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Highlights:

e Oral 5-aminolevulinic acid is selectively converted to
intracellular protoporphyrin IX in glioblastoma cells

e That allows intraoperative fluorescence assisted
resection and photodynamic treatment

e CAALA uses four repurposed drugs to increase
glioblastoma-specific intracellular protoporphyrin IX

e Increased protoporphyrin IX increases effectiveness
of Fluorescence assisted resection and
photodynamic treatment
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ABSTRACT

The CAALA (Complex Augmentation of ALA) regimen was
developed with the goal of redressing some of the
weaknesses of 5-aminolevulinic acid (5-ALA) use in
glioblastoma treatment as it now stands. 5-ALA is
approved for use prior to glioblastoma surgery to better
demarcate tumor from brain tissue. 5-ALA is also used in
intraoperative photodynamic treatment of glioblastoma
by virtue of uptake of 5-ALA and its selective conversion
to protoporphyrin IX in glioblastoma cells.
Protoporphyrin IX becomes cytotoxic after exposure to
410 nm or 635 nm light. CAALA uses four currently
marketed drugs - the antibiotic ciprofloxacin, the iron
chelator deferiprone, the antimetabolite 5-FU, and the
xanthine oxidase inhibitor febuxostat - that all have
evidence of ability to both increase 5-ALA mediated
intraoperative glioblastoma demarcation and
photodynamic cytotoxicity of in situ glioblastoma cells.
Data from testing the Full CAALA on living minipigs
xenotransplanted with human glioblastoma cells will
determine safety and potential for benefit in advancing
CAALA to a clinical trial.
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1. Introduction.

The CAALA (Complex Augmentation of ALA) regimen was
developed with the simple goal of redressing some of
the weaknesses of 5-aminolevulinic acid (5-ALA,
synonymous with delta-aminolevulinic acid, trade name
Gliolan™)) use in glioblastoma (GB) treatment as it now
stands [[-8]. Preoperative 5-ALA is widely used to better
demarcate GB tissue from normal brain tissue by virtue
of GB cells’ selective uptake of 5-ALA and selective
conversion to proprotoporphyrin IX (PpIX) [[-8]. PpIX
fluoresces at ~ 635 nm after illumination with ~ 410 nm,
allowing closer to complete resection.
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5-ALA is also used in photodynamic treatment (PDT) [&].
In PDT preoperative 5-ALA is taken up and preferentially
converted to PplX in GB cells’ mitochondria. PpIX emits a
photon that results in cytotoxicity after exposure to ~
410 nm or ~ 635 nm light. Both uses rest on the relatively
selective uptake into GB cells and intracellular
conversion to PpIX, commonly found to be 50:1
compared to non-malignant glia [4-6].

GB selective uptake does not occur to the same degree
with other clinically used fFluorochromes like indocyanine
green, methylene blue, and fluorescein.

By the time GB is clinically identified multiple
microscopic islands exist within brain substance
surrounding the main tumor mass [, 8]. A further and
related problem is the migration-enhancing effect of
surgery, cytotoxic chemotherapy and of irradiation.
There doesn’t seem to be a critical single invasion-related
target, no Achilles’ heel was can block or stimulate to
stop migration [8, #8]. Therefore CAALA attempts to
reach the GB micro-islands in the resection margin with a
mechanical GB cell-selective method.

CAALA regimen has been designed to use several
heretofore clinically unexploited aspects of 5-ALA in
redressing some of 5-ALA’s weaknesses. We will show
how past data indicates that Four already-marketed
drugs could be added together to increase PpIX content

d0i:10.20944/preprints201810.0689.v1
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of GB cells, benefiting thereby both 5-ALA fluorescence
guided surgery and PDT.

Drug repurposing, as in the CAALA regimen, is the
application of already-marketed drugs to treat diseases
for which they were not originally indicated. Repurposed
drugs have known safety profiles and can bypass much of
the cost and time needed to bring new drugs to market.
Since median survival after a GB diagnosis remains under
two years, amazingly despite 600+ human clinical trials
reporting in the last ~10 years, it is time to explore new
avenues of approach. The CAALA Regimen is one such
principally new avenue.

The four 5-ALA augmentation drugs are ciprofloxacin, a
broad spectrum antibiotic; deferiprone, an iron chelating
drug; 5-fluorouracil (5-FU), an antimetabolite in use to
treat colon or breast cancer; and febuxostat, a xanthine
oxidase inhibitor used in treatment of gout. All have a
reasonably robust preclinical data base indicating that
they will, by various mechanisms, individually or
potentially to even greater degree when used
altogether, increase 5-ALA’s effectiveness in both 5-
ALA’s roles.

5-ALA is a precursor used in physiological multistage
PpIX synthesis. PplXin turn is an essential precursorin

d0i:10.20944/preprints201810.0689.v1
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physiological heme synthesis. PplX is an endogenous
fluorophore. After chelating ferrous ion (Fe++) mediated
by ferrochelatase, PpIX becomes heme and no longer
fFluoresces, see Fig. 1. PpIX becomes a cytotoxic reactive
oxygen species (ROS) generating photophore after light
excitation at ~ 410 nm [deep violet] or ~ 635 nm [red]
light. PpIX also fluoresces at ~ 635 nm (red) after ~ 410
nm excitation, thereby indicating where large
accumulations of GB cells reside that might otherwise be

missed by the surgeon([@, B, #, fi¥].

Typical 5-ALA dosing in GB would be 20 mg/kg p.o. 3 hrs
prior to anesthesia. Side effects from this single bolus
dose or during standard clinical PDT in GB tend to be
limited to transient liver function enzyme elevations and
minor skin stinging if exposed to sunlight [#]. Serious
side effects are remarkably absent fFor such a helpful
medicine. In study of 50 mg oral 5-ALA / day given over
12 weeks to prediabetes patients no side effects were
seen [[2]. In a dose escalation study of 5-ALA in GB
surgery using 50 mg/kg as opposed to the standard 20
mg/kg, Cozzens et al fFound only transient grade 1 skin
redness and peeling [[8]. Skin sensitivity to light (pain)
can occur with standard 5-ALA dosing of 20 mg/kg per
treatment session, so protection from sunlight is usual.
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2. Intraoperative fFluorescence tumor demarcation.

Intraoperative PplX fluorescence guided resection gives
longer progression free survival. Two studies from 2017
showed preferential overall survival with 5-ALA guided

resection [[4, ii5].

Intraoperative 5-ALA fluorescent demarcation of GB
tissue is in several ways imperfect [[#16-8#8]. Crucially, for
partly unidentified reasons, some areas within a GB fail
to stain. Intraoperative MRI areas of enhancement are
not perfectly coincident with 5-ALA fluorescence areas
and vice versa. Modalities partly overlap, partly do not
overlap - MRI and 5-ALA each can identify GB tissue the
other misses.

We know that cavity margins after 5-ALA assisted
resection even when clear of any fluorescence on
surgical microscope examination always have isolated GB
nests or single cells on microscopy, some of which
Fluoresce weakly, some of which do not fluoresce [20-24].

In parallel and related to above, 5-ALA PDT cytotoxicity is
not as thorough as we would like it to be. In CAALA we

aim to redress these weaknesses by the combined action
of the four drugs resulting in increased intracellular PplX.

doi:10.20944/preprints201810.0689.v1
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As evident by clinical behavior and above considerations,
the term “tumor margin” as used in GB is a misnomer. By
the time a GB is clinically recognized, small microscopic
islands or even single GB cells have spread deep into
brain tissue. There is no true tumor margin. So “gross
total resection” refers to complete resection of
enhancing tumor on MRI and complete removal of post-
5-ALA fluorescence under the low power surgical
operating microscope. It is essentially never complete.

Of interest and supreme relevance to the rationale
driving CAALA, low grade gliomas that do not overtly
fluoresce with intraoperative 5-ALA microscopy
nevertheless do contain slightly disproportionately
excess intracellular PpIX compared to normal glia after
preoperative 5-ALA [28].

This, and other observations suggest PplX accretion
proportionality to malignancy degree. More aggressive
GBs tend to give stronger fluorescence. The area of MR
enhancement tends to correspond to areas of
fluorescence. Remarkably, fFluorescence under 410 nm
light after 5-ALA, 20 mg/kg orally, given 3 hrs
preoperatively was 100% predictive of high grade glioma

(26, 2.

d0i:10.20944/preprints201810.0689.v1
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Also, in accord with what we know about spatial
heterogeneity of receptor kinases and other markers,
PpIX fluorescence is spatially heterogeneous both area
wise within the main GB tumor body and in individual GB
cells. In GB areas of high ~ 635 nm fluorescence there are
individual cells that fail to fluoresce and in GB areas that
do not overtly fluoresce there are individual cells that do

[25E].

Of potentially particular importance, Nakayama et al.
showed good 5-ALA uptake and conversion to PplIXin
dormant, non-cycling prostate cancer cells [28]. It will be
important to determine if this is the case in GB.

5-ALA has a circulating Tmax at 1 hr post oral ingestion of
20 mg/kg, with a T1/2 of 3 hrs. Circulating PpIX peaks at 8
hrs.

5-ALA use in glioma surgery was reviewed twice in 2017
[[8, 28]. Four papers published in 2018 recounted the
various factors active in determining degree of GB cells’
PpIX content [2-B]. Since 100% of strongly fluorescing
tissue during 5-ALA assisted surgery was clearly GB tissue
but 49% of non-overtly fluorescing resection margin
tissue also contained a fFew GB cells or cell islands, if we
can indeed increase 5-ALA uptake and conversion to PplIX
as aimed For with CAALA, we might be able to catch
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microfoci of GB tissue in PDT that would be otherwise
missed [BB]: The fundamental idea behind CAALA.

CAALA augmentation paths fall into four categories:

e Increase GB cell uptake of 5-ALA by increasing oral
dose

e Increase conversion of 5-ALA to PplX by using 5-FU
and ciprofloxacin

e Decrease GB cell efflux of PpIX with Febuxostat

e Decrease further metabolism of PplX to non-
fluorescent, PDT inactive heme, with deferiprone

4. The Drugs:

See Fig. 1 for a schematic of the points of expected
action for the Four CAALA drugs.

4A. Ciprofloxacin.

The Fluorinated quinolone ciprofloxacinis a 331 Da
broad-spectrum antibiotic with low protein binding
allowing good brain tissue levels.

Empirically, physiologic concentration of ciprofloxacin
enhances 5-ALA cytotoxicity in vitro via enhanced
conversion of 5-ALA into PplX, discovered in a general
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chemical screen [BH]]. This was confirmed later with
demonstration of ciprofloxacin enhanced 5-ALA
cytotoxicity to meningioma cells [B2] and to glioma cells
by the same mechanism where increased ROS in
response to KeV radiation could also be shown [B3].

Concordant with this data, ciprofloxacin treated rats had
reduced brain glutathione and catalase levels [34].
Ciprofloxacin in supraphysiologic doses increased brain
oxidative stress in rats [88] thus would increase effect of
photoexcited PpIX ROS generation if the rat data was
replicated in humans at attainable clinical doses.

4B. Deferiprone.

There are currently 3 marketed pharmaceutical iron
binding drugs: deferiprone, deferoxamine, and
deferasirox. Deferiprone is a 139 Da iron binding drug,
approved for use in iron overload states as in
thalassemias and other damaging iron accumulation
states. It is the only one that has good brain tissue levels
and documented lowering of brain iron.

Any decrease in activity or amount of ferrochelatase
leads to intracellular accumulation of PpIX by inhibiting
ferrochelase’s conversion of PpiIX to inactive heme, as
depicted in Fig 1 [BB, B¥]. GB cells tend to have lower
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amounts of Ferrochelatase than corresponding normal
glia, thus contributing an element (among others) to GB
cell-selective fluorescence after 5-ALA and consequent
to that, selective cytotoxicity with PDT [BH]. Indeed a
deficiency of Ferrochelatase activity may be the primary
reason GB cells selectively overgenerate PplX after 5-
ALA exposure compared to normal glia and neurons
given the linear direct relationship Found between
intracellular ferrochelatase and PplIX after 5-ALA [38].

Silencing of fFerrochelatase results in up to 50 fold
increase in intracellular PpIX accumulation in several
cancer cell lines [88]. Unique among pharmaceutical iron
chelators, deferiprone gets good brain tissue levels and
lowers brain iron accumulations [0, B4].

Interestingly, deferiprone itself, without 5-ALA or any
PDT, augmented temozolomide cytotoxicity to glioma

cells [42].

Glioma cells with stem cell attributes take up less 5-ALA
and make less PplX, have weaker fluorescence, and grow
faster when orthotopically xenografted, than the main
GB cell population. Exposure of these glioma stem cells
to the iron chelator deferoxamine resulted in increased
PpIX and fluorescence to equal that of non-stem cells

[48].

doi:10.20944/preprints201810.0689.v1
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Anand et al. in 2012 reviewed and advocated iron
chelation, 5-FU, methotrexate and vitamin D as potential
5-ALA PDT augmentation paths [@4]. We echo this
principle, particularly for iron chelation, and update the
implied suggestion of Anand et al., expanding on this
theme with the additions of CAALA - increased 5-ALA
dose, ciprofloxacin, and febuxostat.

4C. 5-Fluorouracil (5-FU).

5-FU is a 130 Da, very short half-life, non-protein bound
anti-metabolite used in cancer treatment. Capecitabine is
an FDA, EMA, and Health Canada approved 359 Da oral
pharmaceutical precursor to 5-FU used as a convenient
way to deliver 5-FU when treating colon, breast and
other cancers. Capecitabine metabolically converts into
5-FU after ingestion. It would be capecitabine that we
envision using to deliver 5-FU during CAALA, keeping the
regimen entirely oral. Overall survival in GB treated
without PDT but with capecitabine 625 mg/m? given
twice daily during 6 week radiation and the following
month, thereafter at 14 days on, 7 days off, was ~ 1 year
[@8)]. Significantly below current mean with standard
post-resection temozolomide and irradiation.
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5-FU enhances 5-ALA photocytotoxicity. In a study of rats
with UV induced squamous cell carcinoma, sequential 3
days of 5-FU followed by 4 hrs of 5-ALA gave a 2 to 4 fold
increase of intracellular PpIX compared to rats not given
5-FU pretreatment [@8]. Perhaps even more importantly,
normal non-irradiated skin showed no difference in
intracellular PpIX with either sequential 5-FU plus 5-ALA
or when given 5-ALA alone compared to skin cells
exposed to neither [@8]. Human clinical use in using
sequential topical 5-FU, followed by 5-ALA PDT
compared with 5-ALA PDT alone in treating actinic
keratoses indicate that pretreatment with 5-FU increases
5-ALA PDT effectiveness [, 48].

4D. Febuxostat

Febuxostat is a 316 Da xanthine oxidase inhibitor used to
treat gout [@8)].

Primary cell efflux of PpIX is affected by the ABCG2
exporter pump [BB]. Approved and marketed to treat
hyperuricemia, febuxostat is a potent inhibitor of ABCG2,
IC50 being lower than its usual plasma levels [Bi]]. We
may expect to increase GB intracellular PpIX by inhibiting
its efflux, enhancing both PDT and 5-ALA assisted
resection.
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Xenobiotics generally are exported by ABCG2 (same as
breast cancer resistance protein, BCRP) as well as several
other efflux transporters. Of particular relevance to GB,
temozolomide [B2], erlotinib [BB] and afatinib [B&] brain
tissue levels are many fold higher when ABCG2 is
inhibited or knocked down, as we intend to achieve with
febuxostat.

5. Cautions & Discussion.

By piecing together multiple works of others, we present
a potential new treatment option for Further study -
CAALA - that holds promise to improve outcomes,
enabling a more effective intraoperative and post-
operative 5-ALA mediated PDT and current standard
chemoirradiation.

Dexamethasone, desipramine, levetiracetam, phenytoin,
and valproic acid are drugs that tend to diminish GB
fluorescence after 5-ALA so might be best avoided
during 5-ALA PDT and CAALA [B8, BB]. Also potential
generators of increased nitric oxide tend to antagonize
5-ALA [B¥] and so should be avoided.

Potential For growth stimulation: low dose ROS
generation by PplX can be proliferation stimulating
where higher doses are cytotoxic [B8]. CAALA will

doi:10.20944/preprints201810.0689.v1
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therefore be in accord with the precept of Niccolo
Machiavelli [1469-1527], “If an injury has to be done to a
man it should be so severe that his vengeance need not
be feared”. Any tissue disruption - surgery, cytotoxic
drugs, irradiation - tends to tigger epithelial-to-
mesenchymal transition, EMT. In EMT sessile GB cells
acquire a mobile, mesenchymal phenotype, becoming
detached from the main tumor mass [B8-8]. Thus the 5-
ALA PDT can be expected to deliver an EMT signal to any
GB cells that are harmed but not killed, as Machiavelli
cautioned. CAALA was designed to lower GB's vengeance
potential.

Preclinical in vitro testing to document additivity (or not)
of the four drugs will determine what drug mix goes
forward to a minipig GB xenograft 5-ALA PDT study
preparatory to a potential clinical phase 1 trial.

Crucial for the preclinical testing phase will be
determining if any of the proposed CAALA drugs
decrease GB cell selectivity of 5-ALA uptake and
conversion to PplIX. If any do reduce selectivity of uptake
to significant degree in preclinical testing, they will be
dropped from the regimen.
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6. Conclusions.

Although some risk attends a polypharmacy, multimodal
regimen like CAALA we believe the gravity of a GB
diagnosis warrants proceeding with in vitro and minipig
testing followed by clinical trial should the animal study
reveal no unexpected toxicities.

1. We assembled evidence that four common well
tolerated drugs 1) ciprofloxacin, 2) deferiprone, 3) 5-FU
and 4) febuxostat - will augment both 5-ALA's roles in
treating GB. All four drugs have documented
mechanisms of action and preclinical potential to
increase PplX content of GB cells, a) thereby increasing
intraoperative fluorescence identification of GB tissue,
and b) increasing intraoperative PDT effectiveness.

2. Higher 5-ALA doses might be safely given with
consequent potential for increased intracellular PplX.

3. A consensus has formed within the GB research
community that “an effective treatment targeting
radioresistant GBM may require a cocktail containing
multiple agents targeting multiple implicated
pathways...given the [dozens of] global alterations of
multiple signaling pathways found in radioresistant [and
chemoresistant] GBMs” [B2].
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Fig. 1. Schematic of pharmaceutical elements of our
proposal, many intermediate steps are not depicted. The
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text gives specifics of how ciprofloxacin and 5-FU might
increase 5-ALA uptake and PplX synthesis inside GB cells
and explains how deferiprone inhibits loss of PpIX by
inhibiting its conversion into heme and efflux inhibition
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