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Abstract

Immunotherapy is currently under intensive investigation as a potential breakthrough treatment option for
glioblastoma. Given the anatomical and immunological complexities surrounding glioblastoma, lymphocytes that
infiltrate the brain to develop durable immunity with memory will be key. Polyinosinic:polycytidylic acid, or poly(l:C),
and its derivative poly-ICLC could serve as a priming or boosting therapy to unleash lymphocytes and other factors
in the (immuno)therapeutic armory against glioblastoma. Here, we present a systematic review on the effects and
efficacy of poly(1:C)/poly-ICLC for glioblastoma treatment, ranging from preclinical work on cellular and murine
glioblastoma models to reported and ongoing clinical studies. MEDLINE was searched until 15 May 2021 to identify
preclinical (glioblastoma cells, murine models) and clinical studies that investigated poly(l:C) or poly-ICLC in
glioblastoma. A systematic review approach was conducted according to PRISMA guidelines. ClinicalTrials.gov was
queried for ongoing clinical studies. Direct pro-tumorigenic effects of poly(:C) on glioblastoma cells have not been
described. On the contrary, poly(l:C) changes the immunological profile of glioblastoma cells and can also kill them
directly. In murine glioblastoma models, poly(l:C) has shown therapeutic relevance as an adjuvant therapy to several
treatment modalities, including vaccination and immune checkpoint blockade. Clinically, mostly as an adjuvant to
dendritic cell or peptide vaccines, poly-ICLC has been demonstrated to be safe and capable of eliciting
immunological activity to boost therapeutic responses. Poly-ICLC could be a valuable tool to enhance
immunotherapeutic approaches for glioblastoma. We conclude by proposing several promising combination
strategies that might advance glioblastoma immunotherapy and discuss key pre-clinical aspects to improve clinical
translation.
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Background

Glioblastoma (GBM) is the most common primary brain
tumor and remains one of the deadliest cancers to date.
The contemporary first-line multimodal standard of care
(SOC), as defined by the landmark 2005 EORTC TMZ
trial [1], consists of maximal surgical resection followed
by chemoradiation and adjuvant temozolomide (TMZ),
but it only renders a 14.6-month median overall survival
(mOS) and a 7.2% five-year survival [1, 2]. Major thera-
peutic hurdles include incomplete surgical resection, due
to the invading nature of GBM, and therapeutic resist-
ance, due to refractory cells in the heterogenous GBM
cell population. Inevitably, recurrence occurs, at which
point a patient’s only option are salvage treatment mo-
dalities, which are often experimental with limited effi-
cacy [3]. With the current SOC having “celebrated” its
15" anniversary last year, it is evident that the thera-
peutic landscape for GBM is unquestionably in dire need
of rejuvenation with novel and effective treatment
options.

Immunotherapy for GBM treatment is intensively
under investigation as the immune system theoretically
possesses proficient features against the heterogeneous
nature of GBM. However, GBM has adapted an im-
munosuppressive state which will have to be conquered
[4]. The aim of immunotherapy is to enable immune
cells to recognize and eradicate refractory GBM cells,
while developing memory to prevent tumor recurrence.
Multiple avenues to achieve this are being pursued, in-
cluding dendritic cell (DC) vaccination, immune check-
point blockade (ICB), chimeric antigen receptor (CAR)
T cells and oncolytic viruses [4]. In this review, we fo-
cused on polyinosinic:polycytidylic acid or poly(I:C), and
its derivative stabilized with carboxymethylcellulose and
poly-L-lysine (poly-ICLC), adjuvants included on the
Cancer Immunotherapy Trials Network’s priority list of
agents to boost cancer immunotherapy. Both poly(I:C)
and poly-ICLC hold great potential to becoming pivotal,
adjuvant components in the multifaceted immunother-
apy approach to GBM.

Poly(I:C) and poly-ICLC are synthetic double-stranded
RNA molecules (dsRNA) consisting of a polyinosinic
acid homopolymer annealed to a polycytidylic acid ho-
mopolymer, thus resulting in a stable double helix [5].
They bind to endosomal Toll-like receptor (TLR)-3 and
the cytoplasmic receptors retinoic acid-inducible gene I
(RIG-I) and melanoma differentiation-associated gene 5
(MDA-5) [6], as shown in Fig. 1. As such, they mimic a
viral infection, consequently eliciting the secretion of
type I interferon (IFN) and pro-inflammatory cytokines,
which play prominent roles in inducing an immune
response [6]. TLR-3 and MDA-5/RIG-I both elicit their sig-
naling function via recruitment of an adaptor protein, TLR
adaptor molecule 1 (TICAMI1) and the mitochondrial
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antiviral signaling protein (MAVS), respectively. Both path-
ways converge to tumor necrosis factor (TNF) receptor-
associated factors TRAF3 and TRAF6. TRAF3 leads to
complexation of TBK1, TRAF family member-associated
nuclear factor k-light-chain-enhancer of activated B cells
(NFkB) activator binding kinase 1, and inhibitor of NFxB
kinase subunit € (IKKe). This complex phosphorylates IFN
regulatory factor 3 (IRF3) dimer, which then binds onto
IFN-stimulated response element 3 (IRSE-3) following nu-
clear translocation. This leads to transcription of type I
IFN, in particular IFN-B, as well as genes coding for
lymphocyte trafficking molecules. TRAF6, in concert with
receptor-interacting  serine/threonine-protein  kinase 1
(RIP1), leads to a transforming growth factor (TGF)-f acti-
vated kinase 1 (TAK1) complex that phosphorylates two
downstream pathways. On the one hand, the IKKa/p/y
complex relieves NFkB from its suppressor NFxB inhibitor
a, allowing nuclear translocation. On the other hand, phos-
phorylation of mitogen-activated protein kinases (MAPK)
leads to activation of activator protein 1 (AP-1). Both NFkB
and AP-1 generate pro-inflammatory cytokines and chemo-
kines [6-8]. Although the endosomal and cytoplasmic re-
ceptors signal through similar pathways, some distinctions
exist. While TLR-3 activation favors pro-inflammatory cy-
tokines, the endosomal receptors are more inclined to pro-
duce type I IEN, with IRF7 activation more readily in the
picture, and interleukin (IL)-15 [9]. Also the formulation of
dsRNA influences the outcome. Poly(I:C) more activates
TLR-3, with the cytoplasmic receptors being activated fol-
lowing endosomal leakage and bearing a preference for
high (MDA-5) or low molecular weight (RIG-I) poly(L:C)
[10, 11]. Poly-ICLC, by virtue of the components that
stabilize poly(L:C), results in stronger activation of cytoplas-
mic receptor signaling by virtue of endosomal rupture due
to the components to stabilize poly(L:C) [9, 11].

Due to its capacity to activate many immune cell types
directly and indirectly, as depicted in Fig. 2, poly(L:C) is
distinctly known for its immunostimulatory activity [12].
In this context, it is primarily renowned as a priming
agent for activating antigen-presenting cells, in particular
dendritic cells (DC) [13]. Indeed, poly(I:C) activates DC
to strongly upregulate signals required for antigen-
specific T-cell priming, as depicted in Fig. 2, which in-
clude: co-stimulatory molecules CD80, CD86 (signal 2)
and CD40; pro-inflammatory cytokines such as IL-12
(signal 3); and, chemokines that attract T cells, e.g.
CXCL10 [13-15]. Furthermore, poly(I:C) treatment of
DC in a booster phase stimulates secondary T-cell ex-
pansion to a much greater extent than other TLR ago-
nists, through type I IFN and IL-15 signaling [9, 16].
Therefore, poly(I:C) has regularly been used in DC mat-
uration protocols in vitro in order to obtain efficient DC
products, outperforming TLR-4 agonist LPS and a pro-
inflammatory cytokine cocktail [13]. Moreover, in mice,



De Waele et al. Journal of Experimental & Clinical Cancer Research

(2021) 40:213

Page 3 of 20

Poly(I:C) MODOT
Poly-ICLC

Scavenger Receptor

Endosome

(o

TICAM1

Tt

MAPKs

NFkB
NSO

Pro-inflammatory response

Nucleus eg.IL-12

' '
SORNC

RNOSNNONNONG

Cytoplasm

MAVS
Mitochondrion

.

ISRE-3
RTSNONINONG

Interferon response
e.g. IFN-B

Fig. 1 Poly(:0) and poly-ICLC signaling through TLR-3, MDA-5 and RIG-I generates a pro-inflammatory and interferon response. Poly(l:C) and poly-
ICLC bind either the endosomal receptor TLR-3, leading to recruitment of adaptor molecule TICAM1, or the cytoplasmic receptors MDA-5 or RIG-,
which signal through the mitochondrial MAVS adaptor protein. Downstream both TICAM1 and MAVS transduce similar signal pathways via TRAF3
and TRAF6, though with distinct emphasis. TRAF3 leads to TBK1-IKKe complex formation, which results in phosphorylation of an IRF3 dimer that

associated factor 3

will induce an IFN response via IRSE3. TRAF6, along with RIP1, complexes TAK1 with TAB2 and TAB3, activating MAPK to activate transcription
factor AP-1. The TAKT complex will also activates the IKKa/B/y complex, allowing transcription of NFkB. Both AP-1 and NFkB results in pro-
inflammatory cytokines and chemokines. Hence, poly(:C) and poly-ICLC signaling result in an immunostimulatory response. AP-1, activator protein
1; IFN, interferon; IKKa/B/y, inhibitor of NFkB kinase regulatory subunit a/B/y; IL-12, interleukin-12; IRF3, IFN regulatory factor 3; ISRE-3, IFN-
stimulated response element 3; MAPKs, mitogen-activated protein kinases; MAVS, mitochondrial antiviral signaling protein; MDA-5, melanoma
differentiation-associated gene 5; NFkB, nuclear factor k-light-chain-enhancer of activated B cells; Poly(l:C), polyinosinic:polycytidylic acid; Poly-
ICLC, poly(l:C) stabilized with carboxymethylcellulose and poly-L-lysine; RIG-, retinoic acid-inducible gene |; RIP1, receptor-interacting serine/
threonine-protein kinase 1; TAB, TAK1-binding protein; TAKT, transforming growth factor 3 activated kinase 1; TBK1, TRAF family member
associated NFkB activator binding kinase 1; TICAM1, TLR adaptor molecule 1; TLR-3, Toll-like receptor 3; TRAF; tumor necrosis factor receptor

poly(I:C) is the most effective inducer of type I IFN
among TLR agonists [17]. In addition, poly(I:C)-treated
DC activate natural killer (NK) cells through both IL-12
secretion and cell-cell contact [18]. Direct activation of
NK cells by poly(I:C) has been reported as well, although
reported data is conflicting [19, 20]. Next to DC, poly(I:
C) also profoundly affects macrophages, in a similar way.
Interestingly, while it has been reported to repolarize
M2 and tumor-associated macrophages (TAM) with
tumoricidal and enhanced phagocytic capacities, it can
also attract and stimulate T cells [21-23]. In addition to

its effects on immune cells, poly(l:C) also affects other
cells in the tumor microenvironment (TME). It has been
shown to directly inhibit tumor growth via suppression
of proliferation and induction of apoptosis in several
tumor types [12]. Indeed, its viral mimicry can activate
pathways to protect neighboring cells from infection, po-
tentially culminating in cellular suicide [24]. Therefore,
poly(I:C) is generally seen as a cytotoxic agent for tumor
cells, but few studies reporting poly(l:C)-mediated
stimulation of cancer cell migration, urge caution in its
use [25, 26]. Indeed, invasion of GBM cells into healthy
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Fig. 2 Integrated overview on how poly(l:C) affects GBM and immune cells on molecular and functional levels. Poly(l:C) activates several immune
cells directly and indirectly, while also leveraging the GBM cellular machinery for attraction and activation of immune cells. In addition, poly(l:C)
can induce cytostasis, apoptosis and less invasiveness, while remaining sensitivity to certain viruses. Color coding of proteins indicates effect of
poly(I:C) compared to non-treated cells: black, unaltered; green, upregulation/induction; red, downregulation/inhibition. Green helices represent
double-stranded poly(l:C); small spheres represent secreted factors. CCL/CXCL, C-C/C-X-C motif chemokine ligand; GBM, glioblastoma; IFN,
interferon; IL, interleukin; IL-1RN, IL-1 receptor antagonist; ISG15, IFN-stimulated gene 15; M0/1/2, M0/1/2-polarized macrophage; MGMT, 05
methylguanine-DNA methyltransferase; MHC, major histocompatibility complex; MX1, MC dynamin-line GTPase 1; NK, natural killer cell; Noxa,
phorbol-12-myristate-13-acetate-induced protein 1; PD-L, programmed death 1 ligand; poly(l:C), polyinosinic:polycytidylic acid; TGF, transforming
growth factor; TAM, tumor-associated macrophage; TAP1/2, transporter 1/2, ATP binding cassette subfamily B member; TNF, tumor necrosis factor

parenchyma impedes surgical resection and paves the
way for tumor recurrence. Therefore, poly(I:C) must be
studied in the context of each tumor type. Here, we con-
ducted a systematic review to evaluate the state-of-the-
art regarding the effects of poly(I:C) and poly-ICLC in
GBM in order to evaluate its potential to boost

immunotherapy for GBM. First, we examined in vitro
studies to provide an overview of the direct effects of
poly(I:C) on GBM cells. Next, we assessed pre-clinical
in vivo studies, which also take into account the direct
and indirect actions of poly(I:C) on neighboring stromal
and peripheral immune cells. Afterwards, we described
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clinical experiences with poly-ICLC in GBM while look-
ing ahead to trials currently ongoing. Finally, we con-
cluded with a discussion on its position in the medical
landscape for GBM and postulate future perspectives.

Methods

We executed a systematic review according to the Pre-
ferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA) guidelines [27], as depicted in
Fig. 3A. The search was conducted in the MEDLINE
database (1973-present) using the terms displayed in Fig.
3B, ending on 15 May 2021. Research articles with data
on poly(I:C) or poly-ICLC in GBM were included pro-
vided a full-text written in English was available. Reviews
and perspectives were excluded, as well as articles that
(i) did not use poly(I:C)/poly-ICLC, (ii) did not utilize
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GBM as target tumor model, (iii) presented non-
specified or ambiguously-described in vitro effects of
poly(I:C)/poly-ICLC, (iv) did not administer poly(I:C)/
poly-ICLC directly to test objects in studies in vivo, or
(v) only reported on poly(I:C)/poly-ICLC-induced cellu-
lar signaling. We did not include other poly(I:C) deriva-
tives, Ampligen (latest report in 1991) and BO-112
(novel and not yet tested in GBM). In addition, we
searched for ongoing clinical trials with poly-ICLC on
clinicaltrials.gov, using the strategy presented in Fig. 3C,
which ended on 27 December 2020.

In vitro effect of poly(l:C) on GBM cells

Since poly(I:C) is primarily known in an immunological
context, we first discuss the observations regarding in-
teractions of GBM cells with the immune system
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following poly(I:C) treatment. Cell health as a direct tar-
get of poly(I:C) is subsequently discussed. Figure 2 pre-
sents an integrated response of GBM and immune cells
to poly(I:C) and resulting (inter)cellular effects.

Immunomodulation

Although predominantly associated with poly(I:C)-medi-
ated immune cell activation, poly(I:C)/poly-ICLC also in-
duces type I IFN gene transcription and subsequent
secretion of IFN-a and IFN-B by both human and mur-
ine GBM cells [28-40]. Surprisingly, poly(I:C) did not
initiate IFN-B transcription in C6 rat glioma cells and
some human GBM cell lines [41, 42]. In contrast, pri-
mary human GBM (pGBM) cells induced much stronger
IFN-B secretion compared to IFN-a, while type II IFN-y
secretion was absent [30]. Of note, two reports showed a
stronger IFN-f secretion upon targeting poly(L:C) to its
cytosolic receptors rather than to TLR-3 [28, 31], sug-
gesting that the robustness of the poly(I:C)-induced type
I IFN response might depend on which receptor path-
way is primarily targeted. Nonetheless, promoting endo-
cytosis in murine GBM cells also elevated IFN-
secretion [40]. Besides type I IFN, poly(I:C) also charac-
teristically induces a release of pro-inflammatory cyto-
kines [6]. This has also been the case in GBM cells, as
evidenced by upregulated TNF-a, IL-1f, IL-6 and IL-15
[29, 30, 43-46]. Interestingly, poly(I:C) also downregu-
lates the secretion of the strongly immunosuppressive
TGE-p [30], although it did increase the release of IL-1R
antagonist and IL-10 [23]. A poly(I:C)-induced secre-
tome favoring immunostimulation could lead to immune
activation. Indeed, two studies reported immune activa-
tion by poly(I:C)-treated pGBM cells. Glas et al. ob-
served a modest increase in type I IFN-dependent
degranulation and cytolysis by NK cells, when cocul-
tured with primary GBM stem cells (pGSC) treated with
poly-ICLC or transfected poly(I:C) [31]. On the other
hand, we demonstrated a significant increase of activated
lymphocytes, releasing IFN-y and granzyme B, when
they were cocultured with untransfected poly(l:C)-
treated pGBM cells [30].

Similar to the induction of pro-inflammatory cyto-
kines, poly(I:C) elicits the secretion of chemokines from
GBM cells which can attract tumorlytic lymphocytes.
Poly(I:C)/poly-ICLC, targeted to either receptor pathway,
stimulates GBM cell secretion of CXCL8, CXCL9,
CXCL10, CCL2, CCL4 and CCL5 [29-34, 37-40, 45]. In
transwell assays using supernatant of poly(I:C)-treated
pGBM, chemoattraction of CD8" and CD4" T cells, but
not NK cells, was increased in a manner that suggested
involvement of those ligands for CCR5 and CXCR3 [30].

While cytokines can signal from afar, interactions be-
tween membrane proteins on GBM and immune cells
are central in dictating immunological activity. For T
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cells in particular, antigen presentation via major histo-
compatibility complex (MHC) molecules is crucial in
their antigen-specific adaptive capacity [47]. Poly(Il:C)/
poly-ICLC treatment of human and murine GBM upre-
gulates MHC class I molecules, partly via treatment-
induced IEN-f [39, 44, 48]. This suggests that poly(I:C)-
treated GBM cells bear enhanced epitope-presenting
capacity for infiltrating T cells. On the other hand,
MHC class I molecules can also signal inhibition of NK
cells [49]. Nonetheless, it has been shown that NK cells
become activated by poly(I:C)-treated pGBM cells and
exert their lytic function [30, 31], indicating that other
factors tip the balance towards antitumoral activity.

In the last decade, there has been an impetus on im-
munotherapy given the clinical responses achieved by
ICB in multiple cancer types [50]. Interestingly, low
levels of programmed cell death 1 ligand (PD-L)1 and
PD-L2 expression on pGBM cells increase robustly, fol-
lowing untransfected poly(I:C) treatment, partly via
downstream IFN-B [30]. Although elevated immune
checkpoint ligand expression would impair PD-1" acti-
vated lymphocytes, immune activation was observed in
cocultures with poly(I:C)-treated pGBM cells [30]. How-
ever, additional blockade of PD-L1 further propagated
this immune activation. Intriguingly, such enhancement
was not detected upon blocking PD-L2, suggesting that
this ligand is redundant in GBM-mediated inhibition of
immune cell activation [30]. This underscores the poten-
tial of targeting these negative feedback counter mecha-
nisms to further invigorate anti-tumor immunity.
Moreover, heightened PD-L1/PD-L2 expression is ex-
pected with immune activation due to immune cell-
secreted IFN-y [30].

In summary, poly(I:C) - either untransfected, trans-
fected, nanoplexed or in its stabilized form - induces se-
cretion of pro-inflammatory cytokines and chemokines
by pGBM cells, which are capable of eliciting in vitro
immune attraction and activation. In addition, it demon-
strates potency to prime GBM for T-cell immunity when
combined with PD-1/PD-L1 blockade; NK cells could
also play a role despite the presence of inhibitory signals.

Viral sensitivity

Oncolytic viruses are actively being evaluated in clinical
trials for GBM (Clinicaltrial.gov: fifteen active and seven
completed trials), with first results pointing towards a fa-
vorable safety profile and immunogenic activity [51].
While poly(I:C) did not affect the susceptibility of U87
cells, it protected normal human brain cells from viral
infection, replication and induced cell death [42, 52].
Protection against VSV-rp30a is possibly conferred by
MX1, a cellular antiviral protein that is profoundly in-
duced by poly(I:C) in normal brain cells but barely mod-
ulated in GBM cells [40, 42]. These observations argue
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for the adjuvant use of poly(I:C) in oncolytic virotherapy
in order to protect healthy brain cells, though protection
should be established upfront. Indeed, poly(l:C) also
upregulates ISG15 in both normal brain cells and GBM
cells, arguing against the use of e.g. Sindbis virus [42]. In
addition, alternative formulations of poly(I:C) might in-
duce MX1 in GBM cells [40], and therefore, the formu-
lation is also of importance in this context.

Cell health and behavior

Central to cellular health are viability and proliferation
as primary targets in cancer treatment. Poly(I:C)/poly-
ICLC affects human GBM cell lines differently with re-
gard to suppressing their growth, be it due to cytostatic
or cytotoxic activities [28, 31, 42, 53-55]. Notably, no
study observed stimulation of GBM cell proliferation.
Discrepant findings were reported regarding poly(I:C)
formulations most effective at mediating cytostasis/cyto-
toxicity. In an early study, the growth inhibitory effect
was stronger for untransfected poly(I:C) in comparison
to poly(l:C) entrapped in cationic liposomes [28]. In
contrast, a more recent study demonstrated that trans-
fected reduced the metabolic activity of (p)GBM cells
while untransfected poly(I:C) did not. This was associ-
ated with induction of apoptosis through caspase-3 and
Noxa and mediated through MDA-5/RIG-I rather than
TLR-3 [31]. Moreover, both pGBM/pGSC could be tar-
geted with transfected poly(I:C), whereas several non-
malignant brain cell types remained unharmed [31]. Al-
though upregulation of Noxa also occurred in these nor-
mal cells, its effect was presumably disarmed by the
higher expression of the anti-apoptotic Bcl-2 [31]. Other
studies found that transfection of pegylated poly(I:C)
rapidly induced apoptosis, further enhanced by modifica-
tions that augment cytosolic release [54, 55].

In C6 rat glioma cells, poly(I:C) inhibits ligands, recep-
tors and binding proteins of the insulin-like growth fac-
tor system, allowing poly(I:C)-induced IEN-a to mediate
cytostasis [41, 56, 57]. Indeed, despite increased DNA
synthesis and S phase being increased, a proliferative re-
duction was achieved due to an S/G2-driven cell cycle
arrest. Cytotoxicity was only observed upon long-term
culture in starved conditions [41].

Invasion of GBM in the surrounding healthy brain
parenchyma presents a paramount problem to achieving
complete resection without compromising neurological
or motor functions of the patient. Treatment with
poly(I:C) diminished invasion of human GBM spheroids
embedded in a collagen matrix [22]. Although this effect
was not observed with rat GBM spheroids, the absence
of an enhanced invasive capacity is particularly
important.

In conclusion, there are no indications that poly(L:C)
mediates protumoral effects regarding GBM cell health
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and behavior. In contrast, it has proven to be cytostatic/
cytotoxic and potentially anti-invasive, but optimization
of its formulation appears to be required to unlock its
full potential.

Effects of poly(l:C) in GBM animal models

In particular for GBM, the existence of the blood-brain-
barrier (BBB) imposes a unique complexity. Whereas we
focused on the direct effects of poly(I:C)/poly-ICLC on
GBM cells in the above chapter, here we elaborate on its
general effect in animal GBM models.

Safety

To date, none of the preclinical in vivo GBM studies
employing poly(I:C) have reported any adverse events
(AE) or pathological defects regarding physical, behav-
ioral or neurological characteristics; this includes both in
immediate circumstances and in long-term surviving
mice [28, 39, 44, 55, 58]. In addition, reports on exacer-
bation of GBM growth or invasiveness are absent.
Hence, no observations indicate any concern for safety.

Poly(I:C) as stand-alone treatment
Intratumoral release of epidermal growth factor
receptor-targeted pegylated (PEG) poly(I:C) via osmotic
micropumps significantly extended the lives of U87
xenograft-implanted mice. Enhanced cytosolic release of
PEG-poly(I:C) even completely eradicated large tumors
[55]. In addition, bystander effects also killed unsuscep-
tible cells in a mixed xenograft model, suggesting its ap-
plicability in heterogeneous tumors such as GBM [55].
In contrast, single-agent treatment with poly(I:C)/poly-
ICLC failed to show a robust therapeutic effect in syn-
geneic CT-2A and GL261 models [39, 44, 58—60], even
following tumor-targeted delivery [40], although surviv-
ing mice developed immune memory [59]. Nonetheless,
poly(I:C) effectively enhanced activation of resident DC
in the brain TME, while the number of non-migratory
and migratory DC in the tumor-draining lymph nodes
(dLN) decreased and increased, respectively. Further-
more, enhanced division of dLN-residing antigen-
specific T cells elevated the percentage of TNF-o*
antigen-specific T cells in the brain [59], although
tumor-infiltrating lymphocytes (TIL) remained scarce
[40]. These observations in the brain and dLN suggest
that poly(I:C) strengthens the potential for antigen pres-
entation and development of an immune response,
which notwithstanding remains largely incapacitated.
For instance, poly(l:C) increased PD-L1 expression in
the brain and on myeloid cells in dLN and spleen [40,
59]. Hence, these observations advocate for its use in im-
munotherapeutic combination regimens. In addition, the
ability of poly(I:C)/poly-ICLC to produce a pro-
inflammatory response was replicated in vivo across the
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BBB as demonstrated by the transient increase in serum
and brain of TNF-a and IFN-«, despite systemic admin-
istration [39, 58].

Immune checkpoint blockade

As it stands, poly(I:C) single-agent treatment appears to
prime both tumor and immune microenvironments for
antitumor immunity but is unable to single-handedly
unleash it. In this regard, GBM cells and DC have been
shown to counter the poly(I:C)-driven pro-inflammatory
signature by upregulating immune checkpoint ligands
PD-L1 and PD-L2 [30, 40, 59]. Consequently, poly(I:C)
and anti-PD-1 therapy synergize to provide a great sur-
vival benefit including immune memory in the GL261
in vivo model [59]. This was accompanied by decreased
myeloid and regulatory T cells (Treg) in the brain, which
welcomed more non-migratory DC and IFN-y"CD8" T
effector cells. In the dLN, more activated myeloid and
memory T (Tmem) cells were observed. The therapeutic
synergy was fully dependent on cross-presenting DC,
demonstrating that this benefit was related to the activa-
tion of antigen presentation, the priming and expanding
of antigen-specific effector T cells in the dLN and their
subsequent brain infiltration. These events are all crucial
set-points in the cancer-immunity cycle [47]. The combin-
ation treatment further increased myeloid PD-L1 expres-
sion in the dLN, whereas PD-L2 expression remained
unaltered [59], supporting the in vitro observation that
PD-L2 presumably plays no major role in GBM-mediated
immunosuppression [30]. In conclusion, the individual
potentials of both therapeutic arms become synergistically
unlocked via a synchronized modulation of antigen pres-
entation in the myeloid department.

Vaccination

Vaccination with glioma-associated antigen (GAA)-
loaded DC or GAA peptides represents a popular immu-
notherapeutic strategy. Both in prophylactic and thera-
peutic settings, poly-ICLC significantly increased long-
term survival of GL261-bearing mice treated with GAA
vaccines [39, 60]. This was characterized by enhanced
GAA-specific TIL, due to upregulated CXCL10 secretion
in the TME, and development of immune memory [39,
60]. The combination strategy generates an IFN-y-
driven positive feedback loop (by lymphocytes) of the
type I IFN polarization process (by tumor and myeloid
cells) in the TME, causing a CXCL10 burst at the tumor
site which is crucial for the recruitment of GAA-specific
T cells [60]. Hence, poly-ICLC is critical for efficacious
GBM vaccination. An addition of anti-CCL2 to inhibit
tumor infiltration of immunosuppressive cells did not
significantly improve survival further [61]. Interestingly,
the distance from the tumor to the vaccination site ap-
pears correlated to therapeutic efficacy. The GBM tumor
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was able to prevent or suppress CTL priming when vac-
cinated in the cervical dLN or axillary LN, respectively,
whereas a tumoricidal CTL response was only robustly
develop by poly-ICLC-adjuvanted vaccination in the in-
guinal LN [62]. In summary, both poly-ICLC and vaccin-
ation site are critical determinants in GBM vaccination
success.

Other combinations

In the nineties, the combination of poly(l:C) with cyclo-
heximide resulted in IFN-f production and tumor
growth inhibition in GBM-bearing nude mice, which
was further strengthened by targeting poly(I:C) to the
cytosolic receptors via liposome entrapment [28]. Re-
cently, the combination of poly(l:C) with a small mol-
ecule antagonist of the inhibitor of apoptosis (LCL161),
also called a Smac mimetic compound, increased the
17% survival rate for each monotherapy to 86% in com-
bination in CT-2A-bearing mice [58]. This synergy was
based on the sensitizing effect of LCL161 to TNF-a-
induced tumor cell death in conjunction to induction of
TNEF-a secretion by poly(I:C). In addition, Smac mi-
metics block the growth-promoting activities of TNF-a,
rendering this an intriguing combination option [58].
Last year, Yin et al. reported the intranasal delivery of
poly(I:C) bound to gold nanoparticles, as a means to by-
pass the BBB and target the tumor cells. This extended
the survival of mice treated with the conventional drug
TMZ. The authors postulated that the combination was
required to induce a coordinated release of IFN-B and
killing of tumor cells by poly(I:C) and TMZ, respectively,
resulting in immunogenic cell death (ICD) [40]. Given
that TMZ remains SOC for newly-diagnosed GBM pa-
tients, this observation further encourages the inclusion
of poly(I:C), as part of an immunotherapy, in the current
treatment regimen for GBM.

Clinical studies with poly-ICLC in GBM

In the earlier clinical GBM studies poly-ICLC was used
as stand-alone treatment or in combination with (che-
mo)radiation, but lately is has mostly been used as a
GBM vaccine adjuvant. Below we discuss the reported
clinical findings in humans. Our methodological search
found thirteen peer-reviewed reports on eleven clinical
studies, as shown in Table 1: four non-vaccination trials
[63-66] and seven vaccination trials as adjuvant to DC
(three) or peptides (four) [67-75]. Newly-diagnosed and/
or recurrent GBM were enrolled in four phase I, four
phase I/II and three phase II trials. These studies en-
rolled a total of 323 patients, of which 227 suffered from
GBM and another 21 from unspecified high-grade gli-
oma (HGG). Only one study had a control arm for poly-
ICLC [74]. Table 2 provides an overview of five currently
ongoing trials.



Page 9 of 20

(2021) 40:213

De Waele et al. Journal of Experimental & Clinical Cancer Research

(ODHAjod +2Q) owegee
2 A (Auo D) €1 sow

dnoib
leanauoid ul 5O = ‘dnoib
|BWAYDUSSaW Ul S|O1IU0D
SA 3UPRA DJ YIM SO

%80€ S4d owcl
oWy d] W

ow ¢l sow
aS6Hd L W1

||[eI9A0
91el asuodsal 7| /¢ ‘asuodsal
L '3S L '(vv22)) dd | ‘DDHI=Y

€90 sA

PUSA OF'0 YH (Y1esp) 2unjied
%G'9C SA G'CE SA 6'6¢ SO OWye
%Y'6E SA8'LS SA /1 SO OWg|
%L°19 SA G6/ SA '€/ SO oW L
owgy|

SA OUIE'G| SA OWIZ'/| SOW
:ddnis sa 1oy

-0 p|o AQ/-81 SA HOY0d 21u3

dlL M8l 'S4d

AL puUe 0WQg %G pue Of Apnis
OWZ'6 SA L'EL SAQ'GL *SOW
%G€ SA LG SA 69 'SO oWl
(1Y) P12 SA

(1D-ZWLUoU + 1) 1112 sA Apnig

1D o/m

-M) OWE-0WG | SOW VgDl
M/XE-Z 31 aS
271/8'Ad8'AS9Ud WD L
‘(m/xe-c) owe |

‘(M/x1) oWl L SOW Ngs aN

SaUP01O
LYl wnias « ploj-607

dnoib jewAyoussawl

UL ,8aD ¢ isbail =

ol1el auU 01D 7yl

/1YL ¢ ‘S9UBOILD Y] WinIdS v

SaUBOWSYD
18 S9UMOILD | 3dA| v
asuodsal [|92-] ,80D

dads-yyD [euonduny 71/8

U

Ju

U

911 pue
0-4NL = ‘-1 pue upidosu
S(qeurA (SL/¥) N4I ¢ unJssS

av s

av s

av s

(Loyod ainus)

IV €+ €3V 9L
pa1eI3|0} [|oM AISA

syieap
0+ @ZWL +/-) ¥V
GL/O+€3v L D101
-Alod 01 paInquny

YAV L +E3V Gl
100
= 'p21eJ3|0} [[oM AIDA

100
= 'p1eJ3|0} [|oM AIDA

(5121500(]) JUSLINDU0D

‘Wi Bx/6r 0z

M/X| i 1915009
M/XT 1| 1915009

8

— M) M/XZ :uolenu|
1US1INdU0D

‘Wi 6%/61 0z

(AZ j11un) sapAo-mp
ur m/xg I B/6r oz

(peZWL 21242
/8—CM) 1UaNdU0D
‘m/xe I By/6m o¢

1ueAn(pe
+ JU31INdU0d
‘m/xe I B4/6r oz

1UalJNduod
1O duoje M
/Xe-1 W1 B3/61 05-01

S9A0

peZ WL U99MIS

Ul OWg/X| 14915009
(peZ WL

210J2q ‘Apeamiq

X¢ :uolenu|

al '>a pasind-a1esA|
Jowny snobojoiny
A19bIng +

ddnig + A126ing Doy
‘ddmis + A19bIns :gN

owg/x|

(Ag-mOE) 7 1915009
M/X |

(M6T-€1) | 4915009
mz

/XL (MZ1-1) uonenul
NI '1DQD Papeol-yyo

ddnis + A1sbung

1Y + Aisbung

1540/

(€2/9)
294 %% AN

|
(€z/L)
294 %% AN

171
(cerel)
pEN

01589000201N
110c
Suld

£S/99/000IN
Loz
bpoAO

upAN{pD 3uIdIDA 133UD3 SD JTDI-A|od

Il
(€e/qtl)
ouieIpad Dy

Il
(6)
anN

Il
(0€)
anN

(Il/1) 201id
(8¢

/q6) 229 3 (8¢/81) AN

Ju
4104
UDWLDH

0€£29C001ON
0loc
pjajuasoy

$1/2S0001ON
600C
psmoing

Ju
9661
10ZDIDS

S[pLI} UonDUIIDA-UOU Ul DTDI-AJod

asimiayio payads
ssajun syuaned gD 104
S12343 |ed1uld

BuioyuowouNwWIW|

A1ojes

>T1dI-Ajod

sisoubelp Huimojjoy
juswieas]

aseyqd
(1)
sisoubeiq

ai leut
1ea)
Joyiny

DTDI-Ajod BUIAjOAUL S[eLY INGD [BDIUND JO sHNSa) paysiignd pamalnal-19ad Jo MaIAIBAQ | djqel



Page 10 of 20

(2021) 40:213

De Waele et al. Journal of Experimental & Clinical Cancer Research

s|}@2 1, 1-ad,8dD ¢

punoy sadAou

-0 g- pue v-4>] dy1dads-yyD
‘Bal] N 1L ,80D v esdejai 1y

S||92 | Alowiaw padusiadxa X7 11915009
YYD JO UONRIaUID X§ Buiwing
S||92 | A3l SUDRA YO
-yYD-03U [euonounyAjod -09U pazijeuostad
w9/ S4dw Aq asuodsas A-N4| adoyda-nnpy qi/l 8TH/8770L1ON
owsg9| SOW (8/2) buiwnd (du1d2BA) (ZWL (8) parelAyrawiun 6107
Ad wouy paip siuaied ||y uoleuRIRA buLNp X3d Ou J| avs paxiwpe DS buw g0 ou) ddnis + Aiabing -LIWOW ‘aN unysay
asuodsal [|92-|
80D Pa1e|os| OU ‘(jeuonouny
-nw pue |y]) asuodsal [|9>
1 4D PadNpUl YYO-COVADY xg ‘sedoyds
paleINW €1/11 ‘ZOVAdY O3 -03U :7DVAJY
asuodsal [|20 | ,¥@D Dynads X| | ‘susbpue paiey
-VYVYD-09U 01/8 :ZOVAY -NWUN painioenuew
suabnue -a1d | DVYALY
yg-ued | = 03 asuodsai [|2D | peZ WL Buunp (4D
A2 YL €L/6 '1-Ad ¢ S|P3 L -AD+) dl "TOVADY
Aiowaw aA1DeRI-LDVIAY % ¢/ 4S0-WD o + LDVAdY Ssulddea | §CC6vIC0DIN
oWz S4dW VYO~ LDVAdY L2 03 asuodsal /pue DDAjed 7/1D (uiDdeA) JUS1INJUOD YV9 pazijeuosiesd (L) 8loc
owp'eZ SOW wAsisiad €1/¢1 HOVAdY  WAY 01 anp g3y <9 S bw gl ddnis + A1sbing aN HH
AZ [un
M9 KI9A 1121500g
Mg
KI9AS 'Xg :uoneniu|
owg’| S4dw VYO | 01 Aluo G/¢ DS '1§-YSI 10]ld £L00€1101ON
owiSZy L SOW 191+ VYD |[B 01 G/C 'VVD 1< (U1238A) 1USLNDUOD SpIURIUON Ul YYD (C1/9) 910
Qd€'AST™¥d | 01 asuodsal /5 :(9/S) 10dSIT3 avs ‘Wi B4/6m 0g suawifas snoue dlelpad 28y 2pjjod
AZ |un
M9 JSEYE) 11915009
Mg
KI9AS 'Xg :uoneniu|
DS '16-VSI
SPIUEIUON Ul YVO 10]ld £L00€L10ION
ou/ vz sow 191 +VVD 01 £/C VYD ¢/¢C (SU1238A) 1USLNDUOD (jpeZ WL /%) r10Z
dSC'd L'YD¢ o1 asuodsal g/€ (S/€) 10dSIT3 avs ‘Wi By/Brige ou) ddmis + Aisbing deipad ‘aN ¥o0jjod
asimIaylo payads aseyd al jeup
ssajun sjuaned gD 404 sisoubelp buimojjoy (oU) JECYY
S123949 |ed1ulpD Burioyuowounwwy| JSETLIN JDI-Ajod juswijedl | sisoubeiq loyiny

(panuiuo)) DI-Ajod BUIAJOAUL S[eL} D [ed1uld JO S3NSsal paysiignd pamalAdi-1a3d JO MaIAIAQ L d]qeLl



Page 11 of 20

(2021) 40:213

De Waele et al. Journal of Experimental & Clinical Cancer Research

WED Buipnpul DHH Jo Xiw paypadsun ‘g 14oyod (230} Ul studied NED JO J9qUINU S3I0USP SINIJRY ‘, INOYLM-UIM O/M-M [UOISs31601d-03-aw1) URIpaW ¢ [ W
‘195 1 K1o1e|nbau baij ‘(jodor0id ddnis jo Buies Jueanfpe ul) apIwojozowa) ' (po)ZWVL 'PIOX0) SNUR)S) 13 ) 1101d9dal |[93-1 YD1 ‘[L] 1D/1D-1Y Jo j0d0301d ddmis ddnjs ‘aseasip 9|qeis gs ‘snoaueindgns s ‘Adeiayloipel

1Y quaundai 23y ‘a)1| Jo Aujenb 700 ‘esuodsai jened Y4 ‘auish|-1-Ajod pue ason|adjAyiswAxogied yum pazijigels pie dijApnkdAjod:aiuisoulkjod H7))-Ajod ‘pioe dnkpnkdAjod:aiuisoulAjod (D:)Ajod ‘|eAIAINS Sa.4-uolssaiboid
UeIpaW S{4W | Yyieap |[90 pawwelboid |-gd ‘9seasip aAIssaiboid d ([BAIAINS |[RISAO URIPIW SOW ‘SUYluow ow ‘pauodai Jou su ‘pasoubelp-Amau gy ‘siuaned Jo Jaquinu u ‘asesdysuenjAyiaw yNg-auluenbiAyiaw
-9-0 LD ‘|epoueIlul N “JeJNdSNWRIIUL Y ‘9/7 UBNSJIAIUI 9/Z-T] ‘UOISHIUI N4/ {jewdpeliul g ‘onel plezey yH ‘ewol|b apeib-ybiy Hoy ioidey Liorenwins abeydoidew-a1fdojnuelb 457-o ‘ewolse|qol|b

WgD ‘uabnue pajerdosse-ewol|b o duoseyldawexap xJg ‘|92 dnupusp D ‘uonendod [013U0d d10ISIY 143D ‘Bsuodsal 913|dwod ¥ ‘aplweydsoydophd pidD JUaAS 3sIaApe # dpelb #3y ‘ewolfdoise diLdoise Y

A361NS 1a1je 3oaM |
(Pownbiwi + dD +)

(uoneupder  Al/QI DJ PoPEOYYD (s/0 ¥9E£808C0LON
13d sy2am 7 10§ skep Ki2buns + INGD DY 91960/201ON
€/ ul's||ed 1 ,8aD 7 AIA9) 1US1INDU0D ddnis + A19bing D3y (5/€) 0207
(OWLL SA) owg L SOW pue LD dYPdads-yyD aavs  WEODAled By/Brios  ddnis + AiRBinS :aN NgD AN buop
SHOIM
¢—7 A19Aa A DY
/Bw 0| ‘qewnzideasq
RUl| bl
A12bing ooy-1sod i/
(dud2eA 056V + 3UIPIeA 0SEYINI oL/l
paxiupe ‘bw §'| + ddnig + A1ebing o9y
SEEI
€= KIana A By
/Bul Q| ‘qewnziessq
[Ul T s0y-350d |1/ 161026101ON
WELIS (ov/s€) 6107
SHOYO0D U9aMISQ = S4d pue SO Ty U / + ddnig + A1sbing BEN J|opfog
VvVvO | <pue
| 01 asuodsal []92-] 80D
%¢'LE pUe G'¢9 -Loyod NgH
uoneuddeA Jaye sajdwes
lowny 6/0 ul |1 dy1pads-yyD
UoleUDIRA 1/l
1| W0y uonaias aup (duIDdeN) (9/v)
995 S4d OWp -0140 | adA1 3|geinp ‘sasuods paxiwipe ‘| buw §'| aN
%69 S4d OW9 ol []92-1 ,8dD pue . ¥dD W
OWG'6 S4dw u_tumgm-‘,q/\o 3|diinw 1 ouowl (3uoen) /9
owg| Sow v/ 'AorDdIe uoleziunuwwl , . S9PAD (L ZINL
. i paxiwpe DS bw &'y pe an
110402 gD L (WIDS) paxiupy U99M13q pue 210499
ad 1 'asS L "dd T Wi ‘paxiwpy Aoediys 7101 Al 'suddeA I1/1 1610¢6101ON
ad s YD | DS ‘paxiwpy uopeziUNWWI N ‘asuods -Ajod 1o/pue aujddeA (3UI22BA) 1ULINDUOD VYO-INW 056V () 6107
ad ¥ 'S 7 Quaunouo)  -ai [|92-1 du1dads N uaLniouod) 019anp 3y L+ €3V | ‘WI Bwi G| ddnig + A1sbung aN ol by
asimIaylo payads aseyd al jeup
ssajun syuaned gD Jo4 sisoubelp buimoljoy (oU) JECYY
S12349 |ed1ulpD BunioyuoWwouUNnww| JSETLIN JDI-Ajod juswijedl | sisoubeiq loyiny

(panuiuo)) DI-Ajod BUIAJOAUL S[eL} D [edIuld JO S3Nsal paysiignd pamalAdi-193d JO MaIAIAQ L d]qeLl



De Waele et al. Journal of Experimental & Clinical Cancer Research

(2021) 40:213

Page 12 of 20

Table 2 Overview of ongoing clinical glioblastoma trials involving poly-ICLC

Trial ID Diagnosis
Phase (n®stm)

Treatment following diagnosis

Poly-ICLC

Ongoing trials

NCT03422094 ND, unmethylated Surgery + Stupp 1.5 mg SC, admixed (vaccine)
I (30) Investigational procedure during TMZ2:
NeoVax, SC (4x priming in cycle 1+ 1 booster/cycle), +
Nivolumab, 480 mg IV (start at progression)
Nivolumab, 480 mg IV (start with cycle 2)
Nivolumab, 480 mg IV (start with cycle 1)
Nivolumab, 480 mg IV (start with cycle 3)
Ipilimumab, 1 mg/kg IV (cycle 1)
Nivolumab, 3 mg/kg IV (2x/cycle)
Ipilimumab, 1 mg/kg IV (every 6 weeks)
NCT04201873 Rec Surgery + ALT-DC vaccine ID IM, with vaccine
: (40) Surgery + ALT-DC vaccine ID
Pembrolizumab, IV, neo-adjuvant to surgery
NCT03223103 ND Surgery + Stupp _ 100 pg/dose, with vaccine
la/Ib (20) Investigational procedure during TMZ2:
Mutation-derived GAA-based personalized vaccine
Tumor-treating fields (continuous)
NCT03665545 Rec IMA950 vaccine, SC SC, admixed (vaccine)
4 @24) IMA950 vaccine, SC
Pembrolizumab, IV
NCT01204684 ND® & Rec® Autologous tumor lysate-pulsed DC vaccine /
! (30 Autologous tumor lysate-pulsed DC vaccine /

0.2% resiquimod, concurrent (vaccine)

Autologous tumor lysate-pulsed DC vaccine

Completed trial, but no peer-reviewed report yet

NCT02078648 Rec
I (28

SL-701 vaccine, biweekly
10 mg/kg bevacizumab, IV, concurrent (vaccine)

Concurrent (vaccine)

IM, concurrent (vaccine)

DC dendritic cell; GAA glioma-associated antigen; IM intramuscular; IV intravenous; n

SiM astimated enrollment; ND newly-diagnosed; Poly-ICLC

polyinosinic:polycytidylic acid stabilized with carboxymethylcellulose and poly-L-lysine; Rec recurrent; SC subcutaneous; Stupp Stupp protocol of radiotherapy with
concurrent and adjuvant chemotherapy [1]; TMZ°¥ temozolomide in adjuvant setting of Stupp protocol; 2, high-grade glioma including glioblastoma; °, accrued

number of patients; <, conference abstract available [76]

Safety and administration route

In the first pilot study in GBM, long-term low-dose
intramuscular (IM) administration of poly-ICLC demon-
strated safety within the HGG participants [66]. Such
dosing scheme alleviated toxicities observed earlier in
other indications that employed intravenous injection
[12]. Most clinical GBM studies retained the IM route,
although the three more recent trials administered it
subcutaneously (SC). One trial comparing both adminis-
tration routes could not determine the best choice, as
both elicited multi-GAA immunity [70]. In total 80
grade 3 AE and 23 grade 4 AE were possibly due to
poly-ICLC, although 16 AE3 and 3 AE4 were possibly
observed in non-GBM patients [64]. One AE3 rash could
be definitely attributed to poly-ICLC [65]. In the study
that controlled for poly-ICLC adjuvant, no increased
toxicities were observed apart from mild transient fevers
upon vaccination in 2/3 of the patients [74]. The most

common AE included injection site reactions and flu-
like symptoms, but in trials with TMZ, leukopenia was
also described. Overall, poly-ICLC was well-tolerated by
GBM patients without a clear negative impact on the
quality of life.

Immunological effects

Due to its immunostimulatory effects, poly-ICLC has
mostly been employed as a cancer vaccine adjuvant in
order to mature DC. Enhanced antigen presentation and
T-cell priming then improves the generation of antigen-
specific immune responses [12]. In the poly-ICLC-
adjuvanted GBM vaccination studies, GAA-specific
CD4" and/or CD8" T-cell responses were observed in
43/57 patients (75.4%; range 40.0-100.0%), of which
69.8% showed T-cell reactivity against multiple GAA
[68-73, 75]. Notably, Migliorini et al. observed that
admixing poly(I:C) with the IMA950 peptide vaccine
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drastically enabled the induction of specific T-cell re-
sponses compared to concomitant poly-ICLC by aug-
menting the immunization efficacy (16.7 to 92.3%) [70].
Nonetheless, other studies employing concomitant ad-
ministration observed specific T-cell responses at higher
rates as well [68, 72, 73, 75]. Two studies reported the
generation of polyfunctional T cells, the induction/up-
regulation of antigen-reactive Tmem and the moderate
or high expression of PD-1 [68, 69]. Despite their sys-
temic presence, one trial did not find vaccine-specific
TIL in 5/5 samples at relapse after vaccination [70]. On
the other hand, another study observed increased GAA-
specific CD8" TIL, with elevated PD-1" at relapse fol-
lowing vaccination, suggesting prior activation, and only
few Treg [69]. Interestingly, immunological responses
were absent in patients who were on dexamethasone
during the priming phase of the vaccination [69]. This
should be taken into account during future trial design,
since dexamethasone is frequently prescribed to alleviate
cerebral edema in GBM patients. The sole trial with a
control arm for poly-ICLC did not report on GAA-
specific T-cell responses but instead described a log-fold
increase in Thl cytokine secretion when poly-ICLC was
concomitantly administered during boosters [74]. Like-
wise, other trials reported increased Thl cytokine secre-
tion or production, which Migliorini et al. proved
durable from the first vaccination onwards in the
admixed formulation [70, 71]. Only one non-vaccination
study reported on immunomonitoring, with few serum
cytokine changes, most notably an IFN increase [66]. No
studies could relate the observed immunological effects
to preliminary clinical response nor endogenous GAA
expression [66, 70, 75]. Overall, the lack of immunomo-
nitoring in non-vaccination GBM trials prevents the
thorough evaluation of immunological responses in
these settings. In contrast, poly-ICLC-adjuvanted vaccin-
ation has proven to be immunogenic in GBM patients,
which is supported by data of randomized clinical trials
in other indications [12].

Clinical effects

Only three studies were phase II, and notably, none of
them considered a vaccination trial [63—65]. The other
trials were less qualified to report on clinical effects, al-
though the phase I/II studies already render a glimpse
into potential clinical benefits. Overall, the following ob-
jective response rates (ORR) were observed in a com-
bined total of 63 attestable GBM patients who received
poly-ICLC: five complete responses, seven partial re-
sponses, 22 stable diseases and 29 progressive diseases
[66, 69-73]. This culminates in a disease control rate
(DCR) of 46.9%. However, since ORR and DCR are subject-
ive to time, we focus on more robust parameters, e.g. over-
all survival (OS), progression-free survival (PFS) and time-
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to-progression (TTP). The landmark 2005 phase III
EORTC trial on TMZ will serve as a frame of reference (1).

The one study prior to the landmark TMZ trial inves-
tigated poly-ICLC as stand-alone or in combination with
concurrent chemotherapy. For newly-diagnosed GBM
patients, mOS was 11 months with a single weekly injec-
tion, but rose to 19 months when 2-3 injections per
week were administered [66]. Remarkably, this is longer
than the contemporary reference of 14.6 months. Of
note, this considered a phase I/II trial and hence, under-
powered for conclusive assessment of therapeutic effi-
cacy. Also noteworthy, the few recurrent GBM patients
survived for 15 or 19 months, depending on the pres-
ence/absence of concurrent chemotherapy [66]. Redefin-
ition of the SOC to include TMZ following the EORTC
trial prematurely terminated the exploration of poly-
ICLC concurrent plus adjuvant to radiotherapy in
newly-diagnosed GBM patients. OS was similar to the
EORTC trial, but the time to progression was shorter,
although results were improved compared to radiother-
apy alone [63]. As such, it is curious whether poly-ICLC
could have made it to phase III and the SOC, if the
EORTC trial would not have been. Thereafter, poly-
ICLC during the adjuvant TMZ maintenance phase of
the Stupp protocol showed improved OS compared to
the landmark TMZ trial, even more so when only the
18-70-year old cohort was considered (mOS 17.2 and
18.3 months, respectively). Consequently, the total group
showed a reduced hazard ratio for death (0.46 vs 0.63)
[65]. Importantly, Rosenfeld et al. acknowledged the
presence of confounding factors in their comparison
with the EORTC trial, such as the smaller scale of their
multi-institutional network, i.e. 6 vs >80, the latter for
which it is nearly impossible to apply highly similar
treatment approaches [65]. Ultimately, with the rise of
immunotherapy for brain cancer, the focus with poly-
ICLC shifted toward adjuvanting vaccines.

The vaccination studies look promising, keeping in
mind they are underpowered. For instance, the studies
reported by Okada et al. and Pollack et al. achieved simi-
lar results as the TMZ landmark trial but were per-
formed on recurrent GBM, which has an even worse
prognosis [71, 72]. In addition, Pollack reported a mOS
of 25.1 months with poly-ICLC-adjuvanted vaccination
in newly-diagnosed pediatric GBM patients [73]. In a
trial enrolling both newly-diagnosed/recurrent GBM,
mOS rose from 17.3 to 22.3 months when poly-ICLC
was added [74]. While this hints at the potential for
poly-ICLC, the authors emphasized its contribution was
unclear since it was only administered with the booster
vaccines [74]. These investigators are currently running
a follow-up phase II trial (NCT01204684; Table 2). The
recent poly-ICLC-adjuvanted multipeptide vaccination
studies also reported promising clinical effects on small
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sample sizes, ranging from 16.8—29.0 months mOS and
7.6—14.2 months mPFS [68-70]. A post-hoc exploration
of the poly-ICLC-adjuvanted IMA950 vaccine regarding
increased sensitivity to bevacizumab after relapse con-
cluded a negative result, although the authors suggest a
concurrent use may unlock potential synergy in this im-
mune/anti-angiogenic combination [67]. This concur-
rent strategy was investigated in a completed phase II
trial (NCT02078648; Table 2). While awaiting the defin-
ite report, the disclosed preliminary findings describe
major responses and a promising survival curve [76].

In summary, although preliminary findings indicate
beneficial responses when combined with the SOC, the
future of poly-ICLC in GBM lies within immunotherapy
regimens. Nonetheless, despite evidence of immuno-
logical activity in poly-ICLC-adjuvanted vaccination
studies, additional phase >II studies involving more pa-
tients are warranted to reliably evaluate the promising
preliminary clinical observations. Presumably, combin-
ation with other treatments such as ICB is required to
adequately potentiate the immunotherapeutic effect.

Ongoing clinical studies

Table 2 presents the five currently ongoing clinical trials
for GBM patients with poly-ICLC as an investigational
drug. Notably, all trials consider vaccination studies.
Three studies investigate the addition of ICB. Another
trial assesses the addition of poly-ICLC-adjuvanted vac-
cines to tumor-treating fields, the latest approved,
though controversial, modality for GBM. The last clin-
ical trial considers a phase II study following the phase I
study of Prins et al. discussed above [74].

Discussion

Safety is the primary concern for any drug. Unlike treat-
ment of hepatocellular and pharyngeal carcinoma cell
lines [25, 26], poly(I:C)-induced migration or invasion of
GBM cells is not reported. In fact, whereas no pro-
tumorigenic effects on GBM cell health have been re-
ported, poly(I:C)-induced cytotoxic outcomes have been
described numerously, which is in line with the innate
defense mechanism of virus-infected cells against viral
spreading [24]. Moreover, in vivo safety and tolerability
has been evidenced. Indeed, poly(I:C)-related safety is-
sues from the early days have been dealt with [12], as ev-
idenced by 57 ongoing (of 119 total registered) clinical
trials (clinicaltrials.gov). Nonetheless, more definitive
data on migration and invasion of GBM cells following
poly(I:C) treatment could provide closure of this linger-
ing issue.

The formulation of poly(I:C) requires more research,
given that this determines which receptors are primarily
targeted. While TLR-3 and the cytoplasmic receptors
share overlapping signaling cascades, their differences
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can modulate the height or presence/absence of a cer-
tain response. In this context, preclinical data suggest
that increased targeting of the cytosolic receptors might
increase tumorlysis [28, 31, 54, 55]. Clinical application
of poly(I:C) in GBM has been limited to poly-ICLC
(Hiltonol, Oncovir). Recently, a nanoplexed form of
poly(I:C) coupled to polyethylenimine (BO-112, Bion-
cotech Pharmaceuticals), has entered the clinical phase
for solid tumors, where it will be combined with anti-
PD-1 (NCT02828098). Interestingly, BO-112 was found
superior to poly(I:C) in preclinical non-GBM tumor
models following intratumoral administration [77]. For
the purpose of accommodating GBM patients, a com-
parison between BO-112 and poly-ICLC in GBM is
warranted. In addition, novel alternatives are being de-
veloped, e.g. a short dsRNA monoclonal antibody (TL-
532, Tollys) and DNA-capped dsRNA (ARNAX, Hik-
kaido University). ARNAX performed similarly to
poly(I:C) in wild-type and tumor-bearing mice, though
with minimal cytokine secretion to enhance its toler-
ability [78].

Poly(I:C) activates immune cells and it seems that GBM
cells respond similarly, secreting pro-inflammatory and
lymphocyte-attractive cytokines. Such an immunostimula-
tory environment is required to render GBM susceptible to
immunotherapy. Notably, the pro-inflammatory mesenchy-
mal GBM subtype is particularly immunogenic and more
susceptible to immunomanipulation [74, 79]. Moreover,
GBM is considered a cold tumor, lacking high numbers of
non-exhausted TIL and an adequate antigen presenting
machinery [4]. Preclinical data suggest poly(I:C) could aid
in overcoming these hurdles, as visualized in Fig. 4. Antigen
presentation could be targeted by poly(I:C)-mediated DC
activation. Concerning the immunological temperature of
GBM, poly(I:C)-mediated Thl cytokine and chemokine se-
cretion has been clinically observed [70, 71, 74]. Import-
antly, such Thl secretome — driven by CXCR3 ligands —
was preclinically demonstrated as critical for cytotoxic
lymphocyte recruitment enabling the efficacy of glioma vac-
cines as well as ICB in solid tumors [60, 80]. These observa-
tions are further supported by the poly(I:C)-mediated
conversion of immune-cold to immune-hot lesions in mel-
anoma [81]. In addition, systemic poly(I:C) enables brain
trafficking of a4-integrin-deficient lymphocytes [82]. This
could also open up avenues for stimulating tumor influx of
CAR lymphocyte products. While poly-ICLC did not ren-
der GBM immune-hot in the clinical vaccination studies,
increased numbers of GAA-specific T cells were detected
[70]. Moreover, an unbiased systems approach in two solid
tumor mouse models identified poly(I:C) as one of three
critical compounds to convert the TME susceptible to ICB
by upregulation signal of transducer and activator of tran-
scription 1 and TLR-3 signaling [83]. Rational combination
strategies and modulation of administration/formulation
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may further close the gap between these two TME im-
munological phenotypes. An intriguing option to accelerate
this phenomenon could be to transiently deliver poly-ICLC
intratumorally following surgical resection via injection, lav-
age or micropumps, although the effect on healthy brain
should be cautiously monitored.

Both vaccination and ICB are yet to deliver on their
beneficial promises in GBM treatment, thus emphasizing

the need for more rational strategies. Pre—/clinical evi-
dence points towards a promising therapeutic triangle
between poly(I:C), vaccination and ICB in GBM: (i)
poly-ICLC-adjuvanted vaccination is capable of generat-
ing GAA-reactive PD-1" T cells [68-71]; (ii) poly(L:C) is
a strong maturation signal for DC antigen presentation
[12]; and (iii) poly(I:C) has preclinically shown to syner-
gize with ICB in GBM, dependent on antigen-presenting
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DC [30, 59]. Indeed, ICB not only alleviates inhibitory
signaling in the TME, but also during DC-mediated T-
cell priming in the dLN [84]. The field is evolving to-
wards this triangle, as evidenced by fifteen ongoing trials
combining these three therapeutic arms, of which two
studies in GBM. Cross-presentation could further be po-
tentiated by the addition of fms-like tyrosine kinase 3
ligand, or FIt3L [85]. In addition, the treatment scheme
should be carefully considered. Recently, neo-adjuvant
anti-PD-1 treatment was reported to double the mOS
compared to the adjuvant setting in a small cohort re-
current GBM patients [86]. While vaccination in a neo-
adjuvant setting is less feasible, administering poly-ICLC
earlier in combination with ICB could render greater de-
velopment of immunity. This triangle could be further
potentiated by induction of ICD, despite limited clinical
evidence of ICD in GBM [4]. The novel BO-112 appears
to be a strong ICD inducer, contrary to poly(I:C) [77].
This may unlock closed avenues in the treatment
strategy.

Smac mimetics lead to tumor cell apoptosis when
combined with agents that induce IL-1p, IFN-B, TNF-a
and TRAIL [58]. Since poly(I:C) induces such secretion
by tumor and stromal cells [23, 30], its recent preclinical
synergistic pairing with Smac mimetics in GBM holds
an intriguing promise that warrants further investigation
[58]. Moreover, Smac mimetics also synergize with
oncolytic viruses and ICB, a duo which, in combination,
also has demonstrated preclinical success [58, 87].
Hence, one could envision a multimodal treatment strat-
egy wherein poly(I:C) (i) guides tumor cell apoptosis, (ii)
potentiates anti-tumor immunity, and (iii) confers pro-
tection for normal human brain cells [30, 42, 58].

While we have focused on the GBM cells in the
in vitro studies, brain tumor-infiltrating microglia and
macrophages (BTIM) should not be neglected. This cell
population presents an obstinate problem in GBM given
their prevalence and GBM-supporting/immunosuppres-
sive phenotype [88]. Indeed, depolarization of pro-
tumorigenic BTIM via inhibition of CSF-1R resulted in
GBM regression and increased survival [89]. Alterna-
tively, poly(I:C) converted pGBM-derived BTIM towards
an oncotoxic, phagocytic and locomostatic profile
against pGBM [23], similar to observations in a lung
tumor model [90]. In addition, poly(I:C) leads to the se-
cretion of macrophage-derived CXCR3 ligands that have
been identified as fundamental for therapeutic efficacy of
ICB [21, 22, 80]. Hence, adding poly(I:C) to an immuno-
therapeutic regimen may also tackle the largest immuno-
suppressive cell population in the TME of GBM and
redirect them to lymphocyte attractors, thus further
empowering its potential to enhance the cancer-
immunity cycle. Notably, BTIM pre-stimulation with
poly(I:C) was required to overcome GBM-induced
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suppression [23], which rationalizes the application of
poly(I:C) after surgical tumor debulking. Of course,
poly(I:C)-induced activation of antigen-presenting cells,
particularly DC [13], should not be overlooked and is a
crucial part of its mode of action.

Until immunotherapy breaks through as an approved
therapeutic option for GBM, the SOC still consists of
chemoradiotherapy. Responsiveness to TMZ is dictated
by O°-methylguanine-DNA methyltransferase (MGMT)
promotor methylation status [91]. IFN-B can sensitive
GBM cells to TMZ by suppressing MGMT activity [92],
although the SOC + IFN-B did not lead to a significant
survival benefit in the phase II INTEGRA trial [93].
However, a recent murine orthotopic GBM study dem-
onstrated a significant survival prolongation upon nas-
ally administered brain-targeted delivery of poly(I:C) to
circumvent the BBB [40]. Here, poly(I:C) produced en-
dogenous IFN-B while attenuating MGMT, allowing
TMZ to kill the GBM cells in an immunogenic manner
[40]. Given that clinical studies with poly-ICLC in GBM
have yielded modest results, a key to success may lie in
bringing poly(I:C) to the tumor. Indeed, poly(l:C) in
mouse models of other tumor types has been very effect-
ive when administered intratumorally [77, 81]. The other
SOC component, radiotherapy, has been attributed to
have immunogenic properties. Combination with poly(I:
C) could be beneficial by stimulating the antigen-
presenting cells and subsequent T-cell trafficking, facili-
tated by a radiation-induced increase in BBB permeability,
in order to fully engage with radiation-induced ICD [94].
On the other hand, radiotherapy could also have immuno-
suppressive effects, including induction of M2 macro-
phages [95], which can be repolarized by poly(I:C) [23].
Intriguingly, despite interesting clinical effects in a phase
II trial, poly-ICLC complimentary to the Stupp protocol
was not further investigated [65], although its true value
would lie in adjuvanting immunotherapy.

Although preclinical evidence regarding poly(I:C) in
GBM treatment is very promising, the clinical effect is
less pronounced. While immunological activity was ob-
served in the vaccination studies, their statistical power
preaches prudence regarding conclusions on clinical
benefit. The incidence of GBM, a patient’s fitness and
the number of ongoing GBM studies are limiting factors
in achieving sufficient patient enrollment for large sam-
ple sizes. Indeed, GBM remains a rare disease that is
more prevalent in elders, whose comorbidities may fit
the inclusion criteria less [96], which hampers the esti-
mated accrual of the 522 ongoing GBM clinical trials.
Therefore, rational study designs based on solid preclin-
ical foundations are crucial in guiding the most promis-
ing strategies towards the clinic. In order to increase the
translation of preclinical results, higher-fidelity preclin-
ical models and manipulations are warranted. In vitro
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work on “archaic” 2D-cultured GBM cell lines is being
replaced by primary patient-derived tumor cell cultures,
(brain-specific) 3D architectures and organoid models
[30, 97-102], bringing the in vitro work closer to the
reality in the clinic. Whereas GL261 remains the most
commonly used animal model for GBM, genetically-
engineered, humanized and immunotherapy-resistant
mouse models [103, 104] will solidify the informational
relevancy. Importantly, a full immune system and a
complete display of all GBM hallmarks should be
present in these animal models. In addition, adopting
stratified models of GBM subtypes in preclinical re-
search might guide patient selection in clinical trials,
benefiting both patient and trial. Besides the constitution
of in vivo models, the clinical procedures should be
taken into account. In humans, GBM treatment is gener-
ally initiated by surgical resection. However, this proced-
ure is seldomly carried out in mouse models. The recent
neo-adjuvant ICB study has demonstrated the potential
significance of the presence/absence of the primary
tumor bulk in immunotherapeutic strategies [86], which
could partly account for the poor clinical translation. In
addition, the subsequent SOC procedures as well as
symptomatic relief treatments are perpetually neglected,
although they notoriously exert immunosuppressive ef-
fects, as recently demonstrated for dexamethasone [4,
69, 105]. Hence, to improve clinical translation, it will be
imperative to not only create high-fidelity models, but
also to align the preclinical therapeutic manipulations
and experimental settings closely to the clinic. In the
meantime, we eagerly await the results from the ongoing
clinical trials.

Conclusions

The value of poly(I:C) derivatives lies in their potential
cytotoxic tumor effect and stimulation of anti-tumor im-
munity with a pivotal role for activating DC. By exerting
these functions, it can interact at multiple stages of the
cancer-immunity cycle [47]: (i) release antigens via (im-
munogenic) cytotoxicity, (ii) instigate antigen presenta-
tion by DC, (iii) aid T-cell priming by releasing IFN-a/3
and other cytokines, (iv) stimulate T-cell recruitment via
tumor- and macrophage-secreted chemokines, and (v)
improve T-cell recognition of tumor cells via increased
MHC expression. The accompanying increased PD-L1
expression should be a primary target to be leveraged
for combination to further accelerate through this
cycle. Hence, poly(I:C) derivatives could serve as cen-
tral contributors in future immunotherapeutic strat-
egies for GBM - primarily in an adjuvant role — of
which multiple rational combinations hold promise.
For these reasons, poly(I:C)-derivatives deserve sub-
stantial consideration as an adjuvant to boost immu-
notherapeutic clinical approaches for GBM.
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