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Fig. 3  CD4 depletion abrogates Ad-CD40L therapy. Immune cells were depleted 3�days before implanting pre-infected cells. Brains were har-
vested on day 8.�Number of total (A) BILs, (B) CD45+, (C) CD19+, (D) CD11c+, (E) CD11b+, (F) CD45midCD11b+ cells. Error bars – SD (n = 3). Student�s 
t-test: *P � 0.05, **P � 0.01. (G) Survival curves of immune cell-depleted mice implanted with pre-infected GL261 cells. **P � 0.01. (H) Survival 
curves of rechallenge of surviving mice from (G). All treatments **P � 0.01 over naïve control. (I, J) Mice with 10�day established GL261 tumors were 
injected with PBS or with 5�× 106 pfu of Ad-GFP or Ad-CD40L. Five days later, CD4+ T cells were puri�ed from splenocytes by magnetic bead sepa-
ration. CD4+ T cells pooled from 3 mice per treatment group were co-cultured with 104 GL261 target cells pretreated for 24�h with murine IFN-� (20 
U/mL) at an effector:target ratio of 10:1 (triplicate wells). The number of surviving GL261 cells 48�h later is shown (I) for GL261 cells co-cultured with: 
1: no CD4+ T cells; 2: CD4+ T cells from naïve mice (no tumor, no treatment); 3: CD4+ T cells from tumor bearing mice treated with PBS; 4: CD4+ T 
cells from tumor bearing mice treated with Ad-GFP; 5: CD4+ T cells from tumor bearing mice treated with Ad-CD40L. J.�Supernatants harvested from 
these cultures were assayed for levels of IFN-� by enzyme-linked immunosorbent assay.
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did not alter the number of CD4+ or CD8+ T cells. However, 
CD4 depletion reduced the number of CD19+CD40+ and 
CD19+II+ cells (Figure� 3C) and CD11c+CD40+, CD11c+II+, 
CD11b+F4/80+, or CD11b+Gr1+ cell numbers were all sig-
ni�cantly decreased (Figure� 3D, E). CD4 depletion also 
suppressed microglia activation as evidenced by levels 
of CD45midCD11b+CD86+ and CD45midCD11b+II+ cells 
(Figure�3F).

Despite the fact that Ad-CD40L therapy recruited both 
CD8+ T cells and B cells, depletion of neither CD8+ T nor B 
cells signi�cantly altered survival compared with the IgG 
control. In contrast, CD4+ T cell depletion drastically re-
duced Ad-CD40L therapy, showing CD4+ T cells were ab-
solutely and obligatorily required for therapy (Figure�3G). 
Regardless of whether mice survived following depletion 
of either CD8+ T or B cells, all of these surviving mice de-
veloped long-term antitumor memory responses against a 
rechallenge with GL261 cells in the frontal lobe (Figure�3H). 
In addition to providing helper function to generate in-
trinsic antitumor immune responses, CD4+ T cells have 
also been reported to have direct cytotoxicity against 
tumor cells.20,21 In this respect, CD4+ T cells isolated from 
spleens of mice treated with Ad-CD40L signi�cantly inhib-
ited the proliferation of target GL261 cells in vitro com-
pared with CD4+ T cells from untreated mice, or from mice 
treated with Ad-GFP (Figure�3I). This inhibition of tumor cell 
proliferation may be contributed by some direct cytotox-
icity and/or through a directly cytostatic effect exerted by 
the CD4+ T cells. This anti-proliferative activity on GL261 
targets was also associated with low, but detectable levels 
of interferon-gamma (IFN-�) secretion by the CD4+ T cells 
from Ad-CD40L-treated mice. In contrast, neither inhibition 
of proliferation against GL261 cells nor IFN-� secretion was 
observed from CD4+ T cells from mice treated with PBS or 
Ad-GFP (Figure�3J).

CD4+ T cell mediated anti-proliferative effects against 
GL261 targets in vitro absolutely required pretreatment 
of GL261 cells with IFN-�. Although major histocompati-
bility complex (MHC) class� II expression was undetectable 
on GL261 cells growing in vitro, pretreatment for 24�h with 
IFN-� induced relatively high levels (Supplementary Figure 
1A). Consistent with GL261 tumors being the target of di-
rect CD4+ T-cell mediated inhibition of proliferation following 
Ad-CD40L treatment, GL261 tumors excised from the brain-
stems of mice treated with PBS had signi�cantly lower levels 
of MHC class� II expression than did GL261 tumors from 
brainstems of mice treated with Ad-CD40L (Supplementary 
Figure 1B). In addition, GL261 tumors showed signi�cant in-
duction of IFN-� in Ad-CD40L-treated tumors compared with 
PBS or Ad-GFP-treated tumors (Supplementary Figure 1C), 
which is consistent with induction of MHC class�II presented 
targets on tumors for CD4+ T-cell mediated recognition. 
We have not tested tumors directly from patients for MHC 
class�II expression. However, although neither of the 2 dif-
fuse midline glioma cell lines SJPDGF1 and SF7761 express 
detectable MHC class� II molecules in normal cell culture, 
pretreatment for 24�h with human IFN-� did induce class�II 
expression (200-fold, SJPDGF1; 1000-fold, SF7761). So, al-
though we do not know if patient tumors in situ express 
class�II, patient-derived lines (cultured for multiple passages 
in vitro) have the capacity to do�so.

 Taken together, these data are consistent with a model 
in which Ad-CD40L induces a population of CD4+ T cells 
which exerts anti-proliferative effects on GL261 tumors 
growing in situ, in part through an in vivo upregulation 
of MHC class� II on the tumor cells as a result of the pro-
in�ammatory tumor microenvironment induced by 
Ad-CD40L.

Therefore, CD4+ T cells were necessary to activate 
antigen-presenting cells, B cells and microglia, and were 
critical mediators of Ad-CD40L therapy�at least in part 
through a highly anti-proliferative activity against tumor 
cells.

Intratumoral Injection of Ad-CD40L Improves 
Survival of Glioma-Bearing�Mice

Next, we assessed ef�cacy and toxicity of Ad-CD40L in 
an intratumoral injection model of established brain-
stem tumors. Direct injection of Ad-GFP at 106 pfu did 
not prolong survival of mice, all of which died of tumor 
growth (Figure�4A). When mice were treated with 106 pfu 
of Ad-CD40L, signi�cant acute toxicity was observed, 
with loss of up to 20% body weight (Figure�4B) and some 
deaths (Figure�4A) within the �rst 30�days post treatment. 
However, with supportive care (�uid treatment), about 40% 
of these mice recovered and survived long term (Figure�4A, 
B). Treatment with Ad-CD40L was dose dependent as nei-
ther 5 × 104 nor 105 pfu signi�cantly extended survival 
through tumor treatment (Figure�4A), but neither did they 
induce high-level toxicity (Figure�4B). Signi�cant numbers 
of long-term tumor cures could be induced by increasing 
the dose of Ad-CD40L as high as 5 × 106 or 107 pfu, com-
pared with mice treated with Ad-GFP at 107 pfu (Figure�4C), 
when �uids and nutrient support were provided over a 
period of 2 weeks (Figure�4D).

RNA-seq transcriptional pro�ling 8� days post-injection 
of tumor-bearing mice treated with PBS, Ad-GFP, or 
Ad-CD40L using Ingenuity Pathway Analysis (https://www.
qiagenbioinformatics.com/products/ingenuity-pathway-
analysis/) showed that Ad-CD40L induced genes involved 
in signaling pathways of neuroin�ammation, T and B cell 
signaling, Th1 and Th2 activation, communication between 
innate and adaptive immune cells, and dendritic cell mat-
uration (Figure�4E). Among genes which were most differ-
entially expressed in each pathway (log2FC� 3), IL-1�, IL-6, 
IFN-�, tumor necrosis factor alpha (TNF-�), CD40, IL-12-�, 
and Toll-like receptor 2 were shared between each of the 
top 5 pathways (Figure�4F). Consistent with Figure�2, genes 
responsible for B- and  T-cell recruitment were also strongly 
upregulated in Ad-CD40L treatment. Thus, Ad-CD40L ac-
tivated pro-in�ammatory cytokines/chemokines, which 
are candidates as mediators of ef�cacy, toxicity, or both. 
Consistent with the ability of Ad-CD40L to reverse the im-
mune suppressive tumor microenvironment, treatment 
with Ad-CD40L induced both signi�cant reductions in the 
expression of immune suppressive factors, such as trans-
forming growth factor beta and forkhead box P3, as well 
as increased expression of other cytokines, including 
IFN-� and IL-6, compared with PBS or Ad-GFP treatment 
(Supplementary Figure 1).
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Fig. 4  Intratumoral injection of Ad-CD40L results in tumor clearance with acute toxicity. (A, C) Survival curves of tumor-bearing mice treated with 
viruses. (B, D) Percent body weight loss of GL261-bearing mice treated with Ad-CD40L. Tumor bearing mice were intratumorally injected with vir-
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Ad-CD40L Therapy Is Associated with Tertiary 
Lymphoid Structure-Like Formation

Brains of tumor-bearing mice 9� days post treatment 
showed reproducibly smaller, or the absence of, tumors 
following treatment with Ad-CD40L (Figure�5A, left panel) 
along with consistently higher levels of CD4+ T cells 
(Figure�5A, middle panel). B and CD3+ T cells were present 
along the meninges of Ad-CD40L-treated brains, organized 
in a manner that resembled TLS as found in in�amed or 
tumoral tissue22 (Figure� 5A, right panel). In this respect, 
levels of claudin-5, a marker of vessel formation in the 
brain,23 were signi�cantly upregulated following Ad-CD40L 
treatment compared with PBS or Ad-GFP (Supplementary 
Figure 1G) The formation of these TLS and increased vas-
cularization are compatible with a wound-healing type of 
response to the in�ammatory effects of Ad-CD40L. Brains 
harvested on days 2, 3, and 8 post-infection showed sig-
ni�cantly increased numbers of CD45+ BILs following 
treatment with Ad-CD40L compared with Ad-GFP, as 
early as 72 hours post-infection (Figure� 5B). Ad-CD40L 
also signi�cantly increased CD11b+CD11c+, CD11b+Gr1+, 
CD11c+II+, CD45midCD11b+CD40+, and CD45midCD11b+II+ 
cells (Supplementary Figure 2). Similar to the pre-infection 
model, the majority of total cells in Ad-CD40L�treated 
mice were CD4+ T, CD8+ T, and B cells (Figure� 5C�E). 
Interestingly, when Ad-CD40L was intracranially injected 
without tumor present, total BILs or CD45+ cells were 
not signi�cantly different in mice injected with Ad-GFP 
or Ad-CD40L (Supplementary Figure 3A, B). Notably, we 
detected a marginal enhancement in CD8+ T and B cells 
(Supplementary Figure 3D, E), whereas CD4+ T and natural 
killer cells were decreased in Ad-CD40L-treated tumor-free 
animals (Supplementary Figure 3C, F). Therefore, the spe-
ci�c pro�le of immune cells depends on the presence of 
tumors in the�brain.

Sera from tumor-bearing mice treated with Ad-CD40L 
signi�cantly increased IgG levels speci�cally against 
GL261, but not against normal brain-derived mixed astro-
cyte cells24 as a negative control (Figure�5F), showing that 
Ad-CD40L induces both adaptive and humoral antitumor 
immune responses. However, the role of these tumor-
speci�c antibodies remains unclear, since depletion of B 
cells had no signi�cant effects on therapy (Figure�3G).

Finally, consistent with the results of Figure� 3G with 
the pre-transduced model, depletion of CD4+ T cells com-
pletely abolished in vivo therapy following direct delivery 
of Ad-CD40L virus to established tumors (Figure�5G). In this 
model, however, depletion of CD8+ T cells also reduced 
therapeutic ef�cacy compared with CD8+ intact mice, sug-
gesting that effector CD8+ T cell responses may also play a 
role in therapy of direct virus delivery (Figure�5G).

Replication-Competent Adenovirus Expressing 
CD40L Improves Antitumor Ef�cacy While 
Minimizing Off-Tumor Toxicity

We hypothesized that off-target expression of Ad-CD40L in 
nontumor brain tissue led to pro-in�ammatory cytokine/
chemokine production and the acute toxicity of Figure�4. 
Therefore, for clinical translation of CD40L therapy for 

diffuse midline gliomas, it will be important to restrict 
CD40L expression to tumor cells in vivo. To achieve this 
goal, we exploited the tumor-speci�c targeting conferred 
upon the replication competency of adenoviruses afforded 
by the incorporation of a 24�bp deletion in the E1A viral 
gene (rAd-�24) responsible for retinoblastoma protein 
(pRB) binding.25 Since many gliomas, including diffuse 
midline gliomas, have defects in the p16/retinoblastoma 
(Rb)/E2F pathway,26,27 the 24�bp deletion in the E1A gene 
confers rAd-�24 with high levels of selectivity to glioma 
cells. Therefore, we constructed rAd-�24-CD40L in which 
expression of CD40L will ultimately be under the control of 
the highly tumor selective replication of the�virus.

To validate the replication and antitumor ef�cacy of this 
virus in human tumors, the patient-derived diffuse mid-
line glioma cell line SJPDGF1 was infected with rAd-�24 
expressing luciferase (rAd-�24-luc). Virus infection and 
transgene expression were observed within 3�days, which 
decreased with time due to the cytotoxicity associated 
with replication and oncolysis (Figure�6A). Consistent with 
this, rAd-�24-luc and rAd-�24-CD40L killed almost 60% of 
SJPDGF1 cells by day 6 (Figure�6B), results which were re-
produced in a second human patient�derived diffuse mid-
line glioma cell line, SF7761 (Figure�6B).

Assessing the activity of rAd-�24-CD40L in patient-
derived xenografts would require immunocompromised 
mice, thereby eliminating the immune-mediated effects 
of CD40L expression. Therefore, we tested the antitumor 
ef�cacy of rAd-�24-CD40L in 2 different murine immune 
competent models where either GL261 or CT2A cells were 
implanted into the brainstem on day 0, and rAd-�24 was 
intratumorally injected on day 10. While these murine cells 
only partially support adenoviral replication, they represent 
the effects of intact immune subsets on both antitumor ef-
�cacy and toxicity. Injection of rAd-�24-CD40L signi�cantly 
improved survival of tumor-bearing mice over PBS or 
rAd-�24-luc in both immune-competent GL261 and CT2A 
scenarios, and led to at least 50% cure rates in these ag-
gressive models (Figure�6C, E). Most importantly, rAd-�24-
CD40L did not induce weight loss to the same degree as 
replication-defective Ad-CD40L (Figure� 4). GL261-bearing 
mice treated with rAd-�24-CD40L lost less than 25% body 
weight 2�days post-infection, and recovered within 14�days 
(Figure�6D). Similarly, CT2A-bearing mice treated with rAd-
�24-CD40L had weight loss less than 20% (Figure�6F).

To investigate the relative toxicity of the rAd-�24-CD40L 
virus to tumor and normal brain tissue, mixed astrocyte/
glial cultures from normal brains of C57BL/6 mice were 
infected with increasing MOI of the rAd-�24-CD40L virus. 
Despite the relatively poor ability of replication compe-
tent adenoviruses to replicate in murine cells, both CT2A 
and GL261 glioma cell lines showed signi�cant cytotox-
icity upon infection with rAd-�24-CD40L (Supplementary 
Figure 4), consistent with the cytotoxicity observed against 
human diffuse midline glioma cell lines (Figure� 6B). In 
contrast, similar MOI of rAd-�24-CD40L used to infect 
normal astrocyte/glial cultures did not cause signi�cant 
reduction in cell numbers compared with mock infection 
(Supplementary Figure 4). These data con�rm that the �24 
mutation confers a tight degree of targeting of virus repli-
cation upon transformed glioma cell types, as opposed to 
normal brain�cells.
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Fig. 5  Intratumoral injection of Ad-CD40L induces immune cell in�ltration and antitumor antibody. (A) Representative images (40x) of tumor-bearing 
mice treated with viruses. Left panel, hematoxylin/eosin staining; middle panel (arrow), brain tissues stained with DAPI, B220, and CD4 (scale bar, 
100��m); right panel (inset), brain tissues stained with dapi, B220, and CD3 (scale bar, 50��m). (B�F) Flow analysis of brains treated with PBS, Ad-GFP, 
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