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1 | INTRODUCTION

Abstract

Autoimmune diseases and acute inflammation like sepsis cause significant
morbidity and disability globally, and new targeted therapies are urgently
needed. DNA repair and reactive oxygen species (ROS) pathways have long
been investigated as targets for cancer treatment, but their role in immunologi-
cal research has been limited. In this MiniReview, we discuss the DNA repair
enzymes MTH1 and OGGI as targets to treat both T cell-driven diseases and
acute inflammation. The MiniReview is based on a PhD thesis where both
enzymes were investigated with cell and animal models. For MTH1, we found
that its inhibition selectively kills activated T cells without being toxic to rest-
ing cells or other tissues. MTH1 inhibition also had an alleviating role in dis-
ease models of psoriasis and multiple sclerosis. We further identified a novel
MTH1"°"ROS'™" phenotype among activated T cells. Regarding OGG1, we
demonstrated a mechanism of action of the OGG1 inhibitor TH5487, which
prevents the assembly of pro-inflammatory transcription factors and mitigates
acute airway infection in mouse models of pneumonia. Hence, we propose
both enzymes to be promising novel targets to treat inflammation and suggest
that redox and DNA repair pathways could be useful targets for future immu-
nomodulating therapies.
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treat both acute and chronic inflammation have been
tried over the past decades, and great strides have been

Inflammatory diseases cause morbidity, disability, short-
ened life expectancy and economical strain on society
globally, and the prevalence of many autoimmune and
inflammatory conditions is increasing.”* In addition to
chronic inflammation, acute inflammation is another
great medical challenge, where severe infections leading
to organ dysfunction, sepsis, come with a high mortality
and limited treatment options.’ Several approaches to

made in the field of immunomodulating drugs. However,
many of the existing therapies are broad and non-disease
specific, causing a wide range of side-effects, such as life-
threatening infections and malignant diseases.”

DNA damage response and DNA repair mechanisms
have received an increasing amount of attention as
potential targets for new therapeutics over the past years.
As DNA lesions might lead to mutations and cell death,
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targeting DNA repair enzymes has been extensively
utilized in the development of cancer treatments, like
Poly (ADP-ribose)-polymerase 1 (PARP-1) inhibitors.*
Drugs such as alkylators, antimetabolites, topoisomerase
inhibitors and replication inhibitors cause DNA damage
and are already commonly used in clinical practice, side-
by-side with DNA damage-inducing radiotherapy.* How-
ever, just like reactive oxygen species (ROS) have taken a
leap from traditionally being considered unconditionally
harmful, to playing important roles in physiological cell
signalling,” the role of oxidative DNA lesions and associ-
ated DNA repair enzymes is controversial, as they too
might play an important role in cell signalling.””’

In this MiniReview, we discuss the findings of the
PhD thesis “The DNA repair enzymes MTH1 and OGG1
as targets to treat inflammation”® and associated litera-
ture. In the thesis, we investigated the connection of the
nudix hydrolase MutT homologue 1 (MTH1 or NUDT1)
and the DNA glycosylase 8-oxoguanine glycosylase
(OGG1) to inflammatory signalling. Both enzymes are
involved in regulating 8-oxo-7,8-dihydroguanine (8-0x0G)
in the DNA and might have important roles in immuno-
logical signalling and future therapies.

2 | TMMUNE CELLS AND
OXIDATIVE STRESS

Despite the risk of inducing DNA damage, ROS have
been demonstrated to play an important role in cell sig-
nalling, not least in inflammatory processes™® (Figure 1).
Particularly T cells are dependent on ROS signalling,
both regarding activation and differentiation into the dif-
ferent T helper subtypes.”'" Too low levels of ROS will
inhibit T cell receptor (TCR) stimulation, whereas too
high levels can be lethal. The different ROS stages in
between have important signalling functions, affecting
functions like T cell polarization and proliferation.’™**
Another important factor connected to ROS and
T cell proliferation is the metabolic profile of the cells,
which differs between the different T cell popula-
tions.">"* Naive T cells rely mainly on oxidative phos-
phorylation (OXPHOS), whereas effector T cells undergo
a glycolytic switch, the Warburg effect, in favour of
glycolysis."> However, OXPHOS is still crucial for both
memory T cells and regulatory T cells."” The glycolytic
switch that T cells undergo affects their ROS status and
also gives them some metabolic similarities to several

FIGURE 1

The controversial role of oxidative DNA modifications for immune signalling and cell survival. There are several

unavoidable intrinsic and extrinsic sources of ROS and DNA damage. Examples of the intrinsic risk factors are normal cell metabolism,

NOX enzymes and water molecules. Extrinsic factors include medications and ionizing radiation (1). Oxidized guanine can attract

transcription factors in promoter regions of pro-inflammatory genes, inducing gene transcription and inflammatory signalling (2). Cellular

pro-inflammatory signalling, like TCR stimulation and assembly of the inflammasome, can both promote and be induced by ROS (3). ROS

affects proliferation and polarization of T cells into different subsets, as well as activation of other immune cells (4). However, excessive ROS
might lead to DNA strand breaks and mutations (5). This can further lead to cell cycle arrest (6) and cell death (7) or cancer (8).

Figure created with BioRender.com
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types of cancer cells."* Considering these traits and the
plasticity among T cells,"” targeting ROS and DNA repair
could have a significant impact on the phenotype of the
T cells.

In addition to their impact on T cells, ROS and DNA
damage response have important effects on the innate
immune system.®’ Different macromolecules in the cell
can be oxidized due to elevated ROS levels, and oxidation
of the DNA can lead to epigenetic changes and ultimately
DNA strand breaks.'® Various damage sensors, media-
tors, transducers, and effectors can all be activated
depending on the type of DNA lesions and the cell cycle
phase. Clinically, patients with different types of DNA
repair enzyme defects can exhibit symptoms like inflam-
mation and accelerated ageing and often an increased
cancer risk. An example of this is Ataxia telangiectasia,
where the DNA repair and cell cycle kinase Ataxia telan-
giectasia mutated (ATM), activated by replication stress
and DNA double strand breaks, is mutated.!” Another
important DNA repair enzyme is PARP-1 that also
repairs strand breaks and has been considered a promis-
ing target in cancer treatment.* However, PARP-1 has
several important effects in inflammatory signalling,
through activating NF-kB and downstream signalling,
and the downstream effects of ATM are also strongly
associated with inflammatory signalling.”'®

Taken together, DNA repair pathways and ROS sig-
nalling play an important role in immune cells, and the
redox dependent repair enzymes could be important
novel targets for new therapeutics beyond cancer, against
acute inflammation and T cell-driven diseases.

3 | THE DNA REPAIR ENZYMES
MTH1 AND 0GG1

Among the four DNA bases, guanine has the lowest
redox potential, making it vulnerable to oxidation and
leading to the formation of 8-oxoG, which is important
for inflammatory signalling.'” 8-0xoG in the DNA can be
detrimental for replicating cells, as it can mimic thymine.
This can lead to the formation of an 8-0xoG-A pair from
8-0x0G-C during a first round of replication, and after a
second round to a T-A pair instead of the original G-C.
To avoid this, 8-0x0G can be excised by the DNA glycosy-
lase OGG1 before replication, or alternatively, the errone-
ous adenine can be removed by another glycosylase, the
MutY homologue.?® Thus, OGG1 is of great importance
for the cells due to its role in excising 8-0xoG from the
DNA, therefore limiting mutations and strand breaks.

In addition to the glycosylase OGG1, the cells also
have enzymes to prevent incorporation of new 8-oxoG
into the DNA from the nucleotide pool. MTH1 is a nudix

Basic & Clinical I Pharmacology &Toxicology

hydrolase that sanitizes the nucleotide pool from oxidized
deoxynucleoside triphosphates (dNTPs), by turning
oxidized dNTPs into monophosphates (ANMPs).*!

Hence, both MTH1 and OGG1 are important for
genomic stability and cell survival by regulating the
amount of 8-0xoG in the DNA (Figure 2). Both enzymes
might also have additional roles in immune signalling.

4 | MTH1IS UP-REGULATED IN
BOTH CANCER CELLS AND
RAPIDLY DIVIDING T CELLS

Limited numbers of studies have been performed regard-
ing the role of MTH1 in inflammation, despite it being
known since 1997 that MTH1 levels are increased in acti-
vated peripheral blood cells as compared to unstimulated
cells.”> The MTHI levels were even higher in leukaemic
cells,?? as cancer cells have an altered redox balance and
increased DNA lesions. Thus, MTH1 has been studied
extensively in the context of cancer, as it has been sug-
gested that many cancer cells have an increased need for
detoxification by MTHI1, making them vulnerable to
MTHI1 inhibition. However, the complete mechanism of
action and role as a therapeutic target is still under inves-
tigation, as comprehensively reviewed by others.*>**

In concordance with the findings that activated
leukocytes have elevated MTH1 levels,?* we showed that

e ug

‘ L Oxidized
lesion
® ’ MTH1
\ {1 0GG1

FIGURE 2 MTHI1 and OGG1 eliminate 8-0xoG from the
DNA. MTH1 is a nudix hydrolase that turns oxidized dNTPs into
dNMPs, therefore preventing their incorporation into the DNA.
OGG]1 is a DNA glycosylase that excises 8-0xoG from the DNA.
Figure created with BioRender.com and reprinted with permission
and carefully modified from the thesis “the DNA repair enzymes

MTH1 and OGG1 as targets to treat inflammation”®
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the MTH1 inhibitor TH1579 (also OXC-101 or
Karonudib) selectively kills activated CD3+ T cells, with-
out having any detectable effect on resting T cells.*>*>*°
The correlation between ROS status and MTHI1 levels
was also determined, where the majority of in vitro
CD3/CD28-stimulated T cells had a higher ROS status
and higher MTH1 levels than resting ones, whereas
MTHI1 inhibition drove the population towards an
MTH1'°YROS™" phenotype. This subset of T cells was
not sensitive to MTH1 inhibition by TH1579 but was
interestingly viable and proliferating, although not to the
same extent as the MTH1ME"ROS™ME™ T cells.>> We could
thus conclude that MTH1 and ROS levels correlate with
each other in T cells, but they are not indispensable for
all activated T cells.

The mechanism of action of MTH1 inhibition in the
sensitive T cells might not be fully known yet. In the con-
text of cancer, emerging data suggest that the MTH1 pro-
tein could have a direct effect on mitosis.?’ Indeed, we
showed that MTH1 inhibition induced DNA damage
with increased 8-0x0G levels and yH2AX foci in activated
T cells, leading to cell cycle arrest in G2/M and apoptosis.
Elevated levels of phosphorylated histone H3 suggested
that also the mitotic spindle was disrupted as part of the
toxicity.25 However, the mitotic effect seen in cancer cells
could alternatively be due to an MTHI-independent
effect by the inhibitors, as some studies have suggested
regarding other MTH1 inhibitors.*®

In the context of inflammatory diseases, the elevated
MTH1 levels seem to be highly specific for pro-
inflammatory cells, as the results suggest not only a
prominent gap in sensitivity between resting and acti-
vated T cells but also an increased level in psoriatic skin
as compared to normal skin tissue.”” Furthermore,
MTHI1-positive immune cells were overrepresented in
liver samples of patients with autoimmune hepatitis and
correlated with disease severity, although the hepatocytes
barely expressed MTH1.>° Altogether, this supports the
hypothesis that MTH1 could be a promising target to
treat inflammation and that its inhibition would be
highly specific for the pro-inflammatory cells.

The toxicity of the MTH1 inhibitor TH1579 has been
assessed thoroughly, and the inhibitor is already in
clinical phase I trials for solid tumours and leukaemia
(NCT03036228 and NCT04077307, respectively). Data sug-
gest that the drug candidate is well tolerated and has bene-
ficial pharmacokinetic features.’® In a rat model, it was
demonstrated that any bone marrow suppressing effects
are reversible,”® and interestingly, T cells from
TH1579-treated mice were able to proliferate again upon
treatment withdrawal.>> The finding indicates that effector
memory T cells are highly sensitive and suppressed upon
treatment, which could further indicate that a significant

part of the MTH1M8"ROSM&" T cells is effector memory T
cells. However, this remains to be investigated.

MTH1 knockout mice are viable and healthy, with a
slightly elevated risk of developing tumours,”" and inter-
estingly, MTH1 deficient T cells are able to proliferate,
indicating that an important part of proliferating T cells
can manage without MTH1.?® This could support the
claim that an MTH1 inhibitor would be more selective
for pro-inflammatory cells and associated with less side-
effects than many established T-cell killing drugs.

5 | MTH1 AS AN
IMMUNOMODULATOR

Taken together, the role of MTH1 for inflammation is
not fully known yet. The data described above suggest
that inhibition of MTH1 selectively kills pro-
inflammatory T cells, indicating that MTH1 inhibitors
like TH1579 could be used for similar indications as
other T cell suppressing agents, like methotrexate and
azathioprine. Just like these established drugs, TH1579
was initially designed for cancer treatment, where a
T cell suppressive effect would be controversial, although
not uncommon among many successful chemotherapies.
However, it has been shown that MTH1 inhibition does
not impair the ability of tumour infiltrating lymphocytes
or in vitro-stimulated T cells to kill cancer cells.*** It
could instead be speculated that the effect on T cell
subsets and the increased ROS and DNA damage that
the treatment induces in the target tissues could enhance
the cytotoxic activity of T cells in cancer settings, but that
remains to be further investigated. The role of an
MTH1°"ROS™Y T cell phenotype in the context of
cancer has not yet been explored.

Considering the redox dependency of T cell
polarization,” ™" and the association between MTH1 and
oxidative stress in T cells,* it would be logical to assume
that MTH1 inhibition could have a polarizing effect on
T cell subsets. It was already demonstrated that IL-17
and IL-17-producing y8T cells are suppressed upon acti-
vation, whereas Foxp3+ cells are rather unaffected.”®*
In addition, the effector memory T cells were seemingly
more sensitive than naive T cells. This was demonstrated
both by investigating CD44+CD62L+ murine T cells*>**
and by investigating the proliferation of memory-specific
splenocytes after a treatment period with TH1579.%
Whether this effect on different subtypes distinguishes
MTHI1 inhibitors from established T cell killing agents or
not remains to be seen, but it illustrates that there might
be important correlations between DNA repair and oxi-
dative DNA modulations and certain immune
phenotypes.
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6 | MTH1INHIBITORS HAVE
PROMISING EFFECTS IN DISEASE
MODELS

When challenging MTH1 inhibitors in disease models of
T cell-driven diseases, a clinical effect was observed in
murine models of psoriasis,” autoimmune hepatitis*®
and the multiple sclerosis model experimental
autoimmune encephalomyelitis.>> The MTHI1 inhibitor
alleviated disease progress and disease status. Most
importantly, the effect was beneficial also when given
after disease onset and not only prophylactically.*

The fact that the inhibitor showed promising effects in
several disease models could indicate usefulness in many
T cell-driven diseases, in addition to cancer treatment. The
effect on T cells does not seem to be a disadvantage in can-
cer settings®>* but could instead possibly be an advantage
by immunomodulation without preventing cytotoxic T
cells from eliminating target cells and by direct cancer cell
toxicity. What other potential indications there are for
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MTH1 inhibition remains to be investigated. Possibly, also,
combinations of oncological and inflammatory conditions
could be a subject for this, like Graft-versus-host-disease
after allogeneic stem cell transplantation.

In conclusion, MTH1 inhibitors are yet in an early
stage of clinical trials but have shown promising pharma-
cokinetic and toxicologic properties,>>** with clinical
efficacy yet to be investigated in further inflammatory
settings. The effect of MTH1 inhibition seems to be
highly specific for pro-inflammatory T cells, driving the
surviving T cells towards an MTH1'°YROS'®Y phenotype
and alleviating autoimmune disease (Figure 3).

7 | OGG1IS ASSOCIATED WITH
INFLAMMATION

Just like MTHI1, the other target reviewed in this
MiniReview—OGG1—is up-regulated in inflammatory
diseases like multiple sclerosis and inflammatory bowel

/

TH1579

ROS
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Inhibition of MTH1 alleviates T cell-driven diseases by killing pro-inflammatory cells and driving the T cell population

towards an MTH1'°VROS'°% phenotype. When resting T cells (1) get activated (2), their ROS and MTH1 levels increase, ameliorating their
survival, proliferation, cytokine secretion and cytotoxic activity in autoimmune diseases (3a). Upon MTH1 inhibition, the MTH1M8"ROSPigR
cells die, driving the T cell population towards another phenotype, MTH1'"VROS'°¥ T cells (3b), with reduced disease activity in disease
models of T cell-driven diseases like psoriasis and experimental autoimmune encephalomyelitis. Figure created with BioRender.com and

reprinted with permission from the thesis “The DNA repair enzymes MTH1 and OGG] as targets to treat inflammation”™®
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disease.**** Several animal models have suggested that
OGG]1 knockout mice are inherently resistant to inflamma-
tion, like sepsis and airway inflammation.***® The OGG1
knockout mice have an increased amount of 8-0xoG in
their genome and a slightly increased tumour rate but are
otherwise viable and grow old.*” This has made OGG1 an
interesting drug target, and several OGG1 inhibitors have
been developed with promising results.***

Using murine in vivo models of aseptic pneumonia
induced with lipopolysaccharide (LPS) and tumour
necrosis factor-a (TNF-a), we showed that the OGG1
inhibitor TH5487 (other name OXC-201) rapidly sup-
presses neutrophil infiltration in the lungs.** The effect
was strongest when given prophylactically, but a clear,
time-dependent effect was also seen when given up to 9 h
after TNF-a stimulation, when the neutrophil infiltration
was already increased.

These results could indicate that OGG1 inhibition
alters early inflammatory signalling and that the effect on
the neutrophils is secondary, due to decreased levels of
chemotactic cytokines. The data also show that many
pro-inflammatory genes are suppressed both in vivo and
in vitro,* which could support this claim. However, the
direct effect on neutrophils has not been studied with
TH5487. Therefore, a direct neutrophil-dependent effect,
in addition to an indirect chemotactic effect through
cytokine suppression, cannot be excluded.

We demonstrated a broad cytokine suppressing effect
on both murine cells and human cells, where OGG1 inhi-
bition diminished a wide array of pro-inflammatory gene
expression. Importantly, we also knocked out OGG1 with
CRISPR/Cas9 to prove that the cytokine suppressing
effect in knockout cells was comparable to the inhibitor-
treated cells.*”

The exact mechanism of how OGG1 is involved in
inflammation has been studied extensively before, and it
has been suggested that the interaction of OGG1 to its
substrate 8-0x0G in DNA is needed for inflammatory sig-
nalling and ameliorates gene transcription.*’ Not only
the catalytic activity is important but also the DNA-
binding site of OGG1 is thought to play an important
role, by assembling the transcription machinery.*>*
This was demonstrated using the OGG1 inhibitor
TH5487, which prevented OGG1 from binding to the
guanine-rich promoter regions of pro-inflammatory
genes, inhibiting the expression of pro-inflammatory
genes.*” It was also later confirmed that a catalytically
dead mutant of OGG1, K249Q, able to bind to 8-oxoG
but not excise it from the DNA, resulted in even higher
pro-inflammatory gene expression.*> However, this does
not exclude additional downstream effects of OGG1 on
inflammation.

8 | SUPPRESSING
INFLAMMATION WITHOUT
SUPPRESSING LYMPHOCYTES

In addition to acute pneumonia induced by LPS or
TNF-a, emerging data suggest that OGG1 inhibition by
TH5487 attenuates lung fibrosis in a bleomycin model of
pulmonary fibrosis.** This could indicate that also
chronic inflammation can be mitigated by OGG1 inhibi-
tion. One challenge with immunosuppression in the
context of both acute and chronic inflammation is that
the immunosuppression itself can have adverse effects.
It is widely known that immunosuppression caused by
medication, infections like HIV or even ageing can lead
to life-threatening infections and cancer in the long
run.>** It is thus important to not suppress immunity
too strongly or non-specifically when developing new
clinically relevant drug candidates for inflammatory
diseases.

In the bleomycin and LPS/TNF-a models, no infec-
tious agent was used, and so a comparable effect of anti-
inflammatory drugs like dexamethasone would have
been expected, which was also demonstrated with pre-
liminary data.*** However, albeit being indispensable
anti-inflammatory drugs, corticosteroids impose severe
risks of opportunistic or exacerbated infections and have
long been considered controversial in the context of acute
infectious inflammation, like sepsis.*>*® One important
consequence of corticosteroids is the disadvantageous
effect on T cells, where dexamethasone suppresses T cell
proliferation and differentiation.*” Interestingly, OGG1
inhibition with TH5487 did not suppress T cells in con-
centrations relevant for immunosuppression.>*® This
could indicate a clear advantage of OGG1 inhibitors over
corticosteroids, where OGG1 inhibition could rapidly
suppress acute inflammation, but without suppressing
the lymphocytes (Figure 4).

To further support this hypothesis, a study from 2020
shows that OGG1 inhibition has a beneficial effect in a
bacterial murine model of pneumonia, where Pseudomo-
nas aeruginosa was used as the infectious agent.* This is
an important finding, as it could benchmark a difference
to corticosteroids, by being fully suitable for infectious
diseases. As TH5487 and other OGG1 inhibitors have
additionally been suggested to inhibit viral replication,™
it would be intriguing to challenge OGG1 inhibitors in
viral pneumonia models, to investigate whether OGG1
inhibition could be a superior alternative to corticoste-
roids for viral and bacterial pneumonia in the future.
This could potentially be an important additional tool in
the arsenal of treatment options against current and
future infectious diseases.
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FIGURE 4 OGG]I inhibition could
suppress inflammation like dexamethasone, but
without suppressing lymphocytes. When
pathogens enter the body (1), a proper immune
response (2b) is needed to avoid death (2a). In
sepsis, the immune response is dysregulated and

disproportional to the microbes, leading to ‘
organ failure and potentially death (3a). With a

properly regulated immune reaction, where B
and T cells play important roles, the pathogen
can instead be cleared out (3b). Dexamethasone
is known to have a wide immunosuppressing
effect, but it also suppresses the T cells, which
makes it controversial in infectious 5/’ \

Basic & Clinical Il Pharmacology &Toxicology

D
o

TH5487

inflammation. Our studies suggest that the ,«n./\ )

OGG1 inhibitor is non-toxic to T cells, which
could be a great advantage in infectious diseases.
Figure created with BioRender.com and
reprinted with permission from the thesis “The
DNA repair enzymes MTH1 and OGG1 as

targets to treat inflammation”®
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9 | CONCLUSION

The DNA repair enzymes MTH1 and OGG1 emerge as
interesting targets to treat inflammatory conditions like
T cell-driven diseases and acute inflammation. For both
targets, cellular mechanisms of action and efficacy in
vivo have been demonstrated using small-molecule
inhibitors, with promising results. The toxicity of the
compounds was generally low, and both targets can be
knocked out in mice with minimal consequences and
no effect on viability, which is promising as new treat-
ment options with few side-effects are needed. If OGG1
inhibition would indeed suppress inflammation with the
same efficacy as corticosteroids, but with less side-
effects, it would be a very useful therapy. There are a
vast amount of T cell killing agents available today, but
most of them are not specific for activated T cells, but
instead all rapidly dividing cells, which could give
MTH1 inhibition an important role among immunomo-
dulating drugs.

In addition to investigating the drug candidates, the
thesis “The DNA repair enzymes MTH1 and OGG1 as
targets to treat inflammation” also proposed a mecha-
nism of how inhibition of OGG1 prevents the assembly
of the transcription machinery, providing more insight to
how one of the most common oxidative lesions of the
DNA induces inflammation, and how it can be alleviated.
The thesis and articles therein also demonstrated some

novel T cell biology with the identification of proliferat-
ing MTH1'°"ROS"™ T cells. The significance of such a
subgroup is yet to be elucidated, as is its association to
the different already known T cell subsets. Considering
all currently used cancer drugs that induce DNA damage
and affect DNA repair,* it would be intriguing to investi-
gate the MTH1 levels of T cells of both treated and
untreated patients.

DNA repair pathways and DNA damage-inducing
agents have classically been investigated mainly for can-
cer therapeutics, both with chemotherapeutics and radio-
therapy, but many established cancer therapeutics could
also have immunomodulating effects as part of their ther-
apeutic actions. This could partly explain the occasional
clinical mismatch between tumour characterization and
patient response. It is therefore intriguing that DNA
repair and immunity are gaining more and more atten-
tion over the years, and potentially, drugs affecting the
DNA repair pathways will constitute an important group
of immunomodulating therapeutics in the future.
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