Investigation of manganese as a radioprotective agent in

human cancers

by Thomas E. Lockwood

Thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy: Science
under the supervision of Dist. Prof. Philip Doble and Dr. David Bishop

University of Technology Sydney

Faculty of Science

May 25, 2022






Certificate of Authorship

I, Thomas Edward Lockwood, declare that this thesis is submitted in fulfilment of the requirements for
the award of Doctor of Philosophy: Science, in the Faculty of Science at the University of Technology
Sydney. This thesis is wholly my own work unless otherwise referenced or acknowledged. In addition,
I certify that all information sources and literature used are indicated in the thesis. This document has
not been submitted for qualifications at any other academic institution. This research is supported by

the Australian Government Research Training Program.

Production Note:
Signature: Signature removed prior to publication.

Date: May 25, 2022

1ii






Acknowledgements

I would like to acknowledge the following people for their care and advice throughout my PhD, firstly
my supervisors Dist. Prof. Philip Doble and Dr. David Bishop. Since convincing me that analytical
chemistry was the best chemistry in my undergraduate courses, Philip has been an excellent font of
knowledge and occasional castigation. David has taught me all I know about ICP (not an indictment on
him) and, more importantly, how to make a passably drinkable home brew.

Our Germans, Dr. David Clases and Dr. Raquel Gonzalez de Vega for teaching me the arcane ways of
single-particle ICP-MS and standard creation, and for being great people. Technical wizards Anthea
Harris, Dayanne Mozaner Bordin and Alex Angeloski for training, acquisition of forbidden goods and
keeping all the instruments running, even after I had used them.

Fellow monkeys Mika Westerhausen, Jake Violi and David Gertner. Mika has always been a great
guide in all things physics, biology and places to drink. Jake and Daz are great friends and always up
for arguing about chromatography and mass specs.

My fellow PhDs: Ana Chiaravalle, Brooke Mansell, Ciara Devlin, Dylan Johnson, Edward York, Eda
Arslan, Minh Nguyen, Monique, Prashina Singh, Sarah Meyer and all the rest. You all made it possible
to work long days, knowing there was beer, climbing or coffee at the end.

Finally, thank you to Siobhan Peters for her constant love and support, and to my family and friends

for listening to me rant about chemistry and pretending to care.






List of Publications

« Lockwood, T. E.; Westerhausen, M. T.; Gonzalez de Vega, R.; R6hnelt, A.; Bishop, D. P.; Cole, N ;
Doble, P. A.; Clases, D. Low background mould-prepared gelatine standards for reproducible
quantification in elemental bio-imaging. The Analyst 2019, 144, 6881-6888.

« Clases, D.; Gonzalez de Vega, R.; Funke, S.; Lockwood, T. E.; Westerhausen, M. T.; Taudte, R. V.;
Adlard, P. A.; Doble, P. A. Matching sensitivity to abundance: high resolution immuno-mass
spectrometry imaging of lanthanide labels and endogenous elements in the murine brain. Journal
of Analytical Atomic Spectrometry 2020, 35, 728-735.

« Bishop, D. P.; Westerhausen, M. T.; Barthelemy, F.; Lockwood, T.; Cole, N.; Gibbs, E. M.; Crosbie,
R. H.; Nelson, S. F.; Miceli, M. C.; Doble, P. A.; Wanagat, J. Quantitative immuno-mass spectrome-
try imaging of skeletal muscle dystrophin. Scientific Reports 2021, 11, DOL: 10.1038 /541598~
020-80495-8.

« Lockwood, T. E.; Westerhausen, M. T.; Doble, P. A. Pew2: Open-Source Imaging Software for
Laser Ablation-Inductively Coupled Plasma—Mass Spectrometry. Analytical Chemistry 2021, 93,
10418-10423.

+ Gonzalez de Vega, R; Goyen, S.; Lockwood, T. E.; Doble, P. A.; Camp, E. F.; Clases, D. Characteri-
sation of microplastics and unicellular algae in seawater by targeting carbon via single particle
and single cell ICP-MS. Analytica Chimica Acta 2021, 1174, 338737.

+ Lockwood, T. E.; Gonzalez de Vega, R.; Clases, D. An interactive Python-based data processing
platform for single particle and single cell ICP-MS. Journal of Analytical Atomic Spectrometry
2021, DOI: 10.1039/d1ja00297].

« Gonzélez de Vega, R.; Lockwood, T. E.; Xu, X.; Gonzalez-deVega, C.; Scholz, J.; Horstmann, M;
Doble, P.; Clases, D. Analysis of Ti and Pb-based Particles in the Aqueous Environ-ment of
Melbourne (Australia) via single particle ICP-MS. Analytical and Bioanalytical Chemistry 2022,

submitted for publication.

vii


https://doi.org/10.1038/s41598-020-80495-8
https://doi.org/10.1038/s41598-020-80495-8
https://doi.org/10.1039/d1ja00297j




Abstract

Manganese complexes are effective and catalytic scavenges of O," ™, mimicking the behaviour of super-
oxide dismutase (SOD). These complexes even replace typical SOD in certain extremophile bacteria,
providing resistance to huge doses of radiation. Recently, manganese concentrations have been shown
to correlate with inferred radiotherapy resistance in human tumours. Radiation plays an important role
in the treatment of cancer, but there is still no reliable way to predict an individual tumour’s response
to therapy. Imaging of manganese in tumours using laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) could provide a novel way of predicting radioresistance and informing
treatments, but currently implemented methods have some significant shortcomings. Measurement
of manganese using ICP-MS is difficult due to the low concentrations in tissues and high background
from polyatomic interferences. Existing LA-ICP-MS image processing software usually falls into one
or more of the following categories: hard to use, limited in compatibility or unverifiable due to a closed-
source nature. This thesis addresses these shortcomings by developing low-background standards
and open-source software for both single cell (sc) and LA-ICP-MS. These new tools are then used to
interrogate the metal contents of skin, testis, pancreas and brain tumours, and compare them to the
inferred radioresistance of the cancers. Radioresistance is also investigated in a breast cancer cell model
using ultraviolet (UV) radiation as a gamma surrogate.

Moulds were used to reproducibly prepare gelatine standards with controllable thickness, and surface
characteristics that were improved over traditional methods. To prepare the standards: heated gelatine
was pipetted into laboratory-made and commercial moulds, dried, frozen, de-moulded and dehydrated.
When compared with traditional gelatine and homogenised tissue standards, the new standards had
improved analytical figures of merit. Background signals for transition metals were reduced by removing
endogenous elements from the gelatine using a chelating resin.

Open-source LA-ICP-MS imaging software was created using modern design and visualisation

philosophies, minimising errors in data interpretation. The new software was compatible with data
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Abstract

collected using ICP-MS from common vendors, and implemented calibration, drift correction, spike
filtering, segmentation, overlays and an image calculator. Documentation and a simple graphical user
interface eases adoption, contributes to ease of use and maximises productivity.

Transition metals were quantified in tissue microarrays of testis, skin and pancreatic cancer. Con-
centrations of Mn, Fe, Cu and Zn all correlated with the inferred resistance of the tumours. These
correlations also existed in normal testis, skin and pancreatic tissues. In testis tumours with different
inferred radiosensitivities, seminoma and nonseminomatous germ cell tumours, only Cu correlated
with resistance.

Concentrations of metals were quantified in glioblastoma and meningioma, brain tumours with
vastly different patient outcomes. Glioblastoma contained significantly more Cu than benign (grade I)
meningioma, but similar concentrations of other transition metals. Previous studies have noted raised
serum Cu in patients with glioblastoma and this could be linked to tumour angiogenesis. Concentrations
of Mn were increased in grade II over grade I meningioma, but did not reach significance.

To aid in the investigation of single-cellular Mn concentrations software was developed for single
particle (sp) and scICP-MS analysis, with multiple methods of thresholding and calibration. The
code is open-source, highly vectorised and could process 10 x 10® points in 19 ms. The software was
demonstrated using the analysis of TiO; nano particles in water, LA-spICP-MS of micro-plastics in
soil and the measurement of C fixation in algae.

The radioprotective properties of inorganic Mn?* were investigated using UV radiation and a breast
cancer cell model. Toxicity of MnCl, was determined, with an median lethal dose of 1.2mmolL! in
1% fetal calf serum (FCS), an order of magnitude lower than in 10 % FCS. Cells were treated with 10 and
100 pmol L™ MnCl, for 24 h before exposure to 0 to 400 Jm~2 UV-C radiation. Similar viabilities were
observed across the range of treatments; Mn had no protective effects. Uptake of Mn from the media
was determined using acid digestion and scICP-MS with similar results, although low signal prevent
accurate quantification via scICP-MS in untreated cells. Multi-modal distributions of Mn was observed
in treated cells, information that was lost when digestion was performed.

The tools created during this thesis will assist in future investigations of manganese and radio-
resistance. The primary limitation of imaging Mn via LA-ICP-MS, standards with insufficient limits of
detection, has been solved and the new software will accelerate LA and scICP-MS analyses. Further
experiments with large sample sizes and radiotherapy patient outcomes are required to definitively

conclude if manganese complexes contribute to tumour radioresistance.
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