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D2C7-immunotoxin (IT), a dual-specific IT targeting wild-type epidermal growth factor

receptor (EGFR) and mutant EGFR variant 111 (EGFRVIII) proteins, demonstrates encouraging
survival outcomes in a subset of patients with glioblastoma -. We hypothesized that
immunosuppression in glioblastoma limits D2C7-IT efficacy. To improve the response rate and
reverse immunosuppression, we combined D2C7-I1T tumor cell killing with aCD40 costimulation
of antigen-presenting cells. In murine glioma models, a single intratumoral injection of D2C7-
IT+a.CD40 treatment, activated a proinflammatory phenotype in microglia and macrophages,
promoted long-term tumor-specific CD8* T cell immunity, and generated cures. D2C7-1T+aCD40
treatment increased intratumoral Slamf6*CD8* T cells with a progenitor phenotype and decreased
terminally exhausted CD8+ T cells. D2C7-1T+aCDA40 treatment stimulated intratumoral CD8+

T cell proliferation and generated cures in glioma-bearing mice despite FTY720-induced
peripheral T cell sequestration. Tumor transcriptome profiling established CD40 upregulation,
pattern recognition receptor, cell senescence, and immune response pathway activation as the
drivers of D2C7-1T+aCD40 antitumor responses. In order to determine potential translation,
immunohistochemistry staining confirmed CD40 expression in human GBM tissue sections. These
promising preclinical data allowed us to initiate a phase | study with D2C7-1T+ahCD40 in
patients with malignant glioma (NCT04547777) to further evaluate this treatment in humans.

One Sentence Summary:

Immunotoxin-mediated tumor cell killing and aCD40-mediated immune cell activation generate
cures in brain tumor models.

INTRODUCTION

Glioblastoma (GBM) is the most frequent and malignant primary brain tumor in adults (1).
The current standard of care comprises maximum safe surgical resection and radiotherapy
with concomitant and adjuvant temozolomide (2). Despite these interventions, GBMs are
extremely invasive and highly resistant to therapy resulting in poor prognosis, with a
median survival (MS) of 15-18 months (3). Therapeutic strategies that harness the immune
system demonstrate clinical benefits for a minority of patients, but the overall patient
survival remains low (4, 5). Clinical success of immunotherapy has been hindered by
GBM-intrinsic (inter and intratumoral heterogeneity, lack of neoantigens, poor antigen
presentation and priming, and secretion of immunosuppressive cytokines) (6-8) and
-extrinsic immunosuppression (decreased frequency of T cells, local and systemic T

cell exhaustion and suppression, and increased frequency of immunosuppressive tumor-
associated macrophages [TAMS]) (9-12). Innovative therapeutic approaches are urgently
needed to combat GBM immunosuppression, generate productive antitumor immunity, and
prolong the survival rates of patients beyond that given by the current standard of care. To
that end, our group has examined immunotoxin (1T)-based targeted therapies administered
using convection-enhanced delivery (CED) for GBM. During CED, a catheter inserted into
the tumor mass facilitates drug distribution, leveraging the positive pressure generated by an
infusion pump. Thus, intratumoral (i.t.) infusion using CED enables the direct delivery of
macromolecular therapeutics that are too large to cross the blood-brain barrier or too toxic
when administered systemically (13).
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D2C7-immunotoxin (IT) (D2C7) is a recombinant antibody (Ab) fragment-derived
Pseudomonas exotoxin-based IT that targets the wild-type epidermal growth factor receptor
(EGFRwt) and its mutant EGFR variant 11 (EGFRvIII), two dominant driver oncogenes

in GBM (14, 15). In preclinical mouse glioma models, delivery of D2C7 using CED
induces tumor cell killing and elicits secondary immune responses by activating CD4*

and CD8* T cells (16). A phase I clinical trial of D2C7 in patients with recurrent WHO
grade 3 and 4 malignant glioma (NCT02303678) showed encouraging survival outcomes
and radiological responses in a subset of patients (17). The limited clinical efficacy suggests
an inhibitory role for the immunosuppressive tumor microenvironment (TME) in D2C7
antitumor immunity. Hence, we hypothesized that modulating the immunosuppressive TME
would improve GBM patient response to D2C7.

CDA40 is a costimulatory molecule belonging to the tumor necrosis factor receptor
superfamily (18). CD40 is expressed on a wide range of cells including microglia,
monocytes, macrophages , dendritic cells (DCs), B cells, platelets, fibroblasts, endothelial
cells, smooth muscle cells, and tumor cells (19). CD40 ligation activates antigen-presenting
cells (APCs), enhances antigen processing and presentation, and consequently T cell
stimulation (20-22). Thus, CD40 is a key molecule involved in bridging innate and adaptive
immune responses. Studies in mouse models of cancer have demonstrated the importance
of CD40 in driving antitumor immunity, wherein administration of an agonistic CD40
monoclonal Ab (mAb) activated DCs and engendered protective T cell responses (23-25).
T cell-independent and macrophage-dependent antitumor effects of aCD40 have also been
described and involve TAM re-education from a protumor to an antitumor phenotype leading
to tumor and stromal destruction (26-28). Furthermore, CD40 is also prevalent in grade 3
and 4 gliomas (29, 30). Since CD40 is highly expressed in GBM, we hypothesized that
CDA40 costimulation would activate APCs and modulate TAMs in the TME. Therefore, we
investigated whether CD40 agonism in combination with D2C7 cytotoxicity could invoke
innate and tumor-specific T cell immunity and improve the survival outcomes in GBM
models.

D2C7 and agonistic aCD40 combination therapy generates cures and induces
immunological memory in syngeneic glioma models

When administered systemically, agonistic aCD40 therapy induces transaminitis (elevated
liver enzymes called transaminases) in murine models and patients (31, 32). To overcome
dose-limiting toxicities associated with the systemic delivery of aCD40 in the clinic

(31) and to determine a biologically effective dose for combination with D2C7, we
performed a dose-finding study with intratumoral CED of aCD40 (3-100 pg) in the CT-2A-
dmEGFRvIII-Firefly Luciferase (CT-VIII) glioma model (fig. SLA-S1C). Doses up to 100
ug of aCD40 were safe and effective. The greatest increase in survival, compared to control
(MS=11-d), was noted with the 30 ug (MS=22-d; P=0.12) and 100 pg doses (MS=21.5-d,
P=0.05) (fig. SLA). We next tested the 300 ug dose of aCD40 in combination with D2C7
(D2C7+a.CD40 [D+C]) in the CT-VIII glioma model and identified treatment-associated
hepatic toxicity, such as enlarged spleen and mottled liver discoloration, and physical signs
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of illness, such as hunched posture and lethargy, upon completion of CED on day 9 post
tumor implantation (fig. SIB-S1C), suggesting that the higher dose was attaining saturation
in the brain and excess Ab was reaching the circulation.

We next examined if the 100 pg aCD40 dose was safe when combined with D2C7. Control
and D2C7-treated mice exhibited no symptoms of hepatic toxicity at any observed timepoint
(fig. S1D-S11). Mice treated with aCD40 (100 ug) and D+C (0.2 ug + 100 ug) therapies
did not show physical signs of illness, but exhibited liver discoloration to a lesser degree
than the D+C (0.2 pg + 300 pg) group upon completion of CED. The liver discoloration

in the 100 pug groups (aCD40 and D+C), gradually decreased and returned to normal

at 24 and 72 hr post-CED, respectively (fig. S1J-S10). Consistent with these data, the
control and D2C7 treated mice presented normal aspartate transaminase (AST) and alanine
transaminase (ALT) amounts at each time point (fig. S1P and S1Q) (33). Higher amounts
of AST and ALT were observed in the aCD40 and D+C groups upon completion of CED,
but gradually returned to the normal range by 24 and 72 hr post-CED (fig. S1P and S1Q).
Platelet concentrations were consistently elevated in the control and D2C7 mice at all time
points (fig. SIR) (33). Contrarily, platelet concentrations were lower in the aCD40 and
D+C groups upon completion of CED, but gradually reached concentrations similar to the
control and D2C7 groups 72 hr post-CED (fig. S1R). These data indicate that the 100

Hg aCD40 dose in combination with D2C7 results in reduced and transient toxicity while
demonstrating efficacy (fig. SLA). Thus, we chose 100 ug aCD40 as the working dose for
subsequent experiments.

Next, we evaluated the in vivo efficacy of D2C7 and aCD40 mono and combination
therapies in the CT-VIII model. Compared to control (MS=16 days), we observed significant
increases in survival with D2C7 (MS=35 days, A<0.05) and D+C (MS>75 days, £<0.0001)
therapies (Fig. 1A). At the end of the study (>75 days), there were tumor-free mice in the
D2C7 (2/10), aCD40 (1/10), and D+C (8/10) groups (Fig. 1A). The surviving and naive
control mice were rechallenged on day 76 (time point for rechallenge; MS>75 days) in the
contralateral hemisphere with parental CT-2A cells that do not express dmEGFRUVIII. All
control mice developed tumors whereas all therapy mice survived and remained tumor-free
until study termination (87 days post rechallenge) (Fig. 1B), indicating the development of
immunologic memory that prevents tumor recurrence.

The efficacy determination of D+C in a second syngeneic glioma model, GL261-
dmEGFRuvIII-Firefly Luciferase (GL-VIII), showed significant increases in survival with
D2C7 (MS=30 days, ~£<0.01) therapy with one surviving mouse remaining, whereas the
control group had an MS of 19 days, with no survivors (Fig. 1C). The D+C group had

4/5 survivors and an MS of >84 days (/<0.05). All survivors and naive controls were
rechallenged contralaterally on day 85 (time point for rechallenge; MS>75 days) with
parental GL261 cells. The control mice died from tumors. The initial therapy mice remained
tumor-free when the study ended (76 days post rechallenge) (Fig. 1D), demonstrating that
the immunologic memory persists for up to five months post-therapy.

Brains from CT-VIII or GL-VIII tumor-bearing mice, treated as in Fig. 1A or 1C and
harvested 6-7-d or 6-d post-therapy, respectively, were histologically examined using
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coronal sections from the tumor injection sites. In both CT-VIII (Fig. 1E-11) and GL-VIII
(Fig. 1J-1N) models, the control mice (Fig. 1E and 1J) had the largest tumor burden (20—
60%) (Fig. 11 and 1N), D2C7 (Fig. 1F and 1K) and aCD40 (Fig. 1G and 1L) treated mice
exhibited smaller tumor burdens than control (20-40%) (Fig. 11 and 1N), and the D+C
treated mice (Fig. 1H and 1M) showed minimal tumor burden (1-10%) (Fig. 11 and 1N).
Thus, both D2C7 and aCD40 monotherapies slow tumor growth and improve survival, D+C
therapy effectively destroys malignant gliomas, generates a systemic antitumor immune
response, and results in robust survival outcomes, including cures.

Systemic aCD40 combinations have been evaluated for antitumor efficacy in glioma
models (34, 35); therefore, we compared the efficacy of our intratumoral approach to
systemic aCD40 dosing in the CT-VIII model. Compared to the control, all four treatment
groups showed increased survival. The CED co-delivery group (D+C CED: >76 days, 7/10
survivors and D+C systemic: >62.5 days, 5/10 survivors) had the largest MS and survivors
(fig. S2A). These results indicate that D+C co-infusion by CED generates an improved
antitumor response and a safe therapeutic option for clinical translation.

D2C7 and a.CD40 therapy is efficacious against heterogeneous and metastatic gliomas,
and the antitumor response requires D2C7-mediated tumor killing

GBMs exhibit a high degree of intra and intertumoral heterogeneity (7), which often leads to
therapy resistance and disease relapse. Hence, we examined the effectiveness of D+C against
phenotypically heterogeneous gliomas with varying degrees of target antigen expression.
Intracranial gliomas containing a mix of CT-VIII (antigen-positive) and parental CT-2A
(antigen-negative) cells in a 2:1 ratio, based on the number of cells used during homogenous
implantation, were established and treated as outlined (Fig. 2A). Compared to control
(MS=19 days), we observed an increase in survival with D2C7 (MS=26 days), aCD40
(MS=24.5 days), and D+C (MS>99 days) therapies (Fig. 2A). At the end of the study,

there were 2/10 (D2C7), 3/10 (a.CD40), and 7/10 (D+C) survivors, demonstrating that D+C
treatment is also efficacious against heterogeneous gliomas.

The high degree of tumor cell infiltration into the surrounding brain parenchyma is a major
challenge for the clinical management of GBM (36). Therefore, we evaluated the efficacy
of D+C against micrometastatic tumor cells in a CT-VIII tumor model reflective of this
behavior as outlined (Fig. 2B). All mice in control and aCD40 groups developed tumors,
with a MS of 17 days and 20 days, respectively (Fig. 2B). Compared to control (MS=17
days), we observed significant increases in survival in the D2C7 (MS=30 days, A<0.01)

and D+C (MS>95 days, £<0.01) groups. Histological examination of coronal sections taken
at the tumor injection site in CT-VIII tumor brains at 7 days post-treatment demonstrated
large and small tumors in the right and left hemispheres, 50-70% and 0-10% tumor burden,
respectively, in the control group (Fig. 2C and 2E). There was almost complete tumor
eradication, 1 and 0% tumor burden in the right and left hemispheres, respectively, in the
D+C group (Fig. 2D and 2E), confirming the efficacy of the combination therapy against
both treated and untreated distant tumors.

We also examined the efficacy of D+C in the antigen-negative CT-2A model to determine
the contribution of D2C7-mediated killing of dmEGFRVIII antigen-expressing tumors in the
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generation of antitumor responses (Fig. 2F). Compared to control (MS=13 days), aCD40
therapy showed an increase in MS to 19 days, whereas D2C7 or D+C therapy failed to

increase MS beyond those generated by aCD40 (Fig. 2F). These data indicate that D2C7-
mediated tumor cell killing is required for the D+C therapy-mediated antitumor response.

D2C7 and aCD40 combination therapy induces an activated proinflammatory phenotype in
tumor-associated myeloid cells

Given the functional role of CD40 on diverse immune cells (18), we next performed
intratumoral immune profiling following treatment with D2C7 and aCDA40 therapies using
flow cytometry (FC). Analysis of CT-VIII tumors six days following therapy demonstrated
an increase in the relative frequency of neutrophils (3.3%) and microglia (41.3%) in the
D2C7 group (Fig. 3A and 3C) and a decrease in the relative frequency of natural killer (NK)
cells (0.69-0.92%) (Fig. 3B) and macrophages (19.8-22.2%) (Fig. 3D) in the mono and
combination therapies compared to the control (1.9% and 42.4%, respectively). Treatment
with aCD40 or D+C resulted in similar amounts of neutrophils, NK cells, microglia,

and macrophages (Fig. 3A-D). We next investigated the activation phenotype of tumor-
associated microglia and macrophages by examining CD80 and major histocompatibility
complex I (MHCII) expression in treated tumors. High upregulation of CD80 and MHCI|I
on microglia was present only in the aCD40 and D+C groups (Fig. 3E and 3F). In contrast,
marginally higher upregulation of CD80 and MHCII on macrophages compared to the
control and D2C7 groups were noted in the aCD40 and D+C groups (Fig. 3G and 3H).

Having observed the upregulation of activation markers, we further analyzed the post-
treatment status of TAMSs using immunohistochemistry (IHC). Six days post-therapy,
coronal sections of CT-VIlI-bearing brains were taken at the tumor injection site and stained
appropriately. In accordance with the FC data, compared to control (Fig. 3J) and D2C7

(Fig. 3N), a higher macrophage activation was evidenced by higher CD68 staining in mice
treated with aCD40 and D+C therapies (Fig. 3R and 3V). However, compared to the control
(Fig. 3K and 3L) and monotherapies (Fig. 30, 3S, 3P, and 3T), the production of the
proinflammatory cytokine TNFa was increased, and anti-inflammatory macrophage marker
CD206 was decreased in the D+C group (Fig. 3W and 3X). In line with the IHC data,
similar trends in CD206 expression on macrophages (decreased) (fig. S3A) and intracellular
expression of TNFa in microglia (increased) (fig. S3B) were noted by FC analysis in the
D+C group. The above data indicate that the antitumor effect of D+C therapy is, in part, due
to an increase in the proinflammatory activity of microglia and TAMs.

Cytotoxic D2C7 plus agonistic aCD40 therapy increases intratumoral CD8* T cells which
controls glioma growth and improves survival

Given the role of CD8* tumor-infiltrating lymphocytes (TILs) in aCD40 therapy-mediated
tumor response (34, 37), we examined the post-treatment frequency of CD4* T cells, CD8*
T cells, and B cells in the CT-VIII and GL-VIII glioma models. FC analysis of CT-VIII
tumors 6 days post-therapy demonstrated an increase in CD4* TILs (11.9%), CD8* TILs
(22.7%), and B cells (18.7%) in the combination compared to the control (~5%, all cell
types) (Fig. 4A). Compared to the control, an increase in CD4* (13.5%) and CD8* (20.8%)
TILs were noted in the D2C7 and a.CDA40 groups, respectively (Fig. 4A). Similarly, analysis
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of GL-VIII tumors 6 days post-therapy demonstrated an increase in CD4* TILs (13.9%),
CDS8™" TILs (14.1%), and B cells (7.2%), only in D+C compared to control (1-5%, all cell
types) (fig. S4A).

Post-treatment frequency of T and B cells in the coronal sections of CT-VIII and GL-VIII
tumor brains from the tumor injection site were analyzed using IHC. In agreement with the
FC data, CD4* TILs increased at the tumor cell low injection site (Fig. 1H and 1M) in the
D+C group (Fig. 40 and S40). Similarly, there was an increase in CD8* TILs distributed
throughout the tumors in the aCD40 group (Fig. 4L and S4L) or the tumor cell low injection
site (Fig. 1H and 1M) in the D+C group (Fig. 4P and S4P). Again, an increase in B cells was
noted in the D+C-treated brain (Fig. 4Q and S4Q).

To determine the function of T and B cells in D+C antitumor response, we depleted

these lymphocytes in CT-VIII tumor-bearing mice (Fig. 4R). The D+C therapy without
lymphocyte depletion resulted in 9/10 survivors with >76 days MS (Fig. 4R). An identical
number of survivors and increase in MS were observed upon CD4* T cell and B cell
depletion (aCD20) (Fig. 4R). The efficacy of D+C was almost completely abolished upon
CDS8™ T cell depletion (1/9 survivors) (Fig. 4R), establishing their role as effectors of the
adaptive immune response generated by the combination. Contralateral tumor rechallenge
with CT-2A cells resulted in complete tumor uptake and euthanasia in all mice from the
control group and in one mouse from the CD8™ T cell-depleted group (Fig. 4S). Six of
nine mice from the CD4* T cell-depleted group, and all mice from the groups without
lymphocyte depletion and with B cell depletion, survived tumor rechallenge and remained
tumor-free for >6 months after D+C therapy (Fig. 4S), establishing that the CD8" T cells are
critical for both the primary and long-term D+C antitumor immune response.

D2C7 and aCD40 treatment promotes progenitor cell states and prevents terminal
exhaustion phenotype in CD8+ TILs in gliomas

Given that CD8* TILs are needed for D+C antitumor efficacy, we investigated their
phenotype further. FC analysis of CT-VIII (Fig. 5A) and GL-VIII (Fig. 5B) tumors 6 days
post-therapy demonstrated that the majority of CD8* TILs in all groups exhibited an effector
memory (CD8" Teny) phenotype (CD3*CD8*CD62L-CD44%), with significant increases in
the aCD40 (~<0.01) and D+C (/<0.001) groups.

Although T cell dysfunction through expression of multiple inhibitory receptors is a
hallmark of GBM (12), aCD40 agonism reverses CD8* TIL exhaustion and improves
therapy response in various tumor models (37, 38). Hence, we examined CD8* TIL
exhaustion by examining PD-1, Tim-3, Lag-3, and TIGIT expression, post-D2C7 and
aCDA40 treatment in CT-VIII (Fig. 5C) and GL-VIII (Fig. 5D) gliomas. Highest frequency
of CD8*PD-1* TILs, a marker of early activation and exhaustion, and a lowest frequency
CD8*PD-1*Tim-3*Lag-3*TIGIT* TILs, a marker of terminal exhaustion, (39) was observed
in the D+C group, followed by the next highest and lowest frequencies of activation and
terminal exhaustion markers in the two monotherapy groups, in both CT-VIII and GL-VIII
models. The terminal exhaustion phenotype was highest in the control group (~34-75%
CD8™* TILs) (Fig. 5C and 5D). Similarly, median fluorescence intensity was higher for
PD-1, TIGIT, Tim-3, Lag-3, and CD39 in the control group, followed by D2C7 and aCD40
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groups, with the least expression in the D+C group in CT-VI1II gliomas (fig. S5A and

S5E). We validated our FC manual gating analysis with the Astrolabe Cytometry Platform
(40) using unsupervised clustering for cell subset labeling and differential expression (DE)
analysis to examine inhibitory receptor expression. In agreement with the manual analysis,
the Astrolabe platform demonstrated a higher frequency of CD8" TILs with a memory
phenotype in the aCD40 (15.2%) and D+C (16.9%) groups in CT-VIII tumors (fig. S5F).
DE analysis demonstrated PD-1, TIGIT, Tim-3, Lag-3, and CD39 expression was highest in
control, lowest in D+C, and intermediate in D2C7 and aCD40 groups (fig. S5G and S5K).

Given that CD8" TILs are terminally exhausted in glioma models (Fig. 5C and 5D), and
since the inhibition of T cell exhaustion is required for successful antitumor response,

we next examined CD8+ TIL activation potential in gliomas. Activation of exhausted
CDS8™ T cells (Tex) is defined by Ly108, also known as Slamf6, a surrogate for T

cell factor family member TCF1 (Tcf7) transcription factor, and CD69 expression. Thus
the following types of expression represent the following state of activation in CD8*

TILs: Ly108*CD69* (progenitor 1; TexP©91), Ly108*CD69™ (progenitor 2; TexPro92),
Ly108~CD69" (intermediate; Texi™), and Ly108~CD69* (terminal; Tex'®™) (41). CD8*
TILs in the TexPro91 and TexPro92 exhibit high proliferative (Ki-67*) capacity whereas
TexiNt and Tex®™®™ subsets exhibit minimal proliferation, with activation of TexP™9 subsets
achievable by aPD-1 therapy (41). The FC analysis of CT-VIII and GL-VIII tumors
demonstrated a higher frequency of TexP™91 and TexP™°92 and a lower frequency of
Tex®™M subsets in the D+C (CT-VIII: 42%, 36%, 20% and GL-VIII: 45%, 41%, 13%,
respectively) and aCD40 (CT-VIII: 34%, 35%, 30% and GL-VIII: 34%, 51% and 13%,
respectively) groups (Fig. 5E and 5F). In agreement with the terminal exhaustion defined by
PD-1*TIGIT*Tim-3*Lag-3* expression (Fig. 5C), the frequency of Tex!™ was highest in
control (CT-VIII: 73%) and lowest in the D+C group. The Texi" subset was minimal in all
four groups (Fig. 5E and 5F). These data demonstrate that D+C treatment inhibits terminal
exhaustion and maintains CD8* TILs in an active Tex progenitor state.

Intratumoral CD8™ T cells are sufficient for tumor control and improve survival post D+C
therapy in gliomas

Since CD8* TILs are the primary effectors of the D+C antitumor response (Fig. 4R), we
investigated the contribution of intratumoral versus peripheral CD8* T cells to treatment
efficacy in the CT-VIII model. We used FTY720 (FTY), a sphingosine 1-phosphate
receptor-1 inhibitor, to prevent T cell egress from lymphoid organs, and thus blocked the
influx of new T cells into the tumor during therapy. This forced the D+C-mediated immune
response to be carried out by pre-treatment lymphocytes in the brain (42) as outlined (Fig.
6A). All control mice in both DMSO (Ctrl) and FTY (Ctrl+F) groups required euthanasia,
with the FTY (MS=16 days) mice performing significantly (/£<0.01) worse than the DMSO
(MS=19 days) mice. The D+C therapy with DMSO (D+C) or FTY (D+C+F) resulted in 8/10
and 7/10 survivors, respectively, and increased MS to >98 days (Fig. 6A). The difference
between the D+C or D+C+F groups were not statistically significant (P=0.5183). The above
data indicate that the antitumor activity of D+C in CT-VIII gliomas is mediated by T cells
which infiltrated the tumors before therapy.
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We performed FC analysis to gain mechanistic insights into D+C+F-induced antitumor
responses. Analysis of day 0 blood, before CT-VIII implantation, demonstrated similar
amounts of CD8* T cells in all groups (10-12%) (Fig. 6B). On day 6, before the start

of the D+C CED, the abundance of CD8* T cells in blood was reduced by ~80-90%

in FTY-treated animals from both control (DMSO0:8.9% versus FTY:1.9%) and D+C

groups (DMS0:10.3% versus FTY:1.4%) (Fig. 6B), confirming the blockade of CD8* T
cell exit from lymphoid organs before treatment. On day 13, at the time of euthanasia,

CD8* T cell reduction in FTY-treated blood was maintained at >90% in both control
(DMS0:8.2% versus FTY:0.4%) and D+C groups (DMSQ:10.8% versus FTY:1.1%) (Fig.
6B). Additionally, on day 13, tumors were harvested and the frequencies of CD8" TILs were
examined. Compared to control+FTY (2.9%), a 3.1-fold increase in the frequency of CD8*
TILs in the brain was noted in the D+C+FTY group (9%) (Fig. 6B). Similarly, a ~2.7-fold
increase in CD8* TILs was observed between the control (5.2%) and D+C (14%) treatments
with DMSO. There was no statistical difference in CD8* TILs between D+C groups with
and without FTY (Fig. 6B).

The increased frequency of CD8* TILs post-D+C+FTY indicated proliferation and self-
renewal of CD8* TILs within the brain. To understand the dynamics of CD8* TILs in the
TME, we used quantitative multiplex immunofluorescence (QMIF) analysis to determine
CD8™" TIL proliferation using Ki-67 co-expression in brains treated as in Fig. 6B and
harvested on day 13. Overall, compared to control (Fig. 6E and 6F) and D+C+DMSO
(CD8*Ki-67"; 4.37%) (Fig. 6C), an increased frequency of proliferating CD8" TILs
(CD8*Ki-67"; 6.52%) was associated with D+C+FTY (Fig. 6D). The above data support
the hypothesis that the frequency of cytotoxic TILs post-D+C therapy is driven by local
proliferation, resulting in higher cancer cell killing and cures.

D2C7 and aCD40 therapy enhances proliferating functional and tumor antigen-specific
CD8* TILs in gliomas

Given the observed intratumoral changes in CD8* T cell subsets post-D+C, we next
evaluated their effector functions and proliferation potential. CD8" TILs from CT-VIII
gliomas were assessed for intracellular cytokine expression and proliferation (Ki-67).
Treatment with D+C resulted in significant increases (14.7%, £<0.05) in the proportion of
CD8* TILs positive for Ki-67 and producing multiple cytokines (IFNy*TNFa*) compared
to control (3.7%) or monotherapies (D2C7:8% and aCD40:6.6%) (Fig. 7A). This increase
in polyfunctional CD8" TILs in the D+C treatment cohort coincided with an increase in
the amounts of tumor antigen (Trp2)-specific T cells within tumors, as determined by IFN~y
ELISpot assay (Fig. 7B and 7C). D2C7 monotherapy had no effect on the proportion of
IFNy* Trp2-specific TILs, compared to controls, whereas a CD40 monotherapy increased
IFNy™* Trp2-specific TIL concentrations ~5-fold. D+C therapy resulted in a ~10-fold
enhancement in the proportion of IFNy* Trp2-specific TILs compared to vehicle controls
(Fig. 7B). Together, the data indicate that the combination of D2C7 tumor cell killing

and a.CD40 immune-stimulation increases the proliferation, function, and tumor antigen-
specificity of CD8" TILs in gliomas.
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Batf3 deficiency eliminates D+C-induced survival improvements and promotes Texterm
CD8* TIL phenotype in gliomas

The recruitment, priming, and expansion of tumor-specific stem-like Tcf1*Slamf6*CD8*
TILs following CD40 costimulation is mediated by cDC1s (conventional dendritic cells type
1) (43, 44). Thus, we examined the role of cDC1s in D+C induced antitumor responses by
utilizing Batf3~/~ knockout (KO) mice lacking cDC1s (45). Control and a.CD40 groups
generated similar survival (MS=20 days) in Batf3 KO mice in the absence of cures

in mice(Fig. 7D). Contrarily, D2C7 and D+C groups extended MS to 35 and 38 days,
respectively (Fig. 7D), indicating that D2C7-mediated tumor cell killing generated improved
survival in Batf3 KO mice. However, D2C7 (1/8 survivors) and D+C (2/8 survivors)
treatments produced fewer survivors in Batf3 KO CT-VIII tumor-bearing mice than Batf3
WT mice, highlighting the importance of cDC1-CD8" T cell crosstalk for robust D+C
mediated antitumor response. Additionally, Batf3 deficiency has been shown to alter CD8*
T cell survival, proliferation, and memory responses (46). Thus, we investigated the effect
of Batf3 deficiency on CD8" TILs in CT-VIII tumors post-D+C therapy. Compared to WT
mice, we found a significant decrease in intratumoral CD8" T, numbers from both control
(8.3% vs. 2.3%, £<0.01) and D+C (13.7% vs. 4.3%, £<0.05) groups in Batf3 KO CT-VIII
tumor-bearing mice (Fig. 7E). We next tested the Tex phenotype of CD8* TILs post-therapy
in WT and Batf3 KO mice with CT-VI1II tumors. Consistent with our findings above, D+C
promoted a higher frequency of TexP°31 and TexP©92 CD8* TILs in WT mice whereas the
majority of CD8* T1Ls were Tex™™ subset in Batf3 KO mice (Fig. 7F). Collectively, these
data indicate that the cDC1-CD8* T cell crosstalk facilitates D+C antitumor response in
gliomas.

D2C7-IT reprograms glioma gene expression, upregulates CD40, and induces pattern
recognition receptor (PRR) pathway transcriptome expression

Next, we investigated molecular drivers impacting D2C7 and aCD40 therapies by assessing
gene expression differences between treatments at the end of 72 hr CED (post-therapy)

and 3-d post-therapy in CT-VIII gliomas. Bulk RNA sequencing (RNA-seq) analysis of
tumors revealed ~2- to 4-fold (post-therapy) and ~17-fold increases (3-d post-therapy) in
differentially expressed (DE) genes in the D2C7 and D+C groups compared to aCD40
group (Fig. 8A and fig. S6A), establishing that D2C7 cytotoxicity compared to the

aCD40 immune modulation induces intratumoral gene expression changes. There was
minimal overlap between the genes modulated by D2C7 and a.CD40, demonstrating distinct
mechanisms of action of the two therapeutics. The highest overlap in DE genes at both time
points was noted between D2C7 and D+C treatments (Fig. 8A and fig. S6A). The top genes
upregulated by D2C7 (Fig. 8B and fig. S6B) and D+C (Fig. 8D and fig. S6D) were involved
in pleiotropic functions, including apoptosis (Gadd45b), chemoattraction and inflammatory
response (Cxcl1, Ccl7, Steap4), and intracellular movements (Selp, Myo15). The top genes
upregulated by aCD40 (Fig. 8C and fig. S6C) primarily mediated immune effects, including
T cell trafficking (Cc/22), immune response (Adgre4), and cytokine signaling (Gbp4). CD40
upregulation post-therapy was observed with D2C7 (Fig. 8B) and D+C (Fig. 8D), but not
with aCD40 (Fig. 8C). These unique transcriptomic changes highlight the complementary
activity of the D+C therapy.
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We next investigated molecular interactions influencing the D2C7, aCD40, and D+C
antitumor responses using Ingenuity Pathway Analysis (IPA). Based on the z-score the

top 20 canonical pathways activated post-therapy include crosstalk between DCs and NK
cells, necroptosis, neuroinflammation, acute phase response, production of nitric oxide and
reactive oxygen species, interferon, and pattern recognition receptor (PRR) recognition

of bacteria and viruses (Fig. 8E, Table S1). Considering that D2C7 is derived from
Pseudomonas exotoxin and PRR pathway activation occurs exclusively with D2C7 and
D+C, we investigated the genes activated in the PRR pathway post-therapy. Compared

to aCD40, an increased upregulation of extracellular (complement C3), membrane-bound
(TLR), and cytoplasmic (R/G-1, MDA-5, NALP3) PRR genes were noted in the D2C7 and
D+C groups (fig. S6E and S7, Table S1). To understand if the PRR pathway activation is
specific to D2C7, we compared our data with published RNA-Seq data of MMTV-PyMT
breast tumors treated with aVEGFA+aAng2+aCD40 (GSE94920) (47). As before, PRR
pathway activation was noted only in D2C7 and D+C groups and not in the diverse cell
types, such as F4/80* TAMs, CD4*, and CD8" T cells, and CD31* endothelial cells, from
tumors treated with a VEGFA+aAng2+aCD40, confirming that this is a distinct function of
D2C7 (fig. S6F, Table S1). Next, given the unique upregulation of CD40by D2C7 (Fig. 8B)
and D+C (Fig. 8D), we utilized the regulator effects analytical tool in IPA for predicting
CD40transcriptomic and functional outcomes downstream. The analysis identified a
potential role for CD40 in antimicrobial response through activation of transcription
regulator IRF1, cytokines TNF and IL-6, chemokine CXCL10, and BIRC3 (Fig. 8F).
Finally, 3 days post-therapy, pathways associated with cell death through senescence and
tumor growth suppression, such asinhibition of matrix metalloproteases, were upregulated
by D2C7 (fig. S6G-S61, Table S2). In contrast, immune response pathways, such as theThl
pathway and regulation of cytokine production by IL17A and IL17F, were upregulated by
aCDA40 (fig. S6G-S6l, Table S2).; However, both cell death and immune response pathways
were activated by D+C (fig. S6G-S6l, Table S2).

We further investigated the expression of the PRR pathway proinflammatory and CD40
antimicrobial response genes, including /L-1A, /L-1B, IL-6, IFNB, IFNG, TNFA, CD40,
IRF1, CXCL10, and B/RCS3, in bulk CT-VIII tumors post-therapy by gPCR. All genes
except /FNG displayed the highest induction following D2C7 and D+C, whereas aCD40
had minimal effects on most of the genes (Fig. 8G). We next determined D2C7 and aCD40
antitumor effects by assessing cytokine expression in tumor tissue lysate post-therapy (Fig.
8H). Consistent with the optimal antitumor response observed in the D+C group, the highest
concentration of IL-1A, IL-1B, IL-6, IFNG, TNFA, and IL-17A were specifically observed
in the D+C group, with varying amounts observed in the control and monotherapies (Fig.
8H). These data indicate the contribution of D2C7 in tumor cell killing and induction of a
potent proinflammatory milieu in the TME that supports a robust a CD40-induced immune
response against the tumor.

Single-cell proteomics identify polyfunctional CD8* TIL activation post D+C treatment in

gliomas

In addition to CD8*IFNy*TNFa* TILs identified above, we investigated whether the
D+C proinflammatory and immune-stimulatory milieu generated a polyfunctional T cell
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response in CT-VIII gliomas. A 28-plex Ab array single-cell proteomic analysis of CD8*
TILs from CT-VIII tumors 6-d post-treatment identified upregulation of a small number of
polyfunctional CD8* TILs secreting 5+ cytokines only in the D+C group (fig. S8A). The
polyfunctional strength index (PSI), an indicator of the frequency of cells secreting multiple
cytokines, showed the highest value in D2C7, followed by the aCD40 and D+C groups (fig.
S8B). Whereas effector and chemoattractive cytokines were the predominant types secreted
by aCD40, both D2C7 and D+C had a broader range, including stimulatory, regulatory,
inflammatory, and other cytokine types (fig. S8B). A heatmap of secreted cytokines
demonstrated antitumor-associated Granzyme B and IFN+y, and inflammatory MIP-1a to
be highly secreted across D2C7, aCD40, and D+C therapies, and the specific subsets

of polyfunctional CD8* TILs generated by D2C7 and aCD40 therapies (fig. S8C). For
example, MIP-1a*IFNy*GZMB*, MIP-1a*GZMB™, MIP-1a*IFNy*, GZMB*RANTES"*
were some common CD8* TIL subsets that were noted in D2C7 and aCD40, whereas
additional CD8* TIL subsets unique to individual treatments were also present. As depicted
in fig. S8A (D+C: 5+ cytokines), CD8" TILs secreting ten different cytokines were only
present in the D+C group (fig. S8C). Post-therapy RNA-Seq cytokine expression data
showed activation of cytokines, such as /FNy, TNFa, IL-2, IL-6, IL-17A, IL-21, IL-18,
/L-12, and /L-15, identical to the single-cell secretome analysis, predominantly in the D2C7
and D+C groups (fig. S8D, Table S1). Together, these data demonstrate that the D+C therapy
promoted an antitumoral polyfunctional CD8* TIL phenotype conducive to tumor rejection
in mice. Collectively, our data indicate that the D+C cytotoxic immunotherapy combination
promotes the generation of a proinflammatory and immune-stimulatory TME, which results
in complementary antitumoral effects against gliomas.

CD40 expression in GBMs

To support the clinical translation of the D+C therapy for patients with GBM, we next
performed CD40 IHC on 30 GBM specimens derived from human biopsies. The strongest
localization of CD40 staining was found in proliferative endothelial cells in which 2-3+
intensity was identified in 27/30 cases, where 3 cases were negative for any reactivity

(fig. S9A). Also noted in 20/27 reactive cases was 1-2+ intensity of CD40 staining in
non-proliferative endothelial cells (fig. S9B). Finally, 1-2+ CD40 staining was noted in
mononuclear inflammatory cells, in 7/27 reactive cases, predominantly around areas of
necrosis (fig. S9C and S9D). We did not observe reactivity with isotype-matched non-
specific IgG control. The CD40 expression analysis in GBM patient specimens validates
our hypothesis that a CD40 immune stimulation could augment D2C7-1T antitumor response
and potentially improve survival in patients with GBM.

DISCUSSION

Tumor heterogeneity and immune dysfunction generated by local and systemic
immunosuppression have hampered survival improvements following tumor-targeted or
immunotherapy single-agent trials in patients with GBM (48, 49). Hence, we aimed

to overcome GBM immunosuppression using a cytotoxic-immunotherapy combination
approach. Here we have demonstrated in two orthotopic murine tumor models that D2C7
cytotoxicity and CD40 agonism work together to eradicate gliomas and produce long-
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term survival when either monotherapy is ineffective in extending survival. The D+C
immunotherapeutic regimen described herein utilizes a unique mechanism for activating
microglia and TAMs and converting poorly T cell-infiltrated gliomas into a heavily
infiltrated TME resulting in robust CD8" T cell-mediated tumor regression.

There is conflicting evidence in gliomas about CD40 expression on tumor cells and its
association with survival outcomes (29, 30, 50). In preclinical glioma models, agonistic
aCD40 combinations only generated modest survival improvements and no cures (29,

34, 35, 51, 52). The contrasting preclinical efficacy of a CD40-based combination
immunotherapies in syngeneic glioma models could be due to differences in dosing

(single versus multiple), route of delivery (IP versus intravenous), and drug combinations.
Alternatively, intratumoral CD40 costimulation to activate antigen-presenting cells (APCs)
and increase T cell infiltration (37) could be leveraged to enhance the antitumor efficacy of
D2C7 and improve the clinical outcomes in GBM, as well as overcoming the adverse events
observed in the clinic with high dose systemic delivery of agonistic aCD40 (31, 53).

Microglia in naive brain exhibit little or no MHCII expression. Upon activation in
neurological disorders, microglia upregulate MHCII, CD80, and CD86 expression (54, 55).
Similarly, macrophages upregulate MHCII, CD80, and CD86 upon activation (56). The

FC analysis established microglia and macrophage activation (CD80MMHCIIN) following
aCD40 and D+C therapies, whereas IHC and FC analysis established a robust induction of
a proinflammatory myeloid milieu (CD68M, TNFaMi, CD206!°W) specifically by the D+C in
the CT-VIII gliomas.

Both FC and IHC analyses showed that D+C increased tumor-infiltrating CD4* T cells,
CDS8™ T cells, and B cells (Fig. 4 and fig. S4). However, lymphocyte depletion studies
showed that CD8*, but not CD4* T cell or B cell loss, impaired D+C therapy-induced
tumor inhibition, demonstrating the prominent role of CD8" T cells in the treatment-
derived immune response. Consistent with findings in other tumor models, analysis

of CD8" TILs in D+C-treated gliomas revealed an increase in the CD8" Tg,, subset
displaying an activated (CD8*PD-1* TILs) or a progenitor phenotype (CD8*Slamf6*;
TexPro9) and a decrease in CD8* Ty, subset with a terminal exhaustion phenotype
(CD8*PD-1*Tim-3*Lag-3*TIGIT* TILs) (37, 38), resulting in tumor control (44, 57, 58).
Together, our data demonstrate that CD8" TIL phenotype, rather than their presence, dictates
tumor response to immunotherapies. Our experiments in the CT-VIII glioma model with
FTY revealed that D+C-mediated antitumor efficacy was associated with proliferating
pre-existing T cells rather than newly activated T cells. Therefore, we hypothesize that

in minimally T cell-infiltrated gliomas, D+C treatment inhibits T cell exhaustion and
increases progenitor T cells, thus leading to tumor-resident T cell activation, proliferation,
cytotoxicity, and tumor control.

Studies in multiple tumors, including gliomas, demonstrated that Batf3-dependent cDCs are
critical for antigen cross-presentation and priming tumor-specific T cell immunity (45, 59,
60). Accordingly, Batf3~/~ KO mice demonstrated impaired rejection of CT-VIII gliomas

in response to D+C therapy. Additionally, CD8* TIL phenotyping of CT-VIII gliomas in
Batf3~/~ KO and WT mice demonstrated a decrease in the CD8* Ty, subset in Batf3™/~
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KO mice. The reduction in CD8* T cell accumulation within the TME following D+C

in Batf3~/~ KO mice could be due to the absence of Batf3-lineage cDC1s. However, our
FC analysis did not show a significant increase in cDC1s intratumorally following control
(0.28%=0.04%) and D+C (0.22%:+0.03%) therapy.

The innate immune system senses exogenous pathogens (pathogen-associated molecular
patterns [PAMPs]) and endogenous alarmins (damage-associated molecular patterns
[DAMPs]) through PRRs (61). Lipopolysaccharide, phospholipids, and proteins on the
bacterial cell wall are common PAMPs that activate diverse PRRs (62). Although derived
from the gram-negative Pseudomonas aeruginosa exotoxin A, D2C7 lacks a bacterial

cell wall or nucleic acid PAMPs for PRR activation, and therefore we are unable to
demonstrate a role for PAMPs in D2C7- and D+C-mediated antitumor response. On the
contrary, immunogenic cell death (DAMPS) has been established as a mode of action

for immunotoxins in mesothelioma (63). Here, we have identified additional DAMPs,
including IL-1a, ROS, and NLRP3, that are upregulated following D2C7 therapy, which
could potentially activate PRRs and create a proinflammatory TME in gliomas. Further,
through transcriptome profiling, we demonstrate global gene expression changes, including
CD40 upregulation and PRR pathway activation specifically by D2C7 and D+C therapies
but not by aCD40 therapy. Thus, we have uncovered a unique role for D2C7 in exerting
pleiotropic proinflammatory effects on the TME potentially through the Pseudomonas
exotoxin mediated cytotoxicity, which, when combined with aCD40, improves tumor
clearance and animal survival.

CDA40 activation on endothelial cells enhances the expression of adhesion molecules, such
as E-selectin, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1,
increasing leukocyte recruitment and inflammatory response during ischemic stroke,
atherosclerosis, and intestinal inflammation (64, 65). Herein, we hypothesize that CD40
expressed on human brain endothelial cells could enhance the adhesion and migration of
immune cells across the blood-brain barrier and improve the antitumor response in the brain
following D+C therapy.

Our study has some limitations, such as delineating the role of peripheral T

cells, myeloid cells, and endothelial cells in D+C therapy-mediated antitumor

response. Future studies using transgenic mouse models will focus on confirming the

role of microglia (Tmem119C€ERT2:ROSA-DTA and Tmem119€reERT2:cp40fl/fl) and
macrophages (LysMC™:ROSA-DTA and LysMCre:CD40%/f) as mediators of innate immune
responses during D+C mediated tumor rejection. We have not examined the role of cDC1s
in tumor-draining lymph nodes. Given our findings in the Batf3~/~KO mice, characterization
of cDC1 function in D+C antitumor immunity in gliomas in tumor-draining lymph nodes in
WT mice and using Xcr1€:ROSA-DTA and Xcr1Cre:CD40f/f mice is warranted (66).
Finally future studies using transgenic mouse models will also investigate the role of
endothelial cells (Tie2-Cre (Tek-Cre):CD40f/f) in D+C mediated antitumor response.

In conclusion, D+C cytotoxic immunotherapy combination activates microglia and TAMs,
creates a proinflammatory TME, inhibits CD8" TIL exhaustion, increases TexP9,
polyfunctional, and tumor antigen-specific CD8* TILs, extends survival, and generates
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long-term antitumor immune responses against malignant gliomas in mice (fig. S11). Thus,
D2C7-1T+aCD40 is a promising combinatorial intervention for patients with malignant
gliomas. A phase 1 clinical trial of D2C7-1T+ahumanCD40 (2141-V11) administered
intratumorally using CED in patients with recurrent malignant glioma (NCT04547777) is
in progress.

MATERIALS AND METHODS
Study Design

The primary objective of this study was to determine the antitumor activity and gain
mechanistic insights into the D2C7-1T and aCD40 combination therapy in orthotopic
glioma models. Primary outcomes for in vivo therapy studies included weight loss
measurements and survival, and toxicity studies included complete blood count, ALT, and
AST measurement.In vitro mechanistic studies utilized IHC, immunofluorescence, flow
cytometric, ELISpot, gene expression, and single-cell proteomics analysis to determine
phenotypic and functional changes in myeloid and T cells and glioma microenvironment. In
adherence with the requirement for species-matched antibody-receptor systems to precisely
model the activity of therapeutic reagents, these studies used syngeneic glioma cell lines
overexpressing mouse EGFRvIII and C57BL/6J WT or transgenic Batf3 KO mice to
evaluate the effects of D2C7-IT and murine aCD40 combination. The role of T cells in
D2C7-IT and aCD40 combination therapy antitumor response was studied by blocking T
cell egress from lymphoid organs by pharmacologic inhibition with FTY720. Since CT-2A
and GL261 cell lines were established from brain tumors from C57BL/6 female mice, we
used female mice in all our studies. Tumor-bearing mice were randomized into different
treatment groups using an open-access randomization software, Research Randomizer,
Version 4.0. The sample size was determined based on bootstrapping simulations of
preliminary in vivo therapy studies showing that sample sizes must be ten per group for
~80% power (a=0.05). For all experiments, the number of animals in each group and p
values are reported in the figure legends, and no outliers or other data points were excluded.
All survival experiments were repeated 1-3 times, all flow cytometry or IHC experiments
were repeated 2-3 times, and EL1Spot, gene expression, LegendPlex cytokine measurement,
Isoplexis single-cell proteomics studies were performed once. The reported replicates refer
to biological replicates. Weight loss measurements and survival monitoring were blinded.

Cell Lines and culture conditions

Mouse brain tumor cell lines CT-2A (12) and GL261 (National Cancer Institute) were
passaged at confluence with Accutase Cell Detachment Solution (BD Biosciences). They
were cultured in an incubator maintained at 37°C with 5% carbon dioxide. Both cell lines
were cultured in DMEM-high glucose media (Thermo Fisher Scientific) supplemented with
10% FBS (Thermo Fisher Scientific). The cell lines were tested for rodent pathogens and
authenticated by whole-exome sequencing. The cell culture supernatants were tested for
mycoplasma infection. After thawing, all cell lines were maintained in culture for >10
passages.
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Patient tumor tissues

De-identified archival GBM tissue samples (n=30) were obtained with IRB approval from
the Preston Robert Tisch Brain Tumor Center Biorepository at Duke University Medical
Center (DUMC). Cases were selected from archived Formalin-Fixed, Paraffin-Embedded
(FFPE) blocks stemming from resected tissue. Tissue blocks were selected by a DUMC
neuropathologist as ~70-100% viable tumor and >1 cm2 of tissue by light microscopic
examination of Hematoxylin and Eosin (H&E) stained sections. Serial unstained sections (5
um thickness) were cut from these FFPE blocks and stained for CD40 by IHC.

Establishment of D2C7-IT target cell lines

The chimeric DNA fragment designated D2C7 (d)-mouse (m)-EGFRvIII (dMEGFRVIII)
was ligated into the pLXIN retroviral vector (Clontech Laboratories). Mouse astrocytoma
cell lines CT-2A and GL261 were transduced with the dmEGFRVIII retroviral particles
and luciferase (pLVX-IRES-FFLuc, Clontech Laboratories) lentiviral particles, and stable
cell lines (CT-2A-dmEGFRvIII-FFLuc [CT-VIII] and GL261-dmEGFRvIII-FFLuc [GL-
VI111]) were established upon G418 and hygromycin selection. The mouse Trp2 gene
(Origene), was cloned into pLenti-6.3-V5 lentiviral vector (Thermo Fisher Scientific).
Mouse astrocytoma cell line CT-2A-dmEGFRvIII-FFLuc was transduced with the Trp2
lentiviral particles, and CT-2A-dmEGFRvIII-FFLuc-Trp2 stable cell line was established
upon blasticidin selection.

Preparation of recombinant immunotoxins

D2C7-1T (D2C7) was expressed in £. coliBL21 (A DE3) (Agilent), under the control of
T7 promoter. D2C7 from inclusion bodies was reduced, refolded, and further purified as
monomers by ion exchange and size-exclusion chromatography as described previously
(15). Finally, endotoxin removal from the purified immunotoxin was achieved with
ActiClean Etox resin (Sterogene). The purity of the final D2C7 preparation was >95% by
SDS-PAGE and size-exclusion chromatography (HPLC).

Mice
All experiments were done in accordance with the Institutional Animal Care and Use
Committee of Duke University Medical Center (A082-21-04). Animals were maintained
in a barrier facility, under pathogen-free conditions according to NIH guidelines. Female
C57BL/6J mice or Batf3~~ were purchased from The Jackson Laboratory. All mice used
were 7-8 weeks old and weighed 16-20 gm at the start of the study.

Intracranial tumor implantation

For tumor implantation, mice were anesthetized and mounted onto a stereotactic frame, and
a 0.5-inch midline incision was made to expose the skull. A cordless rotary tool (Dremel)
with a carbide bur operative friction grip 1/4 (Henry Schein) was used to create a pilot hole
at 0.5 mm anterior and 2.0 mm lateral to bregma. An automatic stereotaxic injector holding a
25 pl Hamilton syringe (Hamilton Company) with a 27 gauge needle was inserted vertically
into the pilot hole. It was lowered down until the tip of the needle reached a depth of 3.3

mm below the skull. A total of 2x10° CT-VIII or 1x10° GL-VIII mouse glioma cells were
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injected in 5 pul of PBS containing 3% methylcellulose (Sigma) at a rate of 3.33 l per

min. Medical Bone wax (DLAR Pharmacy) was used to close the drill hole, and veterinary
surgical adhesive glue (DLAR Pharmacy) was used to close the incision site. For tumor
rechallenge studies, a total of 1x10° antigen-negative CT-2A (denoted as CT-2A parental
cells) or 7.5x10% antigen-negative GL261 cells were injected at the same coordinates in the
contralateral hemisphere.

Staggered contralateral tumor implantation

Each mouse underwent two intracranial tumor implantations with 2x10° CT-VIII (day 0,
right hemisphere) and 1x10° CT-VIII (day 3, left hemisphere) cells, as described above.

Bioluminescence imagining (BLI) and randomization

For the D2C7 and aCD40 mono or combination therapy studies, 5 d post-tumor
implantation, mice were anesthetized, injected with 3 mg D-Luciferin — K+ Salt (Perkin
Elmer) dissolved in 100 pl of PBS, and imaged for tumor presence using a Perkin Elmer
IVIS Lumina I11 In Vivo Imaging System. Mice were then randomized into different
treatment groups (/7=5-10 per group for antitumor efficacy studies and 3-5/group for
flow cytometry, immunohistochemistry, immunofluorescence, RNA-Seq, Real-time PCR,
LegendPlex, and Single Cell Secretome studies) by total flux using an open-access
randomization software (67)). Research Randomizer (Version 4.0) [Computer software],
randomizer.org).

For the CD8* T cell, CD4* T cell, and B cell depletion studies, mice were randomized into
different treatment groups (/=10 mice/group) based on their weight measurements before

tumor implantation using the same randomization software. Five doses (250 pg/dose) of rat
1gG2b isotype control antibody (Clone LTF-2, Bio-X-Cell), aCD4 antibody (Clone GK1.5,
Bio-X-Cell), aCD8 antibody (Clone 2.43, Bio-X-Cell), or aCD20 antibody (clone MB20-
11, kindly provided by Dr. Thomas Tedder) (68) were administered IP post-implantation of
CT-VI cells (Isotype/aCD4/a.CD8: days 2, 6, 9, 12, and 15 and aCD20: day 2) on day 0.

Convection-enhanced delivery (CED) treatment

On day 6 post-tumor implantation, mice were treated with D2C7 (0.2 pg) and aCD40 (10-
300 ug; Clone FGK4.5/FGK45 Bio-X-Cell) mono or combination therapies by convection-
enhanced delivery using Alzet Micro-Osmotic Pumps (Model 1007D) (Durect Corporation)
at a rate of 0.5 pl/hr for 72 hr. Control groups were treated with 2% MSA-PBS with 100 pg
rat IgG2a Ab (Bio-X-Cell InVivoPlus Clone 2A3). On day 9 at the end of 72 hr CED, the
Alzet Micro-Osmotic Pumps were removed and animals were monitored accordingly.

Tumor rechallenge studies

Mice from efficacy studies surviving symptom-free for >70 d post-tumor implantation and
age-matched naive control mice were rechallenged on days 75-90, and were monitored for
survival.
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FTY720 Administration

Fingolimod Hydrochloride (FTY720-FTY) (Sigma) was dissolved in 100%
dimethylsulfoxide (DMSQ) (Sigma) at a concentration of 5 mg/ml. The FTY stock

solution was then diluted in 1x phosphate-buffered saline (PBS) to achieve a working
concentration of 0.125 mg/ml immediately before treatment, and 200 pl (25 g total dose)
was administered to the study mice using intraperitoneal injections for a total of six doses on
days 5,7,9, 11, 13, and 15.

Statistical Analysis

Pairwise differences of survival curves were assessed using the generalized Wilcoxon
test. Pairwise differences of histology, flow cytometry, AST, ALT, and Platelets data
were assessed using the Mann-Whitney U test. The statistical significance of gPCR,
LEGENDPIex, and ELISpot data was assessed using a one-way analysis of variance
(ANQOVA). Data indicate mean values + standard error of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Intratumoral D2C7 and aCD40 combination elicit robust antitumor immunity in
orthotopic glioma models.

(A) Survival of C57BL/6J mice implanted with CT-V1I1 (N=10/group) cells and treated
with Ctrl, D2C7, aCD40, or D+C as indicated. (B) Treated mice from A that experienced
complete tumor regression for >75-d, were rechallenged with the CT-2A tumor cells.
Tumor naive mice (/7=7) served as controls. (C) Survival of mice implanted with GL-VIII
(rn=5/group) cells and treated with Ctrl, D2C7, aCD40, or D+C as indicated. (D) Treated
mice from C that experienced complete tumor regression for >83-d, were rechallenged
with the GL261 tumor cells. Tumor naive mice (/7=5) served as controls. (E-H and J-M)
Representative images of H&E stained tumor sections from CT-VI1II (E-H) brains (7=6-7/
group, harvested 6-7-d post-therapy) and GL-VI11I (J-M) brains (77=3/group, harvested 6-d
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post-therapy), treated with control (E, J), D2C7 (F, K), aCD40 (G, L), or D+C (H, M).
Scale bar: 600 um. (I and N) Percentage compositions of tumor cells of entire CT-VIII (1)
and GL-VIII (N) tumor section cohorts from E-H and J-M are presented. Data are mean +
SEM. *P<0.05, **F<0.01, ***P<0.001, ****P<0.0001. BLI, Bioluminescence imaging.
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Fig. 2. D2C7+aCD40 therapy is antigen-dependent and demonstrates local and systemic

antitumor immunity.

(A) Survival of CT-VIII+CT-2A tumor-bearing mice (/7=10/group) treated with Ctrl, D2C7,
aCD40, or D+C as indicated. (B) Survival of CT-VIII tumor-bearing mice (/7=5/group)
treated with Ctrl, D2C7, aCD40, or D+C as indicated in a model of metastatic cancer. (C-D)
Representative H&E images of tumor sections from CT-VIII contralateral tumors (N=4-5/
group), treated with control (C) or D+C (D) harvested 7-d post-therapy. Scale bar: 600 um.
(E) Percentage composition of tumor cells of entire tumor section cohort from C and D.
Data are mean £ SEM. (F) Survival of parental CT-2A tumor-bearing mice (#7=9-10/group)
treated with Ctrl, D2C7, aCD40, or D+C as indicated. */<0.05, **A<0.01.
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Fig. 3. D+C therapy promotes antitumor phenotype in intratumoral microglia and macrophages.
CT-VII tumors were treated from days 6-9 after implantation by CED with Ctrl, D2C7,

aCDA40, and D+C therapies (/7=4-5/group). 6-d post treatment, tumor hemispheres were
harvested and analyzed by flow cytometry (A-H) or whole brains were collected for

IHC staining (I-X). (A-D) Relative frequencies of neutrophils (A), natural killer cells (B),
microglia (C), and macrophages (D) are presented. Data are mean + SEM. (E-H) Expression
of CD80 and MHCII (IA-IE) on microglia (E and F) and macrophages (G and H) are
presented. (I-X) Representative IHC images of Control (I-L), D2C7 (M-P), aCD40 (Q-T),
and D+C (U-X) stained with control, CD68, TNFa., or CD206 Abs. Scale bar: 30 um.

*P<0.05
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Fig. 4. CD8™ T cells mediate D+C antitumor response in gliomas.

Days post rechallenge

(A) FC analysis of CD4*, CD8* T cells and B cells in CT-VIII tumor-bearing mice, 6-days
post Ctrl, D2C7, aCD40, and D+C therapies (/=4/group). Data are mean + SEM. (B-Q)
Representative IHC images from CT-VIII tumors 7-d post-therapy, Control (B-E), D2C7
(F-1), aCD40 (J-M), and D+C (N-Q), stained with control, CD4, CD8, or CD19 Abs. Scale
bar: 50 um. (R) Survival of CT-VIII tumor-bearing mice (/7=9-10/group) treated with Ctrl
or D+C therapy with or without CD4, CD8, or B cell depletion beginning at day 2 post
implantation. (S) Treated mice from (R) that experienced complete tumor regression for
>75-d, were rechallenged with the CT-2A tumor cells. Tumor naive mice (/7=9) served

as controls. The single CD8-depleted mouse was excluded from comparative analysis.

*P<0.05, **F<0.01, ***F<0.001, ****A<0.0001.
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Fig. 5. D2C7+a.CD40 therapy prevents CD8" T cell exhaustion in gliomas.
CT-VIII (A, C, E) or GL-VIII (B, D, F) tumors were treated from days 6-9 after

implantation by CED with Ctrl, D2C7, aCD40, and D+C therapies (/=4/group).

Tumor hemispheres harvested 6-d post treatment were analyzed by flow cytometry.

Data are mean + SEM. (A-B) Frequencies of CD8" T cells with central memory

(Tcm: CD3*CD8*CD62L*CD44™) or effector memory (Tem: CD3*CD8*CD62L~CD44%)
phenotype are presented. (C-D) Frequencies of CD8* Tem cells expressing PD-1 only or
multiple exhaustion markers (PD-1/TIGIT/Tim-3/Lag-3) are presented. (E-F) Frequencies
of CD8* Tem cells classified into specific exhaustion subsets based on Ly108* and CD69*
expression are presented. */<0.05, **/<0.01, ***P<0.001, ****P<0.0001.
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Fig. 6. Pre-existing intratumoral T cells facilitate D+C antitumor response against gliomas.
(A) Survival of CT-VIII tumor mice (/7=10/group) treated with control or D+C therapy with

or without FTY as indicated. (B) FC analysis of CD8" T cells in day 0 blood (pre-tumor),
day 6 blood (post-tumor), day 13 blood and brain (post-tumor) from CT-VIII tumor-bearing
mice (r7=4/group) treated as in 5A. Data are mean + SEM. (C-F) Representative IF images
of tumor sections from CT-VIII tumors (r=4/group), treated as in 5A and harvested 7-d
post-therapy, stained for DAPI (nucleus, blue), CD8" T cells (red), and Ki-67 (green)
proliferation marker. The CD8*Ki-67* cell frequency by QMIF analysis post indicated
treatment is presented. Scale bar: 200 um. */<0.05, **£<0.01, ***P<0.001, ****F<0.0001.
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Fig. 7. D2C7+aCD40 therapy increases functional and tumor antigen-specific CD8* TILs in WT
mice and loses antitumor efficacy in cDC1-lacking Batf3™/~ mice bearing gliomas.

(A) FC analysis of CD8*IFNy*TNFa*Ki-67* T cells in CT-VIII tumor-bearing C57BL/6J
WT mice, 6-days post Ctrl, D2C7, aCD40, and D+C therapies (/7=2-4/group). (B) IFNy
ELISpot analysis performed on TILs harvested from CT-VIII-Trp2 tumors from C57BL/6J
WT mice 6-days post-Ctrl, D2C7, CD40, and D+C therapies (/7=3-6/group) stimulated
with Trp2180-188 pentide. Background response from irrelevant peptide stimulation (< ~4
IFNy spot forming units [SFUs]) subtracted from all plotted results. (C) Representative
images of wells containing leukocytes isolated from Ctrl, D2C7, CD40, and D+C treated
brains from C57BL/6J WT mice, and the IFNy SFU observed following stimulation with
Trp2180-188 (D) Survival of Batf3~/~ (KO) mice implanted with CT-VI11 (7=10/group) cells
and treated with Ctrl, D2C7, aCD40, or D+C as indicated. (E-F) Frequencies of CD8* T

Sci Transl Med. Author manuscript; available in PMC 2023 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Parker et al.

Page 32

cells with central memory (Tcm) or effector memory (Tem) phenotype (E) and CD8* Tem
cells classified into specific exhaustion subset based on Ly108* and CD69" expression (F)
in CT-VIII tumor hemispheres harvested 6-days post control or D+C therapy in WT and

KO mice by FC analysis. */<0.05, **F<0.01, ***/<0.001, ****P<0.0001. Data are mean +
SEM.

Sci Transl Med. Author manuscript; available in PMC 2023 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Parker et al.

Page 33
B) D2C7-IT E) e ] .
.Sleapd Crosstalk between Dendritic Cells and Natural Killer Cells =4
0 Cxelt E
§ Neurcinflammation Signaiing Patray =f
55” Fas Gadddsb Necroptosis Signaling Pathway
8 ler3.; Angpti4 Tnfaip2 Pbx3
Y Bt s Acute Phase Response Signaiing 4
g, . Ligt il Malf o xcl
- e . selp Production of Nitrc Oxide and Reaciive Oxygen Species in Macrophages.
el
Creb3n m,\. 3 1L48 Producton
528 ove et A S (Al
(16.6%) o - W”"D" 5 Phagosome Formaton
g Fold Change (Logz) 1L17 Signaling
TREM1 Signaiing 2
Role of PKR in Intarfron Induction and Antial Response.
C) aCD40 D) D2C7-IT+aCD40 -
fron Signaing
s B *Ceiz2 [Roeet iion Receptors in Recognton of Bacteria and Viruses
N Xenobiotic Metabolism AHR Signaling Pathway
L; 10 o Tumor Microenvironment Pathviay o
o) T Adgre4
g Gkn3 $100a8 ,Adgred g . MCdé;"m b, », 112b Thi Pathway:
J i P Steap4
- Hmga2
§5 Pkt o Gops L.m i g % s ? Gm43048 Gbpd,\ Fremid*_sele Natural Killer Cell Signaling
2 P " Hob-bt ftiba"\ ¢ seH2-M2 & 5 Abi3bp; ) %) e
g o R @ ¥ %% igip-3FPgs— Gerist 38 MAPK Signaling
s DBsefIBE-3x" 4o Serpinadi i (9
Ebi&" 7 “igha ~Arg1 X TNFR1 Signaling:
0 Uhxe™"" Bal2i14 ’ 0 { e ozerat[ 4
25 0.0 25 50 0 = ¥
Fold Change (Logz) Fold Change (Logz) acos [ - + +
G) IL1A (B} e IFNB IFNG
25+ % 20+ 100+ ok 100, 15+
* k3 S— *%
= T = e —
k%
£, I - 1 %, w1
8 3 & 1 8 b &0 .
2154 . 2 2 60+ E 2 60+ 2
g X 8,104 . 5 § §
£ 104 2 -
g x g B -
§ 5 § 57 2 . 2
T 20 20
I I & I I T
B o od od 0 .
Ctil  D2C7 CD40 D+C Ctl  D2C7 CD40 D+C Cl  D2C7 CD40 D+C Cti  D2C7 CD40 D+C Cii  D2C7 CD40 D+C
TNFA cD4o IRF1 CXCL10 BIRC3
254 *k 8k 104 204 * [ T )
- —_— —
3 * . . 3 — .
Em' . 5 64 I g 84 § 15 I g 6
5] g
2154 2 2 64 2 2
g 8 . & 8" 2 )
£ 104 g g a g s .
5 5, 5 5 5,
2 s 3z 2 22 3 1 3 29
I I I I I
o o 0

Ctl  D2C7 CD40 D+C

Ctl  D2C7 CD40 D+C

Ctd  D2C7 CD40 D+C

8000-
O 6000-
W
NN
NN §¢mo
N NN
RS
N NS
\ B R 2000.
\\ N N
N\
\ \ N o.

op

! /

S N
\ Y N
Cho " h m F " B&: 7
/ 22
7 30004

~

s

b4 Bt

Ctl  D2C7 CD40 D+C Ctl  D2C7 CD40 D+C

Y

Cli  D2C7 CD40 D+C

ING ILA7A

Cl D267 CD40 D+C

Fig. 8. D2C7 and D+C therapies instigate proinflammatory transcriptional and cytokine changes
in the tumor microenvironment in the CT-VIII glioma model.

(A) Venn diagram of differentially expressed genes (up- and down-regulated compared to
control group) in D2C7, aCDA40, and D+C groups by RNA-Seq analysis of CT-VIII gliomas
post 72 hr CED (n=3/group). (B-D) Volcano plots depicting the log,(fold change) in gene
expression in D2C7 (B), aCD40 (C), and D+C (D) treated versus control tumors post 72 hr
CED. Top 25 differentially expressed with £<0.05 are shown in red (upregulated) and blue
(down-regulated). (E-F) Heatmap of z-scores of Top 20 IPA Canonical Pathway (E) and IPA
CDA40 regulatory network (F) gene transcripts in D2C7, aCD40, and D+C treated versus
control tumors post 72 hr CED. The red bar charts in insets next to each gene represent

the amount of activation in D+C (left), D2C7(middle), and aCD40 (right) treated versus
control tumors post 72 hr CED. (G) The gPCR gene expression analysis of D2C7, aCD40,
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and D+C treated versus Ctrl tumors post 72 hr CED (7=3/group) in CT-VIII model. Data
indicate the mean fold change over control after normalization to the average of ACTB
housekeeping gene.

(H) Cytokine concentrations in tumor lysates of D2C7, aCD40, and D+C treated versus Ctrl
tumors post 72 hr CED (7=3-4/group) in CT-VIII model. */<0.05, **F<0.01, ***F<0.001,
**%*P<0.0001. Data are mean = SEM.

Sci Transl Med. Author manuscript; available in PMC 2023 September 08.



	Abstract
	One Sentence Summary:
	INTRODUCTION
	RESULTS
	D2C7 and agonistic αCD40 combination therapy generates cures and induces immunological memory in syngeneic glioma models
	D2C7 and αCD40 therapy is efficacious against heterogeneous and metastatic gliomas, and the antitumor response requires D2C7-mediated tumor killing
	D2C7 and αCD40 combination therapy induces an activated proinflammatory phenotype in tumor-associated myeloid cells
	Cytotoxic D2C7 plus agonistic αCD40 therapy increases intratumoral CD8+ T cells which controls glioma growth and improves survival
	D2C7 and αCD40 treatment promotes progenitor cell states and prevents terminal exhaustion phenotype in CD8+ TILs in gliomas
	Intratumoral CD8+ T cells are sufficient for tumor control and improve survival post D+C therapy in gliomas
	D2C7 and αCD40 therapy enhances proliferating functional and tumor antigen-specific CD8+ TILs in gliomas
	Batf3 deficiency eliminates D+C-induced survival improvements and promotes Texterm CD8+ TIL phenotype in gliomas
	D2C7-IT reprograms glioma gene expression, upregulates CD40, and induces pattern recognition receptor PRR pathway transcriptome expression
	Single-cell proteomics identify polyfunctional CD8+ TIL activation post D+C treatment in gliomas
	CD40 expression in GBMs

	DISCUSSION
	MATERIALS AND METHODS
	Study Design
	Cell Lines and culture conditions
	Patient tumor tissues
	Establishment of D2C7-IT target cell lines
	Preparation of recombinant immunotoxins
	Mice
	Intracranial tumor implantation
	Staggered contralateral tumor implantation
	Bioluminescence imagining BLI and randomization
	Convection-enhanced delivery CED treatment
	Tumor rechallenge studies
	FTY720 Administration
	Statistical Analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

