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GMCI Induces Increased IFN-� and Granzyme B+ 
T-Cell Infiltrates in Treated Animals

Differences in treatment-induced immune responses 
were evaluated by comparing immune cell in�ltrates in 
each of the treatment groups (Fig. 5). Immune cells were 
extracted from each brain 21 days after tumor implant-
ation and phenotypically characterized by �ow cytometry 
(Supplementary Table S1). Gating examples areshown in 
Supplementary Figure S3A.  This revealed an increase of 
in�ltrating lymphocytes (CD3+ cells) and CD8+ cytotoxic 
T cells, but not CD4+ T cells after PD-1 blockade and com-
bination therapy compared with controls (Fig. 5A, B, C).  
Importantly, an increase of IFN-� was detected only in mice 
receiving GMCI, either alone or as combination therapy, 

suggesting an important role of GMCI in inducing an 
active immune response (Fig. 5D). The increase of IFN-
� was observed mainly on CD4+ T cells (Supplementary 
Figure S3B, C). Granzyme B was upregulated in all treat-
ment groups, and most signi�cantly in the combination 
group (Fig. 5E). Finally, due to the increase in cytotoxic T 
cells, the CD8+/regulatory T cell (Treg) ratio was also sig-
ni�cantly increased in both GMCI and anti�PD-1 treatment 
groups compared with untreated controls (P � 0.001 and 
P � 0.0001, respectively) and was greater after GMCI ther-
apy versus anti�PD-1 alone, both as a single agent and in 
combination (P � 0.01) (Fig. 5F). There was no difference 
observed between GMCI and the GMCI/anti�PD-1 combin-
ation. These data suggest that GMCI plays an important 
role in inducing cytotoxic T-cell activity.

Fig. 2  Type I interferon induction by GMCI and stimulation of PD-L1 expression. (A) IFN-� released from infected CT-2ALuc and GL261Luc2 
tumor cells was detected 4 days after GMCI treatment by ELISA assay. (B) GL261Luc2 and CT-2ALuc cells were treated with 1000 U/mL IFN-� and 
IFN-� for 4 days followed by �ow cytometry for cell surface PD-L1 detection. (C) Representative immuno�uorescence images of PD-L1 expres-
sion (red) in GL261Luc2 cells after treatment with IFN decoy antibody MAR1-5A3. Ten micrograms per milliliter of MAR1-5A3 antibody and 1000 
U/mL or 10 �g/mL/day GCV were added to the tumor cells 3 h after treatment with 10 vp/�L AdV-tk. Scale bar: 50 µm. One-way ANOVA was used 
to determine statistical signi�cance (***P � 0.001, **P � 0.01).
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Influence of Combination Treatments on T-Cell 
Immune Checkpoint Molecules

In�ltrating lymphocyte populations were analyzed for the 
presence of the immune-inhibitory receptors PD-1, T-cell 
immunoglobulin and mucin-domain containing-3 (TIM-3), 
lymphocyte-activation gene 3 (LAG-3), CTLA-4, and T-cell 
immunoreceptor with immunoglobulin and immunorecep-
tor tyrosine-based inhibition motif domains (TIGIT) by �ow 
cytometry. PD-1, LAG-3, and TIGIT expression were com-
parable among the different groups (Fig.�6A and data not 
shown). We observed changes in TIM-3 expression on T-cell 
in�ltrates, which showed a trend toward higher levels after 
PD-1 blockade and were signi�cantly reduced after GMCI 
treatment (Fig.�6B). Also, the T-cell population coexpressing 
PD-1 and TIM-3 signi�cantly decreased after GMCI and com-
bination therapy (Fig.�6C). This indicates a potential role of 
immunostimulation by GMCI in inhibiting TIM-3‒mediated 
T-cell dysfunction. In contrast, CTLA-4 upregulation was 
detected in all treatment groups, indicating an inhibitory 
effect of the different treatments and suggesting a rationale 
for additional combination therapies (Fig.�6D). No signi�cant 
changes were observed in PD-1, TIM-3, and CTLA-4 in CD4+ 
cells (Supplementary Figure S3C�E). Overall, our immune 
characterization demonstrates that while each of the single 
therapies may induce activation of the adaptive immune 
response, the combination of GMCI with PD-1 blockade pro-
vides a reciprocal enhancement of the effectiveness of each 

agent by the other that leads to an increase in the proportion 
of responders compared with single-agent treatment.

Discussion

In the current study, the combination of immunostimula-
tory GMCI with anti�PD-1 immune checkpoint blockade was 
investigated in syngeneic glioblastoma mouse models. The 
combination of GMCI plus anti�PD-1 increased the numbers 
of LTS animals compared with monotherapies. As single 
agents, GMCI and anti�PD-1 both increased the numbers 
of LTS mice (30%�50%) relative to untreated controls (0%). 
However, combination treatment signi�cantly elevated 
the percentage of LTS animals (88%). Flow cytometry data 
suggest a reciprocal enhancement mechanism underlying 
these observations; GMCI and anti�PD-1 treatments both 
induced intratumoral accumulation of cytotoxic CD8+ T-cell 
in�ltrates. However, these T cells appear to be more active 
in GMCI, as they express higher levels of IFN-�, and CD8+/
Treg ratios are higher in GMCI-treated animals. On the other 
hand, GMCI upregulates PD-L1 through INF signaling,37 
which can be overcome with anti�PD-1 treatment. Anti�
PD-1 T-cell in�ltrates express lower levels of IFN-�, suggest-
ing they are less active. Anti�PD-1 driven tumor-in�ltrating 
CD8+ T cells also have elevated TIM-3 levels, which appear 
to be strongly inhibited by GMCI. The signi�cance of this 

Fig. 3  GMCI induces an increase in PD-L1 levels in vivo. (A) Immuno�uorescent staining of PD-L1 in untreated and GMCI treated GL261Luc2-
bearing mice. Nuclei were stained with Hoechst (blue), tumor cells stained for vimentin (red) and PD-L1 (green). Scale bars: 20 µm. (B) Flow 
cytometry analysis of PD-L1 expression in in�ltrating macrophages and microglia in the brains of mice bearing GL261Luc2 tumors at day 21. 
Macrophages were gated CD45highCd11c-Cd11b+ and microglia were gated CD45lowCd11c-C11b+. Long horizontal bars indicate the mean val-
ues. Shorter horizontal bars indicate the standard deviation. One-way ANOVA was used to determine statistical signi�cance (***P � 0.001, **P 
� 0.01).










