cell killing ability of T cells and that dexa-
methasone, especially at higher doses, could attenuate 
these immunogenic effects.

Concurrent use of high-dose dexamethasone blocks the 
prosurvival effects of CAN-2409 in vivo
Based on its mechanism of action as described previously, 
the immunogenic effect of CAN-2409 treatment can only 
be properly studied in in vivo models. Tumor cell death 
mediated by HSV-TK has been shown to induce apoptotic 
and necrotic cell death,17 18 as well as potent immune 
stimulation in vivo.17 Dexamethasone may impede inflam-
matory responses in experimental glioma models.14 32 
To evaluate the impact of dexamethasone on efficacy of 
CAN-2409 treatment, in vivo studies were carried out in 
C57/Bl6 mice using the syngeneic immunocompetent 
GL261 GBM cell line (figure 2A). The non-treated control 
cohort had the shortest median survival time (25 days), 
and CAN-2409-treated animals lived longest (39.5 days, 
log-rank test: control vs CAN-2409, p=0.002), followed by 
dexamethasone only (33.5 days, control vs DEX p=0.038) 
and CAN-2409/DEX combination (29 days, log-rank 
test: control vs combination, p=0.078). Addition of high-
dose dexamethasone significantly reduced survival when 

compared with CAN-2409 alone (log-rank test CAN-2409 
vs combination, p=0.018) (figure 2B).

To visualize the dynamics of tumor development, MRI 
was performed on two animals per group on days 22 and 
29 after tumor implantation (figure  2C). All animals 
showed detectable tumor on day 22. On day 29, five of 
the eight animals that underwent MRI had reached their 
endpoint.

High-dose dexamethasone markedly alters the tumor immune 
microenvironment and reduces CAN-2409-mediated immune 
stimulatory effects
To determine the impact of CAN-2409 and dexameth-
asone on immune cells, mass cytometry (CyTOF) anal-
yses were performed 10 days post-treatment using the 
GL261 murine GBM model. Twenty-nine cell clusters 
with distinct marker expression were identified (online 
supplemental figure S4,5). The composite tSNE overlay 
map (figure 3A) illustrates all immune cell subsets iden-
tified in tumors as well as the relative differences in cell 
subset densities between control and the different treat-
ment groups. Compared with controls, the CAN-2409-
associated distribution of immune cells shows changes 
associated with its antitumor effects, including relative 
decreases in macrophages, regulatory T cells (Tregs), 

Figure 2  Dexamethasone blocks responses to CAN-2409 in vivo. (A) Experimental set-up in vivo. A total of 100 000 GL261fluc 
cells were injected intracranially in the right hemisphere; 9 days after tumor implantation, CAN-2409 was injected at the same 
location, followed 24 hours later by daily GCV (group AdV-tk +GCV) and/or dexamethasone (group combination) treatment 
for a total of 7 days. Each cohort n=6. (B) Kaplan-Meier survival curves. While treatment with CAN-2409 (39.5 days) and 
dexamethasone (33.5 days) alone led to a significant longer median survival compared with control (25 days) (CAN-2409 vs 
control, log-rank test: p=0.0022; dexamethasone vs control, p=0.0386), the combination resulted in significant reduction of the 
CAN-2409-effect (combination vs CAN-2409, log-rank test: p=0.0184) and was not statistically different compared with control 
(combination vs control, log-rank test: ns). Curves were right-censored on day 86. One outlier animal from the control group 
was excluded from the study because it did not display any evidence of lasting successful tumor formation by immunostaining 
(online supplemental figure S3) and was therefore excluded from the analysis. (C) MRI. Representative T2 -weighed magnetic 
resonance images 22 and 29 days after tumor implantation from animals of the survival study (B). All animals (n=2/group) 
displayed tumor formation on day 22. On day 29, five animals had reached endpoint and therefore images are blank. Among 
the surviving animals on day 29, the tumor volume in the CAN-2409-treated animal was less, whereas the tumor in the 
dexamethasone and the combination-treated animal had increased. (D) Tumor volumetry. Tumor volume per animal of days 22 
and 29. Animals that had reached endpoint on day 29 are marked with (+). GCV, ganciclovir; ns, not significant.
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natural killer (NK) cells and neutrophils and increases 
in T cells, B cells, and double positive T (DPT cells, 
expressing both CD4 and CD8) compared with controls 
(figure 3B).

As proven by a GLM analysis, CAN-2409 led to a nearly 
significant trend compared with control for CD8+ T cells 
(adj. p=0.051) and neutrophils (adj. p=0.051). Dexa-
methasone in comparison to CAN-2409 led to a signifi-
cant decrease of CD8+ and CD4+ T cells, DPT cells, B 
cells and Tregs and a significant increase of neutrophils 
(online supplemental figure 7). Combination treatment 
partially reversed the immunostimulatory effects of CAN-
2409, showing increases in macrophages, NK cells and 
neutrophils as well as a corresponding reduction of CD4+ 
and CD8+ T cells, B cells, Tregs and DPTs compared with 
CAN-2409 alone (figure 3A,B), although not being statis-
tically significant with the number of samples used.

The most significant changes were seen in Tregs, the 
proportion of which did not greatly change after CAN-
2409 treatment, but they were significantly reduced by 

high-dose dexamethasone treatment alone and even 
further after the combination treatment as revealed by 
complimentary testing with one-way ANOVA and consec-
utive Dunnett’s multiple comparison test (control vs 
combination, p=0.0001; control vs dexamethasone, 
p=0.007).

Taken together, these observations show that CAN-2409 
treatment creates a comparatively ‘hot’ tumor microenvi-
ronment and a T-cell response against the tumor, while 
high-dose dexamethasone treatment causes the opposite, 
with global changes across immune cells. In line with this, 
our data collectively show that the effects of CAN-2409 
treatment on immune cell infiltrates are partially inhibited 
by concurrent treatment with high-dose dexamethasone.

High-dose dexamethasone treatment induces exhaustion and 
reduces T-cell activation marker expression induced by CAN-
2409 treatment
Three CD8+ and two CD4+ T-cell clusters were iden-
tified in the CyTOF data and were analyzed by the 

Figure 3  Altered CAN-2409-induced tumor microenvironment after DEX. (A) tSNE plots of all samples and single therapies. 
tSNE plots displaying immune cell subset identification overlay plots and density dot plots of CyTOF-analyzed murine tumor 
infiltrating leukocytes. (B) Therapy-related alteration of leukocyte populations. Percentages of total cell populations are 
displayed. CAN-2409 increases the percentages of CD8+, CD4+, B-cell, Treg and DPT cell populations, whereas combinatorial 
treatment is associated with a reduction of these populations and an increase in NK cells, neutrophils and macrophages. Testing 
with GLM showed significant reduction of CD8+ (p=0.016), CD4+ (p=0.02) T cells, B cells (p=0.01), and DPT cells (p=0.02) as 
well as an increase of neutrophils (p=0.02) after DEX treatment compared with CAN-2409, and a significant reduction of Tregs 
after DEX treatment compared with control and CAN-2409 (p=0.01 resp. p=0.016) (bars show mean±SD). t-SNE, t-distributed 
stchastic neighbor embedding; DEX, dexamethasone; DNT, double negative T; DPT, double positive T; GLM, general linear 
model; NK, natural killer; tSNE, t-distributed stochastic neighbor embedding.
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PARC (phenotyping by accelerated refined community-
partitioning) clustering algorithm27 (figure 4A). Cluster 
abundance analysis is shown (figure 4) to visualize treat-
ment effects on CD8+ T cell clusters pC07, pC11 and 
pC20; CAN-2409 treatment increased the proportion of 
all these clusters, which was statistically significant in the 
case of pC07, the most prevalent cluster observed after 
CAN-2409 treatment. High-dose dexamethasone treat-
ment partially suppressed the increase in the pC07 CD8+ 
T-cell cluster.

Detailed marker analysis of the CD8+ T-cell clusters 
showed that the pC07 cluster, which was strongly induced by 
CAN-2409 treatment, was distinguished by elevated levels 
of granzyme B, CD38 and CD69, indicating an activated 
effector T-cell phenotype, which is potentially counterbal-
anced in this cluster by increased levels of the suppressive 
markers CD152 (CTLA4) and CD39 (online supplemental 
figure S4). The less abundant pC11 and pC20 CD8+ T-cell 

clusters express multiple activation markers, indicating 
T-cell effector function, but did not show increased levels 
of CTLA4 and CD39. The pC07 and pC11 clusters are also 
characterized by the IL-27/IFNγ-stimulated Ly6C effector 
T-cell marker (online supplemental figure S4). Although 
pC20 does not show high Ly6C, the increased expression 
of CD86, CD69 in all three clusters is consistent with type I 
interferon-induced memory or effector T cells.33

CD4+ T cells were primarily clustered as pC14 and 
pC04 and show a similar pattern of CAN-2409 treatment-
induced increase and repression by high-dose dexameth-
asone (figure  4B). The CD4+ dominating cluster pC04 
differs from pC14 by expression of CD73, CD39, CD86 
and CD69, with CD73 and CD39 pointing to a regulatory 
function,34 while CD69 acts as a marker of early T-cell 
activation,35 and CD86 has been shown to be expressed 
on memory effector T cells36 (online supplemental figure 
S4).

Figure 4  Treatment with dexamethasone ±CAN-2409 affects T-cell profiles. (A) Overlay of leukocyte clusters on tSNE 
plot with focus on T cells. Cluster of interest for CD8+ T cells are pC07, 11, and 20, and for CD4+ T cells pC04 and 14. 
(B) Cluster distribution within CD8+ and CD4+ T cells in relation to therapy. CD8+ and CD4+ T cells consist of indicated 
clusters. Predominant cluster throughout all treatment groups is pC07 for CD8+ and pC04 for CD4+ T cells. CAN-2409 leads 
to increased cell abundance among all clusters, whereas dexamethasone and the combination therapy induces the opposite 
effect. This effect is statistically significant in pC07 (p=0.0084) (bars show mean±SD). (C,D) Expression of significantly altered 
markers on CD8+ and CD4+ T cells. Graphs display the median expression of CD44 and PD-L1 without or after treatment with 
dexamethasone, CAN-2409 and the combination on CD8+ (C) and the median expression of CD44, I-A/I-E, CD39, PD-L1, 
CD152 and Ly6C on CD4+ T cells (D). Combination treatment is associated with increased expression of CD44, PD-L1, I-A/I-E, 
CD39 and Ly6C compared with CAN-2409, with CD44 (p adj.=0.045) and PD-L1 (p adj.=0.045) being significantly upregulated 
in the combination treatment for CD8+ cells and CD44 being significantly upregulated in CD4+ cells (p adj.=0.028). PD-L1, 
programmed death-ligand 1.
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To evaluate relevant shifts in the expression of indi-
vidual markers on specific cell types, statistical SAM, 
followed by testing with Kruskal-Wallis rank-sum test 
with Dunn’s multiple comparison, was performed. 
High-dose dexamethasone and the high-dose dexa-
methasone/CAN-2409 combination treatment led to 
upregulation of CD44 and programmed death-ligand 1 
(PD-L1) on CD8+ T cells (figure 4C) and of CD44, Ly6C, 
CD39, I-A/I-E and PD-L1 on CD4+ T cells compared 
with controls and single treatments (figure 4D). These 
changes indicate a shift to an immunosuppressive micro-
environment by dexamethasone denoted by CD152/
CTLA-4 and PD-L1. CTLA-4 upregulation could mirror 
a more exhausted cell state in the combination treat-
ment versus CAN-2409. PD-L1 expression on T cells has 
also been shown to suggest a less favorable immuno-
genic profile.37–39

Proinflammatory effects of CAN-2409 on innate immune cells 
are suppressed by dexamethasone
Alterations in the treatment groups manifested across a 
range of innate immune cells. As shown in figure 3, dexa-
methasone treatment tended to increase the proportion 
of tumor-infiltrating macrophages, which is maintained 
in the presence of CAN-2409 treatment. Clustering iden-
tified a total of nine macrophage clusters (figure 5A). To 
interrogate this in greater detail, we examined the effects 
of CAN-2409 and high-dose dexamethasone treatment on 
each cluster. CAN-2409 had little effect on the propor-
tion of infiltrating cells in the predominant cluster pC01 
(figure 5B). In contrast, dexamethasone caused a signif-
icant increase as compared with CAN-2409 treatment. 
Marker analysis showed that pC01 shares some features 
of tumor-promoting macrophages, positive for CD11b, 
F4/80, and CD68 as well as the suppressive markers 
CD206, PD-L1, CD39, and Arg-1 (online supplemental 

Figure 5  Dexamethasone ±CAN-2409 induces a protumorigenic macrophage profile. (A) Overlay of leukocyte clusters on 
tSNE plot with focus on macrophages. Cluster of interest for macrophages are pC01, 05, 06, 09, 12, 13, 15, 16, 19, 24, and 
28. (B) Cluster distribution of the macrophage population in relation to therapy. Compared with CAN-2409, dexamethasone 
and combination treatment correlate with an increased macrophage population, being statistically significant in cluster 
pC01 (p=0.0024) (bars show mean±SD). (C) Expression of significantly altered markers on macrophages. Treatment with 
dexamethasone and the combination leads to an increase of CD44, CD196 and CD172a compared with CAN-2409, with 
CD172a being statistically significant in the contrast control versus combination (adj. p=0.034).
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figure S4A). A similar pattern of marker expression was 
observed in the majority of macrophage clusters. SAM 
revealed significant expression changes in CD44, CD172a, 
and CD196 expressions across the macrophage popula-
tions (figure  5C) with CD172a being also significantly 
overexpressed as measured with Kruskal-Wallis test in the 
combination cohort compared with control. As shown in 
figure 4, all markers showed the highest expression in the 
combination treatment groups.

Enhanced neutrophil counts in the tumor microenvi-
ronment facilitate the growth of GBM initiating cells,40 
and activated neutrophils are correlated with acceler-
ated tumor progression.41 Figure 3 shows that CAN-2409 
treatment leads to a pronounced decrease in neutrophil 
levels. Three neutrophil clusters were identified, pC02 
being the most prominent and it is greatly reduced post-
CAN-2409 treatment. SAM showed significant elevation 
of CD44, CD172a, and Ly6G in the combination group 
with CD44 and Ly6G being also significantly elevated in 

consecutive testing with the Krsukal-Wallis test. CD68 was 
increased by CAN-2409 treatment (figure 6A–C).

All in all, it remains to state that combined treatment 
with CAN-2409 and dexamethasone has a profound effect 
on the innate immune cell population with significant 
overexpression of CD17a in macrophages and of CD44 
and Ly6G in neutrophils.

DISCUSSION
Dexamethasone is frequently used in the symptomatic 
treatment of GBM to relieve edema. However, available 
data suggest that dexamethasone ultimately may have a 
negative impact on survival, as observed in a multicenter 
retrospective clinical data analysis.10 Intratumoral immu-
notherapies are under investigation for various cancers, 
including GBM, but the effects of dexamethasone in this 
context have not been investigated before.

Figure 6  Increased neutrophil count and activation profile after treatment with dexamethasone ±CAN-2409. (A) Overlay 
of leukocyte clusters on tSNE plot with focus on neutrophils. Cluster of interest for neutrophils are pC02, pC17, and pC29. 
(B) Cluster distribution of the neutrophil population in relation to therapy. Dexamethasone and combination treatment is 
associated with an increase in the neutrophil cell population in all clusters (bars show mean±SD). (C) Expression of significantly 
altered markers on macrophages. Combinatorial treatment with CAN-2409 and dexamethasone is associated with increased 
median expression of CD44, Ly6G, CD172a and CD68 with CD44 (adj. p=0.004) being significantly upregulated in combination 
versus CAN_2409 and Ly6G (adj. p=0.015) being significantly upregulated in the combination group compared with control.
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In the present study, we evaluated the effects of contin-
uous high-dose dexamethasone treatment during proto-
typic oncolytic viral immunotherapy, CAN-2409 treatment, 
in a mouse model of GBM. CAN-2409 treatment is an 
investigational therapy under clinical development for 
GBM. It induces a local immune response against a range 
of cancer neoantigens, followed by a systemic immune 
response. The data presented here suggest that high-dose 
dexamethasone may abrogate the antitumorigenic effects 
of CAN-2409 treatment by reducing the subsequent 
immune response.

A limitation of our vitro study is that we could not 
capture the full scope of the mechanism of action of 
CAN-2409 treatment in vivo, as this involves effects on cell 
migration, cell retention, and cell activation in the tissue. 
In addition, in our in vivo experiments, we used high-
dose dexamethasone (starting dose resulting in serum 
levels that are significantly higher than those achieved 
in human patients treated with 4×4 mg dexametha-
sone) for 7 days, but in accordance with the dose used in 
other publications.14 In contrast to the results shown by 
Iorgulescu et al, we saw a significantly prolonged survival 
of dexamethasone-treated animals compared with 
control. Dexamethasone is known for promoting weight 
gain also in rodents42; therefore, the murine survival 
study end-point criteria ‘weight loss’ might confer a bias 
in this regard. To better mimic the clinical situation with 
high tumor cell burden in which patients usually receive 
dexamethasone, treatment was started on day 9 after 
tumor implantation, therefore varying the treatment 
settings from previous reports.21 This explains the varia-
tion in treatment efficacy of CAN-2409 in comparison to 
preceding studies.

Despite the limitations of this preclinical study, the data 
are consistent with previous work, showing the profound 
effects of high-dose corticosteroids on the human immune 
system.43 Together, these data suggest that concurrent 
high-dose dexamethasone treatment could potentially 
impair the efficacy of oncolytic viral immunotherapy (or 
other immunotherapies) of GBM. Our findings support 
the rationale for future studies in patients, addressing the 
question which dosing regimen of dexamethasone may 
provide an optimal balance between immediate symptom 
control and ultimate outcome.

The effect of dexamethasone treatment may be depen-
dent on the specific treatments administered to the 
patient with GBM. For example, dexamethasone treat-
ment may reduce the proapoptotic effects of temozolo-
mide in U87MG and T98G cell lines as well as GSCs.44–46 
In radiotherapy, dexamethasone was reported to radio-
sensitize astrocytoma cell lines by increasing oxidative 
stress47 and reducing dispersal and growth,48 although 
other studies could not reproduce these findings.49 50 
Recent studies have shown that dexamethasone has an 
adverse influence on the efficacy of systemic immune 
checkpoint blockade in murine GBM models as well as in 
patients with GBM,14 in line with our findings for intratu-
moral immunotherapy.

Our data support the notion that dexamethasone 
may impact the effectiveness of local immunothera-
pies due to its profound immunosuppressive effects. A 
dexamethasone-mediated disruption of the bystander 
effect of CN-2409 also has to be considered as playing a 
crucial role in this regard.51 Also, pre-existing immunity 
against therapeutic virotherapies may also have an impact 
on local immunotherapies.52

Cell viability and T-cell killing assays have shown that 
dexamethasone diminishes the effects of CAN-2409 
treatment in vitro, with immune-mediated killing being 
the most affected. In vivo, dexamethasone in combina-
tion with CAN-2409 results in reduced median survival 
compared with CAN-2409 treatment alone. We found 
that CAN-2409 treatment alone leads to increased 
proportions of CD8+ T cells, CD4+ T cells, and B cells with 
a reduction in neutrophils and macrophages, with dexa-
methasone showing opposite effects. Interestingly, Treg 
proportions were reduced by dexamethasone treatment 
and nearly undetectable in the combination treatment 
group. Previous studies on the effects of steroids on Tregs 
have produced contradictory results. One study showed 
that dexamethasone may induce apoptosis in FOXP3+–
CD4+–T cells. Treg numbers were significantly decreased 
after combination treatment.53 However, their function 
may be increased as suggested by higher CD44 expres-
sion.54 CD44 functions as an enhancer of Treg-associated 
immunosuppressive effects, including IL-10 production.55 
Also, cell survival of CD4+ T cells might be reduced as 
Ly6C56 and CD39 surface expression is amplified.57 These 
observations coincide with upregulation of I-A/I-E/MHC 
II, thereby conveying that especially antigen-presenting 
cells (APCs) might be affected by the aforementioned 
changes. These alterations merit further detailed analysis 
in future studies.

Our CyTOF analyses suggest that the CAN-2409-
mediated reduction in neutrophil numbers is blocked by 
treatment with dexamethasone (figure 3) together with 
an increase in the protumorigenic markers CD172a and 
Ly6G,58 59 pointing to an even further reduced antitumor 
immunity. Neutrophils in the GBM microenvironment 
are considered tumor-promoting as their presence is asso-
ciated with mesenchymal tumor characteristics and facili-
tates the growth of GSCs.40

The GBM microenvironment is characterized by infil-
tration of macrophages, which may have protumorigenic, 
immunosuppressive properties.60 Our data show that 
treatment with high-dose dexamethasone alone and in 
combination with CAN-2409 treatment may lead to an 
increase in macrophages and concomitant overexpres-
sion of CD172a. CD172a/SIRPa binding to its ligand 
CD47 prevents phagocytosis of cancer cells61 and has 
been shown to augment antineoplastic effects of innate 
immune cells.58 The relevance of increased CD44 and 
CD196/CCR6 expression on macrophages after the 
combination therapy remains uncertain at this point. 
However, current data implicate protumorigenic effects 
of the CCR6-CCL20 pathway.62
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Taken together, our findings as well as those of others 
highlight that dexamethasone has the potential to inter-
fere with multiple facets of GBM therapy, ranging from 
radiochemotherapy to immunotherapy. This clinical 
problem could be addressed by limiting the use of dexa-
methasone to the absolute necessary minimum or to 
assess pharmacological alternatives for antiedema treat-
ment. To this end, the anti-VEGF-antibody bevacizumab 
and corticorelin acetate have been suggested as options 
to replace dexamethasone,9 but neither are routinely 
administered for that purpose yet.

We conclude that concurrent continuous use of high-
dose dexamethasone may interfere with locally delivered 
immunotherapy. Thus, corticosteroids as a supportive 
treatment for GBM in conjunction with immunothera-
pies should require careful consideration and should be 
as limited as possible. Further studies to identify efficient 
alternatives or combinatorial treatments to counterbal-
ance dexamethasone’s immunosuppressive effect are 
warranted.
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