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ABSTRACT

Vascular normalisation refers to a ‘remodeling’ of the dysfunctional tumour capillary network, which
regresses under the influence of anti-VEGF treatment, resulting in improved blood flow and oxygenation.
RRx-001 is an anti-CD47-SIRP« small molecule with vascular normalising properties under investigation in
clinical trials for the treatment of glioblastoma, brain metastases, lung cancer and colorectal cancer, with
FDA Orphan Drug Designation in glioblastoma and other tumour types. This study investigated whether
the improved oxygenation and perfusion that has been previously observed with RRx-001 both preclini-
cally and clinically in the context of a brain metastasis trial was correlated with increased penetration and
accumulation of the cytotoxic chemotherapies, irinotecan and temozolomide, in orthotopically implanted
gliomas, priming tumours for improved response. The experiments demonstrate that administration of
RRx-001 prior to temozolomide or irinotecan results in significantly increased uptake of irinotecan and
temozolomide in orthotopic glioma tumours. Since the success of chemotherapy in the brain (and outside
of it) is limited by subtherapeutic tumoral drug concentrations, vascular normalisation-enhanced delivery
of standard cytotoxics as demonstrated with RRx-001 may mitigate or reverse clinical drug resistance and
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thereby improve the outcome of cancer therapy, particularly in the brain.

Introduction

A hallmark of tumours, in general, and glioblastomas, in particular,
is structurally and functionally abnormal blood vessels, which,
compared to normal vasculature, are irregular in terms of size,
shape and density [1] as well as leakiness, resulting in interstitial
hypertension [2] as well as hypoxia. These abnormalities, which
lead to blood vessel compression and a reduction in tumour
perfusion, hinder the delivery, distribution and accumulation of
anti-cancer therapeutics (Figure 1). Vascular priming, a variant of
vascular normalisation, a term coined by Jain [3], in reference to
the treatment-induced ‘pruning’ of the aberrant tumour vascula-
ture with a concomitant increase in blood flow has emerged as a
strategy to improve the uptake and penetration of anti-cancer
therapies [4].

RRx-001 is a systemically non-toxic small molecule in a Phase 3
clinical trial [5] derived from 1,3,3-trinitroazetidine (TNAZ), a source
of chemical energy for rockets and missiles, that skews tumour
associated macrophage (TAM) polarisation from the protumor M2-
to a tumour-inhibiting M1-phenotype [6]. RRx-001 is under investi-
gation in clinical trials for the treatment of lung, colorectal, brain
and other tumours. RRx-001 has received Orphan Drug
Designation by the FDA in glioblastoma and other tumour types.

The anti-cancer mechanisms of RRx-001 are multiple fold,
including vascular normalisation [7] and CD47 downregulation
with activation of tumour-associated macrophages [6]. Multiple
studies have demonstrated the vascular normalising properties of
RRx-001, resulting in more efficient vessel perfusion and improved
access to hypoxic tumour regions’ .RRx-001 anti-cancer effects are
tumour-targeted. After intravenous infusion, RRx-001 binds to red

blood cells, circulates systemically, adheres to aberrant tumour
vessels whereby RRx-001 bound red blood cells are activated
within hypoxic tumour regions to release RRx-001 and its metabo-
lites into the tumour microenvironment. Via red-blood cell deliv-
ery, RRx-001 has been shown to cross the blood-brain barrier
(BBB), and reach hypoxic tumours inside the brain [8,10]. Both pre-
clinical and clinical studies have shown that RRx-001 penetrates
into hypoxic tumours, resulting in central tumour necrosis [9,10].

In the Phase I/ll clinical trial for brain metastases acronymed
BRAINSTORM (NCT02215512), RRx-001 was dosed five (5) times—
once alone four days prior to whole brain radiotherapy (WBRT)
and then 2x/week for two weeks in combination with WBRT
(30Gy in 10 fractions). The effect of the single dose of RRx-001
alone prior to WBRT on vascular permeability measured with
dynamic contrast enhanced magnetic resonance imaging (DCE-
MRI)-K™"* (a volume transfer constant of contrast agent between
the blood vessels and extra-cellular tissue compartment) demon-
strated a significant reduction in vessel leakiness indicative of a
more functional, normalised tumour vasculature [10] in twelve out
of twelve patients on whom DCE-MRI was performed . In addition,
previous experiments with microbubble contrast enhanced ultra-
sound (CEUS) [11] and multiplexed immunohistochemical [12]
staining for hypoxia, blood flow and vasculature demonstrated
changes in tumour blood flow that were characterised by an ini-
tial induction of regional hypoxia with a redistribution of blood
flow followed by normalisation resulting in increased blood
flow [13].

The purpose of these experiments was to determine whether
the reversal of leakiness during single-agent therapy with RRx-001
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Figure 1. Schematic diagram to illustrate vascular normalisation. A. Normal tis-
sues are characterised by an organised and efficient vascular supply. B. A hall-
mark of tumours is an abnormal inefficient vascular network due to an
imbalance of pro-angiogenic and anti-angiogenic factors. C. Vascular normalisers
like RRx-001 can restore balance to the inefficient vascular network which may
promote the delivery of chemotherapy. Adapted from Jain RK et al. Angiogenesis
and brain tumours. Nat Rev Neurosci 2007;8(8):610-622.

that has been observed both clinically in brain metastases and
preclinically in heterotopically implanted syngeneic tumors [8,9],
presumably as a result of lowered interstitial fluid pressure, would
increase the delivery and accumulation of systemically adminis-
tered irinotecan (CPT-11) and temozolomide (TMZ) in orthotopi-
cally implanted gliomas.

Materials and methods

All animal experiments were carried out using protocols reviewed
and approved by the UCSD Institutional Animal Care and Use
Committee (US National Research Council, 2010)

Irinotecan and temozolomide

Irinotecan hydrochloride (CPT-11) and temozolomide (Sigma-
Aldrich, St Louis, MO, USA) were dissolved in saline. Oral adminis-
tration of temozolomide (25mg/kg) was by oral gavage in a
2.5mg/mL solution containing 2.5 mg/ml Povidone K30, 0.015%
citric acid, 50% Ora-Plus, 50% Ora-Sweet SF (Paddock Labs
Minneapolis, MN) [14].

RRx-001

RRx-001 was provided by EpicentRx, Inc (La Jolla, CA). The synthe-
sis and characterisation of RRx-001 is reported in detail elsewhere
[15,16]. RRx-001 was dissolved in DMSO and then diluted with
growth medium with a final concentration of DMSO at <0.05%.
RRx-001 solution was prepared immediately before use.

GBM xenografts

Human GBM primary tissues, GBM43, are maintained as serially
passaged subcutaneous xenografts in athymic mice [17].

To prepare tumour cells from subcutaneous xenografts for
transfer to the intracranial compartment, excised subcutaneous
tumours were placed in culture dishes and minced with a scalpel
then mechanically dispersed by repetitive pipetting to create small
cellular aggregates that were passed repeatedly through 40-
micron nylon mesh filters to produce single-cell suspensions. Cell
suspensions were centrifuged at a rate of 1000 rpm for 10 min at
4°C and supernatants aspirated before resuspending pellets in

1ml of sterile DMEM media. Cells were suspended in DMEM
media at 1 x 10° cells/uL for intracranial injection. 3 uL of tumour
cell suspension (3 x 10° cells total) were injected into the right
caudate putamen of 6w-old-female athymic mice (nu/nu). Prior
injection, mice were anaesthetised IP [ketamine (100 mg/kg)/xyla-
zine (10 mg/kg)l.

Intracranial tumor establishment in athymic mice

Six-week-old female athymic mice (nu/nu, homozygous), housed
under aseptic conditions, received intracranial tumour cell injec-
tion as previously described [13] and as approved by the UCSD
Institutional Animal Care and Use Committee, and conducted
accordingly to the Guide for the Care and Use of Laboratory
Animals (US National Research Council, 2010).

Vascular administration of RRx-001, irinotecan and
temozolomide

For vascular administration of therapy, mice were warmed for
5-10min with either a heating pad or a heat lamp to dilate tail
vasculature. Injection sites were then cleaned with an alcohol
swab, after which a 289 insulin syringe was inserted that was
loaded with RRx-001, irinotecan or temozolomide.

Oral administration of temozolomide

25mg/kg temozolomide (TMZ) was administrated oral suspension
vehicle containing 2.5mg/ml Povidone K30, 0.015% citric acid,
50% Ora-Plus, 50% Ora-Sweet SF (Paddock Labs Minneapolis, MN)
on Days 12, 16, 20, 24, 28 and 32.

Analysis of irinotecan content in intracranial tumors

For the experiment involving analysis of tumour irinotecan con-
tent, athymic mice with intracranial GBM43 were administered
RRx-001 (10 mg/kg) followed 4 h later by 0.4mg of irinotecan by
tail vein on days 12, 18, 24 and 30 after implantation of tumour
cells. Mice were euthanised 24 h after last irinotecan administra-
tion, with brains immediately resected and tumour tissue dis-
sected prior to snap-freezing by immersion in liquid nitrogen.
Analysis of irinotecan levels in tumour tissues was in brief as fol-
lows: water was added to tissues at a 20% (w/v) ratio, and tissues
were then homogenised with a mechanical homogeniser in an ice
bath. Homogenates were extracted for the lactone form of irinote-
can with an acidic methanol solution by vortexing and centrifuga-
tion at 13 000rpm for 10min, with the supernatants then
transferred to autosampler vials for high-performance liquid chro-
matography (HPLC) analysis (eluted peaks, 380/540 nm).

Analysis of temozolomide content in intracranial tumors

For the experiment involving analysis of tumour temozolomide
(TMZ) content, athymic mice with intracranial GBM43 were admin-
istered RRx-001 (10 mg/kg) followed 4 h later by 20 mg/kg of TMZ
by tail vein on days 12, 18, 24 and 30 after implantation of
tumour cells. Mice were euthanised 24 h after last TMZ administra-
tion, with brains immediately resected and tumour tissue dis-
sected prior to snap-freezing by immersion in liquid nitrogen.
Analysis of TMZ levels in tumour tissues was in brief as follows:
water was added to tissues at a 20% (w/v) ratio, and tissues were
then homogenised with a mechanical homogeniser in an ice bath.



Homogenates were extracted with an acidic methanol solution by
vortexing and centrifugation at 13,000 rpm for 10 min, and ana-
lysed with mass spectrometry (m/z 195).

Animal experiment design

All animal experiments were approved by the Animal Committee
of UCSD and adhered to the experimental animal care guidelines.
A total of 72 mice were used, including normal (n=18) and
tumour-bearing mice (n=54).

In experimental group 1, the aim was to quantitate the IV TMZ
concentration in tumour-bearing animals to determine a) survival
and b) whether RRx-001 pre-treatment affects TMZ deposition in
orthotopically implanted gliomas. Animals were divided into four
groups: (1) control (saline) n=6 (2) IV RRx-001 10 mg/kg only IV
(3) IV TMZ administration (20mg/kg) only (n=6) and (4) TMZ
administration (20 mg/kg) 4 h post RRx-001 (n = 6). Treatment was
started 12days after intracranial tumour cell injection and admin-
istered on Days on Days 12, 18, 24, and 30. Animals were sacri-
ficed euthanised as the symptoms from the increasing tumour
burden prevented access to food or water, and brain samples
(including tumour and contralateral brain tissues) as well as
plasma (total of 500 uL per each animal) were obtained for TMZ
quantification (only 1 sample per each mouse tissue or blood).

In experimental group 2, the aim was to quantitate oral TMZ
concentration in tumour-bearing animals to determine a) survival
and b) whether RRx-001 pre-treatment affects TMZ deposition in
orthotopically implanted gliomas. Animals were divided into four
groups: (1) control (saline) n=6 (2) IV RRx-001 10 mg/kg only IV
(3) oral TMZ administration (25mg/kg) only (n=6) and (4) oral
TMZ administration (25 mg/kg) 4h post RRx-001 (n =6). Treatment
was started 12days after intracranial tumour cell injection and
administered on Days 12, 16, 20, 24, 28 and 32. Animals were sac-
rificed euthanised as the symptoms from the increasing tumour
burden prevented access to food or water, and brain samples
(including tumour and contralateral brain tissues) as well as
plasma (total of 500 uL per each animal) were obtained for TMZ
quantification (only 1 sample per each mouse tissue or blood).

In experimental group 3, the aim was to quantitate irinotecan
concentration in tumour-bearing animals to determine a) survival
and b) whether RRx-001 pre-treatment affects irinotecan depos-
ition in orthotopically-implanted gliomas. Animals were divided
into four groups: (1) control (saline) n=6 (2) IV RRx-001 10 mg/kg
only IV (3) IV irinotecan administration (0.4mg) only (n=6) and
(4) IV irinotecan administration (0.4mg) 4h post RRx-001 (n=26).
Treatment was started 12days after intracranial tumour cell injec-
tion and administered on Days 12, 18, 24, and 30. Animals were
sacrificed euthanised as the symptoms from the increasing tumour
burden prevented access to food or water, and brain samples
(including tumour and contralateral brain tissues) as well as
plasma (total of 500 L per each animal) were obtained for irinote-
can quantification (only 1 sample per each mouse tissue
or blood).

Results

Effect of RRx-001 on survival when combined with intravascular
irinotecan therapy

The design for these experiments is consistent with a clinical
study in which investigational therapies are divided into separate
treatment arms. To evaluate the activity of irinotecan in this con-
text, we compared the anti-tumour activity of RRx-001 alone,
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Figure 2. Corresponding survival plots for all treatment groups. The experiment
was terminated at 35days. 6 mice were included in the survival analysis for all
treatment groups.
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Figure 3. Tumour Irinotecan Content. 24 h after irinotecan administration, mice
bearing the tumour (one per group) were euthanised. Their brains and tumour
tissue were dissected. Irinotecan levels, measured in tumour tissues with HPLC,
demonstrated  significantly higher levels in combination with RRx-001
pre-treatment.

irinotecan alone and RRx-001 + irinotecan administered intraven-
ously every 6days x4. While RRx-001 and TMZ alone provided
minimal to moderate, respectively, survival benefit to mice with
intracranial GBM43, when compared to control, the combination
of RRx-001 and irinotecan provided the most extensive survival
benefit of any treatment with half of the treatment group (3 of 6)
experiencing apparent cure of tumour (Figure 2). The therapeutic
regimens were well tolerated, with no animal subject experiencing
>10% loss of pre-treatment body weight at completion of therapy
(data not shown).

Analysis of irinotecan content in intracranial xenografts

To obtain information addressing whether RRx-001 alters access of
peripherally administered irinotecan to intracranial tumour,
twenty-four hours after last irinotecan administration, one mouse
from each group was euthanised and tumour was dissected from
surrounding normal brain of the euthanised mice, with dissected
tumours subsequently examined for irinotecan content. The
results of this analysis showed that irinotecan accumulation was
substantially and significantly higher in the tumours of mice
receiving pre-treatment with RRx-001 (Figure 3).
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Figure 4. Corresponding survival plots for all treatment groups. The experiment
was terminated at 35days. 6 mice were included in the survival analysis for all
treatment groups.

Effect of RRx-001 on survival when combined with intravascular
temozolomide (TMZ) therapy

The design for these experiments is consistent with a clinical
study in which investigational therapies are divided into separate
treatment arms. To evaluate the activity of irinotecan in this con-
text, we compared the anti-tumour activity of RRx-001 alone, TMZ
alone (20mg/kg) and RRx-001+TMZ (20mg/kg) administered
intravenously every 6 days x4. While RRx-001 and TMZ alone pro-
vided minimal to moderate, respectively, survival benefit to mice
with intracranial GBM43, when compared to control, the combin-
ation of RRx-001 and TMZ provided the most extensive survival
benefit of any treatment with half of the treatment group (3 of 6)
experiencing apparent cure of tumour (Figure 4). The therapeutic
regimens were well tolerated, with no animal subject experiencing
>10% loss of pre-treatment body weight at completion of therapy
(data not shown).

Analysis of TMZ content in intracranial xenografts

To obtain information addressing whether RRx-001 alters access of
peripherally administered TMZ to intracranial tumour, twenty-four
hours after last TMZ administration, one mouse from each group
was euthanised and tumour was dissected from surrounding nor-
mal brain of the euthanised mice, with dissected tumours subse-
quently examined for TMZ content. The results of this analysis
showed that TMZ accumulation was substantially and significantly
higher in the tumours of mice receiving pre-treatment with RRx-
001 (Figure 5).

Effect of RRx-001 on survival when combined with oral
temozolomide (TMZ) therapy

To evaluate the activity of TMZ in this cohort, we compared the
anti-tumour activity of RRx-001 alone, TMZ alone (25 mg/kg) and
RRx-001 +TMZ (25mg/kg) administered by oral gavage every
6days x4. While RRx-001 and TMZ alone provided minimal to
moderate, respectively, survival benefit to mice with intracranial
GBM43, when compared to control, the combination of RRx-001
and TMZ provided the most extensive survival benefit of any
treatment. The therapeutic regimens were well tolerated, with no
animal subject experiencing >10% loss of pre-treatment body
weight at completion of therapy (data not shown).

TMZ content in tumor
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Figure 5. Tumour TMZ Content. 24 h after TMZ administration, mice bearing the
tumour (one per group) were euthanised. Their brains and tumour tissue were
dissected. TMZ levels, measured in tumour tissues with HPLC, demonstrated sig-
nificantly higher levels in combination with RRx-001 pre-treatment.

Analysis of TMZ content in intracranial xenografts

To obtain information addressing whether RRx-001 alters access of
orally administered TMZ to intracranial tumour, twenty-four hours
after last TMZ administration, one mouse from each group was
euthanised and tumour was dissected from surrounding normal
brain of the euthanised mice, with dissected tumours subse-
quently examined for TMZ content. The results of this analysis
showed that TMZ accumulation was substantially and significantly
higher in the tumours of mice receiving pre-treatment with
RRx-001.

Discussion

While heart disease is currently the leading cause of death in the
United States (without taking into account the acute surge in
mortality from COVID-19), cancer is expected to surpass it in the
near term [18]. The development of resistance to radiation,
chemotherapy and molecularly targeted therapies is the underly-
ing basis for this increase in mortality, which, in part, results from
tumour hypoperfusion with poor drug and oxygen penetration.
The ‘abnormalisation’ of the tumour vasculature with increased
interstitial fluid pressure (IFP) is directly responsible for the ineffi-
ciency and stasis of blood flow [19]. To optimise perfusion and
subsequent drug delivery, vascular priming, which combines
agents that normalise tumour blood vessels with traditional thera-
pies [20], is broadly applicable as a generic strategy to improve
the specificity of treatment independent of the specificity of the
drug itself, through a modulation of blood flow and
biodistribution.

The experiments in this paper, which demonstrate that admin-
istration of RRx-001 prior to temozolomide or irinotecan results in
significantly increased uptake of irinotecan and temozolomide in
orthotopic glioma tumours are consistent with an RRx-001-
induced vascular ‘priming’ effect that has been observed both
preclinically and clinically in the Phase I/l BRAINSTORM clinical
trial (NCT02215512).

These results, while theoretically applicable to multiple tumour
types, are particularly relevant to the treatment of CNS malignan-
cies, a source of considerable morbidity and mortality, given the
added layer of ‘protection’ afforded to the tumour cells by the
blood-brain barrier (BBB) and blood cerebrospinal fluid barrier
(BCSF) [21], even if they are partially disrupted in cancer, which
impedes drug delivery and bioavailability.



Novel therapeutic strategies are urgently needed for the treat-
ment of CNS malignancies, many of which are characterised by
aggressive tumour phenotypes and associated with dismal prog-
noses [22-24]. Despite wide-spread research efforts, few advances
have been made in recent years, with few additions to the stand-
ard-of-care regimens for brain malignancies [25].

Over the last decades, advances in anticancer therapies have
largely bypassed the treatment of patients with brain cancer [26].
As a case in point, all currently used anti-GBM agents including
temozolomide and irinotecan as well as carmustine (BCNU) and
cis-platinum (cisplatin) have no greater than a 30-40% response
rate, and most fall into the range of 10-20% [27]. In fact, temozo-
lomide is the only systemically delivered chemotherapy proven to
significantly improve survival in patients with glioblastoma [28]. A
possible explanation for these poor response rates is suboptimal
CNS concentrations of chemotherapy to which the tumours are
exposed, in turn at least partly attributable to the common fea-
ture of aberrant tumour neovascularity that, in combination with
the BBB and BCSF, as well as intravascular coagulation/thrombosis
[29], shelters CNS tumours from cytotoxicity. For example, temozo-
lomide levels in the CNS only reach approximately 30-40% of
plasma levels [30], while in one study with irinotecan-infused non-
human primates the level of irinotecan in the CSF was 14% of the
plasma level; no SN-38 (the primary metabolite of irinotecan) was
detectable intrathecally [31].

Novel agents such as RRx-001 have the potential to improve
outcomes for patients with brain malignancies, in combination
with existing treatment modalities such as chemotherapy and
radiation, or potentially as single agents. Preclinical and clinical
studies have demonstrated RRx-001 capability to cross the BBB
and penetrate brain tumours, with promising anti-cancer activity.
In clinical trials to date, RRx-001 has been investigated for the
treatment of multiple solid tumour types including brain metasta-
ses (NCT02215512) and glioblastoma (NCT02871843). Future
advanced-stage trials are planned featuring RRx-001 for the treat-
ment of CNS malignancies.

Conclusions

Since the success of chemotherapy in the brain (and outside of it)
is limited by subtherapeutic tumoral drug concentrations, vascular
normalisation-enhanced delivery of standard cytotoxics as demon-
strated with RRx-001 may mitigate or reverse clinical drug resist-
ance and thereby improve the outcome of cancer therapy,
particularly in the brain.
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